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ABSTRACT We present the first explicit theory of the growth of feather shape, defined as the
outline of a pennaceous feather vane. Based on a reanalysis of data from the literature, we pro-
pose that the absolute growth rate of the barbs and rachis ridges, not the vertical growth rate, is
uniform throughout the follicle. The growth of feathers is simulated with a mathematical model
based on six growth parameters: (1) absolute barb and rachis ridge growth rate, (2) angle of heli-
cal growth of barb ridges, (3) initial barb ridge number, (4) new barb ridge addition rate, (5) barb
ridge diameter, and (6) the angle of barb ramus expansion following emergence from the sheath.
The model simulates growth by cell division in the follicle collar and, except for the sixth param-
eter, does not account for growth by differentiation in cell size and shape during later keratiniza-
tion. The model can simulate a diversity of feather shapes that correspond closely in shape to real
feathers, including various contour feathers, asymmetrical feathers, and even emarginate prima-
ries. Simulations of feather growth under different parameter values demonstrate that each pa-
rameter can have substantial, independent effects on feather shape. Many parameters also have
complex and redundant effects on feather shape through their influence on the diameter of the
follicle, the barb ridge fusion rate, and the internodal distance. Simulated isochrones—the loci, or
sets, of feather cells of the same age—have the same oblique chevron-shaped position in the ma-
ture feather as fault bars, which are isochronic defects in the barbules created by a disruptions
during development. Accurate simulation of fault bar shape and position confirms the uniform
absolute growth rate hypothesis and the general realism of the model. The theory defines a six-
parameter feather morphospace, and provides many predictions about the developmental determi-
nation of feather shape that can be tested with detailed observations and experiments on developing
feathers. This theory also provides testable predictions about the changes in developmental mecha-
nisms required to evolve different feather shapes to accomplish various functions. J. Exp. Zool.

(Mol. Dev. Evol.) 291:30-57, 2001.

A basic principle of developmental biology is that
complex shapes and spatial patterns are not speci-
fied in precise detail (Thompson, ’42; Ball, ’98).
Rather, complex forms are created by fundamen-
tal physical, chemical, and cellular interactions
whose precise outcome is specified by relatively
few critical parameters. Thus, the growth of
many diverse biological forms can be understood
in terms of similar general developmental mod-
els and basic parameters (Thompson, ’42; Ball,
’98). However, some biological forms grow by such
distinct mechanisms that they require unique ex-
planatory models that incorporate specific pa-
rameters. For example, the diversity in shape of
mollusk shells can be described by a unique de-
velopmental model based on the shape of the
growing surface, the growth in size of the grow-
ing surface, and the angle of its rotation during
growth around an axis (Raup and Michelson, ’65).
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The evolution of molluscan diversity involved the
exploration of this potential shell morphospace.
Feathers are extraordinarily diverse and com-
plex structures. Feathers are the most complex
epidermal appendages found in animals (Lucas
and Stettenheim, ’72). They are uniquely charac-
terized by their complex branched structure and
striking diversity in size, shape, color, and tex-
ture (Lucas and Stettenheim, 72; Brush, '93, ’96;
Prum, ’99). Feathers are branched like plants, but,
unlike typical plants, feathers do not grow from
bifurcating shoots. Rather, feathers grow from
their bases like hairs. Feathers grow from a
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unique organ—the feather follicle—which is char-
acterized by a cylindrical invagination of a epi-
dermal tissue (Lucas and Stettenheim, *72; Prum,
’99). Feather follicles have evolved a unique de-
velopmental mechanism—the helical growth of
barb ridges—in order to grow a branched epider-
mal appendage from its base (Lucas and Stet-
tenheim, ’72; Prum, ’99). Feathers are amazingly
diverse in shape, and they range over five orders
of magnitude in size from less than 1 mm to over
10 m in certain captive-bred fowl (Young, ’99).
Feathers can function in flight, swimming, ther-
moregulation, physical protection, visual and tac-
tile communication, sound production, tactile and
auditory sensation, foraging, water repellency, and
even water transport (Stettenheim, ’76). A prelimi-
nary conceptual model of the evolution of this mor-
phological and functional diversity requires an
explicit developmental theory of the mechanisms
by which feather shape is determined.

The growth and evolution of feather shape di-
versity have so far eluded any general theory or
explicit modeling. The growth of different feather
shapes must be understood in terms of the devel-
opmental mechanisms operating within the fol-
licle collar—the layer of cells at the base of the
internal epidermal layer of the tubular feather fol-
licle. The anatomical details of feather growth
have been well described (Davies, 1889; Strong,
’02; Greite, 34; Hosker, ’36; ’Espinasse, ’39; Lucas
and Stettenheim, ’72), and a new generation of
studies is beginning to examine the molecular ba-
sis of many features of feather development (e.g.,
Chuong et al., ’90; Chuong, '93; Nohno et al., ’95;
Ting-Berreth and Chuong, ’96a, b; Chuong and
Widelitz, '98). However, little research has been
done explicitly on the growth of feather shape
(Lucas and Stettenheim, *72; Spearman, ’73; Saw-
yer et al., ’86; Edelman, ’88; Brush, '93, ’96).

We have found only a few previous hypotheses
in the literature about the effect of cell growth in
the follicle collar on feather shape. Lillie and Juhn
(’32) proposed that differential growth rates
among barb ridges of the follicle produced the
variations in feather shape and symmetry. This
hypothesis was quickly falsified CEspinasse, '34,
’39; Hosker, ’36), but has remained surprisingly
influential (e.g., Lucas and Stettenheim, *72: 371).
Subsequently, 'Espinasse (39: 281) hypothesized
that the shape of the feather vane “is clearly de-
termined by (a) the length of the barbs and (b)
the angle they take up, when dry, with the ra-
chis.” "Espinasse was correct to reject differential
barb ridge growth rates, but his model of feather

shape determination was simplistic and incom-
plete. In their exhaustive survey of the morphol-
ogy and development of feathers, Lucas and
Stettenheim ("72: 371) wrote only that, “Variations
in the rates at which [barb] ridges form and grow
affect the final lengths of the barbs and hence the
shape of the vanes.” This brief statement incor-
porated the erroneous differential barb ridge
growth rate hypothesis of Lillie and Juhn (°32),
but it explicitly hypothesized for the first time that
the rate of new barb ridge addition is a critical
determinant of feather shape. Some authors have
noted the role of deciduous barbs in the produc-
ing the racket-tipped rectrices of motmots (Motmo-
tidae; Beebe, '10; Wagner, ’59; Bleiweiss, ’87), but
these feather shape changes occur after feather
growth is completed. Bleiweiss ('87) described the
morphology of barbs and barbules in a diversity
of racket-shaped feathers that lack deciduous
barbs, and are thus determined by follicular
growth mechanisms. Bleiweiss ("87) proposed that
the reduced barb lengths that create the constric-
tions in vane width characteristic of these racket-
shaped feathers are a consequence of the position
in the follicle at which new barb ridges are added,
and their angle of growth toward the dorsal mar-
gin. Bleiweiss ('87) correctly identified the role of
the angle of helical growth of barb ridges in the
growth of feather shape. However, the hypothesis
that barb length is controlled by the position of
new barb ridge addition in the follicle is based on
the inaccurate notion that the follicle has a fixed
diameter that that can sometimes be greater in
size than the barb and rachis ridges it contains
(Bleiweiss, 87). Histological cross-sections of grow-
ing feathers document that follicle diameter is de-
termined by the barb and rachis ridges it contains,
and that new barb ridge addition takes place at a
single posterior new barb locus, or, if there is an
aftershaft, at two laterally displaced new barb loci
(e.g., Strong, '02; Hosker, ’36; ’Espinasse, ’39;
Lucas and Stettenheim, *72).

Currently, there is no generalized theory or ex-
plicit model of the determination of the feather
shape based on the known mechanisms of devel-
opment in the feather follicle. Fortunately, the re-
lationship between developmental mechanisms of
the follicle and feather shape is amenable to math-
ematical modeling. In this article, we review the
basic details of feather morphology and growth.
Next, we discuss the previous literature on feather
barb and rachis ridge growth rates, an under-
standing of which is critical to creating a realistic
theory of feather shape determination. Based on
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our reanalysis of this literature, we propose that
the absolute growth rate of the barb and rachis
ridges, independent of direction, is uniform
throughout the follicle collar. We then present a
six-parameter mathematical model of the growth
of pennaceous feathers that is based on known
mechanisms of development in the feather follicle.
We use the model to document the independent
effects of these parameters on the development of
feather shape, to explore the diversity of possible
feather shapes, and to model the position of isoch-
ronic feather fault bars. We compare the results of
these simulations to known feather morphologies,
summarize the complex developmental dynamics
among the parameters in the model, and confirm
the hypothesis that the absolute growth rate of the
barb and rachis ridges is uniform throughout the
follicle. Last, we propose several tests of this theory
that can be conducted using detailed observations
and experimental manipulations of feathers, and
discuss the implications of the model for the study
of the evolution of feather shape.

FEATHER MORPHOLOGY

A feather is a branched, or pinnate, epidermal
derivative composed of a matrix of keratin (Fig. 1A;
feather morphology is thoroughly reviewed in Lucas
and Stettenheim, ’72). A typical contour feather is
composed of the calamus that extends into the ra-
chis, the central shaft of the feather vane. The pri-
mary branches of the rachis are the barbs. The shaft
of a barb is called the ramus. The rami support the
secondary branches of the feather, which are called
barbules (Fig 1A, B). The barbules oriented away
from and toward the base of the feather are referred
to as the distal and proximal barbules, respectively.
The structural and functional diversity of feathers
is a consequence of microstructural variation in the
form of the rachis, rami, and barbules. The closed,
planar vane of a pennaceous feather is created by
the interlocking interaction of the hooked tips, or
pennulae, of the distal barbules and the simpler,
grooved bases of the proximal barbules of neigh-
boring barbs (Fig. 1B) (Dyck, ’85). In contrast,
plumulaceous feathers, or downs, lack hooked
pennulae, and have elongate barbules with nodal
prongs that form disorderly tangles. Contour feath-
ers of many birds have an afterfeather—a second,
usually smaller and plumulaceous feather grown
from the same follicle (Fig. 1A).

FEATHER GROWTH

Feathers are essentially cylindrical structures
that grow from the base of the inner layer of the

cylindrical feather follicle—called the collar
(feather growth is thoroughly reviewed in Lucas
and Stettenheim, *72; Prum, ’99). Most of the fol-
licles that produce all the feathers in a bird’s life
develop during the first 12 days of life in the egg
(Lucas and Stettenheim, ’72). First, an epidermal
placode that specifies the location of the feather
follicle appears (Fig. 2A). Proliferation of dermal
cells under the placode produces a finger-like
feather papilla, or feather bud (Fig. 2B). The pa-
pilla quickly establishes an anterior—posterior ori-
entation that remains fixed throughout the life of
the bird. Next, the epidermis proliferates around
the base of the papilla creating a cylindrical in-
vagination into the dermis around the base of the
papilla (Fig. 2C). The outer epidermal layer forms
the walls of the socket of the feather follicle,
whereas the inner epidermal layer becomes the
collar (Fig. 2D).

