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Growth series of femora, tibiotarsi, and humeri of the Canada goose 

 

Branta canadensis

 

 were examined to evaluate
whether bone surface textures are reliable indicators of relative age and skeletal maturity in this taxon. The rela-
tionship between surface texture and skeletal maturity was analysed by comparing element texture types with both
size-based and size-independent maturity estimates. A subsample of hindlimb elements was thin sectioned to
observe histological structures underlying various surface textures. Three relative age classes of elements are iden-
tifiable based on surface texture. Juvenile and subadult bone textures have fibrous and/or porous areas on the bone
shaft and are distinguished by the presence (in juveniles) or absence (in subadults) of coarse longitudinal striations
in proximal and/or distal regions. Adult bone texture lacks surface porosity. Immature textures are caused by chan-
nels in fibrolamellar bone intersecting the bone surface; the presence or absence of striations is determined by chan-
nel orientation. Mature textures may be underlain by fibrolamellar bone with little to no surface exposure of
channels, or by lamellar bone deposited after rapid growth ceases. The utility of the textural ageing method appears
intimately related to the uninterrupted determinate growth regime of 

 

Branta

 

. This suggests that bone surface tex-
tures may prove useful as skeletal maturity indicators in both modern and fossil taxa with similar growth regimes,
but may not necessarily be reliable for taxa with interrupted and/or indeterminate growth. © 2006 The Linnean
Society of London, 

 

Zoological Journal of the Linnean Society

 

, 2006, 

 

148

 

, 133–168.
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INTRODUCTION

 

The assessment of ontogenetic status from skeletal
material is an essential issue in vertebrate palaeon-
tology and archaeozoology. The reliable differentiation
of juvenile, subadult, and adult representatives of
given taxa is crucial for addressing taxonomic, phylo-
genetic, and ecological questions. Additionally, the age
structure of animal remains in archaeological sites
can be an important tool for interpreting seasonality
of site occupation and economic uses of domestic spe-
cies. Body or skeletal element size ideally should not
be used as the sole criterion for recognizing age

classes, as individual growth variations may make
small adults nearly indistinguishable from large juve-
niles or subadults. Size-independent criteria widely
used for evaluating ontogenetic stages in skeletal
material include ossification of limb bone ends (e.g.
Benecke, 1993; Bennett, 1993; Cohen & Serjeantson,
1996; Gotfredsen, 1997; Serjeantson, 1998, 2002;
Mannermaa, 2002), fusion of epiphyses and compound
skeletal elements (e.g. Carey, 1982; Sadler, 1991; Bro-
chu, 1996; Cohen & Serjeantson, 1996; Gotfredsen,
1997; Serjeantson, 1998, 2002; Gotfredsen, 2002), and
relative development of secondary sexual characteris-
tics such as cranial display structures (e.g. Dodson,
1975; Sampson, Ryan & Tanke, 1997). Such methods
require the preservation of the relevant skeletal ele-
ments, making them less useful for ageing incomplete,
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fragmentary, or disarticulated specimens. A potential
method for assessing relative age from isolated
remains relies on a distinction between immature and
mature textures on bone surfaces. In this context, the
terms ‘immature’ and ‘mature’ designate only stages
in the development and growth of the skeleton (

 

sensu

 

Bennett, 1993; Brochu, 1996; Serjeantson, 1998), and
do not imply any assumptions of sexual development
or reproductive status.

Texture-based estimates of relative skeletal matu-
rity have been applied to a variety of fossil verte-
brates. Johnson (1977) reported textural differences in
ichthyosaur humeri, noting a rough porous texture on
immature bones in contrast to a smooth surface on
mature elements. Callison & Quimby (1984) and
Brinkman (1988) distinguished juveniles and sub-
adults from adults among small theropod dinosaurs
and pelycosaurs, respectively, based on the relative
ossification of limb bone surfaces. Jacobs 

 

et al

 

. (1994)
and Brill & Carpenter (2001) noted spongy and fibrous
textures on juvenile ankylosaur and ornithopod bone.
Bennett (1993) examined ontogeny in the long bones
of pterodactyloid pterosaurs, and characterized sub-
adult bone as having a porous texture absent in adult
elements. Sampson 

 

et al

 

. (1997) and Ryan 

 

et al

 

. (2001)
described three textural age classes in skulls of the
horned dinosaurs 

 

Centrosaurus

 

, 

 

Einiosaurus

 

, and

 

Pachyrhinosaurus

 

: a juvenile texture characterized by
parallel striations generally orientated in the direc-
tion of growth, an adult texture characterized by the
absence of the juvenile type (but varying from smooth
to rugose depending on the individual and anatomical
area in question), and an intermediate subadult tex-
ture comprising a mottled mosaic of striated and non-
striated regions. Carr (1999) applied the textural
classes of Bennett (1993) and Sampson 

 

et al

 

. (1997) to
an analysis of ontogeny in tyrannosaurid theropods.
Sampson 

 

et al

 

. (1997) proposed the name ‘periosteal
ageing’ for this method, as it is based on observations
of the external surface of the bone, which would have
been covered in life by the periosteum. This term has
the potential to be misleading outside of palaeontolog-
ical circles, in that it may imply ageing based on fea-
tures of the periosteum itself in cases where soft tissue
is present. A less confusing term in this context may
be simply ‘textural ageing’.

Detailed examinations of the relationship between
bone surface texture and skeletal maturity in extant
taxa are conspicuously lacking, although generalized
differences in textures of immature and mature bone
similar to those described in the fossil record have
been noted for modern reptiles and birds. Johnson
(1977) hypothesized that removal of the periosteum
from the actively growing bone of young crocodylians
would reveal a pitted surface texture, whereas a
smooth surface would be expected in older animals in

which appositional growth had slowed, but did not cite
actual observations of crocodylian bone. The degree of
ossification and the general presence or absence of
porosity have been used to separate immature from
mature birds in archaeozoological samples (Benecke,
1993; Cohen & Serjeantson, 1996; Gotfredsen, 1997;
Serjeantson, 1998, 2002; Mannermaa, 2002). Most
authors recognize only two age classes (immature and
mature, or juvenile and adult). However, Gotfredsen
(1997) combined observations of porosity with the
degree of epiphyseal fusion to distinguish juveniles,
subadults, and adults. Callison & Quimby (1984)
examined femora, tibiotarsi, and tarsometatarsi of
immature and mature 

 

Struthio

 

, 

 

Pterocnemia

 

, 

 

Rhea

 

,

 

Casuarius

 

, 

 

Meleagris

 

, and 

 

Gallus

 

, concluding that
immature bones may be distinguished by the presence
of longitudinally orientated lineations as well as sur-
face exposure of spongy bone. They noted that textures
become progressively fainter and disappear as the
birds mature, and reported the occurrence of the
immature texture in individuals up to 75% full adult
size. The persistence of porous immature textures on
bones at or near adult size has also been noted in 

 

Grus

 

(Serjeantson, 1998), 

 

Cepphus

 

 (Mannermaa, 2002), and

 

Anser

 

 (Serjeantson, 2002). Sanz 

 

et al

 

. (1997) noted
clusters of tiny foramina on the mandible, cervical ver-
tebrae, and long bone shafts of a Cretaceous bird nest-
ling, and compared these with similar patterns of
grooves and pores caused by incomplete ossification of
periosteal bone in extant neonate birds. They noted
that in modern taxa, surface grooves gradually dimin-
ish in prominence and are first converted to isolated
foramina before disappearing during the first few
weeks posthatching. In larger-bodied species, surface
features tend to persist longer than in smaller-bodied
taxa (Sanz 

 

et al

 

., 1997). This may reflect differences in
the growth pattern between smaller and larger spe-
cies, as a longer period of slow, residual growth before
reaching adult size has been suggested for small-
bodied taxa (Ponton 

 

et al

 

., 2004).
Rapid bone growth has been hypothesized as the

cause of the immature textures, with mature textures
attributed to a cessation or dramatic slowing of osteo-
genesis during the ageing process (Johnson, 1977;
Bennett, 1993; Sampson 

 

et al

 

., 1997; Ryan 

 

et al

 

.,
2001). Studies of pterodactyloid pterosaur bone histol-
ogy (Bennett, 1993; de Ricqlès, Padian & Horner,
1993; de Ricqlès 

 

et al.

 

, 2000; Sayão, 2003) seem to sup-
port a link between surface textures and ossification
and vascularization patterns. Several histological
studies of long bone ontogeny in dinosaurs and fossil
birds [Chinsamy (1990, 1993, 1995b) for 

 

Syntarsus

 

,

 

Massospondylus

 

, and 

 

Dryosaurus

 

; Varricchio (1993)
for 

 

Troodon

 

; Horner & Currie (1994) for 

 

Hypacrosau-
rus

 

; Curry (1999) for 

 

Apatosaurus

 

; Horner, de Ricqlès
& Padian (1999, 2000) for 

 

Hypacrosaurus

 

 and 

 

Maia-
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saura

 

; Sander (2000) for 

 

Barosaurus

 

, 

 

Brachiosaurus

 

,

 

Dicraeosaurus

 

, and 

 

Janenschia

 

; Chinsamy & Elza-
nowski (2001) for 

 

Gobipteryx

 

; de Ricqlès 

 

et al

 

. (2003)
for 

 

Confuciusornis

 

; and Padian, Horner & de Ricqlès
(2004) for 

 

Orodromeus

 

 and 

 

Confuciusornis

 

] reveal
decreasing vascularization in the outer bony cortex
with increasing age. These ontogenetic changes sug-
gest correlative textural changes at the macroscopic
level. In most of these studies, the authors did not
directly address the issue of surface texture, although
Horner & Currie (1994) did associate a rough highly
porous texture on embryonic and nestling 

 

Hypacro-
saurus

 

 long bones with a fibrolamellar cortex and
extensive penetrations of the bone surface by vascular
canals.

The use of bone surface texture as an ontogenetic
indicator theoretically has the potential to be broadly
applicable across skeletal elements and across taxa.
However, such possibilities have yet to be rigorously
tested in either fossil or modern animals. There is at
present a critical need for a detailed investigation of
bone surface textures in extant vertebrates, in order to
identify specific textural changes within taxa, to eval-
uate whether universal patterns of textural change
are likely to exist, and to determine the underlying
biological causes of different textural types. This study
begins such testing through the macroscopic and
histological evaluation of ontogenetic bone texture
changes in the Canada goose 

 

Branta canadensis

 

Linnaeus.
Several concerns influenced the choice of

 

B. canadensis

 

 as a study taxon. Previous discussions
of ontogenetic bone texture change have largely
focused on members of the Archosauria, specifically
dinosaurs, pterosaurs, and birds. Following this lead,
it is appropriate for a detailed study of modern taxa to
begin with the extant archosaurs, birds and cro-
codylians. [Tumarkin-Deratzian (2002) reported pre-
liminary results from a companion study on textural
ageing in the American alligator 

 

Alligator mississip-
piensis.

