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Summary

Melanin has been associated with increased resistance toughness decreased, and breaking stiffness increased,
to abrasion, decreased wear and lowered barb breakage distally along the rachis. These proximal-distal material
in feathers. But, this association was inferred without property changes are small and seem unlikely to affect
considering barb position along the rachis as a potentially flight performance of barbs. Our observations of barb
confounding variable. We examined the cross-sectional bending, breaking and morphology, however, lead us to
area, breaking force, breaking stress, breaking strain and propose a design principle for barbs. We propose that, by
toughness of melanized and unmelanized barbs along being thicker-walled dorso-ventrally, the barb’s flexural
the entire rachis of a primary feather from an osprey stiffness is increased during flight; but, by allowing for
(Pandion haliaetu$. Although breaking force was higher  twisting when loaded with dangerously high forces, barbs
for melanized barbs, breaking stress (force divided by firstly avoid failure by bending and secondly avoid
cross-sectional area) was greater for unmelanized barbs. complete failure by buckling rather than rupturing.

But when position was considered, all mechanical
differences between melanized and unmelanized barbs Key words: barb, feather, strength, biomechanics, melanin, color,
disappeared. Barb breaking stress, breaking strain and material properties.

Introduction

In addition to functions such as signaling and countetagopusracescoticu$ had a higher Vickers hardness than did
shading, feather color is thought to play a mechanical role. Femmelanized feather keratin. In the behavioral literature,
example, an increase in melanin is associated with a reductisirength and hardness have been equated (Fitzpatrick, 1998),
of feather wear due to abrasion (Burtt, 1979, 1986; reviewedespite any direct experimental evidence linking the two.
in Bonser, 1996). It follows that melanin is more likely to bePerhaps they are related because in the center of feather keratin
found in feathers more exposed to wear, such as those in tisea large crystalline region (Greg and Rogers 1984, cited in
wing tips of gulls or gannets (Gill, 1995). Decreased featheYincent, 1990), and in crystals tensile strength is a maximum
surface area and length was observed on the albino side obBone-third its Vickers hardness (Vincent, 1990). Thus, greater
partially albino yellow-rumped warbleDgéndroica coronara hardness sometimes implies greater tensile strength. Although
audubonj Barrowclough and Sibley, 1980). Similarly, white a direct linkage between hardness and breaking has not been
spots on barn swallowHfrundo rusticg wings showed more established for feather barbs, Burtt (1986) quantified a direct
breakage than was expected by chance (Kose and Mgllenelanin-related effect on breakage. In that study, abrasion was
1999). Furthermore, increased wear was seen in an albisimulated by small glass beads blown at feathers by an air
greater shearwateP(ffinus gravi}, resulting in lower wing stream; a smaller fraction of melanized barbs than unmelanized
area, lower maneuverability and slower speed than pigmentédrbs were broken.
conspecifics (Lee and Grant, 1986). Differences in melanin, however, might be associated with

Few studies, however, have tested for mechanicalther factors of biomechanical importance, confounding the
differences between melanized and unmelanized keraticomparisons cited above. It has been suggested, for example,
Several studies have shown a correlation between increastdt melanin is associated with thickening of the structure of
melanin and abrasion resistance (Burtt, 1979, 198&he outer, cortical layer of the feather kerafimdeposition of
Barrowclough and Sibley, 1980; Lee and Grant, 1986; Kosmelanoprotein granules (see Burtt, 1986 for a review). Such
and Mgiller, 1999). Bonser and Witter (1993) found that thehickening affects the cross-sectional morphology, which will
keratin of melanized European starlin§tyrnus vulgarijs  affect derived mechanical parameters such as breaking stress.
bills had a significantly higher Vickers hardness than didndeed, cross-sectional morphology was found to affect
unmelanized bill keratin. Similarly, Bonser (1995) found thatflexural stiffness of the rachises of eight species (Bonser and
melanized feather keratin of the willow ptarmigdrmdopus Purslow, 1995). In addition, it is possible, indeed likely, that
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color will be non-randomly distributed with respect to both We used tensile rather than bending tests because of the