Virtually all cell division during feather growth
takes place in the collar (also called the ramogenic
zone; Lucas and Stettenheim, *72). Growth proceeds
by proliferation of the keratinocytes, which produce
feather keratin. As younger cells proliferate basally,
older keratinocytes are displaced upward and out
of the collar. The dermal pulp at the center of the
follicle supplies nutrients for the growth of the
feather, and is also the source of feather pigments.
As the keratinocytes are displaced upward, they be-
gin to produce intracellular keratin. Eventually, the
keratinocytes become isolated from nutrients pro-
vided by the dermal pulp, and they die leaving be-
hind the deposited keratin matrix that constitutes
the mature feather.

The distinct feather filaments—the barbs, bar-
bules, and rachis—are created by differentiation
and morphogenesis within the follicle collar (Figs.
2D, 3). The outer layer of the collar produces a
thin cylinder of keratin, which forms the superfi-
cial, deciduous sheath of the emerging feather
(Fig. 3.1). The intermediate layer of the collar be-
comes organized into a series of longitudinal
ridges known as barb ridges (Fig. 3.1). Prolifera-
tion of keratinocytes within the differentiated barb
ridges produces the filaments that become the ra-
chis, barbs, and barbules of the growing feather.

The primary branched structure of a pinnate
feather is produced by the helical displacement
of barb ridges toward the anterior midline of the
follicle as they grow (Figs. 3.3, 4). Within each
barb ridge, new cells do not grow directly below
the older, more superficial cells. Rather, each suc-
cessive layer of cells is displaced in position within
the cylindrical collar toward the anterior midline
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Fig. 1. (A) The structure of a typical pennaceous contour
feather with afterfeather. (B) Cross-section of two feather
barbs from the closed pennaceous portion of a feather vane
(orientation as in the labeled Barbs in A) showing the differ-
entiation between the distal barbules (oriented toward the
tip of the feather) and the proximal barbules (oriented to-
ward the base of the feather). The hooked pennulae of the

Calamus

Distal Barbule
r———l—“—\

Base Pennulum
1 L

ARB.ENING—

distal ends of the distal barbules extend over the obverse (up-
per) surface of the vane to interlock with the grooved dorsal
flanges of the bases of the proximal barbules from the adja-
cent barbs to form the closed pennaceous vane. The distal
barbules of open pennaceous feathers lack hooked pennulae.
Both illustrations from Lucas & Stettenheim (°72).
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Fig. 2. Schematic diagram of the development of a feather
follicle. (A) Development of the epidermal feather placode and
the dermal condensation. (B) Development of a feather pa-
pilla through the proliferation of dermal cells. (C). Forma-
tion of the feather follicle through the invagination of a
cylinder of epidermal tissue around the base of the feather
papilla. (D) Cross-section of the feather follicle through the
horizontal plane indicated by the dotted line in C. The fol-

licle is characterized by the juxtaposition of a series of tissue
layers (from peripheral to central): the dermis of the follicle,
the epidermis of the follicle (outer epidermal layer), the fol-
licle cavity or lumen (the space between epidermal layers),
the follicle collar (inner epidermal layer or ramogenic zone),
and the dermal pulp (tissue at the center of the follicle). The
proliferation of feather keratinocytes takes place in the fol-
licle collar, the inner epidermal layer.
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Fig. 3. Diagram of feather development depicted as a se-
ries of cross-sections of the follicle collar (See 2D). (Top) The
collar begins as an undifferentiated tubular tissue. (1) The
collar differentiates into a peripheral sheath and longitudi-
nal barb ridges. (2) The barb ridges differentiate into the pe-
ripheral barbule plates and the ramus. (3) The barb ridges
begin grow helically around the circumference of the follicle
toward the anterior midline where they fuse to form the ra-

of the follicle (Lucas and Stettenheim, 72). As the
first barb ridges reach the anterior midline of the
follicle, they fuse to form the rachis ridge which
becomes the feather rachis (Lucas and Stetten-
heim, ’72). When they reach the rachis ridge, sub-
sequent barb ridges fuse to it and are then
finished growing. After fusion to the rachis, barbs
are displaced upward and out of the follicle as the
rachis grows. Meanwhile, new barb ridges form
at the new barb locus at the posterior midline of
the collar opposite the rachis ridge (Figs. 3.3, 4).
These new barb ridges begin their helical growth
around the collar from the posterior new barb lo-
cus to fuse with the rachis ridge anteriorly, creat-
ing the barbs of the left and right sides of the
feather vane. As barb ridges are formed and fuse
to the rachis, the follicle varies in diameter. As
the feather approaches its final size, new barb
ridges cease to form at the new barb locus, the
follicle decreases in diameter, and the last barb
ridges fuse to the rachis ridge. Ultimately, the col-
lar resumes its undifferentiated cylindrical state
forming the tubular calamus of the feather. The
afterfeather (Fig. 1A) develops by the same gen-
eral mechanism as the main vane; the new barb
locus divides into two, and posterior barb ridges
begin helical growth toward the posterior midline
to form a second rachis and vane (Fig. 4).

The secondary feather branches—the barbules—
are produced by differentiation within horizontal
layers of the peripheral cells of the barb ridges
(Fig. 3.2). The inner (or basilar) cells within the
barb ridges form the ramus while the peripheral
cells differentiate into the barbule plates that form
the barbules of that barb. Each horizontal layer
of cells constitutes a single barbule plate and be-
comes a single pair of barbules. First, the bar-
bule plate differentiates into a lateral pair of
plates by the death of the cells along its central
axis. Then, the peripheral cells in the paired bar-
bule plates become the distal cells of the barbules,
and the more central cells become the base of the
barbules that are fused to the ramus. [The devel-
opment of barbule branching is a completely dis-
tinct mechanism from the development of barb
branching, contra Edelman (’88) and others].

chis ridge. When the reach the anterior midline, subsequent
barb ridges fuse to the rachis ridge. New barb ridges are
formed at the posterior new barb locus and begin helical
growth from a posterior position. The distal and proximal
barbule plates differentiate to form the hooked and grooved
barbules that produce the closed pennaceous vane. (4) In
asymmetrical feathers, differential barb ridge addition dis-
places the new barb locus laterally and produces a asymmetri-
cal vane.
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Fig. 4. Schematic diagram of helical growth of barb ridges
within the follicle of a feather with a main feather and an
afterfeather from Lucas and Stettenheim (*72). Initially, barb
ridges form at the new barb locus on the posterior midline of
the collar and grow helically around the collar toward the
anterior midline where they fuse to the rachis ridge to form

The completed, emerging feather is a cylindri-
cal structure of branched keratin filaments that
is covered by a superficial, deciduous keratin
sheath, and is commonly called a pin feather. As
the cylindrical feather emerges from its sheath,
the barb ridges expand to create the mature pla-
nar, pennaceous form of the final feather. The
outer or peripheral surface of a cylindrical pin
feather becomes the obverse (“dorsal”) surface of
the fully emerged pennaceous feather, whereas the
basilar surface of the collar becomes the reverse
(“ventral”) surface of the feather vane (e.g., Greite,
’34). Thus, the obverse and reverse surfaces of a
feather are not homologous with anterior and pos-
terior surfaces of a scale because the anterior and
posterior surfaces of a scale develop from the an-
terior and posterior surfaces of the scale papilla,
whereas the obverse and reverse surfaces of a
feather come from the peripheral and basilar sur-
faces of the cylindrical follicle collar, respectively.

Earlier Position of
New Barb Locus

Two Laterally Displaced
New Barb Loci

the rachis. In feathers with an afterfeather, the new barb
locus divides into two laterally displaced new barb loci. Then
new barb ridges are helically displaced anteriorly toward the
main rachis and posteriorly to form the rachis and vane of
the afterfeather. A mature contour feather with afterfeather
is illustrated in Figure 1A.

Each follicle produces a series of feathers dur-
ing the life of the bird. The first feathers to emerge
from most follicles are plumulaceous natal downs.
Most of these same follicles will produce penna-
ceous contour feathers in subsequent molts. Thus,
the diversity in shape and structure of feathers
is not a consequence of variation in the structure
of follicles but of the detailed specification of de-
velopmental parameters affecting feather shape
and structure that are within the capacity of all
follicles.

BARB RIDGE GROWTH RATES AND
FEATHER SHAPE

Understanding the rate of barb ridge and ra-
chis ridge growth in the collar is critical to con-
structing a realistic model of the growth of feather
shape. Unfortunately, the literature on this sub-
ject has been confusing and this question remains
unresolved.
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The first analysis of barb ridge growth rates was
conducted by Lillie and Juhn (’32) in an investi-
gation of the response of the pigmentation of de-
veloping feathers to exposure to different dosages
and durations of estrogen and thyroxin. Lillie and
Juhn (’32) hypothesized that barb ridges grow
most rapidly early in their development on the
posterior side of the follicle, and that barb ridge
growth rate decreases fivefold as they grow heli-
cally toward the anterior midline of the follicle to
fuse to the rachis. They further hypothesized that
variations in these growth rates among barb
ridges of the posterior, anterior, left, and right
sides of the follicle were responsible for determin-
ing feather shape and asymmetry. 'Espinasse ( ’34,
’39) and Hosker (°36) cogently proved this hypoth-
esis to be false, and provided evidence that barb
ridge growth rates are uniform throughout the fol-
licle at a given time. However, the hypothesis that
variations in barb ridge growth rate determine
feather shape continued to be cited (e.g., Lucas
and Stettenheim, ’72: 371), and confusion has re-
mained about the relative growth rate of the barb
and rachis ridges.