 

] 

 

B. canadensis

 

 was primarily chosen due to its
abundance and the consequent availability of a large
study sample representing a wide age range of wild
individuals. A large-bodied taxon was also desirable
for a detailed macroscopic textural analysis, as the
reliable documentation of texture types and distribu-
tions is facilitated on larger elements where textures
are more readily visible. With the exception that males
are slightly heavier than females (Johnsgard, 1975;
Palmer & MacInnes in Palmer, 1976), 

 

B. canadensis

 

 is
sexually monomorphic (Johnson & Castelli, 1998),
thus reducing the likelihood that sexually dimorphic
variation will seriously interfere with observations of
ontogenetic effects. Anseriformes are among the most
basal of modern neognathous birds (Cracraft, 1986);
this has implications for comparing the results of this

study with those focusing on other archosaurs. Finally,
geese (

 

Anser

 

 and 

 

Branta

 

) are common components of
archaeozoological assemblages, as both wild and
domestic species. Given the practice of using flock age
structures as a means for inferring economic uses of
domestic birds (e.g. Benecke, 1993; Hutton Mac-
Donald, MacDonald & Ryan, 1993; Serjeantson, 2002),
the establishment of a detailed and reliable textural
ageing method for goose bones would be of great utility
for zooarchaeological studies.

 

I

 

NSTITUTIONAL

 

 

 

ABBREVIATIONS

 

DMNH, Delaware Museum of Natural History, Wilm-
ington, Delaware; TSBR, Tri-State Bird Rescue and
Research, Newark, Delaware.

 

MATERIAL AND METHODS

 

The skeletons of 73 

 

B. canadensis

 

 individuals in the
DMNH osteology collection were examined. Eight
additional individuals were obtained directly from
TSBR. The femur, tibiotarsus, and humerus were
examined for each individual as available. Preference
was given to right-side elements; left-side bones were
used in cases where right-side elements were missing,
broken, pathological, or too greasy to permit reliable
textural observations.

The majority of 

 

B. canadensis

 

 skeletons in the
DMNH collection represent individuals obtained ini-
tially from TSBR, along with medical treatment
records, following natural death or euthanasia due to
a poor prognosis. Dates of death were known for all
but one individual (DMNH 82688). Associated sex and
age data were also available for most of the birds,
although age data were only in general terms such as
‘gosling’, ‘immature’, ‘adult’, etc. Birds in the DMNH
collection represent multiple populations from several
north-east and mid-Atlantic states (Table 1). Both res-
ident and migrant flocks exist in these study sample
source areas. Resident flocks breed locally and reside
essentially year-round (Palmer, 1976; Sheaffer &
Malecki, 1998; Hess 

 

et al

 

., 2000); migrant flocks breed
in sub-Arctic Canada and winter in the study sample
source regions beginning in October to December
through to February or March. Peak departure and
arrival dates vary somewhat north to south, with ear-
lier arrivals and later departures in northern
localities (Bellrose, 1980; Meanley, 1982; Hartman &
Dunn, 1998; Hess 

 

et al

 

., 2000). The probable mix of
residents and migrants within the DMNH collection
has important implications for the taxonomic compo-
sition of the study sample.

The species 

 

B. canadensis

 

 has been variously sepa-
rated into eight to 12 subspecies or races (Table 2)
based on geographical range, body size, and plumage
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characters (Delacour, 1951, 1954; Palmer, 1976; Bell-
rose, 1980). Determining the subspecific make-up of
any given geographical region is confounded by sev-
eral factors, including questionable divisions among
subspecies, the multirace nature of wintering migrant
flocks, and the release of captive flocks and the estab-
lishment of new feral resident populations outside
the presumed original range of certain subspecies
(Delacour, 1951, 1954; Palmer, 1976; Hess 

 

et al

 

., 2000).

Migrant flocks that winter in the study sample source
areas are combinations of individuals from the North
Atlantic and mid-Atlantic breeding populations
(Bellrose, 1980; Owen, 1980; Hess 

 

et al

 

., 2000). The
North Atlantic population comprises the subspecies

 

B. c. canadensis

 

, which breeds east of 70

 

°

 

 west longi-
tude in Labrador, Quebec, and Newfoundland. The
mid-Atlantic population breeds between 70 and 95

 

°

 

west longitude in the Hudson Bay lowlands of Ontario
and Quebec, and is composed of 

 

B. c. interior

 

. Migrant
individuals in the study sample may therefore include
representatives of 

 

B. c. canadensis

 

 and/or 

 

B. c. interior

 

(Delacour, 1954; Johnsgard, 1975; Bellrose, 1980;
Owen, 1980; Stotts, 1983).

Resident populations were probably established
from stocks of 

 

B. c. maxima

 

 and 

 

B. c. moffitti

 

 intro-
duced by the liberation of captive flocks and subse-
quent restocking (Palmer, 1976; Stotts, 1983; Nelson &
Oetting, 1998; Hess 

 

et al

 

., 2000). Palmer (1976) and
Owen (1980) contended that these subspecies should
be collapsed into a single subspecies 

 

B. c. moffitti

 

. Sto-
tts (1983) noted that, although the resident flocks are
primarily 

 

B. c. moffitti

 

 (

 

B. c. maxima

 

), some resident

 

B. c. interior

 

 and/or 

 

B. c. canadensis

 

 may be present as
well. Palmer (1976) also noted the presence of resident
flocks of 

 

B. c. interior

 

, again presumably descendants
of introduced or restocked birds. One must assume,
therefore, that the DMNH/TSBR study sample may
include individuals representing three or four
separate subspecies (

 

B. c. canadensis

 

, 

 

B. c. interior

 

,

 

B. c. maxima

 

, 

 

B. c. moffitti

 

), depending on whether

 

B. c. maxima

 

 is considered distinct from 

 

B. c. moffitti

 

.
The sizes of adult 

 

B. canadensis

 

 vary widely by
subspecies,  with  body  weights  ranging  from  0.9 kg
in female 

 

B. c. minima

 

 to 5.4 kg in large male

 

Table 1.

 

Source localities of study sample individuals

State County Number of individuals

Delaware 47
Kent 1
New Castle 40
Sussex 6

Maryland 6
Caroline 1
Cecil 3
Kent 1
Worcester 1

New Jersey 2
Gloucester 2

New York 2
Ulster 2

Pennsylvania 21
Chester 15
Delaware 3
Montgomery 2
Philadelphia 1

Virginia 3
Fairfax 3

 

Table 2.

 

Overview of the subspecific taxonomy of 

 

Branta canadensis

 

Delacour (1954) Palmer (1976) Bellrose (1980)

Subspecies Race name Subspecies Race name Subspecies Race name

 

B. c. canadensis Atlantic B. c. canadensis Atlantic B. c. canadensis Atlantic
B. c. interior Interior B. c. interior Interior B. c. interior Interior
B. c. moffitti Moffitt’s B. c. moffitti (includes B. c. maxima) Giant B. c. moffitti Western
B. c. maxima Giant B. c. maxima Giant
B. c. parvipes Lesser B. c. parvipes (includes B. c. taverneri) Lesser B. c. parvipes Lesser
B. c. taverneri Taverner’s B. c. taverneri Taverner’s
B. c. occidentalis Dusky B. c. occidentalis (includes B. c. fulva) Dusky B. c. occidentalis Dusky
B. c. fulva Vancouver B. c. fulva Vancouver
B. c. leucopareia Aleutian B. c. leucopareia (includes 

B. c. asiatica)
Aleutian B. c. leucopareia Aleutian

B. c. asiatica Bering
B. c. minima Cackling B. c. minima Cackling B. c. minima Cackling
B. c. hutchinsi Richardson’s B. c. hutchinsii Richardson’s B. c. hutchinsii Richardson’s
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B. c. maxima (Delacour, 1954; Palmer, 1976; Bellrose,
1980; Meanley, 1982). The largest subspecies are
B. c. maxima and B. c. moffitti, averaging 3.7 kg in
adult females and 4.5 kg in adult males. B. c. interior
and B. c. canadensis are slightly smaller, with adult
females averaging 3.8 and 3.3 kg and adult males 4.2
and 3.8 kg, respectively (Johnsgard, 1975). The weight
of newly hatched B. canadensis goslings averages
approximately 103 g (Elder in Palmer, 1976). Gosling
growth rates vary depending on the quality and quan-
tity of available food resources (Leafloor, Ankney &
Rusch, 1998; Cooch, Dzubin & Rockwell, 1999), but
the skeleton generally reaches adult size by the time
of fledging (Owen, 1980), which occurs 8–9 weeks post-
hatching in the larger subspecies (Elder in Palmer,
1976). Adult weights, however, may not be attained
until after the second winter of life; this results from
differences in muscle mass in younger and older birds
(Hanson, 1965, 1967).

Among the larger subspecies, successful breeding
occurs in approximately one-third of 2 year olds and
all breed by age 3 years [data for B. c. moffitti from
Craighead & Stockstad (1964)]. Breeding and nesting
times are influenced by temperature and weather con-
ditions; there is, therefore, geographical variation as
well as potential yearly variation due to early or late
arrival of the spring season (Elder in Palmer, 1976).
Among resident populations within source areas for
study birds, clutch completion dates generally peak in
early to mid-April (Hess et al., 2000). The clutch size
averages five eggs, and the incubation period averages
28 days (Delacour, 1954). Goslings hatch in early to
mid-May, and fledging occurs in July.

ESTIMATING SKELETAL MATURITY

For the purposes of this study, maturity refers to full
development of the skeleton when applied to individ-
uals, and of the element in question when applied to
bones themselves. Maturity in this context is not
meant to imply correlation with sexual or reproductive
maturity as relates to breeding age. Skeletal maturity
occurs by the end of the first calendar year of life, at
approximately 7 months of age. In contrast, most
birds do not breed successfully until aged 2 or 3 years
(Craighead & Stockstad, 1964).

Separate maturity estimates were performed for the
femur, tibiotarsus, and humerus, and three indepen-
dent estimates (one size-based, two size-independent)
were used within each growth series. The size-based
estimate was element length as a percentage of aver-
age adult length for the species. Lengths were mea-
sured following the conventions of Gilbert, Martin &
Savage (1996). For the femur, measured length is the
distance from the most proximal point on the greater
trochanter to the most distal point on the lateral

condyle; for the tibiotarsus, from the most proximal
point on the cranial cnemial crest to the most distal
point on the lateral condyle; and for the humerus,
from the most proximal point on the humeral head to
the most distal point on the medial condyle. Lengths of
immature bones with unossified ends were measured
from the most proximal to the most distal point. Three
replicates of each measurement were made with digi-
tal callipers; the values reported here are means of the
replicates. The standards used to calculate the per-
centage of adult size were mean values computed from
the minimum and maximum adult sizes reported by
Gilbert et al. (1996) (Table 3). In many cases, element
lengths in the present sample exceeded this average,
resulting in percentages of up to 120% adult size. This
probably reflects the small sample measured by Gil-
bert et al. (1996) and the large size range occupied by
the various subspecies of B. canadensis. Given that
the resident portion of the study sample was probably
mostly composed of individuals from the largest sub-
species (B. c. maxima and/or B. c. moffitti), it is not
unexpected that adult size values will be slightly
higher than a mean value for the species as a whole.

For the size-independent maturity estimates, char-
acter matrices were constructed for each element
based on presence/absence data for muscle scars and
other bony landmarks visible in the largest and thus
presumably oldest animals. Characters and character
states for each element are listed in Appendix 1. A fea-
ture was considered present if it was visible under a
10× hand lens. Bone landmark data were analysed by
two separate methods.