cross-sectional area and position on feathers. simplicity of determining breaking stresses with such tests.
To assess the contribution of barb morphology and positioRrevious research had shown that the rachis of pigeon flight

to mechanical performance, we quantify cross-sectional arefeathers failed by buckling during four-point bending (Corning

breaking force, breaking stress, breaking strain and toughneasd Biewener, 1998). We initially tried bendingrivéh lengths

of melanized and unmelanized barbs along the entire rachis of feather barbs but, because they are relatively slender

a primary feather from an osprelygndion haliaetus (40-400um diameter) compared with pigeon feather rachis,

our specimens bent inttJ-shapes before buckling. Such

) extreme bends made four-point bending tests impractical.
Materials and methods

Test specimen Cross-sectional area and wall thickness

A primary feather was obtained from the frozen right The cross-section, height and width of each barb were
wing of an osprey Randion haliaetud..). The feather was measured at the broken evid scanning electron microscopy
asymmetrical (as most flight feathers are), with the smaller sid€&EM) and NIH image analysis software. To do this, the8
(leading edge) being mostly dark gray or black, and the largefosest to the broken end of each barb was snipped off,
side (trailing edge) having white and dark bands runningnounted on an SEM stub and carbon-coated. Digital
perpendicular to the rachis. Barbs on the trailing edge of thghotographs, including scales superimposed by the SEM
feather were assigned a number (n), with 1 at the mosbftware, were taken of the snipped end of each barb. Each
proximal end and 302 at the most distal end. There were moceoss-section was typically oval to rectangular and consisted
barbs distal to 302, but they were too short for experimentationf a solid cortex surrounding a foam-like medullary space
The barbs were cut at a distance ranging betwaam&and (Fig.1). To obtain barb cross-sectional areas, the outer and
10mm from the rachis, with each sample 15828 long. inner boundaries of the cortex were traced, yielding the cross-
Fractional distanced] along the rachis was calculated by sectional area of the entire bask,and the cross-sectional area
dividing the barb number (n) by the total number of barbs (302)f the medullary spacesn. By subtracting the area of the space
in the experimental region of the feather. Barbs that were nétom the area of the entire barb, we calculated the cross-
fully black or white were discarded, leading to a grouping okectional area of the cortex wai,
data points of monochromatic barbs between gaps in the dataAlthough feather barbs are almost never cylindrical (see
due to bicolored barbs. The lack of black proximal and whité=ig. 1), for comparison with previous work (Corning and
distal data points is due to the impurity of colors in thesd@iewener, 1998; Brazier, 1927; Alexander, 1996) we
regions. calculated the ratio of wall thickness to mean radtirs,

assuming a cylindrical shape. For a hollow cylinder with outer
Mechanical tests radiusro and inner radius;, t=ro—i andf =¢o—i)/2. In terms

Each feather barb was mounted in a materials testing devicé area,ro=vao/T, whereao is the cross-sectional area inside
such that the initial length between the screw-and-nut grips walse outer edge of the cylinder. Similartyzvai/, wherea; is
9-15mm. The specimen was extended ah@min! untii  the cross-sectional area of the hollow region. Combining the
breakage. Force was measured using a strain-gage-based faggeations immediately above, the ratio of thickness to mean
beam (error, less than £0.08, and extension was measuredradius is:
using a linear variable differential transformer or LVDT (error, —_ —
less than +0.0Cmm). Data were digitized (12-bit) at 161Z. i_: 2(‘@0_‘/_&) _ 1)
Relevant mechanical variables were calculated from the forc r Vao + Vaj
extension curve, the initial length and the cross-sectional are
The initial length was measured using calipers (error, less thgNote that in the equivalent formula in Corning and Biewener,
+0.01mm) as the distance between the grips at zero load. 1998, their equatic8 contains a typographical error.) For