The consequences of uniform growth rates and
helical growth can best be understood using the
concept of an isochrone—the locus, or set, of cells
in the feather that were formed at the same time
within the follicle collar. Hardesty (’33) first de-
fined the feather isochrone and hypothesized that
an isochronic section of a feather vane is a line of
cells “approximately at right angles to the rachis,”
a position that should occur if the vertical growth
rates of the barbs and rachis are uniform. In a
series of arcane papers, Juhn and Fraps (’36;
Fraps and Juhn, ’36a,b) analyzed the relationship
between barb growth and the position of a feather
isochrone by mounting feathers with all barbs
placed at right angles to the rachis. They then
hypothesized that in this configuration an isoch-
rone includes all points along any line at a 45°
angle to the rachis (i.e., the locus of cells that are
the same linear distance on both the barbs and
rachis from the points of fusion between that barb
and the rachis). In a normal feather vane, this
hypothesized isochronic line is not perpendicular
to the rachis, but inclined slightly at the margins
of the vane toward the base of the feather in an
oblique chevron (Fraps and Juhn, ’36a) (Fig. 5,
Ts). Fraps and Juhn (°36a) compared the position
of these hypothesized isochrones to the position
of fault bars—defects in the morphology of the bar-
bules of neighboring barbs that are caused by
short-term disruptions of the feather during de-

velopment (e.g., mechanical damage from han-
dling or acute dietary deficiency). Indeed, fault
bars are isochronic developmental abnormalities,
and they are not perpendicular to the rachis but
form a line inclined slightly toward the base of
the feather at its margin in the same position as
the isochrones hypothesized by Fraps and Juhn
(’36a). Fraps and Juhn (’36a) concluded correctly
that these data demonstrate that growth rates of
the barb and rachis ridges are uniform, but they
consistently stated in this and subsequent papers
(Lillie and Juhn, ’38; Lillie, 40 ’42; Lillie and
Wang, ’40, ’41) that it is the axial growth rates—
the vertical growth along the central axis of the
follicle—that are uniform. This conclusion was re-
peated by Lucas and Stettenheim ('72).

’Espinasse (’39) agreed with Fraps and Juhn
(’36a) that a fault bar is an isochronic section of a
feather vane, but he hypothesized that fault bars
are perpendicular to the barb rami. ’Espinasse fur-
ther hypothesized that the distortion in shape be-
tween the originally horizontal position of an
isochrone within the collar and its ultimately ob-
lique position in the emergent feather is due to the
angle of barb ridge expansion during the unfurl-
ing of the vane from its original cylindrical shape.

Fraps’s and Juhn’s ("36a; Lillie and Juhn, ’38;
Lillie, ’40 ’42; Lillie and Wang, ’40, ’41) interpre-
tation that axial growth of the barb and rachis
ridges are uniform is incorrect. Fraps’s and Juhn’s
data actually demonstrate that the isochronic
points on feather barbs are the same absolute dis-
tance from the isochronic point on the rachis.
Thus, it is the absolute growth rate—the abso-
lute increase in length of the barb ridges and the
rachis ridge per unit time independent of direc-
tion—that is uniform throughout the follicle, not
the axial or vertical growth rate. The initial dis-
tortion in shape of an isochrone from horizontal
at its origin in the collar to an oblique chevron in
the developed feather, occurs because the barb and
rachis ridges grow at the same absolute rate but
in different directions (Fig. 5). Since the barb
ridges grow helically around the collar, the same
absolute increase in length over time will not pro-
duce the same vertical component of growth in
the barbs as in the rachis, which grows directly
vertically out of the follicle (Fig.6). Thus, the ver-
tical growth rate of the rachis ridge and the barb
ridges differ in relation to the angle of the helical
growth of barb ridges around the follicle and the
horizontal component of growth (Fig. 6; see Pa-
rameters).

Although the appropriate data have been avail-



38 R.O. PRUM AND

T4

\\

Ts

S. WILLIAMSON

T
T, 3

N

1

%

Fig. 5. The simulated spatiotemporal relationships among
barb and rachis cells from an isochronic section of the follicle
collar during feather development depicted at seven time
stages (T¢—Tg). An isochrone is the locus or set of feather cells
of the same age. The cylindrical collar is depicted as a hori-
zontal line that has been divided down at posterior midline
and flattened—anterior is central and posterior divided at
the left and right sides. Growth in barb and rachis ridges is
from the base. The isochronous cells (open circles) originate
at the same time by cell division in the follicle collar (Ty). In

able since Fraps and Juhn ('36a), we do not know
of any previous explicit statement of this funda-
mental detail of feather growth. Although diel, or
daily, variations in feather growth rate are well
documented (Lucas and Stettenheim, ’72), these
variations should affect all barb and rachis ridges
equivalently. Thus, we propose that the absolute
growth rate due to cell division in the follicle col-
lar is uniform among all barb and rachis ridges
despite any variations in that rate over time.

THE MODEL
Feather growth parameters

The model is structured around three basic as-
sumptions: (1) Growth is from the bottom, occur-

subsequent time intervals (T1—Tg), all barb and rachis ridges
grow at the same absolute growth rate, m—the absolute in-
crease in length per unit time independent of direction. The
rachis ridge (the central vertical line) grows vertically at rate
m, and the barb ridges grow helically around the follicle to-
ward the rachis at rate m. Although the rachis and barb ridges
grow at the same absolute rate, the isochronic rachis and
barb cells grow vertically at different rates until the barb
ridges are fused to the rachis. Then each barb ridge ceases
growth and is displaced vertically at rate m with the rachis.

ring through cell division in a narrow band of cells
around the base of the follicle. (2) The absolute
growth rate is uniform for all barb ridges and the
rachis ridge and is constant throughout feather
growth. (3) The barb ridges are physically adja-
cent to each other, their diameters combine to de-
termine the diameter of the follicle, and they
cannot change their order within the collar.

We have identified and incorporated into our
model five developmental parameters that are hy-
pothesized to determine of the growth of feather
shape during cell division in the feather follicle:
(1) the absolute growth rate, (2) the angle of heli-
cal growth of barb ridges, (3) the initial number
of barb ridges, (4) the new barb ridge addition rate
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Fig. 6. Diagram of the relationship between the absolute
growth rate, m, and the vertical, v, and horizontal, &, compo-
nents of growth for the rachis ridge (vertical cylinder) and a
single barb ridge (angled cylinder) with constant diameters.
The barb ridge grows helically around the follicle at rate m
and angle 6, but the vertical component of barb ridge growth,
v, is given by mcos(6), and its horizontal component, A, is
given by msin(6). The rachis grows vertically (6 = 0) at rate
m, so v = m and h = 0. An isochronic section connecting ra-
chis and barb cells of the same age (dotted line) forms an
isosceles triangle with the rachis and the barb. The two sides
of equal length are given by m At—the growth rate times the
time since common origin. The angles of the isochrone to the
rachis and the barbs (curved double-headed arrows) are both
(180 — 9)/2.

over time, (5) the growth of barb ridge diameter
(Fig. 7). An additional sixth parameter, (6) the
angle of barb expansion (which occurs when
growth is completed and after emergence from the
sheath), is also included in the model (Fig. 7). Dif-
ferential growth in cell size and cell shape also
influences the ultimate feather shape after cell
division within the follicle collar, but these vari-
ables are not included in this model because of
the additional computational complexity.

Absolute growth rate

The absolute growth rate, m, is defined as the
increase in length of the barb ridges or rachis
ridge per unit time independent of the direction
of growth (Fig. 6, 7). As discussed above, the ab-
solute growth rate of barb ridges and the rachis
ridge of a feather is uniform throughout the fol-
licle. In our simulations, this parameter is also

assumed to be constant in time throughout feather
growth.

Angle of helical growth

The absolute growth of each barb ridge can be
decomposed into horizontal and vertical compo-
nents (Fig. 6, 7). For the rachis, the vertical com-
ponent of growth is equal to the absolute growth
rate because the rachis is growing vertically out
of the follicle. The vertical component of barb ridge
growth is less than the absolute growth rate be-
cause barb ridges grow helically around the cir-
cumference of the follicle. The angle of helical
growth, 6, is also the angle at which a barb ridge
intersects the rachis (Fig. 6, 7). If barb ridges have
a constant diameter, then the horizontal compo-
nent of barb growth, £, is a constant msin(6), and
the vertical component of growth, v, is mcos(0), or
simply y =+/m? - k2 (Fig. 6). Thus, for the rachis,
v = m because h = 0. The horizontal and vertical
components of growth are also affected by simul-
taneous growth in barb ridge diameter (see Barb
ridge diameter).

Initial barb number and new barb ridge
addition function

Each feather begins growth with an initial num-
ber of barb ridges (Lucas and Stettenheim, ’72)
(Fig. 7). As they grow helically around the follicle,
the barb ridges initially fuse to form the rachis,
and then they subsequently fuse to the rachis. Af-
ter fusion, the growth of a barb ridge ceases and
the completed barb ridge is displaced upward and
out of the follicle as the rachis grows at rate m
(Fig. 6, 7). If the number of barb ridges in a
feather was limited to the initial number, the vane
of the feather would be quite restricted in size
and shape. In order to have a substantial vane
size and consequent complexity in shape, new barb
ridges must form and be added to the follicle as
the older barb ridges fuse to the rachis. Thus, the
rate of new barb ridge addition is a critical pa-
rameter in determining feather shape.

The barb ridges in the follicle during feather
growth can be modeled as a population of barb
ridges whose contents over time is determined by
analogous birth and death processes. The “birth”
of barb ridges occurs through new barb ridge ad-
dition at the posterior new barb locus, and the
“death” of barb ridges occurs as they fuse sequen-
tially to the rachis anteriorly. The “population
size” of the follicle at any moment determines the
size of the follicle. Ultimately, the temporal “life
span” and physical length of any barb ridge is de-
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Fig. 7. Diagram of the six parameters of the model. 1: ab-
solute growth rate, m. 2: angle of helical growth, 6. 3: initial
barb ridge number. 4: new barb ridge addition function. 5:

termined by the growth rate and the follicle size.
The rate of barb ridge fusion to the rachis, called
D (for death), is determined by other parameters
of the model:

D= msin(6)cos(6d) _ hcos(6)

d. AN d N

(1)

where m is the absolute growth rate, 0 is angle of
helical growth, d,... is the maximum barb ridge
diameter, At is the length of the minimum time
increment in the simulation, and A is the hori-
zontal component of barb ridge growth (with con-
stant barb ridge diameter only). The fusion rate
is maximized at 6 = 45° and decreases at larger
and smaller values of 6.

The addition of new barb ridges to the follicle is
a distinct model parameter given by the function
B(t) (for birth) which gives the rate of barb ridge
addition in units of new barb ridges added per unit
time as a function of time. The model can accom-
modate almost any barb ridge addition function. In
order to grow a substantial but finite vane length,
however, the new barb ridge addition rate must
start out greater than and end up less than the
fusion rate D (eq. 1). Thus, the population of barb
ridges in the collar must be greater than zero for
the feather vane to continue to grow, and must be
equal to zero for the feather vane to stop growing.

addition function “|_ater Collar

Cross-section

6 - angle of barb
ridge expansion

barb ridge diameter. 6: angle of barb ramus expansion after
emergence from feather sheath, f.

The simplest version of the new barb ridge ad-
dition function, B;(¢), employed here is a linear
decrease in barb ridge addition rate:

B, ()= —tit+w+1

max

(2)

where ¢ is time, ¢, denotes the maximum time
over which barbs are added, and w is the propor-
tional deviation of the function from a constant
value of one (Fig. 8A). The slope of the function
can be varied by specifying different values of w.
(One interesting advantage of this function is that
the overall average rate of barb ridge addition re-
mains constant for values of w between 0 and 1
despite the change in slope. For values of w > 1,
the negative values of barb addition rate are de-
fined as zero. Fig. 8A).