The first method was derived from a parsimony-
based technique used by Brochu (1996) to assess rel-
ative skeletal maturity in the American alligator.
Redundant individuals (those with the exact same
suite of character states) were omitted from this anal-
ysis to reduce the volume in the data set (Appendix 2).
The outgroup was coded as a form lacking all bony
landmarks considered. The resulting data matrix was
analysed using the branch-and-bound algorithm of
PAUP, version 4.0b10 (Swofford, 1999). Analyses
yielded multiple most-parsimonious trees for each of
the three elements examined; strict consensus trees

Table 3. Range of long bone lengths (mm) for Branta
canadensis, as reported by Gilbert et al. (1996)

Element
Minimum
length

Maximum
length Mean N

Femur 77 86 81.5 7
Tibiotarsus 141 160 150.5 7
Humerus 164 181 172.5 7
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were generated to identify common nodes. Nodes on
consensus trees were treated as discrete ontogenetic
stages in the development of the element in question.
Stages were therefore defined by the characters defin-
ing the consensus nodes, except those characters that
reversed higher up the tree or arose independently at
more than one nonconsecutive node; these were
treated as unreliable indicators and not included in
stage definitions. Once ontogenetic stages were recog-
nized, the percentage maturity of each bone was
expressed mathematically as a percentage of the total
number of stages through which that element must
pass before attaining full maturity. Thus, a bone at
stage 2 out of four total stages received a percentage
maturity value of 50%.

A potential flaw in the parsimony-based method
arises from the fact that PAUP is optimized for the
construction of phylogenetic cladograms. Although it
can be argued that the accumulation of characters
during ontogeny is not totally dissimilar to the evolu-
tionary appearance of characters in a clade, PAUP is
ill-equipped to deal with the ambiguities that arise if
characters do not always arise in a linear sequential
series of events. The bone landmark data were there-
fore also analysed by a second method, in which hier-
archical clustering analysis was used to test for
natural groups of specimens with similar characters.
A normalized percent disagreement metric was used
as the distance metric; the linkage method used was
complete (farthest neighbour) because the individual
characters are assumed to accumulate with age. Onto-
genetic stages recognized by the cluster analysis could
then be converted to percentage maturity values fol-
lowing the same procedure used for the parsimony-
based stages.

It should be stressed that the percentage maturity
values assigned to parsimony- and cluster-based onto-
genetic stages are not meant to imply temporal equiv-
alence in the length of stages. Designation of a bone as
50% mature, for example, does not necessarily equate
to ‘half grown’ in a temporal sense, as different onto-
genetic stages may have different durations with
respect to the lifespan of the individual.

DATE OF DEATH VALUES

Known dates of death were converted from the
recorded month–day format into single numerical val-
ues by the following procedure. Months were assigned
consecutive whole number values (1 for January, 2 for
February, etc.). Days were computed by dividing the
actual day of death by the total number of days in the
month. The resulting day value was added to the
month value to produce the date of death value. A
recorded date of death of 15 June, for example, would
therefore be expressed as 6.5. One potential confusion

results from these calculations. Because the day value
for the last day of any month is always one, whole
number date of death values actually represent death
on the last day of the previous month, rather than the
first day of the current month, as would be intuitively
assumed. Thus, a date of death value of 2 represents
death on 31 January not 1 February, and a death on
31 December receives a value of 13. Two ambiguous
dates in the data set recoded as ‘December’ and ‘late
December’ were estimated as follows: the former was
assigned an arbitrary mid-month date of 15 December,
the latter was assigned to 31 December.

CODING OF SURFACE TEXTURES

Bones were examined at the gross level and with a 10×
hand lens under directed incandescent light. Textural
features of all bones were documented qualitatively
through a combination of detailed specimen notes,
sketches, and photography. Observations were
restricted to bone shafts; extreme proximal and distal
ends were not considered due to the potential con-
founding effect of attachment areas for joint capsules
and articular cartilage. Definitions of major textural
types and textural coding of individual bones were
based on recorded descriptions without any reference
to skeletal maturity estimates. Femora, tibiotarsi, and
humeri were analysed as separate subsamples. Bones
within each subsample were grouped based on similar
shaft textures, and textural features of these group-
ings defined textural types for that element. Textural
types were placed in an ordered sequence based on
decreasing shaft porosity; sequential types within the
sequence were assigned sequential numerical values.
Only after these values were established was the
relationship between texture type and ontogeny
examined.

RELATIONSHIP BETWEEN TEXTURE TYPE AND 
ONTOGENY

The relationship between bone surface texture and
maturity was evaluated by visual inspection of texture
type vs. size and percentage maturity plots. The sig-
nificance of the relationship between texture type and
size was determined by ANOVA. In addition, the rela-
tionship between texture and cluster-based ontoge-
netic stage was analysed using a two-way ranked-
order contingency table. In addition to Pearson’s chi-
squared statistic, the values for Spearman’s rho and
Goodman–Kruskal’s gamma statistics were also deter-
mined. Chi-squared tests whether the two categories
are independent. Rho tests the same question using
rank indices rather than actual data; it is thus inde-
pendent of sample size influences. Gamma tests
whether the prediction of the value of one category is
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improved by knowledge of the other category. In cases
where the number of ontogenetic stages was equal to
the number of texture types, McNemar’s test of sym-
metry was applied.

THE AUTO-CONTROL STUDY

In addition to the DMNH collection, a growth series of
eight individuals was obtained from TSBR during
May–November 2001. All birds were natural deaths,
or were euthanized by TSBR due to their inability to
further survive in the wild. At the time of death, both
pelvic limbs were disarticulated at the hip joint and
preserved intact. Right limbs were frozen and subse-
quently skeletonized in the DMNH dermestid beetle
colony. Ontogenetic character states and detailed tex-
tural observations were recorded for femora and tibio-
tarsi following the procedures used for the DMNH
skeletons. Left limbs were fixed in 10% buffered for-
malin and preserved in 70% ethanol until processing
in February 2002. After the removal of most soft tis-
sue, the femora and tibiotarsi were decalcified in 15%
formic acid, rinsed and dehydrated in a graded series
of ethanol, and embedded in paraffin wax. Thin sec-
tions, 5 µm thick, were cut and stained with Mayer’s
haematoxylin and eosin. The locations of the thin sec-
tions are shown in Figure 1. With reference to textural
data collected from the contralateral elements, sec-
tions were examined by light microscopy to evaluate
histological correlates of gross textural types, and to
relate observed surface textures to the overall growth
regime of B. canadensis. TSBR specimens used in the
auto-control study were later accessioned into the
DMNH collection.

RESULTS

SIZE-INDEPENDENT MATURITY ESTIMATES

Strict consensus trees derived from parsimony analy-
ses of femora, tibiotarsi, and humeri are shown in
Figure 2. Not counting the outgroup stage lacking all
characters (designated as stage 0 for all three ele-
ments), 12 ontogenetic stages were recognized for the
femur, five for the tibiotarsus, and seven for the
humerus. Parsimony-based ontogenetic stages are
defined in Table 4. Character definitions for each stage
are cumulative: stage 1 is defined by the presence of
the characters listed, stage 2 by the presence of all the
characters for stage 1 plus the defining characters of
stage 2, and so on.

The results of the cluster analyses are shown in
Figure 3; cluster-based ontogenetic stages are defined
in Table 5. The ontogenetic stages shown in Figure 3
and defined in Table 5 represent stable portions of the
clusters (a cluster level that does not change with dif-

ferent character additions). This is at distances > 0.10
in some cases. Individual DMNH 82688 was excluded
from the cluster analyses due to anomalous combina-
tions of character states not present in any other indi-
viduals. Excluding stage 0 lacking all characters,
seven ontogenetic stages were recognized for the
femur, six for the tibiotarsus, and seven for the
humerus. As with the parsimony analysis, character
acquisitions among stages are cumulative. Stages and
defining characters are similar to those identified by
the parsimony analysis (Table 4).

Femoral characters 5, 6, 10, and 12–16 appear to be
part of a complex of muscle scars arising more or less
simultaneously during cluster-based stages 4 and 5.
The process generally seems to begin with the acqui-
sition of character 5 (scar for M. tibialis cranialis) and
ends with the acquisition of character 16 (scar for M.
flexor perforans et perforatus II). The other charac-
ters in this complex appear at different times in dif-
ferent individuals, resulting in small differences in
the clusters, especially within stage 4. This probably

Figure 1. Locations of thin sections used in the auto-
control study. A, femur; B, tibiotarsus. Labelled lines indi-
cate the positions of transverse sections. Longitudinal sec-
tions are designated based on the transverse lines they
intersect.
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Figure 2. Strict consensus trees resulting from parsimony analyses. Numbered ontogenetic stages are defined in Table 4.
Femur: strict consensus of four trees, tree length = 28, consistency index = 0.7500. Tibiotarsus: strict consensus of 40 trees,
tree length = 31, consistency index = 0.6452. Humerus: strict consensus of six trees, tree length = 19, consistency
index = 0.8333.
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Table 4. Ontogenetic stages as determined by the parsimony analyses. The character acquisition is cumulative: stage 2
possesses the characters listed for stages 1 and 2, etc. The numbers in parentheses indicate the character numbers as listed
in Appendix 1

Stage Definition
Percentage
maturity

Femur
0 Absence of all coded characters 0
1 Appearance of:

Scar for M. puboischiofemoralis (8) 8
2 Appearance of:

Caudal intermuscular line (7) 17
3 Appearance of:

Bony distal condyles present (3, state 1) 25
4 Appearance of:

Bony femoral head present (1, state 1) 33
5 Appearance of:

Cranial intermuscular line (4) 42
6 Appearance of:

Crista tibiofibularis (11) 50
7 Appearance of:

Lateral collateral ligament impression (18) 58
8 Appearance of:

Bony greater trochanter present (2, state 1)
Scar for M. flexor perforans and perforatus III (17) 67

9 Appearance of:
Scar for M. tibialis cranialis (5) 75

10 Appearance of:
Scar for M. ischiofemoralis (14)
Lateral scar for M. iliotrochantericus cranialis and medius (15) 83

11 Appearance of:
Bony greater trochanter completely ossified (2, state 2)
Bony distal condyles completely ossified (3, state 2) 92

12 Appearance of:
Bony femoral head completely ossified (1, state 2) 100

Tibiotarsus
0 Absence of all coded characters 0
1 Appearance of:

Crista fibularis (5) 20
2 Appearance of:

Tubercle for Mm. peroneus longus and brevis retinaculum (6) 40

3 Appearance of:
Bony proximal end present (1, state 1)
Cranial cnemial crest (7)
Lateral cnemial crest (8)
Proximal scars for M. extensor digitorum longus (9)
Scar for M. femorotibialis externus (12)
Scar for M. femorotibialis internus (14)
Complex of scars for M. gastrocnemius pars medialis, M. plantaris, and Mm. flexores 

cruri lateralis and medialis (15)
60

4 Appearance of:
Distinct scars for M. plantaris and Mm. flexores cruri lateralis and medialis (16) 80

5 Appearance of:
Bony proximal end completely ossified (1, state 2) 100
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Humerus
0 Absence of all coded characters 0
1 Appearance of:

Bony deltopectoral crest (2) 14
2 Appearance of:

Fossa for M. brachialis (13) 29
3 Appearance of:

Bony humeral head present (1, state 1)
Bony distal condyles present (3, state 1)
Pneumatic foramen (6)
Dorsal tubercle (9)
Transverse ligamental groove (10) 43

4 Appearance of:
Scar for M. pectoralis (4)
Groove for M. humerotriceps tendon (8) 57

5 Appearance of:
Groove for M. scapulotriceps tendon (7) 71

6 Appearance of:
Bony humeral head fully ossified (1, state 2) 86

7 Appearance of:
Bony distal condyles fully ossified (3, state 2) 100

Stage Definition
Percentage
maturity

Table 4. Continued

reflects natural individual variation, and such vari-
ability might also be discernible in the younger stages
with a larger sample size. Stages 2–4 are defined by
the acquisition of character suites; the order of acqui-
sition of individual characters varies by individual
within these stages. This has the result of collapsing
several of the parsimony-based femoral stages
(Table 4) into larger, more inclusive cluster-based
stages (Table 5). Stage 1 is equivalent in both analy-
ses. Cluster-based stage 2 encompasses parsimony-
based stages 2, 3, and 4; cluster-based stage 3
encompasses parsimony-based stages 5 and 6; and
cluster-based stage 4 encompasses parsimony-based
stages 7, 8, and 9. Cluster-based stages 5, 6, and 7 are
equivalent  to  parsimony-based  stages  10,  11,  and
12, respectively.