Grips at each end consisted of a screw with two nuts. Thestimatingt/r of the feather barbs, we substitudgtbr a; and
feather barb was inserted through one nut; the screw, which for a;.
already had one nut threaded onto it, was then screwed onto
the nut while the feather barb was in the nut. The nut already Calculated mechanical variables
on the screw was tightened against the nut containing the Breaking stressgbrk, was defined as breaking fordey,
feather barb. In this way, the barb was held in place bdivided bysc. Breaking straingnrk, was calculated by dividing
the corrugations of the screw and nut. By microscopidhe breaking extensiohyk, by the original lengtHy, of the barb
examination, it was possible to determine that there watgst section. Work to breaRirk, was determined by integrating
no slippage at the grips because the screw threads caugbkd area under the force—extension curve. Toughhemssywork
permanent crimps of the barb inside the nut. The crimpper volume, was calculated BYbri/(Sclo).
corresponded to the screw threads. Breakage usually did not
occur at the grips, indicating that the grips did not act to Statistical tests
concentrate force at the ends of the test length. Factorial analysis of variance (ANOVA) was used to test
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Fig.2. An example of a force—extension curve of a feather barb
extended at &@xmmin-1 until breakage. Data points were initially
sampled at 106iz, but data points shown were resampled at40

for presentation. Mean values for mechanical variables are given in
Tablel.

in either slopes or intercepts, the common slope and
common intercept were used to plot the least squares
regression lines.

Results

An example of an experimental plot of foraeersus
extension of a feather barb shows an inifiadhaped curve,
then a linear region, then a yield point followed by breakage
(Fig. 2). Such a force—extension curve is consistent with the
known structure of feather keratin. Specifically, feather keratin
is ap-pleated sheet, which is an extended fornudfelical
keratin. The force—extension curve for our feathprkeratin)
thus resembles the most extended portion of the
stress—extension curve for woal-keratin; compare with p.
190, Wainwright et al., 1976).

Summary statistics for relevant mechanical variables at
breakage are given in Tallefor all barbs that we measured.
Values for breaking stress are similar to another keratin-based
material, wool, which breaks at ~200-3@0l m—2 (Peter and
) ) Woods, 1955, cited in Wainwright et al., 1976; Hearle et al.
Fig. 1. An SEM photograph of the cross-section of one feather barhg71 cited in Vincent, 1990). Our values for breaking strains
included in this study (fractional distance=0.63). Barb sections arﬁverage 0.06, identical with that reported for feather keratin by

typically rectangular to oval, almost always with the dorso-ventral . L
axis (up—down in this photograph) longer and thicker walled than théstbury and Woods (1933, cited in Vincent, 1990). Our values

lateral axis (right-left in this photograph). Scale ban.80

Table 1.Summary of breaking data for the feather barbs

for differences between breaking force and breaking stress of Variable Mean  sb. SEM. N

melanized and unmelanized barbs. Analyses of covariance force Fop) (N) 1.15 0.56 0.042 176
(ANCOVA) were used with eithed or eprk as covariates. Extension lprk) (Mm) 0.61 0.23 0.017 176
ANCOVA formulas were from Zar (1996) and were used to  Stress @brk) (MN m—2) 281 76 6.1 156
test whether standard least squares linear regression lines forStrain €nrk) 0.060 0.024 0.0018 176
the classified variables were parallel (i.e. do the variables ToughnessT) (MJ nT3) 10.1 6.7 0.54 156

covary at the same rate). If significant differences among ) ) )
slopes were not found, then lines were tested to seekData for unmelanized and melanized barbs are pooled since no