Alternatively, the rate of new barb ridge addi-
tion can be hypothesized as a decreasing linear
function, B;p, that is centered around (or with an
average value between ¢, and ¢,,, equal to) the
barb ridge fusion rate, D:

B t)=-2% ¢4 Dw+1)
¢

max

(3)

With B;p, the barb ridge addition rate is affected
by the values of m, 6, and d, .
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Fig. 8. Graphs of growth parameter functions. (A) Linear
barb ridge addition function, B, (eq. 2). Functions a and b
differ in the value of w (a, w = 0.5; b, w = 1.5), the propor-
tional deviation of the function from an average value of one
(dotted horizontal line). An alternative fusion-rate centered
barb ridge addition function, Byp (eq. 3), has the same shape
but is displaced vertically so that the horizontal constant
equals the fusion rate, D (eq. 1). (B) Non-linear barb ridge
addition functions, Byz, (eq. 4) . The function shape is deter-
mined by the variable q. At q approaches 0 (a, g = 0.001), the
function approaches the linear function By. At intermediate
values of ¢ (b, ¢ = 0.1), the function takes a sigmoidal shape

We also employed a non-linear function, By,
chosen because it ranges from a linear function
to a step function based on the value of a param-
eter g. It is written:

arctan(-q(¢ — tmﬁ))

B, ()= +1

(4)

arctan(q tm?)

where ¢ is a parameter that determines the shape
of the function (Fig. 8B). As q approaches 0, By,
approaches the linear function B;. As g becomes
large, By;, approaches a step function centered at
tmax/2. For intermediate values of g, By, is an in-
termediate sigmoidal shape (Fig.8B).

Barb ridge diameter

In the feather follicle, barb ridges are typically
elliptical in shape with the barbule plates extend-
ing toward the periphery and upward out of the
follicle (Lucas and Stettenheim, ’72). The width

B

barb ridge addition rate

barb ridge diameter

1.5 3 4.5 6
time

centered on #,,,, /2. At large values of g (¢, ¢ = 1), the func-
tion approaches a step function centered at ¢,,4, /2. (C) Non-
linear barb ridge addition function used in the simulation of
the leading edge of the vane of an emarginate primary (Fig.
22). (D) Barb ridge diameter growth function (eq. 5). Shape
of the function is determined by the variable « and the start-
ing barb ridge diameter, dy. At small values of « (a, o = 0.5,
dp = 0.25, dypux = 1.0), the barb diameter rapidly approaches
the maximum diameters, d,,.,. At larger values of o (b, a =
1.4, dp = 0.25, d;j0x = 1.0), the barb ridge diameter gradually
approaches d ..

of the barb ridge determines how much each barb
ridge contributes to the diameter of the follicle.
In the model, we simplify the description of barb
ridge size to the diameter of a cylinder (Fig. 7).
Growth in barb ridge diameter has complex ef-
fects on both the horizontal and vertical compo-
nents of barb ridge growth. The barb closest to
the rachis is always horizontally displaced at the
rate msin(0) (Fig. 9). If all barb ridges are equal
in diameter (Fig. 9A), then all barb ridges grow
with the same horizontal and vertical components
of growth. But, if barb ridges grow in diameter as
they grow in length, then both the angle of heli-
cal growth and the increase in barb diameter con-
tribute to the horizontal component of barb ridge
growth (Fig. 9B). Because barb ridges are con-
strained to grow adjacent to one another, the ex-
pansion in diameter of a barb ridge will constrain
the horizontal component of growth of its poste-
rior, neighboring barb ridge (Fig. 9B). Since the
absolute growth in length of the barb ridges is
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Fig. 9. The effect of growth in barb ridge radius on the
horizontal component of growth. Each diagram depicts a se-
ries of adjacent barb ridges as if looking outward from inside
the center of the follicle. The barbs are growing helically
through time toward the anterior midline of the follicle at
the left. (A) Barb ridges with constant barb ridge radius grow-
ing at an angle of helical growth, g. All barb ridges have uni-
form horizontal and vertical components of growth. (B) Barb
ridges growing at the same angle of helical growth, 0 (given
by the anterior edge of the anteriormost barb ridge), but with
simultaneous growth in barb ridge diameter do not have uni-
form horizontal and vertical components of growth. Because
barb ridges are constrained to grow adjacent to one another,
the horizontal component of growth of a ridge will be physi-
cally constrained by the growth in diameter of its anterior
neighbor. Since the absolute growth in length of the barb
ridges is uniform, a decrease in the horizontal component of
growth of a barb ridge produces a compensating increase in
its vertical component of growth. Uniform horizontal and ver-
tical growth components are ultimately established among
those barb ridges that have reached the maximum barb ridge
diameter (dqyx)-

uniform, this decrease in the horizontal compo-
nent of growth produces a compensating increase
in the vertical component of growth. (Fig 9B). If
m® = h’+ v” and m is uniform throughout the fol-

licle, then growth in barb ridge diameter will de-
crease h and compensatingly increase v until a barb
ridge and its anterior neighbor have reached their
maximum diameter. As a consequence of heteroge-
neous & and v, an isochrone will not form a straight
chevron in the feather vane with simultaneous
growth in length and diameter of barb ridges.
Rather, in comparison to an isochrone from a
feather with constant barb ridge diameter (Fig. 5),
it will be curved toward horizontal at its lateral
margins because of the increased vertical compo-
nent of growth during the early stages growth in
the younger, peripheral barb ridges (Fig. 10).

Barb ridge diameter can be assigned a constant

\

S

I\

Fig. 10. The simulated spatiotemporal relationships
among barb and rachis cells from an isochronic section of the
follicle collar with simultaneous growth in the length and
diameter of barb ridges depicted at six stages (To—T5). (See
Fig. 5 for general description). Because barb ridges are grow-
ing in diameter early in their development (Fig. 9B), the pos-
terior points on the isochrone have initially larger vertical
growth components and are displaced upward faster than the
anterior points on the isochrone (T;-T4). Although vertical
growth becomes uniform among barb ridges of maximum di-
ameter, the more rapid initial vertical growth of the poste-
rior portions of the isochrone is still observable in the laterally
curved final shape of the isochrone (T5).
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value or modeled as function, d(¢), that exponen-
tially approaches the maximum diameter d,,,, :

(t=ty)

(5) dt)=d,,, ~(dy ~d)e o

max

where t, is the time at which the barb formed, d,
is the initial barb radius, d,,.. is the maximum
diameter of a barb ridge, and « reflects the time
it takes for the barb to reach the maximum di-
ameter (Fig. 8D). As a decreases, the rate at which
the barb approaches the maximum radius in-
creases (Fig. 8D). The value of d,,,. was assumed
to be constant during feather development. In
feathers with constant ridge diameter, d, = d,,....

The rachis ridge is formed by the fusion of an
initial pair of barb ridges early in feather growth
at the anterior midline of the follicle (Lucas and
Stettenheim, ’72). Subsequent growth of the cen-
tral medulla of the rachis ridge determines the
diameter of the rachis (Fig. 7). A single simula-
tion was conducted in which rachis ridge diam-
eter growth was increased by a simple increment,
R, for each barb ridge fused.

Angle of barb ramus expansion

As cell growth and keratinization proceed, the
feather emerges from the follicle as a cylinder of
branched filaments rolled up within a keratin
sheath, commonly called a pinfeather. As the
feather grows at its basal end, it begins to emerge
from the sheath at its distal end. Emergence con-
tinues proximally until the entire sheath has
fallen off. As they emerge from the sheath, the
barb rami unfurl and expand outward to form the
feather vane. At this time, the angle between the
barb rami and the rachis expands so that the
width of the emergent feather vane is larger than
the diameter of the follicle (Fig. 7).

The angle of barb ramus shift, 5, is modeled
here as constant for the entire feather through-
out its growth. For a symmetrical feather, the
width of the vane, W, is given by:

(6)

where, 0 is the angle of helical growth, g is the
additional angle of barb ramus shift, and C is the
circumference of the pin feather at that point, or
sum of all the barb ridge diameters for the origi-
nal horizontal cross-section.

The effect of the barb ramus expansion angle
will be to widen the vane and create additional
space between the barbs in the final emerged

W = (sin6 + B)(Csinb)

feather. The actual angle is likely determined by
the size and the shape of the barb ramus cells
which are determined during keratinization after
cell proliferation in the collar.

Computational details

Our feather growth simulations begin with a
specified number of barb ridges of a given radius
and no rachis. Growth takes place in a series of
time increments of length A¢ during which each
barb ridge present grows at the absolute growth
rate m. In each time step, the diameter of each
barb ridge is calculated, and the horizontal and
vertical components of growth of each barb ridge
are calculated, starting with the anteriormost
barbs. The x and y coordinates of the center of
each barb ridge are recorded in a matrix. These x
and y values correspond to the position of the cen-
ter of the barb ridge in the cylindrical collar dur-
ing development, and also to the position of that
barb in the planar vane of the feather after emer-
gence (but prior to lateral barb expansion). At the
end of each time step, any new barb ridges are
added to the new barb locus on the posterior side
of the follicle. When the first two barbs from the
left and right side of the follicle meet at the ante-
rior midline, they combine to form the rachis ridge.
From this point on, the rachis grows vertically at
rate m. When the center of a barb ridge inter-
sects the margin of the rachis ridge, the barb is
fused to the rachis and its growth ceases. After
fusing to the rachis, barb ridges cease growing,
but they are displaced upward at rate m with the
rachis. Feathers continue to grow until all the
barbs present in the follicle are fused to the ra-
chis. Following the completion of cell growth, the
barbs are shifted laterally, by an additional angle
B, to simulate the expansion of the angle between
the barb rami and the rachis. To create asym-
metrical feathers, the model permits the indepen-
dent specification of some parameter values for
the left and right sides of the follicle.

All simulated feathers are illustrated with a
standard scale bar. In all simulations, the num-
ber of barb ridges in the vane has been limited so
that each barb is individually visible and the ef-
fects of the variables on shape are clear. Simu-
lated feathers depict the barbs as simple lines
down the center of the barb. For graphic conve-
nience, barb diameter is not depicted with differ-
ent line widths. In the one simulation with
variable rachis diameter, however, the diameter
of the rachis is depicted with differential line
width. The position of bilateral or unilateral iso-
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chronic fault bars was simulated by differentially
plotting the set of cells produced during a specific
time interval on the completed feather. A cross-
section of the collar can also be simulated for any
time step during feather growth by drawing a
circle composed of the barb and rachis ridges of
the appropriate size that are present in the fol-
licle at that time. Variation in feather shape are
described using standard botanical terminology for
leaf shape. The mathematical model was con-
structed using MATLAB (Version 5) on a Macin-
tosh G3 computer.