For the tibiotarsus, ontogenetic stages 2–6 recog-
nized by the cluster analysis are identical to stages 1–
5 based on the parsimony analysis (Tables 4, 5). The
principal difference between the results of the two
methods is the recognition by the cluster analysis of a
stage 1 defined only by the presence of character 10
(extensor sulcus). This character is present in all indi-
viduals except DMNH 82688; the removal of that indi-
vidual from the cluster analysis is responsible for the
recognition of the additional stage. The end result of
this is the separation of three individuals (DMNH
81978, DMNH 81979, DMNH 83585) from parsimony-

based stage 1 (equivalent to cluster-based stage 2) into
cluster-based stage 1.

The ontogenetic stages recognized by the cluster
analysis of the humerus are identical to those based
on the parsimony analysis (Tables 4, 5).

Figure 4 shows the relationships between the per-
centage adult size as calculated from element lengths
and the percentage maturity as determined by the
parsimony and cluster analyses. Overall, there is good
correspondence between the size of the bones and
ontogenetic status, although there appears to be some-
what more variability earlier in ontogeny. There is a
weaker correspondence in bones less than 35%
mature, probably a result of individual variation in
growth rates during the rapid growth period of early
ontogeny. For all three elements, individuals do not
appear to reach 100% maturity below 89% adult size.
[There is one exception on the tibiotarsus plots, where
the bone exhibits full maturity at 69% adult size. On
the basis of measurements of the other limb elements,
this individual (DMNH 80059) appears to have had an
unusually short tibiotarsus compared with the other
birds examined. The bone has no other noticeable
abnormalities.] Not all individuals at or above 89%
adult size, however, exhibit full maturity. Figure 4
shows that the bones attain adult size before reaching
full maturity, and therefore an adult-sized bone is not
necessarily fully mature. Moreover, the degree of
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maturity when adult size is reached varies by ele-
ment, with femora and tibiotarsi generally maturing
earlier than humeri.

TEXTURAL TYPES

Independent analyses of femoral, tibiotarsal, and
humeral shafts revealed a suite of seven major tex-
tural classes common to all three elements. Each
major type can be further divided into two subtypes,
although not all subtypes are present in all elements.

Texture types with their assigned numerical values
are described below and summarized in Table 6.
Unless expressly contrasted with a rugose pattern, the
term ‘grossly smooth’ is here used to indicate a lack of
visible surface porosity.

Type I
The entire shaft of type I bones is textured and rough
to the touch. Proximal and/or distal shaft regions
bear a conspicuous pattern of longitudinal striations,

Figure 3. Results of the cluster analyses of bone landmark characters. The distance metric is normalized percent dis-
agreement. Complete linkage method (farthest neighbour). All specimen designations are DMNH catalogue numbers. The
numbers in parentheses represent ontogenetic stages. Femur: DMNH 78500 differs from ‘All Others’ only in the lack of
character 10 (medial scar for M. flexor perforati II and IV). Tibiotarsus: DMNH 83058 differs from ‘All Others’ only in the
lack of character 13 (peroneal sulcus). Humerus: DMNH 78603 differs from ‘All Others’ only in the lack of character 12
(bicipital crest).
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Table 5. Ontogenetic stages as determined by the cluster analyses. The character acquisition is cumulative. The numbers
in parentheses indicate character numbers as listed in Appendix 1

Stage Definition
Percentage
maturity

Femur
0 Absence of all coded characters 0
1 Appearance of:

Scar for M. puboischiofemoralis (8) 14
2 Variable appearance of characters in suite:

Bony femoral head present (1, state 1)
Bony distal condyles present (3, state 1)
Caudal intermuscular line (7) 29

3 Variable appearance of characters in suite:
Cranial intermuscular line (4)
Crista tibiofibularis (11) 43

4 Variable appearance of characters in suite:
Bony greater trochanter present (2, state 1)
Scar for M. tibialis cranialis (5)
Scar for M. flexor perforans and perforatus III (17)
Lateral collateral ligament impression (18) 57

5 Appearance of:
Scar for M. ischiofemoralis (14)
Lateral scar for M. iliotrochantericus cranialis and medius (15) 71

6 Appearance of:
Bony greater trochanter completely ossified (2, state 2)
Bony distal condyles completely ossified (3, state 2) 86

7 Appearance of:
Bony femoral head completely ossified (1, state 2) 100

Tibiotarsus
0 Absence of all coded characters 0
1 Appearance of:

Extensor sulcus (10) 17
2 Appearance of:

Crista fibularis (5) 33
3 Appearance of:

Tubercle for Mm. peroneus longus and brevis retinaculum (6) 50
4 Appearance of:

Bony proximal end present (1, state 1)
Cranial cnemial crest (7)
Lateral cnemial crest (8)
Proximal scars for M. extensor digitorum longus (9)
Scar for M. femorotibialis externus (12)
Scar for M. femorotibialis internus (14)
Complex of scars for M. gastrocnemius pars medialis, M. plantaris, and Mm.flexores 

cruri lateralis and medialis (15)
67

5 Appearance of:
Distinct scars for M. plantaris and Mm. flexores cruri lateralis and medialis (16) 83

6 Appearance of:
Bony proximal end completely ossified (1, state 2) 100

Humerus
0 Absence of all coded characters 0
1 Appearance of:

Bony deltopectoral crest (2) 14
2 Appearance of:

Fossa for M. brachialis (13) 29
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3 Appearance of:
Bony humeral head present (1, state 1)
Bony distal condyles present (3, state 1)
Pneumatic foramen (6)
Dorsal tubercle (9)
Transverse ligamental groove (10) 43

4 Appearance of:
Scar for M. pectoralis (4)
Groove for M. humerotriceps tendon (8) 57

5 Appearance of:
Groove for M. scapulotriceps tendon (7) 71

6 Appearance of:
Bony humeral head fully ossified (1, state 2) 86

7 Appearance of:
Bony distal condyles fully ossified (3, state 2) 100

Stage Definition
Percentage
maturity

Table 5. Continued

visible as a series of sharp parallel ridges and deep
narrow furrows (Fig. 5A). Midshaft regions are
grossly porous. Pores may penetrate the shaft
obliquely with longitudinally orientated trailing sur-
face grooves to create a fibrous appearance (Fig. 5B,
C) or perpendicular to the bone surface to create a
dotted pattern (Fig. 5D). Areas of rough grainy sur-

face without clearly defined individual pores are occa-
sionally encountered (Fig. 5E). Two subtypes may be
defined: subtype 1.0 has transverse struts in portions
of the striated regions, resulting in a lattice-like pat-
tern; subtype 1.5 lacks these struts in all striated
areas. (Subtype 1.5 is absent from the humerus
sample.)

Table 6. Summary of texture types, subtypes, and assigned numerical values. Defining features of subtypes are indicated
by italics

Texture type Defining features Numerical value

I Longitudinal striations present
Lattice of transverse struts present 1.0
Lattice of transverse struts absent 1.5

II Longitudinal striations absent;
Entire shaft fibrous and/or porous 2.0

Transverse wrinkling of surface present 2.5
III Proximal and distal regions fibrous and/or porous;

Midshaft smoother with nonpenetrating dimples and/or longitudinal grooves 3.0
Transverse wrinkling of surface present 3.5

IV Nonpenetrating longitudinal surface grooves prevalent
Isolated patches of penetrating pores present 4.0
Isolated patches of penetrating pores absent 4.5

V Co-occurrence of nonpenetrating longitudinal surface grooves and smooth areas
Isolated patches of penetrating pores present 5.0
Isolated patches of rough grainy surface without well-defined pores present 5.5

VI Surface grossly smooth;
Isolated areas of faint longitudinal surface grooves 6.0

Transverse wrinkling and/or rugose surfaces present 6.5
VII Surface grossly smooth;

Longitudinally orientated textures absent 7.0
Transverse wrinkling and/or rugose surfaces present 7.5
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Type II
Type II bones lack striated texture, but are otherwise
similar to type I bones in that the entire shaft is tex-
tured and rough to the touch. Proximal, middle, and
distal shaft regions exhibit the fibrous and/or porous
patterns seen in the midshaft portions of type I

bones. Two subtypes may be defined: subtype 2.0 has
only the fibrous/porous longitudinal textures; sub-
type 2.5 has a faint pattern of transverse surface
wrinkles (Fig. 6A, B) overprinting the longitudinal
features. (Subtype 2.5 is present only in the femur
sample.)

Figure 4. Relationships between the percentage adult size based on element length and the percentage maturity based on
parsimony and cluster analyses.
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Type III
Type III bones retain the rough textures of type II
bones in the proximal and distal regions, but are
smoother midshaft. Close examination of the midshaft
region reveals a surface marked by shallow dimples
and longitudinally directed grooves. However, these
features differ from the striated and fibrous patterns
by a lack of association with pores that penetrate the
bone wall (Fig. 7A, B). Two subtypes may be defined:
subtype 3.0 has only longitudinal textures; subtype
3.5 has occasional transverse wrinkles overprinting
the longitudinal textures. (Subtype 3.5 is present only
in the tibiotarsus sample.)

Type IV
The entire shaft of type IV bones is relatively smooth
grossly, but close examination with a 10× hand lens
reveals that most of the shaft is covered with nonpen-

etrating longitudinal textures, as in the midshaft
regions of type III. Two subtypes may be defined: sub-
type 4.0 has isolated areas of scattered pores on the
shaft (Fig. 6C); subtype 4.5 lacks this porosity. (Sub-
type 4.5 is present only in the humerus sample.)

Type V
Type V bones are for the most part grossly smooth.
Examination with a 10× hand lens reveals a combina-
tion of completely smooth areas (Fig. 7C, D) and
areas of nonpenetrating longitudinal textures, as in
type IV. Some transverse wrinkling (Fig. 6A, B) may
occasionally be present. Two subtypes may be
defined: subtype 5.0 has occasional isolated patches
of scattered porosity (Fig. 6C) on the shaft; subtype
5.5 has occasional patches of rough grainy surface
without clearly defined pores. (Type V is completely
absent from the humerus sample. Subtype 5.0 occurs

Figure 5. Examples of striated, fibrous, and porous texture patterns. A, longitudinal striations with (top) and without (bot-
tom) transverse struts (DMNH 83589, tibiotarsus). B, fibrous texture (DMNH 78603, humerus). C, shorter-grained fibrous
texture, intermediate between (B) and (D) (DMNH 82727, humerus). D, dotted pattern of porous texture (DMNH 82727,
femur). E, rough grainy texture lacking distinct individual pores (DMNH 82247, femur). Scale bars = 1 cm.
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only in the tibiotarsus sample; subtype 5.5 only in the
femur sample.)