differences in elevations. When there were no difference%c’lc’l”'b"’Isecj differences were detected (see figures and text).
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Proximal Mean fractional distance Distal ANOVA indicated overall that the breaking force of
melanized barbs (1.38+0.06 mean 1s.e.M.) was greater than
Fig. 3. Mean breaking force (A) and mean cross-sectional area (B) ¢hat of unmelanized barbs (1.00+005 P1,1740.001).
unmelanized (open circles) and melanized (closed circles) bands gimilarly, overall the cross-sectional area of melanized barbs
barbs as a function of mean fractional distance along the feathe(‘s.70<10‘3io.2®<10‘3 mm?) was greater than that of
where ‘0’ represents the proximal end and ‘1’ represents the distﬁl melanized barbs (3.860-23£0.23x10-3 mm?; P1.154<0.001).
end of the feather. Breaking force and cross-sectional area diﬁerecpHowever when breakin _force was nor,ma]ized for cross-
significantly between bands (ANOVA<0.001). Mean values for . ’ ; 9
bands sharing the same letter were not significantly differen_?ec_tlonal area (i.e. breaklr_lg stress was CalculateQ), ANOVA
(a posteriori P>0.05); mean values for all other bands werelindicated that the breaking stress of unmelan_lzed barbs
significantly different. (292.7£7.9MN m—2) was greater than that of melanized barbs
(249.4+8.9MN m~2, P115<0.001). When we took into
account the position of the barbs on the feathers, regressions
for toughness (10.MJm=3) are slightly lower than values
given for keratin-based materials (15-880 m~3) on p. 185 in
Denny (1988). Those keratin-based values are probably for Table 2.Summary of morphological measurements for the
wool, ana-keratin that probably has higher toughness because feather barbs
of the increased strain at breakage. Variable Mean  sbD. SEM.
The breaking force of barbs increased as a function of— -
increasing fractional distance from the proximal end of thé-ortical cross-sectional are)( 0.0045  0.0024 ~ 0.00019
feather, with a force plateau between fractional distances %(mmz)

. oL . . dull -secti | 0.0041 0.0027 0.00022
0.51 and 0.85 (Fig8A). Within this plateau, and in the three emurlnéa)ry cross-sectional ares|

color bands just proximal to it, adjacent bands of different ;s (=ka) 087 0.17 0.014
color typically did not differ in breaking force. The two most Thickness/mean radiugi) 0.39 0.057  0.0046
proximal bands and the most distal band all showed ®ean heightiim) 166 76.5 6.13
significantly lower breaking force than all other bands.Mean width im) 66.8 16.0 1.28

Similarly, cross-sectional area increased initially as a function

of increasing distance and was least for the most proximal andData for unmelanized and melanized barbs are pooled. Thickness/
distal bands (Fig3B). However, the cross-sectional areamMean radius ratio assumes that the barbs have a hypothetical hollow

plateau was narrower and shifted more distally than thevlindrical shape. Height is in the dorso—ventral direction; width is in
breaking force plateau the lateral directionN=156 for all measurements.
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strain €prk) of the unmelanized (open circles) and melanized (closewF'g' 7. Breaking straingbri) as a function of fract|or!al distance) ( .
circles) barbs. There were no significant differences in sloplalong the feathe_r, where ‘0" represents the proximal end_an_d_ 1
(ANCOVA: P21550.42) or intercept Ro1550.74) between rgpresents t_he distal end of the f_eather. There were no significant
barb colors for the log-transformed data (overall equationdifferences in slopeff 155=0.78) or interceptRz 155=0.52) fzor each
Obr=160&61062 r2=0.66, P115<0.001 that the overall slope is barb color (overall equatlon:gbrk:—0.0361+0.079, r<=0.19,
zero). P1,154<0.001 that the overall slope is zero).

of breaking stress as a function of fractional distance along ttieken into account. Breaking stress of barbs decreased from the

feather were best fit by a one-slope, one-intercept moderoximal to the distal end of the feather.

(Fig. 4, statistics reported in figure legend). Thus, strength was To assess the causes of this pattern of breaking stress, one

independent of barb color when position along the rachis waseeds to consider the possible contribution of the medullary
foam. The relevant variable is the ratio of the medullary cross-
sectional area to cortex cross-sectional as@s. This ratio

40~ increases linearly from 0.48 at the most proximal end to 1.2 at

a fractional distance of 0.88 and then decreases to 0.43 for

o barbs at the most distal end of the rachis (meamne#.,

0.87#0.014; Tabl®). In the Discussion, we consider whether

the medullary foam contributes to the observed patterns of

breaking stress.

The breaking stress did increase as a function of increasing
strain, with no significant difference in this relationship
between the two barb colors (Fi. statistics reported in the
figure legend).