RESULTS

The model defines a theoretical, six-dimensional
feather morphospace. The six growth parameter
axes determine the theoretical feather shapes at
each point in the morphospace. To explore this
morphospace, we identified a set of intermediate
growth parameter values that produced an ideal-
ized, standard elliptical feather shape (Fig. 11).
These basic parameters include a constant growth
rate (0.28), eight initial barb ridges (four on each
side), a constant angle of helical displacement (6
= 45°), a decreasing linear barb ridge addition
function (B;, w = 1), constant barb ridge and ra-
chis ridge diameters (dy = d,,.. = 1), no angle of
barb ramus expansion (S = 0°), and identical pa-
rameter settings for both sides of the follicle. We

%

\\

| A

Fig. 11. The standard elliptical feather shape. Simulated
under the following conditions: absolute growth rate, 0.28;
angle of helical growth, 45°; initial barb ridge number, eight
(four per side); linear decreasing barb ridge addition func-
tion By, with w = 1; barb ridge and rachis ridge diameter
constant at 1; angle of barb ridge expansion, 0°; time inter-
val, 0.197.

N

then ran a series of simulations using more ex-
treme values of each parameter independently,
essentially exploring feather morphospace along
six orthogonal parameter axes through the stan-
dard elliptical feather shape. Last, efforts were
made to identify parameter values that simulate
the complex shape of an emarginate or “notched”
primary flight feather.

Absolute growth rate

Differences in absolute growth rate, m, produce
substantially different shapes of feather vanes
(Fig. 12). A lower growth rate will produce a gen-
erally broader vane with a similar elliptical shape
(Fig. 12A). A higher growth rate will result in a
narrow vane, or lanceolate shape (Fig. 12C). The
effect of differences in growth rate alone on shape
is substantial because the new barb ridge addi-
tion function remains the same as in the stan-
dard elliptical feather (Fig. 11, 12B): a simple,
linear decreasing function of time (Fig. 8A; eq. 2).
A lower rate of growth means that barbs will take
longer to reach the rachis and that the barb ridge
fusion rate, D (eq. 1), will decline. However, the
linear barb ridge addition function (eq. 2) will con-
tinue to add new barb ridges to the follicle at the
same (though declining) rate over time as in the
standard elliptical feather. The result of lower fu-
sion rate and the same barb ridge addition func-
tion is: (1) an increase in the number of barb
ridges in the follicle, (2) an increase in follicle di-
ameter, (3) a consequent increase in the distances
that barb ridges must grow to reach the rachis,
and (4) the production of longer barbs and a wider
vane. In contrast, a higher growth rate increases
the barb ridge fusion rate, restricts the number

Fig. 12. Feathers simulated by varying the absolute
growth rate. (A) Lower absolute growth rate, 0.18. (B) Stan-
dard growth rate, 0.28. (C) Higher growth rate, 0.38.
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of barb ridges in the follicle and the diameter of
the follicle, and creates a feather with shorter
barbs and a narrower vane (Fig. 12C).

The predominance of the effects of growth rate
on feather shape through the barb fusion rate can
be shown by employing an alternative new barb
ridge addition function, B;p (eq. 3)—a declining,
linear function centered around the fusion rate,
D, which is proportional to the absolute growth
rate. When the average of the new barb ridge ad-
dition function is adjusted by the growth rate,
then changes in growth rate result in no change
in feather shape (results identical to standard el-
liptical feather, fig. 11).

Angle of helical growth

Differences in angle of helical growth alone have
complex effects on feather shape. Reducing the
angle of helical growth, 6, produces a slightly
longer vane with a slightly lanceolate shape (Fig.
13A). Increasing 0 results in a longer and broader
feather which is also broader at the base, or
broadly ovate (Fig. 13C). Feathers with a smaller
6 have longer narrower vanes with longer barbs
(Fig. 13A) because a smaller 0 decreases the hori-
zontal component of growth and consequently in-
creases the vertical component of growth. At
smaller 6, barb ridges also approach the rachis
more slowly per unit length, lowering the fusion
rate (eq. 1). Thus, the barb ridges accumulate
more length before they reach the rachis, fuse to
it, and cease growing. In contrast, feathers with
a larger 6 have a broad vane of long barbs be-
cause the more oblique angle of barb ridge growth
creates a larger follicle diameter for the same barb
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Fig. 13. Feather simulated by varying the angle of heli-
cal growth. (A) Smaller angle of helical growth, 30°. (B) Stan-
dard angle of helical growth, 45°. (C) Larger angle of helical
growth, 60°.

ridge diameter (i.e., a more oblique section of a
barb ridge is wider than a more perpendicular sec-
tion). The increase in follicle diameter increases
the length barbs must grow in order to reach and
fuse to the rachis.

Angle of helical growth also has complex effects
on the internodal distance—the length of the ra-
chis between fused barbs. The simulated feathers
with both larger and smaller 0 have larger inter-
nodal distances than the standard feather shape.
This non-intuitive result can be understood by
solving for the internodal distance. If the fusion
rate, D, is:

D= msin(8)cos(6d) _ msin(26)
d. ..t 2d . At

7)

then the internodal distance, ID, the distance be-
tween fusion events, is:

d

max

(8) D3 5sin20

This function has a minimum at 45° (0 of the stan-
dard elliptical feather), and it increases exponen-
tially with increasing or decreasing values of 6
around 45°. Thus, the simulated feathers with
larger and smaller values of 6 had larger and iden-
tical internodal distances because the 0 values
were symmetrically divergent from the minimum
of the internodal distance function, represented
by the standard feather. Interestingly, internode
distance is independent of the growth rate, m, and
thus differences in growth rate alone do not pro-
duce differences in internodal distance (Fig. 12).
The angle of helical growth cannot increase dur-
ing feather growth because barb ridges are con-
strained to stay next to one another within the
cylindrical collar and a younger barb ridge can-
not be horizontally displaced faster than its older,
more anterior neighbor. The angle of helical dis-
placement could theoretically increase during de-
velopment of a feather, but the result would be
barbs that converge on the rachis at successively
larger internodal distances. Under these condi-
tions, barbules of neighboring barbs would not
likely interlock with one another to form a closed
pennaceous vane (e.g., peacock tail plume).

Initial number of barb ridges

An increase in the initial number of barbs from
8 to 20 creates a feather that is broader, or ob-
tuse, at its distal tip (Fig. 14A,B). The distal tip
of the feather also shows more conspicuous “shoul-
ders”—abrupt changes in the profile of the vane
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Fig. 14. Feathers simulated by varying the initial num-
ber of barb ridges. (A). Standard elliptical feather, initial barb

between the distal tips of the last of the initial
barb ridges and the first new barb to be added to
the follicle (Fig. 14B). A large increase in initial
barb ridge number to 40 barbs produces a very
broad tip and a wider vane that is cuneate in
shape (Fig. 14C). Initial number of barb ridges
contributes not only to the shape of the distal tip
of the vane but to the length of the barbs and
overall width of the vane because initial barb
number also affects the size of the follicle.

New barb ridge addition function

The slope of the linear new barb ridge addition
function (B;—the rate of new barb ridge addition
over time; eq. 2) is determined by the proportional
deviation of the function from horizontal (w) (Fig.
8A). With smaller w (a more gradual slope), the
shape of the feather changes from elliptical to a
narrow linear shape (Fig. 15A). In contrast, for
larger values of w (a steeper slope), the feather
becomes broader in the center of the vane while
remaining essentially elliptical in shape (Fig.
15C). Decreasing the slope of the barb ridge addi-
tion function does slightly reduce the total num-
ber of barb ridges in the feather vane. In this case,
however, the overall average barb addition rate
is constant, so the lower slope of the barb ridge
addition function has a more profound effect on
feather shape by limiting the number of barb
ridges in the follicle at any one time, and, thus
limiting the follicle diameter. Smaller follicle di-
ameter reduces the amount of growth required for

C

ridge number, 8; (B) Larger initial barb ridge number, 20;
(C) Very large initial barb ridge number, 40.

a barb ridge to reach the rachis, and so decreases
the length of the barbs and the width of the vane.
Likewise, an increase in the slope of the barb ridge
addition function adds more barbs per unit time
to the follicle early in its growth, produces a fol-
licle with a larger diameter, increases the amount
of growth required before fusion, and results in
longer barbs and a broader vane.

Changes in the shape of the barb ridge addi-
tion function (Fig. 8B) produce substantial addi-
tional changes in feather shape (Fig. 16). A
declining sigmoidal barb ridge addition function

Fig. 15. Feathers simulated by varying the slope of the
linear new barb ridge addition function (Br, eq. 2; Fig. 8A).
(A) Barb ridge addition function with shallower slope, w =
0.5; (B) Standard elliptical feather, w = 1. (C). Barb ridge
addition function with steeper slope, w = 1.5.



GROWTH OF FEATHER SHAPE 47

A B C

Fig. 16. Feathers simulated by varying the shape of the
non-linear new barb ridge addition function (Byy, eq. 4; Fig.
8B). (A) Standard elliptical feather with linear decreasing
barb ridge addition function, ¢ = .001. (B) Sigmoidal barb
ridge addition function, ¢ = 0.1. (C) Barb ridge addition step-
function, g = 1.

(Bar; €q. 4, intermediate values of ¢) creates a sig-
nificant widening in the middle of the vane but a
maintenance of the generally elliptical shape (Fig.
16B). A nearly complete step function (high g val-
ues) creates a feather with a substantially wider
vane toward its base, or strongly ovate shape (Fig.
16C). Given that each of these barb addition func-
tions has the same average barb ridge addition
rate, the consequent differences in shape are due
the changes in the timing (or slope) of barb addi-
tion. The ovate feather shape produced by the sig-
moidal barb ridge addition function (Fig. 16C)
demonstrates that adding many barb ridges early
in development produces a persistently larger fol-
licle diameter which affects the lengths of many
subsequent barb ridges. The result is a displace-
ment in position of the widest point in the vane
toward the base of the feather.

Barb and rachis ridge diameter

Barb ridge diameter affects the horizontal and
vertical components of barb ridge growth, the dis-
tance between the barbs in the follicle, and thus
the diameter of the follicle (Fig. 9). Feathers with
an increasing diameter during barb ridge growth
differ from those with constant barb ridge diam-
eter in that barbs are curved at their tips toward
the distal tip of the feather (Fig. 17B, C). This
distal curve occurs because: (1) the horizontal com-
ponent of growth is physically constrained in the
follicle by the growth in diameter of the anterior-
neighboring barb ridges, and (2) the vertical com-
ponent of growth is compensatingly increased to
maintain a constant absolute growth in length
(Fig.9B).