Type VI
Type VI bones are grossly smooth. Examination with a
10× hand lens reveals a generally smooth shaft with
sporadic faint occurrences of nonpenetrating longitu-
dinal textures (Fig. 7C). Penetrating porosity is absent
from the shaft. Two subtypes may be defined: subtype
6.0 has only smooth areas and longitudinal textures;
subtype 6.5 has occasional surface rugosity and/or
transverse wrinkling overprinting grossly smooth
areas (Fig. 6A, B, D, E).

Type VII
Type VII bones are grossly smooth. All longitudinally
directed textures are absent. Two subtypes may be
defined: subtype 7.0 is completely smooth, even when
examined under a 10× hand lens; subtype 7.5 has rug-
ose areas and/or transverse wrinkling (Fig. 6A, B, D,
E) in addition to smooth areas. (Subtype 7.0 is absent
from the tibiotarsus sample.)

RELATIONSHIP OF SURFACE TEXTURES TO SKELETAL 
MATURITY

DMNH 82688 was excluded from the textural analy-
ses because it lacked date of death data and thus could
not always be compared with the rest of the sample.
Figure 8 shows plots of texture type vs. element length
and percentage adult size for all other individuals.
Type I texture occurred throughout most of the size
range examined, up to a maximum size of 88% (72 mm
length) in the femur, 105% (159 mm length) in the
tibiotarsus, and 102% (177 mm length) in the
humerus. Types II–VII occurred only within the prob-
able adult size range, confined to bones above 90%
adult size (73 mm length) for the femur, 89% (153 mm
length) for the humerus, and 89% (134 mm length) for
the tibiotarsus. (The short tibiotarsus of DMNH 80059
was the only exception, on which type VI texture
occurred at 69% adult size.) For all elements, within
each of the seven major textural types, subtypes over-
lapped considerably in their size ranges, and did not
provide any significant insights. The presence or
absence of the transversely wrinkled pattern, in par-
ticular, had little diagnostic value, as it occurred

Figure 6.  A, very faint transverse wrinkles, indicated by arrows (DMNH 82228, tibiotarsus). B, a more prominent trans-
verse wrinkled texture pattern (DMNH 82910, femur). C, scattered pores, examples indicated by arrows, on an otherwise
nonporous surface (DMNH 82729, femur). D, rugose texture (DMNH 82944, femur). E, areas of rugose texture on an
otherwise smooth surface (DMNH 80847, humerus). Scale bars = 1 cm.
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sporadically in representatives of five texture types
(types II, III, V, VI, and VII).

Figure 8 suggests that bones reach adult size ranges
while still exhibiting type I texture, after which they
progress through the other textural types on their way
to full maturity. As determined by ANOVA, this pat-
tern was statistically significant at P < 0.05 for all
three subsamples. The mean length of bones with tex-
ture type I was significantly different from that of
bones with texture types III–VII in all three elements;
in the tibiotarsus and humerus it was also signifi-
cantly different from that of bones with texture type
II.

Size-independent plots of texture type vs. parsi-
mony and cluster-based percentage maturity values
(Fig. 9) provided better resolution and illustrated the
disconnection between size and maturity. The overall
pattern of texture distributions was similar for both
the parsimony and cluster-based maturity indices,
although actual percentage maturity values differed
in the femur and tibiotarsus subsamples due to the
differing number of ontogenetic stages recognized by
the two size-independent methods. In the femur

subsample, type I texture occurred only on bones less
than 50% mature, although these same elements may
be up to 90% adult size (Fig. 8). Texture types II and
III formed distinct groupings between 67 and 92%
mature (parsimony-based index) and 57 and 86%
mature (cluster-based index). Type VII was confined to
completely mature bones, as were all but two occur-
rences of type VI. Types IV and V only occurred in fully
mature bones as well, but this may very well reflect
the limited number of elements (one for type IV, two
for type V). The relationship between texture type and
percentage maturity was somewhat less clear for the
tibiotarsus and humerus than for the femur; however,
certain points were of interest. In the tibiotarsus sub-
sample, texture type I was restricted to 60% (parsi-
mony index) or 67% (cluster index) maturity and
below, and was the only type to occur on bones less
than 60% mature. Type VII and all but two occur-
rences of type VI occurred in fully mature bones. The
single type V bone was also fully mature. The inter-
mediate range from 60 (parsimony index) or 67 (clus-
ter index) to 100% mature was occupied largely by
texture types II–IV. In the humerus subsample, as for

Figure 7. Examples of nonpenetrating longitudinal and smooth texture patterns. A, shallow longitudinal grooves (DMNH
82732, humerus). B, shallow surface dimples (DMNH 82730, femur). C, generally smooth texture with extremely faint lon-
gitudinal grooves (DMNH 82730, tibiotarsus). D, completely smooth surface (DMNH 82730, humerus). Scale bars = 1 cm.
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the tibiotarsus, type I was the only texture type occur-
ring in bones below 60% mature, and it was absent on
more mature bones. Types II–IV occupied the interme-
diate 71–100% maturity range. Types VI and VII were
restricted to fully mature bones.

Examination of the relationship between texture
type and date of death (Fig. 10) further revealed that
types I–V were temporally constrained. Occurrences
of type I were confined to the period from May to July
(femur) or August (tibiotarsus and humerus). Types

II–V occurred only from late June (femur) or July
(tibiotarsus and humerus) to November and were
completely absent from all elements from December
to May. There was much temporal overlap between
occurrences of types II–V, and the pattern varied
among elements such that it was difficult to identify
a clear progression among these types. In general,
though, types II and III were present from July (late
June in the femur) to August (early September in the
tibiotarsus) and types IV and V were present from

Figure 8. Relationships between texture type and bone length and percentage adult size.
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August to November. In all elements, types II and III
had their first appearances earlier in the year than
types IV and V, and the latter persisted later. Unlike
types I–V, texture types VI and VII occurred through-
out the year. Given the correspondence of more
porous texture types with less mature individuals

(Fig. 9), the general configuration of the Figure 10
plots suggests an association of texture type I with
newly hatched goslings in May, which then mature
through texture types II–V before reaching skeletal
maturity with texture type VI and/or VII by late
November.

Figure 9. Relationships between texture type and parsimony-based and cluster-based percentage maturity indices. The
circle diameter is proportional to the number of specimens.
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The results of the statistical analyses of the two-way
ranked-order contingency table to evaluate the rela-
tionship between texture and cluster-based ontoge-
netic stage are shown in Table 7. The chi-squared
values confirmed that the two variables were not inde-
pendent. In cases where the number of texture types
and ontogenetic stages was the same (femur and
humerus), McNemar’s chi-square tested the symmetry

of the data matrix by ignoring the diagonal and test-
ing the upper and lower triangles of the matrix
against each other. The result indicated that the two
halves of the matrix were dissimilar, as would be
expected if the earlier ontogenetic stages had no asso-
ciation with later (less porous) texture types. The val-
ues for rho and gamma were both very close to 1.0
with small standard errors. Rho further confirmed

Figure 10. The relationship between texture type and date of death.

Table 7. Results of the statistical analyses of the relationship between texture type and cluster-based ontogenetic stage

Element Statistic Coefficient Asymptotic error Degrees of freedom P-value

Femur Χ2 139.90 36 < 0.005
McNemar’s Χ2 60.0 20 < 0.005
ρ 0.80 ±0.04
γ 0.98 ±0.01

Tibiotarsus Χ2 139.90 36 < 0.005
ρ 0.87 ±0.04
γ 0.99 ±0.01

Humerus Χ2 128.70 25 < 0.005
McNemar’s Χ2 58 15 < 0.005
ρ 0.76 ±0.06
γ 0.98 ±0.02
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that there was a strong association between ontoge-
netic stage and texture type, based on rank and inde-
pendent of sample size influences. The gamma value
indicated that knowledge of the ontogenetic stage may
be reasonably used to predict texture type, and vice
versa.

There was some suggestion that, within individuals,
the more porous texture types may persist longer on
the humerus than on the femur and tibiotarsus. This
was seen in the persistence of, for example, type I tex-
tures at larger body sizes and later dates in the
humerus (Figs 8, 10). Moreover, of 20 individuals for
which all three elements were present and at least one
element exhibited a texture type lower than type VI,
13 had humeri with a texture type lower than that of
one or both hindlimb elements (Table 8). A similar
observation was reported by Serjeantson (2002), who,
based on the examination of four skeletons of Anser,
noted more rapid maturation of the legs relative to the
wings and body.

HISTOLOGICAL CORRELATES OF SURFACE FEATURES

The cortex of immature (juvenile and subadult) fem-
ora and tibiotarsi is composed of fibrolamellar bone
(sensu de Ricqlès, 1974, 1976) containing numerous

channels (Fig. 11). Channels contain blood vessels,
identified by the presence of erythrocytes and/or
endothelial vessel walls, as well as connective tissue
and occasional lymphatic vessels (Fig. 11B). Rough
surface patterns with penetrating porosity (striated,
fibrous, porous) are gross expressions of intersections
between channels and the periosteal bone surface. As
the bone grows in width, channels are gradually
roofed over by osteoid matrix and incorporated into
the cortex (Fig. 11B, C). Once a channel is closed over,
successive bony laminae are deposited within it, even-
tually restricting the channel lumen and forming a
primary osteon with a central canal in which run the
blood and lymphatic vessels. This results in a stratifi-
cation of the bony cortex when viewed under low
magnification, with stacks of channels that become
progressively smaller in diameter and more recogniz-
able as primary osteons as one moves away from the
periosteal surface towards the medullary cavity
(Fig. 11C). [Similar stratification has been recognized
in the ostrich Struthio camelus and emu Dromaius
novaehollandiae (Castanet et al., 2000), the Japanese
quail Coturnix japonica (Starck & Chinsamy, 2002),
and the mallard Anas platyrhynchos (de Margerie,
Cubo & Castanet, 2002).]

The presence of a given surface pattern is largely
controlled by channel orientation. Where channels
are primarily longitudinal, striated texture results.
Where  channels  are  more  oblique,  and  intersect
the bone surface at an angle, the surface expression
is  more  fibrous  or  porous.  Oblique  channels  may
be angled in a primarily longitudinal direction, or
may have a circular (circumferential) orientation
(Fig. 11D). In transverse section, longitudinally
oblique channels may appear more elliptical than the
more strictly longitudinal channels (Fig. 11C). This
distinction is often quite subtle, however, and may
not always be reliable if the plane of section deviates
from a perfect transverse orientation. Longitudinal
and oblique channels are more readily differentiated
in longitudinal section (Fig. 12). In keeping with the
grossly observed distributions of striated vs. fibrous
texture, strongly oblique channels were more com-
mon in the middle third of the shafts of the youngest
and smallest bones, and in the proximal and distal
regions of older and larger bones. In midshaft sec-
tions of the youngest bones with a percentage
maturity of zero, the cortex consisted of more spongy
bone with a disorganized structure in longitudinal
section (Fig. 12C). Channels were large and had
little preferred orientation. Moving proximally and
distally, channels became more regular and graded
from oblique to longitudinal as extremities were
approached (Fig. 12A, B). This corresponded to a
grossly observed striated to fibrous to porous gradient
from the ends to the midshaft.