Both toughness (Fig) and breaking strain (Fi@)
decreased as a function of fractional distance, with no
difference between the slope or intercept for melanized and
unmelanized barbs (statistics reported in the figure legends).

For comparison with data available in the literature on
0 025 05 075 1 feather rachis, and because the behavior of beams is affected

Proximal Distal by their cross-sectional shape, a summary of measured
Fractional distance morphological variables is given in Tallle

Toughness (MJ r3)
N w
Q Q

A=Y
o
I

Fig. 6. ToughnessT| as a function of fractional distance) @long
the feather, where ‘0’ represents the proximal end and ‘1’ represents

Discussion
the distal end of the feather. There were no significant differences in lanized feather barb 5
slope P2,1550.76) or interceptR2,1550.22) between barb colors ~ Are melanized feather barbs stronger?
(overall equationT=—10d+15,r2=0.19,P1,15<0.001 that the overall While greater abrasion resistance of melanizeusus

slope is zero). unmelanized keratin has been frequently reported (see
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Introduction), other morphological differences (such as crosdends at least speculative support to the possibility that melanin
sectional area) or positional differences (such as location alomgight slightly increase cross-sectional area and hardness.
the rachis of a feather) that might confound these resultdlainly, however, the pattern of variation indicates the
have not typically been assessed. We found that whilaecessity of careful sampling design to tease apart positional
apparent mechanical differences between melanizzdus effects from possible melanin-induced effects.
unmelanized barbs did occur, these differences disappeared
when morphology and position of the barbs were alsoDoes the strength of barb cortex decrease distally along the
taken into account. Thus, understanding the mechanical rachis?
characteristics associated with feather color entails taking into Our estimate of barb cortical strength assumed no
account differences in measured force not only as a functiccontribution from the medullary material; could a
of color but also as a function of barb morphology and positiorsystematically changing contribution of the medullary material
We did find that if only color was taken into account thenexplain the apparent distal decrease in cortical strength? It can
the breaking force of melanized barbs was significantly greatdére shown, as follows, that if the relative stiffness of the medulla
than that of unmelanized barbs, which is consistent witlis 1% of that of the cortex (Bonser, 1996) then the overestimate
reports from the literature (see Introduction). However, thiof strength is between 0.4% and 1.2%, depending on the
difference was less compelling when mean breaking force fgroportion of total cross-sectional area that consists of medulla.
each color band was plotted as a function of fractional distance see this, consider that a barb is a structure with two
from the distal end of the feather (F87). Adjacent bands in materials that contribute to the total tensile breaking force,
the middle of the feather tended to have the same breakikgFc+Fm, where Fc and Fm are the breaking force of the
force, independent of the color of the band. Similarly, bandsortical and medullary materials, respectively. The structure
of opposite color on either end of the feather were more simildails at a straing, and the forces due to the cortex and medulla
in breaking force to each other than they were to bands in tlage Fc=Ec.sc¢ and Fm=Emsme, respectively, wher&. and Em
middle of the feather. are the Young's moduli of the cortex and medulla,
This positional pattern of breaking force was associated witrespectively. Let the modulus of one material be a multiple of
a similar positional pattern in barb cross-sectional arethe modulus of the other materi@n=keEc, with a constant
(Fig. 3B). Cross-sectional area largely determined differenceke, and let the cross-sectional area of one material be a multiple
in breaking force between barbs. Thus, the plateaus of breakiof) the other areasm=kasc, with a constant Xk We estimated
force and cross-sectional area both occur at similar pointortical strength by dividing the total force by the cortical area.
along the feather, with lower values at the more extreme end® the degree that the medullary material contributes to the
of the feather. When we normalized breaking force for crosdetal force, cortical strength will be overestimated. We can
sectional area (i.e. calculated breaking stress), without takirgalculate the factor by which the cortical strength is
into account position, however, the breaking stress obfverestimated by dividing the estimated strength by the
unmelanized barbs was actually significantly greater than thatypothetical strength, combining the equations above:
of melanized barbs. When position of the barbs along th Flse
feather was taken into account as well (Big.there was no Fse
longer any significant difference in the strength of melanizec
versusunmelanized barbs. Thus, the strength of unmelanized For the feather barbs in this studyakerages 0.87 (Tab®
barbs was higher not because of intrinsic strength differencesmd ranges between 0.43 and 1.2; Bonser (1996) quantified the
associated with melanin but because there were more of thestiffness of rachis medulla as 1% of the stiffness of the cortex
located in a stronger (proximal) location. Position entirelysuch that k=0.01. Thus, the range of values f&/%)/(Fd/s)
explained the strength differences among barbs. are 1.0043 to 1.012, which indicates that the variability in
The absence of material property differences that could bestimated cortical strength due to the contribution of the
attributed to melanization is also apparent when breaking stressedullary material is ~1%. Such a small contribution of the
is analyzed as a function of breaking strain (B)gSimilarly,  medulla is unlikely to account for the observed 25% decrease
toughness (Figh) and breaking strain (Fi@) of barbs was not in estimated cortical strength at the most distal positions along
different for melanizedrersusunmelanized barbs when these the rachis. Furthermore, the ratio of medullary cross-sectional
variables were considered as a function of fractional distancarea to total cross-sectional area of barbs increased with
Thus, material properties of barbs did not depend on melanidistance along the rachis up to a fractional distance of 0.88,
It has been suggested that melanization serves to increashich is in the opposite direction needed to explain a decrease
hardness by inducing thickening of the tegument (se& estimated cortical strength due to differential contribution of
Introduction), thereby increasing cross-sectional area. Ithe medulla. So, changes in the contribution of the medullary
Fig.3B, we can compare cross-sectional area of adjacentaterial cannot explain the decrease in cortical strength that
differently colored bands. In five of nine such comparisonswe observed. The observed decrease in strength of barbs
there were no differences in cross-sectional area. In the fotomwards the distal end of the rachis must be due to changes in
comparisons where significant differences were detected, thiee material properties of the cortex keratin.
melanized barbs always had higher cross-sectional area. ThisMaterial property changes with position along the rachis