A

Fig. 17. Feathers simulated by varying the barb ridge di-
ameter growth function (eq. 5; Fig. 8D). (A) Standard ellipti-
cal feather, dp = dpgr = 1.0. (B) Feather with rapid growth
toward maximum barb ridge diameter, a = 0.5, dyp = 0.25,
dmax = 1.0. (C) Feather with slow growth toward maximum
barb ridge diameter, a = 1.4, dyp = 0.25, dynexe = 1.0. Below
each feather is a simulated cross-section of the follicle at time
stage 20 depicting the diameters of the barb ridges as they
grow from the posterior (bottom) to anterior (top) surfaces of
the follicle.

The time required to grow to the maximum barb
ridge diameter, o, also has a substantial addi-
tional effect on feather shape. A rapid approach
to the maximum diameter, small o (Fig. 8D),
produces a feather that is slightly narrower dis-
tally and broader in the basal half, or slightly
ovate in shape (Fig. 17B). A gradual increase
in barb radius, large o, produces a feather that
is thinner, substantially shorter, and distinctly
ovate in shape (Fig. 17C). These changes in
shape are produced both by the curving barb
tips, and by the short barb lengths which are a
consequence of the limitations on follicle diam-
eter from the smaller barb ridge diameters.

In addition, simulations of a linearly increas-
ing rachis ridge diameter were conducted. The re-
sults were a realistic rachis (Fig. 18). However,
the diameter rachis does not change the shape of
the outline of the feather vane.

Angle of barb expansion

The angle of expansion of barb rami as the pla-
nar emerges from the cylindrical feather sheath
widens the feather vane without changing the
length of barbs (a necessary indirect effect of
changing the angle of helical growth). For a given
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Fig. 18. Feather simulated with an incremental increase
in the diameter of the rachis ridge, R, for every barb ridge
fused. Rachis dy = 1.0.

angle of helical growth, increasing angles of barb
expansion will progressively widen the vane (Fig.
19). Furthermore, feathers with a constant sum
of angles of helical growth and barb expansion (6
+p) do not have the same shape. For example, four
feathers with a sum of both angles equal to 45°,
but varying in 6 from 15-45°, vary extensively in
vane width, internode distance, and length (Fig.
20). For a given total angle, a greater angle of
barb expansion will increase the internodal dis-
tance, the width, and the total length of the
feather but decrease the number of total barbs
(Fig. 20A). Both parameters ultimately affect the
angle at which barbs intersect the rachis, but

A B

Fig. 20. Feathers simulated with a variable angle of heli-
cal growth (6) and constant total angle of helical growth and
barb expansion (0 + 8 = 45°). (A) 0 = 15°, § = 30°. (B) 0 =

A B C

Fig. 19. Feathers simulated by varying the angle of barb
ramus expansion, B, following emergence from the feather
sheath, or pin feather. (A) Feather with no additional angle
of barb expansion, 6 = 22.5°, = 0°. (B) Feather with some
additional angle of barb expansion, 6 = 22.5°, g = 15°. (C)
Feather with large additional angle of barb expansion, 0 =
22.5°, B =22.5°

angle of helical growth has additional complex ef-
fects on shape. Thus, both parameters are re-
quired to describe accurately the growth of feather
shape.

Asymmetrical parameter settings

Asymmetrical feathers were generated by as-
signing different values for the initial barb num-
ber, barb ridge addition function, and barb ridge
diameter function for the left and right sides of
the feather follicle. A combination of lateral dif-
ferences in the initial barb ridge number, and the

22.5° B =22.5° (C) 6 =22.5° B=0° (D) Standard elliptical
feather, 60 = 45°, B = 0.
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rower side of the follicle (Fig. 21B,D). The lateral
asymmetry in follicle size creates barbs of sub-
stantially different sizes on either side of the vane
even though the number of barbs in each side of
the vane is nearly identical (Fig. 21B).

slope of the linear barb ridge addition function
(determined by w), with a laterally uniform angle
of displacement and barb radius function will pro-
duce an asymmetrical feather with a narrower
vane on one side (Fig. 21A,C). Lateral differences
in the barb ridge addition function will produce
differential increases in the number of barb ridges
on each side of the follicle, differential growth in
barb ridge population, and differences in size be-
tween the left and right sides of the follicle. Con-
sequently, the two “sides” of the follicle will
contribute differentially to the diameter of the fol-
licle, and lead to the lateral displacement of the
new barb locus within the collar toward the nar-

A C

Fig. 21. Feathers simulated using symmetrical and asym-
metrical parameter values. (A) Standard elliptical feather, all
parameter values symmetrical. (B) Simulated cross-section of
the follicle collar of the standard elliptical feather at time stage
12 showing the symmetrical positions of the anterior rachis
ridge (top) and the posterior new barb locus (bottom). (C) Asym-
metrical feather with fewer initial barb ridges (3) and a shal-
lower linear barb ridge addition function (w = 0.4) for the left
side, and the standard parameter values for the right side of
the vane (initial barb ridge number = 4, w = 1). (D) Simulated
cross-section of the follicle collar of this asymmetrical feather
at time stage 12 showing the asymmetrical position of the new
barb locus (lower left side) relative to the anterior rachis ridge
(top). The differential initial barb ridge number and barb ridge
addition rates for to the two sides of the follicle results in the
faster growth of one side of the follicle and lateral displace-
ment of the new barb locus.

49

We also explored an appropriate set of param-
eter values to simulate the growth of a specific
type of asymmetrical feather: the emarginate, or
“notched,” primary in which the narrower vane of
the leading edge of the primary narrows dramati-
cally at the distal end of the feather. A nonlinear
barb ridge addition rate function with an abrupt
increase in the barb ridge addition rate at an in-
termediate time (Fig. 8C) will produce a feather
with a widening in the middle of the vane (Fig. 22)
that is typical of an emarginate primary feather.

Fig. 22. A simulated emarginate primary feather. The
leading edge, or left side, of the feather vane was simulated
with a special new barb ridge addition function with an in-
termediate jump in rate (w;pn = 0.3; Fig. 8C), and the right
side was simulated with the standard By, with wz, = 1. All
other parameters were symmetrical: growth rate, 0.28; dqx
= 0.8; dp = 0.25; o = 0.8; angle of helical growth, 30°; initial
number of barb ridges, 10 (5 per side); angle of barb expan-
sion = 0°; time interval = 0.14.
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In contrast to initial barb number, barb ridge
addition rate, and barb diameter, the absolute
growth rate and the angle of helical displacement
apparently cannot be specified independently on
the left and right sides of avian feather follicles.
As argued previously, absolute growth rate is uni-
form throughout the collar. Although it is theo-
retically possible to have laterally different angles
of helical growth, we know of no feathers that have
this morphology.

Simulated isochronic fault bars

The position of isochronic fault bars were simu-
lated on feathers by distinctly plotting the locus
of cells that originated in a single time interval
during growth (Figs. 5, 10, 23). The simulated
fault bars show the same position observed in real
feathers. For a feather with constant barb ridge
diameter, fault bars are not at right angles to the
rachis (Hardesty, ’33), or at right angles to the
barb rami (Espinasse, ’39), but form an isosceles
triangle with the rachis and the barbs (Figs. 23A).
The two equal sides of the isochronic isosceles tri-
angle constitute the same amount of growth in
the length of the barb and the rachis ridges from
the time of origin in the collar until fusion (Fig.
6). With no additional angle of barb expansion,
the two equal distal angles between the isochrone,
the rachis, and the barbs equal (180-6)/ 2. Thus,
the angle of deviation of the isochrone from hori-
zontal is 90—((180-0 )/2). Simultaneous growth in
the diameter and length of the barb ridges cre-
ates a distal curve to the distal tips of the barbs
(Fig. 10, 17), and results in a curved fault bar
that is flattened out or upturned at the lateral
margins of the vane (Fig. 23B).

The additional angle of barb ridge expansion
will widen the vane and further displace the angle
of the fault bar from near horizontal to a more
prominent chevron-shape (Fig. 23C,D). The pre-
dicted angles of the fault bar to the rachis and
barbs are given by the same expressions as above
but with (0 + ) substituted for 6.

DISCUSSION

The proposed mathematical model provides the
first explicit theory of the growth of feather shape.
Previously hypothesized mechanisms of feather
shape determination have all been inexplicit, in-
complete, or inaccurate (Lillie and Juhn, ’32;
’Espinasse, ’39; Lucas and Stettenheim, ’72;
Bleiweiss, '87). However, previous authors have
proposed important parameters that were incor-
porated into this model: new barb ridge addition
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Fig. 23. Simulated fault bars. (A) Bilateral (above) and
unilateral (below) fault bars simulated on the standard ellip-
tical feather. (B). Detail of a unilateral fault bar simulated
on a feather with simultaneous growth in barb ridge length
and diameter (a = 0.5, dp = 0.25, dpex = 1.0.). Fault bar is
curved toward horizontal at its lateral margins. (C) Bilateral
fault bar simulated on a feather with an angle of helical
growth, 0 = 22.5°, and angle of barb ridge expansion, 8 = 0°.
(D) Bilateral fault bar simulated on a feather with the same
angle of helical growth as C, 0 = 22.5°, but with a substantial
additional angle of barb expansion, f = 22.5°.

rate (Lucas and Stettenheim, ’72), angle of heli-
cal growth of barb ridges (Bleiweiss, '87), and
angle of barb expansion after emergence (Espi-
nasse, '39). The three additional parameters of our
model—absolute growth rate, initial barb ridge
number, and barb ridge diameter—are apparently
proposed here for the first time.

We identified a set of parameter values that pro-
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duce an idealized, standard, elliptical feather
shape. We then varied the six parameters inde-
pendently to explore the feather shape mor-
phospace along the six orthogonal parameter axes
through the standard feather shape. Avian con-
tour feathers encompass many variations on el-
liptical shape, including those broadened basally
into an ovate shape, those with a narrow linear
tip with an ovate base (e.g., the hackle feathers
of a chicken, Gallus gallus) or those with a broad
tip gradually narrowing at the base (e.g., the
breast feather of a turkey, Meleagris gallipavo).
In contrast, avian remiges and rectrices (i.e., flight
feathers) are characterized by variation in vane
asymmetry, tip shape, length, and vane width.
Most of our simulated feathers were purposefully
simple (i.e., few barbs) so that the effects of growth
parameters could be easily seen on barb length
and vane shape. Nevertheless, the feather shapes
simulated with this simple exploration of the
morphospace encompass many of the variations
in shape that characterize avian feathers. Fur-
thermore, our single attempt to simulate a com-
plex, realistic feather shape—the emarginate
primary (Fig. 22)—reinforces the efficacy of the
model. The model appears to be successful at
simulating most feather vane shapes. Even some
aspects of the simulated feather shapes that may
appear to be computational artifacts at first are
actually real features of feather shapes. For ex-
ample, many simulated feathers have conspicu-
ous “shoulders” on the distal margins of the vane
between the tips of the last of the initial barb
ridges and the first of the barbs to be added to
the follicle. However, such “shoulders” are a promi-
nent feature of many blunt-tipped contour feath-
ers (which have a relatively large initial number
of barb ridges). Furthermore, “shoulders” are not
a necessary product of the model since some simu-
lations identified parameter combinations that
eliminated this feature of feather shape entirely
(e.g., Fig. 17B, 18, 22). Comparison between simu-
lated and real feathers confirms the efficacy of
the model and establishes many explicitly test-
able predictions about the growth of feathers of
different shapes.