Table 8. Texture types by element for individuals for
which all elements are known and at least one element has
a texture type below type VI. Asterisks indicate those indi-
viduals in which the texture of the humerus lags behind
one or both hindlimb bones

Individual Femur Tibiotarsus Humerus

DMNH 81978 I I I
DMNH 81979 I I I
DMNH 82688 I I I
DMNH 76885 II I I*
DMNH 82727 II I I*
DMNH 82247 II II I*
DMNH 81353 II III I*
DMNH 77823 II III II*
DMNH 78603 II III II*
DMNH 76826 III II II*
DMNH 81352 III III III
DMNH 78452 III III IV
DMNH 79340 IV VI VI
DMNH 82732 V VI IV*
DMNH 82729 V VI VI
DMNH 82271 VI III III*
DMNH 82228 VI III IV*
DMNH 82731 VI III IV*
DMNH 77108 VI IV IV*
DMNH 78500 VI V IV*
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Nonporous surface textures corresponded to a great
reduction or absence of channels intersecting the bone
surface. There was no histological distinction between
completely smooth surfaces and those with nonpene-
trating longitudinal grooves and/or dimples. In both
these cases, surface expression of channels was
extremely rare, if present at all. Nonporous textures
were associated with two histological patterns in the
elements examined (Fig. 13). In the midshaft regions
of the tibiotarsus of DMNH 83592 (texture type III),
grossly smooth surfaces were underlain directly by
fibrolamellar bone; however, only an occasional chan-
nel penetrated the bone surface (Fig. 13A). In con-
trast, the femoral cortex of DMNH 83591 (texture type
VI) exhibited a three-layered structure in which a
central fibrolamellar region was enclosed by layers of

low-vascularity lamellar bone periosteally and
endosteally. In this case, the periosteal region of
lamellar bone underlay the grossly smooth surface
(Fig. 13B). In both cases, smooth surface textures were
associated with a reduction in active bone deposition
shown by the reduction of the inner osteogenic layer of
the periosteum to a single layer of osteoblasts
(Fig. 13A), as compared with its thicker condition in
sections with active bone deposition and channel
incorporation (Fig. 11C).

All textural features with clear histological corre-
lates were associated with growth-related bone depo-
sition, or lack thereof in the case of the smoother
textures. Resorption at the periosteal surface associ-
ated with growth-related remodelling was also evident
in some sections of immature bone. Resorptive

Figure 11. Transverse sections of immature long bones. A, single-layered fibrolamellar cortex (DMNH 83586, femur sec-
tion c). B, active incorporation of channels at the surface of the fibrolamellar cortex (DMNH 83586, tibiotarsus section c). C,
stratified fibrolamellar cortex (DMNH 83586, tibiotarsus section c). D, circularly orientated oblique channels in outer
regions of fibrolamellar cortex (DMNH 83589, femur section d). B, blood vessel with erythrocytes; L, lymphatic vessel; M,
medullary cavity; P, osteogenic layer of periosteum. The space within P is a preparation artefact. Scale bars: A, D = 230 µm;
B = 50 µm; C = 92 µm.
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Figure 13. Histology underlying grossly smooth surface textures in transverse section. A, single-layered fibrolamellar cor-
tex (DMNH 83592, tibiotarsus section c). B, three-layered cortex with a central fibrolamellar core and endosteal and peri-
osteal lamellar bone (DMNH 83591, femur section e). M, medullary cavity; P, osteogenic layer of periosteum. Scale bars:
A = 50 µm; B = 92 µm.

Figure 12. Juvenile bone DMNH 83585 in longitudinal section. A, longitudinal to slightly oblique channels intersecting
the bone surface (arrows) in the distal region of the shaft (tibiotarsus region d). B, oblique channels intersecting the bone
surface (arrows) just proximal to the midshaft region (tibiotarsus region b). C, irregular channels in the midshaft region
(tibiotarsus region c). M, medullary cavity; P, periosteum. Scale bars = 92 µm.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/148/2/133/2631046 by guest on 31 August 2021



156 A. R. TUMARKIN-DERATZIAN ET AL.

© 2006 The Linnean Society of London, Zoological Journal of the Linnean Society, 2006, 148, 133–168

surfaces were characterized by highly irregular mar-
gins with large erosion bays, and the presence of
numerous osteoclasts (Fig. 14). These features did not
appear to be associated with any distinct gross tex-
tural pattern.

DISCUSSION

Hanson (1965, 1967) separated giant Canada geese
(B. c. maxima) into age classes based on characters of
the plumage, cloaca, and reproductive organs (ovi-
duct and penis). During the autumn and winter
period, he distinguished three age classes: immature
(5–8 months), yearling (17–20 months), and adult
(older than 29 months). In the spring and summer,
he recognized four classes: gosling, yearling, 2-year-
old adult, and old adult (the last not always distin-
guishable from 2 year olds). The osteological charac-
ters and textural types used in the present study
distinguished three relative age classes, none of
which directly corresponded to Hanson’s divisions.
These are here designated as juvenile, subadult, and
adult. All juveniles and early subadults fell within
Hanson’s spring and summer gosling class; later sub-
adults and the youngest adults fell within the
autumn and winter immature class. All birds in the
present study were skeletally mature by their first
winter. Therefore, Hanson’s (1965, 1967) older age
classes could not be distinguished by the criteria
employed here.

Juveniles are hatching-year birds that have not yet
reached the adult size range. Juvenile bone invariably
exhibits type I texture, identified by coarse, longitudi-
nally directed striations. This texture seems to be
equivalent to the lineations and spongy bone
described by Callison & Quimby (1984) in immature
Struthio, Pterocnemia, Rhea, Casuarius, Meleagris,

and Gallus up to 75% adult size. Striated texture is
usually concentrated on the proximal and distal thirds
of the bone shaft.

Although the adult size range is attained by late
June or early July, approximately 2 months posthatch-
ing, the attainment of adult size did not correspond to
the attainment of full skeletal maturity. This agrees
with observations noted by previous authors for other
avian taxa [Serjeantson (1998, 2002) for Grus and
Anser, Mannermaa (2002) for Cepphus]. Although it is
generally accepted that bone growth in B. canadensis
is essentially complete by fledging (e.g. Owen, 1980),
this generalization appears applicable to longitudinal
growth only. The subadult age class is here established
for hatching-year birds that have reached adult size
ranges but are not yet fully skeletally mature. Sub-
adult bones are characterized by texture types II–V,
the temporal restriction of which suggests that these
textures are outgrown by the end of the first autumn.
Subadult shaft texture has at least some areas of
penetrating porosity or well-defined longitudinally
directed texture, but always lacks the striations seen
in juveniles.

Adult birds are those that have attained both adult
size and skeletal maturity. According to the texture
distribution by date of death plots (Fig. 10), this seems
to occur by December of the hatching year at approx-
imately 7 months of age. Adult bones are character-
ized by texture types VI and VII, and may be described
as grossly smooth elements completely lacking any
penetrating porosity, although faint nonpenetrating
longitudinal surface grooves are occasionally seen in
some regions. Smooth in this case refers to a lack of
porosity; transverse wrinkling and rugose textures do
occur on adult bones. Given the general reduction in
porosity and longitudinal textures through the sub-
adult and into the adult ranges, it is possible that tex-
ture type VII (complete absence of any longitudinal
texture) identifies older adults than type VI (co-occur-
rence of smooth areas and areas with faint longitudi-
nal grooves). This cannot be confirmed, however, in the
absence of absolute age data for these individuals.

Although the age classes defined here are not equiv-
alent to those previously recognized for B. canadensis
by Hanson (1965, 1967), they bear some similarity to
ageing schemes utilized in the archaeozoological
literature. Gotfredsen (1997) differentiated three age
classes in several species of sea birds using a combi-
nation of surface porosity and epiphyseal fusion. Juve-
niles were identified by porous bone surfaces and
unfused epiphyses, subadults by porous surfaces and
partially fused epiphyses, and adults by nonporous
surfaces and complete epiphyseal fusion. Gotfredsen
(1997: Fig. 2) illustrated a series of juvenile gull
humeri that appear to exhibit type 1 texture. Serjeant-
sen’s (1998: figs 5–7) photographs of long bones from

Figure 14. Irregular resorptive surface with large erosion
bays lined by numerous osteoclasts (arrows), seen in
transverse section (DMNH 83592, tibiotarsus section a). P,
periosteum. Scale bar = 92 µm.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/148/2/133/2631046 by guest on 31 August 2021



CANADA GOOSE BONE SURFACE TEXTURES 157

© 2006 The Linnean Society of London, Zoological Journal of the Linnean Society, 2006, 148, 133–168

immature Grus also show proximal striations sugges-
tive of the type I textural pattern. This apparent pres-
ence of similar juvenile textures in gulls and cranes
raises the possibility that the age and texture classes
defined here for B. canadensis may be more broadly
applicable to other avian taxa.

There was a close relationship between size-based
maturity estimates and percentage maturity as
determined by parsimony and cluster analyses for
individuals over 35% mature (Fig. 4). There was less
correspondence below 35% maturity. This was not sur-
prising, as gosling growth rates are known to be highly
variable depending on the quality and quantity of
available food resources (Leafloor et al., 1998; Cooch
et al., 1999). Both size-based and size-independent
maturity estimates allowed recognition of the juvenile
and adult age classes (Figs 8, 9). The subadult class
was readily differentiated by relative maturity when
either size-independent method was used (Fig. 9).
Size-based maturity estimates, although not com-
pletely invalid, were of somewhat limited utility. The
subadult class could not be distinguished by size-
based maturity estimates alone, although it could be
recognized by its temporal distribution on the texture
type vs. date of death plots (Fig. 10).

INTER-ELEMENT VARIATION

The tendency for immature texture types to persist
longer on the humerus than on the femur and/or tibio-
tarsus of a given individual was not unexpected. This
pattern of differential maturity has been previously
noted in Anser (Serjeantson, 2002). In B. canadensis,
as in other geese, the hindlimb develops adult form
and function earlier than the wing (Owen, 1980;
Sedinger, 1986). Sedinger (1986) reported that leg
muscle weights in B. c. minima goslings rapidly
increase until 30–35 days posthatching, whereas pec-
toral muscles do not show their most rapid growth
until shortly before fledging (more than 40 days post-
hatching). It should be noted that B. c. minima is the
smallest subspecies of B. canadensis, and that fledging
in the larger subspecies occurs relatively later, usually
8–9 weeks posthatching (Elder in Palmer, 1976).

Potentially more important than the variation in
textural type, however, is the fact that femur, tibiotar-
sus, and humerus from the same individual did not
always fall into the same age class. In 15% of the indi-
viduals examined (12 birds), at least one element fell
into a different age class than the others (Table 9).
This raises a crucial question: how does one assign an
individual to an age class if more than one age class is
represented in the skeleton? If multiple elements are
known, it seems prudent to take the middle ground
and define the individual as a subadult if any one ele-
ment is assigned subadult status (that is, displays any

one of texture types II–V). When working with iso-
lated elements, however, the situation becomes more
problematic. An individual with a subadult humerus
and an adult femur would be classed as an adult if
only the femur were known. In contrast, an individual
might be classified as a juvenile on the basis of the
humerus, when both hindlimb elements might have
possessed subadult features. In the absence of multi-
ple bones from the same individual, this problem is
unavoidable. Therefore, when working with isolated
bones, it is more appropriate to refer to the juvenile,
subadult, and adult status of elements, rather than
attempting to infer the skeletal maturity of the indi-
vidual as a whole.