=1+ kke. (2)
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have been previously observed for feather cortex keratin. Fi 0.5
example, the stiffness of the cortex keratin from the rachis ¢
mute swan Cygnus oloy flight feathers has been shown to
increase by 100% from the proximal to the distal end of th
rachis (Bonser and Purslow, 1995). If we calculate a nomin:
breaking stiffness as breaking stress over breaking strain, v
find that there is a 37% increase in nominal breaking stiffnes
of barbs located towards the distal end of the rachis. Thus, tl
cortex of both rachis and barbs increases in stiffness towar 0.1 Barbs
the distal end of the rachis. Such location-dependent materi
property changes in stiffness, strength, breaking strain ar 0
toughness should be incorporated into studies of feathi )
structure and function. Length/height

. . Fig. 8. The relative curvature of a bent beam at failure as a function
Do material property changes of the more distal barbs affeclyf e slenderness of the beam. The relative curvature is given by the

flight performance? radius of curvature at failure Evaluated as in Equation 4) divided

A small decrease in material strength of the barbs towarcby the length of the beant)(plotted against the length divided by
the distal end of the rachis is unlikely to contribute much tdhe height of the beani/n). Averages (dots) and ranges of values
differential function of barbs during flight. This is because(horizontal lines) shown are for the osprey feather tested in the
barbs are normally loaded in bending during flight. TheCurrent e>.<periment. Barbs deform much more relative to their length
bending performance of barbs will be controlled by theiiP€fre failing by buckling than does the rachis of a feather. Thus,
flexural stiffness, which is the product of stiffness (a materiagarbs avoid failure by bending, whereas the rachis avoids failure by

epending more on structural and material strength.

property) and the second moment of area (a measure of t
distribution of cortex material around the neutral axis in the
plane of bending). Bonser and Purslow (1995) concluded th#tough both rachis and barbs fail by buckling. We do this
the flexural stiffness of the primary feathers of the mute swabecause the buckling stress is not known and changes
was principally controlled by the second moment of areasystematically with the wall thickness. As cylindrical beams
despite a 100% increase in stiffness along the rachis. Similarlpecome thicker walled, the buckling moment becomes equal
the consequences to bending performance of changes in tltethe moment at tensile rupture. We are interested here in
second moment of area that occur in barbs along the length efaluating mainly the effect of the relative slenderness of the
the rachis are likely to overwhelm the consequences of smdleam and the relative curvature at failure. Thus, we use as
changes in material properties of those barbs. a single reference point the tensile failure stress and

acknowledge that in both barbs and feathers the buckling

Does bending performance of barbs differ from that of the fajlure will occur at a somewhat variable lower value of stress

rachis? and curvature.