Dynamics of the development
of feather shape

Examining the effects of the various growth pa-
rameters on simulated feather shape supports a
number of general conclusions about the develop-
mental dynamics of the growth of feather shape.
First, theoretically, all six parameters can have

substantial independent effects on feather shape,
and are potentially critical to shape specification
during development.

Second, most parameters have complex, mul-
tiple effects on feather shape. For example, the
barb ridge addition function can affect feather
shape by influencing the total number of barbs in
the vane. However, even if the average rate of barb
addition is held constant (e.g., Fig. 15A, B; Fig.
16), differences in the slope of the new barb ridge
addition function alone can have substantial ef-
fects on feather shape through follicle diameter.
Similarly, barb ridge diameter growth produces
curved barb tips, but it also limits follicle diam-
eter and, therefore, barb length and vane width.
The angle of helical displacement simultaneously
affects barb length, follicle diameter, and the in-
ternodal distance. The model also predicts that
the elliptical nature of many feather shapes—
shorter barbs at the distal and basal ends with
longer barbs in the middle—is a consequence of
the fact that most barb ridge addition functions
that will maintain a significant vane size with also
produce an intermediate increase in follicle size
and result in intermediate barbs with longer
lengths.

Third, these parameters have many redundant
effects on feather shape: many different param-
eter value combinations will create similar
feather shapes. For example, either a higher
growth rate (Fig. 12C) or a shallower slope on
the linear barb ridge addition function (Fig. 15A)
will produce nearly identical, shorter, linear
feather shapes. Thus, many volumes of the six-
dimensional feather morphospace describe feath-
ers with identical shapes. In contrast, some
parameters have unique effects on feather shape.
For example, growth in barb ridge diameter pro-
duces a distal curving of barbs that is unique to
this parameter.

Fourth, the complex and frequently redundant,
multiple effects of each parameter create a sys-
tem with complex developmental dynamics. For
example, the absolute growth rate and the angle
of helical growth both affect the fusion rate (eq.
1) which influences the diameter of the follicle,
and thus barb length, vane width, and feather
length. The barb ridge addition rate, the initial
number of barbs, the angle of helical growth, and
barb diameter growth all have independent effects
on follicle diameter with similar important con-
sequences for barb length, vane width, and feather
shape. The horizontal and vertical components of
barb ridge growth are determined by the growth
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rate and angle of helical growth, but they can also
be perturbed by simultaneous growth in barb
ridge diameter. The internode distance is deter-
mined by barb ridge diameter and angle of heli-
cal growth but is independent of growth rate.

These six growth parameters form a complex
causal nexus that likely determines feather shape.
The interactions among parameters create a de-
velopmental system that is likely to be sensitive
to fine developmental regulation and capable of
creating exceptional diversity in form. Document-
ing shape variation along the parameter axes
through a standard feather shape, as we have
done here, is insufficient to describe all of the in-
teractions among the parameters and their effects
on feather shape. A thorough examination of many
combinations of different parameter values will
reveal more of the dynamics of feather shape
growth. Explicit numerical analysis of the inter-
relationships of growth parameters could also be
used to map completely the morphospace of
pennaceous feather shape.

The model indicates additional aspects of

feather morphology that must be correlated
with these feather shape parameters in order
to maintain feather function. In order to have a
closed, pennaceous vane, the distal and proximal
barbules must be long enough to effectively in-
terlock across the space between adjacent barb
rami. In the mature feather, the distance between
parallel barb rami (IB, interbarb distance) is a
function of the internodal distance (ID ; eq. 7),
the angle of helical growth 6, and the angle of
barb ridge expansion S
(9) IB = (ID)sin(6 + B).
Thus, to maintain a closed pennaceous vane of
interlocking barbules, barbule length and morphol-
ogy must be strictly correlated with both the angles
of helical growth and barb ramus expansion.

The model predicts that feather asymmetries
are determined by the independent specification
of certain growth parameters for the left and right
sides of the follicle. Asymmetries in the width of
the vane appear to be a consequence of differen-
tial rates of barb ridge addition to the two sides
of the follicle at the new barb locus. This process
produces differential growth in the size of the two
sides of the follicle, and results in the lateral dis-
placement of the new barb locus from the poste-
rior midline of the follicle toward the side of the
feather follicle with the shorter vane (Fig. 21B,D).
Our simulated result is confirmed by histological

cross-sections of developing asymmetrical primary
feather follicles that show the predicted lateral
displacement of the new barb locus (Strong, '02;
Hosker, ’36; 'Espinasse, '39; Lucas and Stetten-
heim, ’72). These simulations also predict that the
classically emarginate primary—characterized by
narrower leading-edge vane at the distal tip (Fig.
22)—is created by a nonlinear new barb ridge ad-
dition function with a sudden increase barb ridge
addition rate in the leading edge side of the fol-
licle during feather development (Fig. 8C).

Based on current results, however, it is simple
to predict parameter value combinations that
could generate many other derived feather shapes
including afterfeathers, filoplumes, plumulaceous
downs, spatulate or racket-tipped feathers (e.g.,
Bleiweiss, ’87), and other specialized display
plumes. These simulations will be the subject of
future research.

Realism of the model

Although congruence between the shapes of
simulated feathers and real feathers can confirm
the efficacy of our model, it cannot be used by
itself to support its realism. The ability of any
theoretical or mathematical model to mimic a
natural form must be challenged by detailed ob-
servations of the natural phenomenon being mod-
eled before one can conclude that the intellectual
model has any bearing on natural process (e.g.,
Niklas, '94). Thus, it is important to scrutinize
the parameters of the model and compare them
to the known details of how feathers grow.

It is clear that a classical allometric analysis—
e.g., describing the distortions to a grid superim-
posed on different feather shapes (Thompson,
’42)—would not be an appropriate model of feather
shape determination because the parameters of a
purely allometric analysis do not apply to the fol-
licular mechanisms by which feathers grow. In
contrast, the proposed theory and mathematical
model are based on parameters that, with one ex-
ception (i.e., absolute growth rate; see discussion
later in this article), are previously recognized to
be occurring during feather growth (Lucas and
Stettenheim, ’72). Thus, all feathers start devel-
opment with an initial number of feather barb
ridges. In the absence of an aftershaft, new feather
barbs are added to the follicle at the posterior new
barb locus (Lucas and Stettenheim, ’72). Barb
ridges are known to grow helically to form and to
fuse to the rachis at the anterior midline of the
follicle (LLucas and Stettenheim, ’72). It is directly
observable that different feathers differ in the
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angle at which barbs fuse to the rachis. (Mature
plumulaceous barbules are less rigid and can as-
sume many angles to the rachis, obscuring the
angle of helical growth during their development.)
It is also observable that the width of a penna-
ceous feather’s vane is greater that the circum-
ference of the pin feather, and that, therefore,
there must be some additional angle of expansion
by the barbs after emergence from the sheath (S.
Gatesy, personal communication). It is also observ-
able that barb ridges vary in diameter. In those
feathers where barb diameter increases gradually,
the barbs display a characteristic curve toward
the distal tip of the feather at their distal ends,
as predicted by the model. The model’s ability to
generate similar feathers is not by itself convinc-
ing, but the observation that these distortions in
shape occur under the same conditions in simu-
lated feathers as observed in real feathers indi-
cates that the model constitutes a realistic and
accurate theory of feather growth.

One growth parameter in the model—uniform
absolute growth rate—has not been previously rec-
ognized as a feature of feather development. Solid
evidence of a uniform barb and rachis ridge
growth rate has been available since Fraps and
Juhn (’36a), but it is apparent that Fraps and
Juhn (’36a) and other subsequent researchers
(Lillie and Juhn, ’38; ’Espinasse, ’39; Lillie, ’40,
’42; Lillie and Wang, ’40; Lucas and Stettenheim,
72) interpreted these data as supporting uniform
axial growth rates. Based on our interpretation
of these data, we propose that absolute growth
rates are uniform throughout the follicle, and that
the axial growth rates of the barbs and rachis dif-
fer from one another accordingly (Fig. 6). This fun-
damental feature of the helical growth of feather
barb ridges has a profound effect on the shape of
feathers and the spatiotemporal composition of the
pennaceous feather vane (Figs. 5, 10). As a conse-
quence of uniform growth rates, helical growth,
and the additional angle of barb expansion, an
isochronic section of a feather is distorted during
growth from horizontal at inception in the collar
to an oblique chevron in the mature feather (Figs.
5, 10, 23). It is not generally appreciated that a
horizontal section of a feather vane is not isoch-
ronic. For example, horizontal isochrones were
depicted in an important illustration in Lucas and
Stettenheim ('72: 370, Fig. 236) that has been
widely reproduced in other publications. We have
further established that simultaneous growth in
the length and diameter of barb ridges creates ad-
ditional heterogeneity in the horizontal and ver-

tical components of growth among barb ridges of
different diameters, and that the “conservation”
of growth rate has additional effects on the shape
of an isochrone and the entire feather vane (Fig.
10, 17, 23B). The experimental simulation of fault
bars with the same oblique chevron position ob-
served in real feathers is a strong confirmation of
the uniform absolute growth rate hypothesis and
further supports the realism of the model.

Except for diel variations (Lucas and Stetten-
heim, ’72), the model’s assumption of constant uni-
form absolute growth rates appears to be upheld
by a number of studies of the growth in length of
pin feathers (Lillie and Juhn, ’32, ’38; Lillie, 40;
Lillie and Wang, ’41). Interestingly, Lillie and
Juhn (’32) observed that pin feather length grows
at an initially slow and constant rate until the
rachis is formed, after which it suddenly grows
at a second, much faster rate. Given our new in-
terpretation of the growth rates of barb and ra-
chis ridges, we predict that these “two phases”
of growth correspond to different components of
a single absolute growth rate. Prior to the for-
mation of the rachis, the length of the feather
grows only at the rate of the vertical component
of barb ridge growth: v = mcos(6 ). After the ra-
chis is formed, feather length grows at the verti-
cal growth of the rachis, which is equal to the
absolute growth rate, m, of the follicle. Thus, we
would predict that the differences between the
rates of growth in length of the developing
feather during these “two phases” varies accord-
ing to the angle of helical growth of the barb
ridges in the follicle.