ONTOGENETIC TEXTURE CHANGE AS A PRODUCT OF 
GROWTH REGIME

Enlow & Brown (1958) and Cormack (1987) described
a process by which subperiosteal vasculature is incor-
porated into the bone cortex during growth. The sur-
face of a growing bone exhibits a series of subparallel
ridges and furrows, and blood vessels running within
the furrows are eventually incorporated within the
bone matrix as a result of appositional growth along
the ridges. New bone deposited within the channels
thus formed eventually results in the formation of pri-
mary osteons (Cormack, 1987; Castanet et al., 2000;
de Margerie et al., 2002). It is the ridge-and-furrow
system that is manifest grossly as parallel striations
on the bone surface. Not surprisingly, these striations
and the longitudinal channel network associated with
them are most commonly found on the proximal and
distal thirds of the bone shaft, the regions of most
active growth. In regions closer to the midshaft, a
more fibrous or porous texture is present. Like the
striations, these textures are associated with a highly

Table 9. Individuals with elements representing more
than one age class. Roman numerals indicate texture types

Individual Femur Tibiotarsus Humerus

DMNH 76885 Subadult II Juvenile I Juvenile I
DMNH 82727 Subadult II Juvenile I Juvenile I
DMNH 82247 Subadult II Subadult II Juvenile I
DMNH 81353 Subadult II Subadult III Juvenile I
DMNH 79340 Subadult IV Adult VI Adult VI
DMNH 82732 Subadult V Adult VI Subadult IV
DMNH 82729 Subadult V Adult VI Adult VI
DMNH 82271 Adult VI Subadult III Subadult III
DMNH 82228 Adult VI Subadult III Subadult IV
DMNH 82731 Adult VI Subadult III Subadult IV
DMNH 77108 Adult VI Subadult IV Subadult IV
DMNH 78500 Adult VI Subadult V Subadult IV
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vascularized cortex, but the primary orientation of
channels is oblique rather than strictly longitudinal.
In mature bone, as growth slows and ceases, sub-
periosteal bone deposition and incorporation of new
periosteal vasculature assumes a much-reduced
importance; this accounts for a general reduction and
loss of striated and other porous textural types.

Extant birds exhibit determinate growth; individu-
als undergo an initial uninterrupted period of rapid
active growth, which dramatically slows to near
cessation when the adult size is attained and the skel-
eton reaches maturity (Bennett, 1993; Chinsamy &
Dodson, 1995; Chinsamy, Chiappe & Dodson, 1995).
Growth after this point is minimal; although new bony
material may be added during processes of secondary
reconstruction, deposition is generally preceded by
resorption of previously existing bone tissue (Cor-
mack, 1987). In modern neognathous birds, the period
of rapid growth is short; individuals reach skeletal
maturity within one season. Palmer (1976) noted that
B. canadensis goslings generally reach the adult size
of their parents by 2 months of age.

As growth rates progressively decrease throughout
ontogeny, the rate of osteogenesis and the type of
bone produced likewise changes (Enlow & Brown,
1957; Chinsamy & Dodson, 1995; Chinsamy et al.,
1995; Chinsamy, 1995a; Castanet et al., 1996, 2000;
de Margerie et al., 2002, 2004). Observations of corti-
cal bone in the auto-control sample agree with those
of previous authors. The compact bone wall in imma-
ture birds consists of a single layer of highly vascu-
larized fibrolamellar tissue; this coincides with the
period of rapid growth to adult size. This central
layer is covered periosteally and endosteally by cir-
cumferential lamellar bone tissue as growth slows
and eventually ceases with the attainment of skeletal
maturity. These internal and external circumferential
lamellae are less densely vascularized than the
immature fibrolamellar tissue (Meister, 1951; Enlow
& Brown, 1957, 1958; Cormack, 1987; Chinsamy &
Dodson, 1995; Chinsamy et al., 1995; Chinsamy,
1995a; Ponton et al., 2004).

This general growth pattern of modern birds is in
many ways similar to that observed in pterodactyloid
pterosaurs (Enlow & Brown, 1957, 1958; Bennett,
1993; de Ricqlès et al., 2000; Sayão, 2003), although
not to the pattern seen in the smaller nonpterodacty-
loids (Padian et al., 2004). Among previous studies
employing bone texture changes as ontogenetic indi-
cators, Bennett (1993) provided the only detailed
account relating macroscopic textures to underlying
histological features. The entire bony cortex in
actively growing immature pterodactyloids is charac-
terized by fibrolamellar bone. Canals frequently pen-
etrate the periosteal surface of the bone, accounting
for its porous appearance. Bennett (1993) referred to

these as vascular canals; however, as observed by
Starck & Chinsamy (2002) and the present study,
channels in the fibrolamellar bone of immature birds
may also contain lymphatic vessels, nerves, and con-
nective tissue such that the actual area occupied by
vasculature is significantly less than the total channel
diameter. It seems reasonable to assume that this was
the case in pterosaurs as well. In adult pterodacty-
loids, as in adult birds, the subperiosteal cortical bone
is composed of dense lamellar bone tissue, and adult
bone therefore lacks the surface porosity found in sub-
adults (Bennett, 1993; de Ricqlès et al., 2000). For the
most part, the relationship between histology and
bone surface texture in B. canadensis follows the pat-
tern observed by Bennett (1993) in pterodactyloids.
Bennett did not report a striated surface pattern; how-
ever, he also did not identify individuals younger than
purported subadults based on their size. One impor-
tant difference observed in the present study was that
nonporous surface textures in B. canadensis were not
always associated with lamellar bone. A grossly
smooth texture may also be underlain by fibrolamellar
bone if the number of channels penetrating the peri-
osteal surface is suitably reduced.

POTENTIAL SIGNIFICANCE OF SUBADULT GEESE

Although most palaeontological and archaeozoological
studies have been concerned with classifying skeletal
material at the general immature vs. mature (juvenile
vs. adult) level, there is a documented case in which
clear recognition of a subadult age class may be of con-
siderable significance. Serjeantson (2002) discussed
the importance of the age distribution of goose
remains for inferring the principle economic use of the
birds. Where geese were kept primarily for their feath-
ers, one would expect to see the remains dominated by
adult individuals. Where the birds were raised prima-
rily for meat, one would expect remains of three age
classes: 12–16 weeks (‘green geese’), 6–10 months
(‘stubble geese’), and adult birds of at least 5 years.
The younger age classes represent birds raised for
meat; the adult birds would have been breeding stock
as well as a source of feathers.

The problem lies in recognizing the three classes
from skeletal material. On the basis of observations of
modern Anser skeletons, Serjeantson (2002) concluded
that most birds would have been mature by 16 weeks
of age. Therefore, all three stages would contain birds
classified as adults by standard ageing schemes, and,
with the exception of the youngest green geese, would
be virtually indistinguishable in the zooarchaeological
record.

If patterns of ontogenetic textural change in Anser
are similar to those observed in Branta, the textural
ageing scheme described here may help to resolve this
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problem. Depending on the skeletal elements exam-
ined, birds from 3 to 4 months old (green geese) should
exhibit texture types II–V. (Some would probably
exhibit type I as well, but as type I seems broadly
equivalent to a widely recognized juvenile condition,
and type I bones tend to be smaller than adult size
ranges, it is unlikely that these individuals would ever
be mistaken for adults.) Birds from 6 to 10 months old
(stubble geese) would be more difficult to distinguish,
but might be expected to exhibit texture types IV and
V. Recognition of the subadult age class (texture types
II–V) would therefore help to distinguish both green
and stubble geese from older adult birds. Separation of
early (types II and III) and late (types IV and V) sub-
adult textures might further distinguish green from
stubble geese, although, due to variation in the timing
of texture changes on different skeletal elements,
assignments would probably be less reliable for late-
maturing bones such as humeri.

CONCLUSIONS

A consistent relationship between bone surface tex-
tures and skeletal maturity was seen in B. canadensis.
Seven distinct surface textural types were recogniz-
able in the femur, tibiotarsus, and humerus. On the
basis of the distributions of these types, three stages
in relative skeletal maturity may be defined – juve-
nile, subadult, and adult. Juvenile bones are charac-
terized by a fibrous or porous shaft surface, with
parallel longitudinal striations in proximal and/or dis-
tal regions. Subadult bones are characterized by
penetrating porosity or well-defined longitudinally
directed texture in at least some shaft areas, and a
lack of striations. Adult texture lacks all penetrating
surface textures, although faint longitudinal surface
grooves or dimples without associated pores may occur
in isolated patches. The statistical analysis revealed
that the relationship between bone texture and onto-
genetic stage was robust, despite the possible presence
of up to four different subspecies within the study
sample. This has positive implications for the use of
textural ageing in an archaeological and palaeontolog-
ical context, where taxonomic resolution at the sub-
species or even the species level may be uncertain.

Juvenile and subadult textures in B. canadensis are
restricted to bones of hatching-year individuals, and
appear to be outgrown by the end of an individual’s
first autumn. Subadult texture is further confined to
bones of adult size ranges, although these bones have
not yet reached full maturity. Subadult textures may
be particularly useful for identifying older immature
birds that would be lumped with adults by other
ageing criteria; this would be particularly useful in
zooarchaeological studies of domestic birds. Different
elements from the same individual do not always

exhibit the same texture type, and in some cases may
not even fall within the same maturity level. In par-
ticular, there is a tendency for the maturity of the
humerus to lag behind that of hindlimb elements.
When using textural characters as ontogenetic indica-
tors, it is therefore better to refer to the maturity lev-
els of elements rather than individuals, especially in
cases where only one element is known.

The juvenile and adult age classes may be readily
distinguished by either size-based or size-independent
estimates of skeletal maturity. A size-independent
maturity estimate is needed to differentiate the sub-
adult class from the adults in the absence of date of
death data. The parsimony-based and cluster-based
maturity estimates succeed equally well in this
regard. Size-based maturity estimates are by no
means invalid; however, they may be of limited utility,
depending on the growth pattern of the taxon in ques-
tion. It is therefore desirable to supplement size-based
estimates with additional data (in this case, date of
death) and/or size-independent maturity estimates
whenever possible.

The histological analysis revealed that surface fea-
tures associated with penetrating porosity (striated,
fibrous and porous textures) result from the intersec-
tion of channels in underlying fibrolamellar bone
with the bone surface. These channels are conduits
for blood and lymphatic vessels; they also contain
varying amounts of connective tissue. Thus, the pres-
ence of a striated, fibrous or porous surface texture is
definitively associated with highly vascular, actively
growing bone. The specific textural pattern is related
to the orientation of the channels; with striations
occurring where channels are primarily longitudinal,
and fibrous and porous textures associated with more
oblique channel orientations. Nonporous textures are
either underlain by lamellar bone, or by fibrolamellar
bone with little to no surface exposure of the
channels.