When bent to failure (buckling), the deflection of barbs We define relative curvature as the radius of curvature at
is relatively much greater than that of the rachis. Thidailure divided by the length of the beapil, and we define
phenomenon is perhaps best understood in terms of the radiglenderness as the ratigh, of a beam’s length to its effective
of curvature at failure. The radius of curvatupg ih a bent height (where effective height is the dimension perpendicular

Rachis

0.4

0.3

0.2

Curvature/length

0O 25 50 75 100 125 150 175 200

beam is: to the length but in the plane of bending). These two
Ez dimensionless numbers can be plotted against each other
p= R ) (Fig. 8), such that the typical range of slenderness values is

shown for the feather rachis and barbs used in this study. At
whereE is the Young’'s modulugz is the distance from the failure, barbs are relatively much more curved than the rachis.
neutral axis towards the outer margin of the beam,aarid  Thus, barbs tend to avoid buckling failure by bending out of
the stress in the bent beanzgWWainwright et al., 1976). We the way of high forces, whereas the rachis is less able to bend
use the same values for Young’s modulus and tensile failuiufficiently to avoid high forces.
stress as did Corning and Biewener (1998), originally obtained This effect of slenderness on flexibility is enhanced in the
from the literature (Bonser and Purslow, 1995; Crenshaw 1980arbs because they twist as they bend. Barbs are typically taller
cited in Corning and Biewener, 1998) to calculate the radiuthan wide (Figl; Table2), but when they twist, the smaller
of curvature as a function of the height (in the plane oflimension, the width, becomes the effective height, thus
bending) h, of the bending structure. B=2.5x10°, the tensile lowering the second moment of area and allowing a smaller
rupture stress ig;=226x10% andz=h/2, then radius of curvature before reaching a critical buckling stress.
0= 5.5 @) The tendency to twist has also been observed to a lesser degree

T in the rachis of pigeon flight feathers (Corning and Biewener,

We use the tensile rupture stress as a reference point evE998). In barbs, twisting persists even when groups of barbs
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are tested, despite the increase in lateral stability provided ldphnson, 1993) and stipes of kelp (which bend; Johnson and
such groups (M.B. and A.S.J., personal observation). Koehl, 1994) also functions to reduce drag. Finally, extreme
Thus, if you assume that cortex keratin of barbs and rachextensibility in viscid spider silk (Denny, 1976) and mussel
buckles at the same stress, a smaller radius of curvature wilyssal threads (Bell and Gosline, 1996) functions to avoid high
be observed for the barbs at that stress than will be observéstces by allowing deformation.
for the rachis. For feather rachis, the stress for buckling is less
than the tensile rupture stress (Corning and Biewener, 1998),  The role of melanin in signaling feather quality
and buckling can generally be expected in thin-walled beams Theories about the role of bird plumage in signaling feather
(Brazier, 1927). But as the wall gets thicker, the buckling anduality (Fitzpatrick, 1998) rest critically on whether feather
rupture moments converge. Whereas the pigeon rachis was tltioloration accurately reflects mechanical properties of the
walled ¢/r =0.081+0.0078; Corning and Biewener, 1998), thdéeather. To the extent that feather coloration is unimportant to
osprey barbs were relatively thicker walletf £0.320.0046; the mechanical function of feathers, it suggests that patterns of
Table2). The barbs will therefore be likely to have a highemmelanized and unmelanized feather coloration evolved under
buckling stress, a stress approaching that predicted by tiselective pressures, such as communication, counter-shading
tensile rupture of feather keratin. or thermoregulation, different from those involved in the
One can estimate the relative wall thickness at which a beamechanical function of feathers. It may be that the preference
should fail in tensile rupture rather than in buckling. Thisof feather-eating lice for unmelanized regions of feathers
calculation is done using the equation for buckling momentompromises feather strength in some species of birds (Kose
(equatiord4 in Corning and Biewener, 1998), the equation forand Mgller, 1999), and, perhaps, unbroken feathers with large
the rupture moment (a rearrangement of equa&ionCorning  white spots signal the absence of feather-eating lice. However,
and Biewener, 1998; not their equat®nwhich contains a while dark and light bar patterns may indeed aid the perception
typographical error) and the definitioirkro, wherek; is the  of the extent of wear and damage, the corollary that the absence
ratio of inner to outer radii. Then, using the same values foosf melanin facilitates feather wear needs to be examined more