Five of the six proposed model parameters are
limited to simulating growth by cell division. Ad-
ditional growth by increase in cell size and
changes in cell shape continues to occur during
keratinization in the barb ridges and the rachis
ridge for some time after cell division in the col-
lar (Lucas and Stettenheim, ’72). Differential
growth in cell size and shape has profound ef-
fect on feather morphology (e.g., distal and proxi-
mal barbule differentiation that creates the
closed pennaceous vane, Fig. 1B) and various as-
pects of feather shape. For example, the rachis
of many feathers is curved or distorted in shape
from perfectly straight. Furthermore, the vane
of many feathers is not planar, as assumed in
the model, but curved. These shape changes are
hypothesized to be produced by differences in cell
size and shape which develop in the keratinocytes
of the rachis, barbs, and barbules after cell divi-
sion in the collar.
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Tests of the model

The first important test of the model would be
to document values of the proposed growth pa-
rameters during development from pennaceous
feathers of different shapes. These parameters
could be estimated by pooling samples of feather
germs of different ages from the same shape class,
or some parameters may be estimated from 3D
reconstructions of serial histological sections of
feather germs. Average values of some of these
parameters have been estimated for entire feath-
ers (e.g., barb ridge addition rate; Hardesty, ’33),
but these estimates have not taken into account
the fact that some parameters must vary during
development. Variations in these parameters have
rarely been explicitly associated with differences
in feather shape, though Lillie and Juhn (’32)
documented that the long, lanceolate hackle feath-
ers of chickens grow at a slower rate than do the
elliptical contour feathers.

Specific observations are required to examine
whether feather shape varies as predicted with
variation in the proposed growth parameters.
More detailed observations are required to con-
firm whether absolute growth rates are stable over
days during feather development, or whether
angle of helical growth remains constant. Explicit
observations are also necessary to confirm the gen-
eral match in position between simulated isoch-
rones and real fault bars, and to see whether fault
bars vary in shape and position in feathers with
substantial growth in barb ramus diameter. The
new barb ridge addition functions used here are
merely heuristic. Direct observations are required
to document the actual function of barb ridge ad-
dition during the growth of differently shaped
feathers.

The realism of the model parameters does not
indicate what parameter values are actually in-
volved in the growth of real bird feathers. Sophis-
ticated tests of our model would identify which of
the theoretically plausible parameter combina-
tions actually occur during the growth of differ-
ently shaped feathers in different taxonomic
groups of birds. Many different parameter combi-
nations (i.e., volumes of the feather morphospace)
may be represented throughout avian diversity,
or there may be biases toward specific combina-
tions of parameter values determining feather
shapes (i.e., subspaces) within different taxonomic
groups. There may also be absolute constraints
against specific parameter value combinations in
all birds. Constraints against specific parameter

combinations that are morphologically redundant
will not reflect natural selection on phenotype if
the resulting feather shapes are actually identi-
cal. Rather, such parameter constraints will likely
be due to genetic correlations among growth pa-
rameters, historical constraints from the evolu-
tion of feather shape, or fundamental physical
limitations of the molecular or cellular mecha-
nisms of feather growth that are currently un-
known. Differences among parameters in lateral
differentiability may reflect differences in the fun-
damental mechanisms by which these parameters
are specified in the follicle. Theoretically, differ-
ent parameters may be specified either in the fol-
licle as a whole, in the left and right sides of the
follicle, in the main vane and the afterfeather,
within individual barb ridges, or within the ra-
mus and the proximal and distal barbule plates
of the barb ridge. Not all parameters can be inde-
pendently specified in each partition of the collar,
but some parameters must be independently
specified in each to grow the diversity of feather
shapes and structures. Last, the most advanced
tests of the model could include experimental per-
turbations of feather development, breeding ex-
periments focusing on the genetics of feather
shape, and molecular developmental analyses of
the cellular and molecular mechanisms of feather
shape determination.

Feather development has long been a model sys-
tem for the study of mesenchyme epithelium in-
teractions (e.g., Sengel, ’76), and recent molecular
studies of feather development have begun to ex-
plore the molecular mechanisms that determine
the position and early development of feathers
(e.g., Chuong and Widelitz, ’98). However, much
remains to be learned about the developmental
processes involved in the later stages of feather
development during which the events that deter-
mine feather structure and shape take place. For
example, experimental studies of the molecular
mechanisms involved in the determination of the
model’s parameters would contribute to a unified
understanding of the growth of feather shape.

Evolution of feather shape

As with the question of the origin of feathers
themselves, studying the evolutionary origin of
feather shape determination is constrained by
the absence of obvious intermediate or plesio-
morphic morphologies (Prum, '99). By the first
appearance of the feathers of Archaeopteryx in
the Upper Jurassic, avian follicles had already
evolved the capacity to grow feathers of modern
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diversity of sizes and shapes including symmetri-
cal wing coverts, and asymmetrical remiges and
rectrices (de Beer, ’54). These earliest known fol-
licles had already evolved all the parameters of
the proposed model, and the ability to indepen-
dently specify some of these parameters on ei-
ther side of the feather follicle. Thus, it is
impossible to address the evolutionary origin of
the mechanisms of feather shape determination
with an analysis of feather shape distribution
in modern birds because all the relevant param-
eters and the general classes of feather shape
are plesiomorphic to extant birds. Given the cor-
roborated phylogenetic hypotheses supporting
birds as a lineage of theropod dinosaurs (Gau-
thier, ’86; Padian and Chiappe, '98; Sereno, '99)
and the recent evidence of filamentous integu-
mental filaments that may be homologous with
feather (Chen et al., ’98; Ji et al., ’98; Xu et al.,
’99a,b), the origin of feather shape and its de-
termination may lie within more basal lineages
of non-avian theropod dinosaurs.

Recently, Prum (°99) proposed a developmental
theory of feather origins that hypothesized a tran-
sition series of feather morphologies from the first
hollow cylindrical feather to the modern closed
pennaceous feather based on the details of feather
development. This developmental model provides
some predictions about the historical process of
the evolution of feather shape determining growth
parameters. For example, the model hypothesizes
that the origin of barb ridges preceded the origin
of helical barb ridge growth and the rachis. This
hypothesis would imply that initial barb ridge
number and barb ridge diameter evolved prior to
the origin of the angle of helical growth and the
new barb addition function. Further, even the
most plesiomorphic, cylindrical feather morphol-
ogy would have been characterized by some
growth rate, implying that absolute growth rate
was the first of the six parameters to evolve. Be-
cause of the complex interrelationship among the
feather growth parameters, the historical se-
quence in which the parameters evolved may have
created historical constraints on the evolution of
feather shape determination. This possibility could
be tested by comparing the theoretical biases in
feather shape determination predicted by various
sequences of parameter origin with the actual dif-
ferences between the theoretical and the realized
feather morphospaces.

Feather shape and the distribution of feather
shapes over the body have continued to evolve and
diversify since their origins within clades of mod-

ern birds. An important early (probably pre-avian)
event in the evolution of feather shape would have
been the decoupling of the developmental deter-
mination of shape of feathers on various parts of
the body. Independent shape determination would
have allowed the diversification of feather shapes
over the body for different functions. The subse-
quent evolution of feather diversity can be viewed
as a historical and phylogenetic exploration of the
potential feather morphospace. This theory of the
growth of feather shape provides a framework for
mechanistic analyses of the evolution of the shape
of pennaceous feathers within and among lineages
of extant birds.

Given the correlation between the shapes and
apparent functions of many feathers (Stettenheim,
76), variation in feather shape within extant
avian clades provides opportunities to test hypoth-
eses about adaptive differentiation and natural
selection on feather morphology. Among the many
potential, naturally selected feather functions are
flight, thermal insulation, physical protection,
water repellency, communication, camouflage, etc.
(Stettenheim, ’76). This model provides detailed
predictions about the developmental changes re-
quired to evolve specific, functional feather shapes.
For example, many aerodynamically important
features of the wings —wing shape, area, load-
ing, and aspect ratio—are at least partially de-
termined by the shape and size of the remiges.
Natural selection for changes in the aerodynamic
properties of wing shape will necessarily select
on the developmental parameters that operate
within feather follicles to influence the shape of
the remiges. Detailed comparative analyses of the
growth of variations in remige shape that effect
aerodynamic function will provide further insights
into this relationship.

The historical process of the adaptive explora-
tion of the feather morphospace by avian lineages
may have created contingencies or other con-
straints on subsequent exploitation of the morpho-
space. As in any adaptive landscape, certain
functionally superior phenotypes may be bounded
by functionally inferior shapes. Depending on his-
torical and genetic conditions, this may have pre-
vented the exhaustive or thorough exploration of
feather morphospace. Theoretical analyses of the
evolution of vascular plant shape by Niklas (°97;
’99) also document the importance of the histori-
cal sequence of different sources of natural selec-
tion on shape in affecting outcome of evolutionary
processes. Documenting the realized feather
morphospace of birds and its phylogenetic com-
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ponents of variations will provide a rich new un-
derstanding of the history of feather evolution.

The diversity of ornamental feathers that func-
tion specifically in intraspecific communication
provides opportunities to examine the effect of
sexual selection (Andersson, '94) and other social
selection (West-Eberhard, ’79) on feather shape.
Elaborate, highly derived feather shapes have
evolved for intersexual signaling in many groups
of polygynous birds (e.g., birds of paradise, Paradi-
saeidae; Frith and Beehler, '98). Ornamental
feathers provide a less constrained perspective on
the evolution of feather function since these feath-
ers have largely been released from a primarily
physical function to a primarily psychological func-
tion (i.e., fulfilling the preferences of potential
mates). For example, long tail feathers have fre-
quently been hypothesized to have evolved as sec-
ondary sexual signals of mate quality in birds
(Andersson, ’82, ’94; Mgller, ’88, °89, ’91) with little
consideration of the developmental changes re-
quired to evolve such tail feathers (for an excep-
tion, see Bleiweiss, '87). Interestingly, elongate,
ornamental tail feathers are often associated with
extreme variation in shape, even within a single
genus in which the elongate plumes are homolo-
gous (e.g., Alectrurus, Vidua, Tanysiptera). The
model provides detailed theoretical predictions
about why selection on tail length might also pro-
duce diverse changes in feather shape. If novel
female preferences for longer, more conspicuous
tail feathers act on available genetic variation for
the different growth parameters that effect tail
feather length (e.g., growth rate, barb ridge addi-
tion rate, angle of helical growth. etc.), then varia-
tion among populations or lineages in the genetic
variation within, and genetic correlation among,
these growth parameters would result in longer
feathers in different populations based on dis-
tinctly different parameter combinations. Because
of the complex interactions among growth param-
eters, the result would also be additional varia-
tion in the shape of the vanes of these elongate
feathers. Thus, the complexity of feather shape
determination mechanisms provide an inherent
source of diversity of feather shape in response to
selection.
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