The regular patterns of bone textural change seen in
B. canadensis are therefore directly related to the
determinate growth pattern characteristic of extant
birds. Striated, fibrous, and porous textures are asso-
ciated with the uninterrupted deposition of highly vas-
cular fibrolamellar bone formed during rapid growth
to adult size during early ontogeny. As growth slows,
fewer channels pierce the bone surface, and grossly
nonporous surfaces appear. A completely nonporous
surface is seen in adult bones where the deposition of
fibrolamellar bone has ceased, and circumferential
deposits of lamellar bone underlie the periosteal
surface.

Given that this growth regime is common to modern
birds, it is reasonable to assume that ontogenetic pat-
terns of bone texture change in other species may be
similar to those observed in B. canadensis. Illustra-
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tions of juvenile gull (Gotfredsen, 1997) and crane
(Serjeantson, 1998) bones from archaeological sites
offer further support for this assumption. Similarly,
bone texture changes are probably reliable indicators
of relative skeletal maturity in extinct taxa with
similar growth regimes (e.g. many fossil birds and
pterodactyloid pterosaurs). This strong relationship
between textural changes and growth regime, how-
ever, suggests  that  the  results  reported  here  will
not be universally applicable. Preliminary findings
reported for the American alligator Alligator missis-
sippiensis (Tumarkin-Deratzian, 2002) suggest that
the textural ageing method may not be useful for taxa
with indeterminate and/or cyclical growth patterns,
such as those of crocodylians. All this considered, the
applicability of the method to most non-avian archo-
saurs will need to be evaluated on a case-by-case basis,
and ideally only in taxa for which some prior under-
standing of the growth regime is possible.
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APPENDIX 1

TOTAL CHARACTER LIST FOR SIZE-INDEPENDENT 
MATURITY ESTIMATES

FEMUR

1. Bony femoral head: (0) absent; (1) present; (2)
completely ossified.

2. Bony greater trochanter: (0) absent; (1) present;
(2) completely ossified.

3. Bony distal condyles: (0) absent; (1) present; (2)
completely ossified.

4. Cranial intermuscular line: (0) absent; (1) present.
5. Scar for M. tibialis cranialis: (0) absent; (1)

present.
6. Scar for M. obturator externus: (0) absent; (1)

present.
7. Caudal intermuscular line: (0) absent; (1) present.
8. Scar for M. puboischiofemoralis: (0) absent; (1)

present.
9. Lateral tubercle for M. gastrocnemius: (0) absent;

(1) present.
10. Medial scar for Mm. flexor perforati II and IV: (0)

absent; (1) present.
11. Crista tibiofibularis: (0) absent; (1) present.
12. Scar for M. obturator internus: (0) absent; (1)

present.
13. Lateral scar for M. iliotrochantericus caudalis: (0)

absent; (1) present.
14. Scar for M. ischiofemoralis: (0) absent; (1) present.
15. Lateral scar for M. iliotrochantericus cranialis

and medius: (0) absent; (1) present.
16. Scar for M. flexor perforans and perforatus II: (0)

absent; (1) present.
17. Scar for M. flexor perforans and perforatus III: (0)

absent; (1) present.
18. Lateral collateral ligament impression: (0) absent;

(1) present.

TIBIOTARSUS

1. Bony proximal end: (0) absent; (1) present; (2)
completely ossified.

2. Fusion of proximal end: (0) entire suture visible;
(1) suture visible medially; (2) suture obliterated.
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3. Bony distal condyles: (0) absent; (1) present; (2)
completely ossified.

4. Popliteal tuberosities: (0) absent; (1) present.
5. Crista fibularis: (0) absent; (1) present.
6. Tubercle for Mm. peroneus longus and brevis ret-

inaculum: (0) absent; (1) present.
7. Cranial cnemial crest: (0) absent; (1) present.
8. Lateral cnemial crest: (0) absent; (1) present.
9. Proximal scars for M. extensor digitorum longus:

(0) absent; (1) present.
10. Extensor sulcus: (0) absent; (1) present.
11. Supratendinal bridge: (0) absent; (1) present.
12. Scar for M. femorotibialis externus: (0) absent;

(1) present.
13. Peroneal sulcus: (0) absent; (1) present.
14. Scar for M. femorotibialis internus: (0) absent;

(1) present.
15. Complex of scars for M. gastrocnemius pars medi-

alis, M. plantaris, and Mm. flexores cruri lateralis
and medialis: (0) absent; (1) present.

16. Distinct scars for M. plantaris and Mm. flexores
cruri lateralis and medialis: (0) absent; (1)
present.

17. Distinct scar for M. gastrocnemius pars medialis:
(0) absent; (1) present.

HUMERUS

1. Bony humeral head: (0) absent; (1) present; (2)
completely ossified.

2. Bony deltopectoral crest: (0) absent; (1) present.
3. Bony distal condyles: (0) absent; (1) present; (2)

completely ossified.
4. Scar for M. pectoralis: (0) absent; (1) present.
5. Capital notch: (0) absent; (1) present.
6. Pneumatic foramen: (0) absent; (1) present.
7. Groove for M. scapulotriceps tendon: (0) absent;

(1) present.
8. Groove for M. humerotriceps tendon: (0) absent;

(1) present.
9. Dorsal tubercle: (0) absent; (1) present.

10. Transverse ligamental groove: (0) absent; (1)
present.

11. Impression of M. coracobrachialis: (0) absent; (1)
present.

12. Bicipital crest: (0) absent; (1) present.
13. Fossa for M. brachialis: (0) absent; (1) present.
14. Linea M. latissimus dorsi: (0) absent; (1) present.
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APPENDIX 2

Bone landmark character matrices for size-independent analyses. The character numbers and codes correspond
to descriptions in Appendix 1. ? indicates missing data. Only those specimens marked with an asterisk were used
in the parsimony analyses. DMNH 82688 was not used in the cluster analyses

Specimen
number

Character number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Femur
*Outgroup 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
*DMNH 35657 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 73095 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 76523 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 76661 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76826 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 76856 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76885 1 1 1 1 1 0 1 1 1 0 1 0 1 1 1 0 1 1
DMNH 77084 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77107 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77108 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77170 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77234 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77256 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77273 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77287 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77371 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77472 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77751 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77767 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 77823 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78063 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78064 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78271 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78408 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78423 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78452 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 78500 2 2 2 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
DMNH 78603 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78628 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78681 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79337 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79340 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79386 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79452 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79989 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80059 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80060 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80062 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80066 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80067 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80068 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80472 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80844 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80847 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80850 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80851 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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*DMNH 81352 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1
*DMNH 81353 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1
DMNH 81354 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 81978 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
*DMNH 81979 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
DMNH 82228 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82247 1 1 1 1 0 1 1 1 1 0 1 0 1 0 0 0 1 1
DMNH 82270 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82271 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82543 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82688 1 0 1 1 0 0 1 1 1 0 1 0 0 0 0 0 0 1
DMNH 82727 1 1 1 1 1 0 1 1 1 0 1 0 1 1 1 0 1 1
DMNH 82729 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82730 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82731 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82732 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82766 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82767 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82910 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82944 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 83058 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 83131 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 83585 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
*DMNH 83586 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
DMNH 83587 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
*DMNH 83588 1 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0
*DMNH 83589 1 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
*DMNH 83590 1 0 1 1 0 0 1 1 1 0 1 0 0 0 0 0 0 0
DMNH 83591 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 83592 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1

Tibiotarsus
*Outgroup 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
*DMNH 35657 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 73061 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 73095 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76260 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 0
DMNH 76661 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76826 1 ? 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0
*DMNH 76885 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0
DMNH 77084 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 77107 2 ? 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 77108 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1
DMNH 77170 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77234 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77256 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77273 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77287 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77371 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77472 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77751 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 77767 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 77823 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0
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DMNH 78063 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78064 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78271 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78408 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78423 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 78452 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 78500 2 ? 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 78603 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
*DMNH 78628 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
DMNH 78681 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79337 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79340 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79386 2 ? 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 79452 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80059 2 ? 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80060 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80062 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80066 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80067 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 80068 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80472 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80844 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80846 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 80847 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80850 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 80851 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 81352 1 ? 1 0 1 1 1 1 1 1 1 1 0 1 1 1 0
*DMNH 81353 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0
DMNH 81354 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 81978 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
DMNH 81979 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
*DMNH 82228 2 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 0
DMNH 82247 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0
DMNH 82270 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82271 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0
DMNH 82543 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82688 0 0 1 0 1 1 0 0 0 0 ? 0 ? 0 0 0 0
DMNH 82727 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0
DMNH 82729 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82730 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82731 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82732 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82766 2 1 2 0 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82767 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82910 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 82944 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 83058 2 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 1
DMNH 83131 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 83585 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
*DMNH 83586 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0
DMNH 83587 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0
*DMNH 83588 0 0 1 0 1 1 0 0 0 1 0 0 1 0 0 0 0
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*DMNH 83589 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0
*DMNH 83590 0 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0
DMNH 83591 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DMNH 83592 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0

Humerus
*Outgroup 0 0 0 0 0 0 0 0 0 0 0 0 0 0
*DMNH 35657 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 73061 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 73095 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 76523 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 76661 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76826 1 1 1 1 1 1 1 1 1 1 1 0 1 ?
DMNH 76856 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 76885 0 1 0 0 0 0 0 0 0 0 1 0 1 0
DMNH 77001 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77084 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77107 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77108 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77170 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77234 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77256 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77273 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77287 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77371 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77472 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77751 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 77767 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 77823 2 1 2 1 1 1 1 1 1 1 1 1 1 0
DMNH 78063 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78064 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78271 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78408 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78423 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 78452 1 1 1 1 1 1 1 1 1 1 1 0 1 0
DMNH 78500 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78503 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 78603 2 1 1 1 1 1 1 1 1 1 1 0 1 0
DMNH 78628 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 78681 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 79329 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 79337 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 79340 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 79452 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 79989 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80059 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80060 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80062 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80066 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80067 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80068 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80472 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80844 2 1 2 1 1 1 1 1 1 1 1 1 1 1
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DMNH 80846 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80847 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80850 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 80851 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 81352 1 1 1 1 1 1 1 1 1 1 1 0 1 0
*DMNH 81353 1 1 1 1 1 1 0 1 1 1 1 0 1 0
DMNH 81354 2 1 2 1 1 1 1 1 1 1 1 1 1 0
*DMNH 81978 0 1 0 0 0 0 0 0 0 0 0 0 0 0
DMNH 81979 0 1 0 0 0 0 0 0 0 0 0 0 0 0
*DMNH 82228 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82247 1 1 1 0 1 1 0 0 1 1 1 0 1 0
DMNH 82270 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82271 1 1 1 1 1 1 1 1 1 1 1 0 1 1
DMNH 82543 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82688 0 1 0 0 0 0 0 0 0 0 0 0 0 0
*DMNH 82727 0 1 0 0 1 0 0 0 0 0 0 0 1 0
DMNH 82729 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82730 2 1 2 1 1 1 1 1 1 1 1 1 1 1
*DMNH 82731 2 1 1 1 1 1 1 1 1 1 1 1 1 0
DMNH 82732 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82766 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82767 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82910 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 82944 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 83058 2 1 2 1 1 1 1 1 1 1 1 1 1 1
DMNH 83131 2 1 2 1 1 1 1 1 1 1 1 1 1 1

Specimen
number

Character number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

APPENDIX 2 Continued

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/148/2/133/2631046 by guest on 31 August 2021