Young’'s modulus, tensile failure stress, constant K andigorously.

Poisson’s ratio as did Corning and Biewener (1998), the ratio
of inner to outer radii at which the buckling moment equals the
rupture moment i%,=0.81. The rati, is related to thd/r
ratio by the following formula:

t 2(1_ Kr)

—_—=— (5)

r (1+kr)
thus, whenk,=0.81,1t/r =0.21. A highet/r (=0.39) for barbs
predicts that the barbs should fail in tensile rupture.

Summary

Whereas our measurements of material properties on one
feather
melanization contributes to strength or hardness in bird species
in general, our discovery of the importance of position to
material properties calls into question previous results in which
positional effects were not considered. Sampling of the tissues
to be tested must involve careful experimental design of the

from one species cannot determine whether

In contrast to this prediction, we observed that bent barbsampling scheme to adequately account for effects of location
failed in buckling. Buckling presumably occurred because thand cross-sectional area. Such sampling must be undertaken
barbs twist during bending and the wall thickness in the plankefore it can be concluded that melanization functions to
of bending after this twisting is considerably less than the meancrease hardness, toughness or strength of keratin-based
wall thickness of the barb. [See Figto understand a change structures in birds.

in the plane of bending due to twisting; bending dorso-
ventrally (up—down in Figl) becomes lateral bending after
twisting.] It may be that twisting partly functions to prevent
failure by tensile rupture, which would probably be morea;
catastrophic to barb function than is buckling. Buckling usually
leaves an intact but weakened barb and therefore a barb tlagt
still functions almost as well as before buckling. We proposel
the following design principle for barbs. By being thicker-E
walled dorso-ventrally (see Fify), their flexural stiffness is Ec
increased during flight; but by allowing for twisting when Em
loaded with dangerously high forces they firstly avoid failureFprk
by bending and secondly avoid complete failure by bucklind-c
rather than rupturing. Fm
High flexibility and deformability may function to prevent h
breakage in barbs, as it does in other systems. For instanée,
daffodil stems, which have low torsional stiffness, twist to
reduce drag in wind (Etnier and Vogel, 2000). Similarly,ka
flexibility in terebellid polychaete tentacles (which deform;ke

List of symbols

cross-sectional area of the hollow region inside the
wall

cross-sectional area inside the outer wall edge

fractional distance of the barb along the rachis

Young’s modulus

Young’'s modulus of the cortex

Young’s modulus of the medulla

total breaking force

breaking force of the cortex material

breaking force of the medullary material

height in the plane of bending

constant in equation 4 in Corning and Biewener
(1998)

ratio of medullary to cortex area

ratio of medullary to cortex Young's modulus



lbrk
lo

rk

Ngf—rqg)g)g)o"__."o_ﬂj

Ebrk
Kr
Obrk
Oz

length of the beam

breaking extension

original length of the barb test section

barb number

mean wall radius

radius of curvature

inner wall radius

outer wall radius

cross-sectional area of the cortex

cross-sectional area of the medulla

cross-sectional area of the entire barb

toughness

wall thickness

work to break

distance from the neutral axis towards the outer
margin of the beam

breaking strain

ratio of inner to outer radii

breaking stress

stress in the bent beamzt
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