
COMMENTARIES 

The Water Repellency of Water-bird Feathers 

ARIE M. RIJKE • 

Elowson (1984) analyzed the physico-chemical 
principles involved in the water repellency of textile 
fabrics. Based partly on measurements of the feather 
structure of 14 water-bird species, she concluded that 
the "textile model" cannot be applied reliably to 
feathers, and does not account for the spread-wing 
behavioral differences among water birds. I present 
a rebuttal to Elowson's critique centering on three 
main issues. 

First, the physical principles of the water repellen- 
cy of porous surfaces, originally applied to treated 
textile fabrics to explain the mechanism of water re- 
pellency, generally have been accepted in the orni- 
thological and textile-processing literature (Moilliet 
1963; Clark 1969; Kennedy 1969, 1972; Siegfried et 
al. 1975; Mahoney 1984). Elowson argued that textile 
fabrics and feather substructure are too dissimilar to 

justify comparison. More specifically, Elowson con- 
sidered the condition of parallel, perfectly cylindri- 
cal rows of rami and barbules essential for the valid- 

ity of the "textile model" to predict the water 
repellency of feathers. Because the rami and barbules 
are not circular in cross section, Elowson implicitly 
rejected the applicability of the physics of porous 
surfaces to feather structures, and, indeed, stopped 
just short of stating that feather structure is not a 
relevant factor in the water repellency of the feather 
coat. 

When a drop of liquid is placed on a smooth, solid 
surface, the liquid either spreads into a continuous 
film or covers a limited area, with the liquid taking 
the shape of part of a sphere. In the latter case, the 
equilibrium position of drops is determined by: 

cos 0 = ('rs - 'rs•)/'r,a, (1) 

where 0 is the contact angle between the tangent to 
the curved water surface at the point of contact with 
the solid surface, measured through the liquid. 
%•, and 3•a are the solid-air, solid-liquid, and liquid- 
air interfacial energies per unit area (Moilliet 1963). 

Alternatively, the work of adhesion (W), i.e. the 
work required to separate a unit area of solid-liquid 
interface into a solid-air and a liquid-air interface, 
can be expressed as: 

Ws• = 3'• + %a - %•, (2) 
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or, by incorporating Eq. 1: 

Ws, = %a (1 + cos 0). (2a) 

Adam (1956) pointed out that if a surface is rough or 
porous, large contact angles may cause drops to en- 
trap air in the hollows and interstices, thereby form- 
ing additional air-liquid interfaces. This will cause a 
considerable increase in contact angle because the 
work of adhesion between liquid and air is essen- 
tially negligible. The work of adhesion between a 
liquid and a porous surface, W•, is analogous to Eq. 2: 

Wps, = f•(3'• - %,) + (1 - f2)3'•, (3) 

where f• is the area of solid-liquid interface and f• 
that of liquid-air interface per unit macroscopic sur- 
face area. Substitution of Eqs. 1 and 2a then yields 
(Cassie and Baxter 1944): 

cos 0^ = f•cos 0 - f•, (4) 

where 0a is now the apparent contact angle as in- 
creased by the formation of air-liquid interfaces. 
Equation 4 has been derived solely from basic phys- 
ico-chemical principles without reference to param- 
eters pertaining specifically to textile fabrics or feath- 
er structure. In addition, the values of f• and f2 are 
determined only by the solid-liquid and liquid-air 
interfaces per unit of macroscopic surface areas, 
without dictating the shape, curvature, or configu- 
ration of these interfaces. The validity of Eq. 4, there- 
fore, extends to any porous surface that is covered by 
liquid for finite values of 0, i.e. larger than about 10 ø. 
These premises have been tested experimentally and 
found to be correct by Cassie and Baxter (1944) and 
by Rijke (1965) using paraffinated (0 = 114 ø) and un- 
coated (0 = 0) stainless steel wire cages and grids. For 
these specific models, composed of parallel rows of 
perfectly cylindrical wires, a simple calculation for 
the values of f• and f2 can be made: 

f• = [•rr/(r + d)] [1 - (0/180ø)] 
f2 = 1 - r sin O/(r + d), (5) 

where r is the radius of the circular wires with their 

axes 2(r + d) apart. Similar expressions can be cal- 
culated if the cross section of the wires are assumed 

to be elliptical, square, rectangular, etc. without af- 
fecting the validity of Eq. 4. 

The contribution of the wire structure to the values 

of f• and f2 is determined not by the absolute value 
of the radii of the wires and their distances apart, but 
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by the ratio (r + d)/r only. Large values of this ratio 
imply large f2 and small f• values, which increase the 
apparent contact angle in the manner described by 
Eq. 4 and are independent of the cross-sectional shape 
of the wires. 

In the case of feathers, there is an additional reason 
why conformity to a circular cross section of the rami 
and barbules is not critical. When a drop of water is 
placed on a smooth surface covered with a thin film 
of preening oil such as a rachis or a prepared micro- 
scopic slide, a contact angle of approximately 90 ø is 
obtained. Inserting this value for the contact angle 
in Eq. 4 reduces the first term on the right-hand side 
to zero or nearly so. As a result, the apparent contact 
angle 0^ is essentially determined by the value of f2 
alone. This conclusion is reached without specifying 
the dimensions of the ramus-water or air-water in- 

terfaces. Its validity, therefore, extends to any such 
interfaces irrespective of the cross-sectional shape. 
As in the case of circular cross sections, it is easy to 
show that if the cross section of the rami would be 

both continuous and elliptical, or square, or any in- 
termediate shape, the air-water interfaces under zero 
hydrostatic pressure would lie in the plane of the 
long axes of the rami when 0 is 90 ø. The term f2 is 
then equal to d/(r + d), where 2r is the width of the 
ramus as measured in the plane of the air-water in- 
terface. The values of (r + d)/r range between 2.1 
(penguins) and 6.0 (ducks). This means the apparent 
contact angle would vary between about 120 ø and 
150 ø . This difference has been advanced as the prox- 
imate cause of a penguin's wet appearance on the one 
hand and the proverbial behavior of water drops on 
a duck's back on the other (Rijke 1970). 

I submit that Eq. 4 represents an expression for the 
behavior of water drops on porous surfaces, deter- 
mined by contact angle and the relative areas of sol- 
id-liquid and liquid-air interfaces, and based on gen- 
eral physico-chemical principles. When these 
principles subsequently are applied to specific models, 
such as feathers, certain simplifying assumptions may 
be helpful in estimating the values for f• and f2, but 
these do not detract from the general validity of Eq. 4. 

Second, in her discussion of water penetration and 
water repellency of the porous feather structure, 
Elowson chose to distinguish between advancing and 
receding contact angles as two different entities, but 
there is no physical basis for this. When a small 
quantity of water is added to a drop on a repellent 
surface, the water-solid interface will expand slightly 
and advance with a contact angle that is larger than 
the receding contact angle observed when the water 
is withdrawn. This difference reflects any changes in 
surface energies from selective absorption and con- 
tamination of the water surface by selective dissolu- 
tion. It is usually small and unimportant in the ab- 
sence of absorption or contamination, as for mercury 
drops on a glass slide. Elowson claimed that the ad- 
vancing and receding contact angles can be visual- 

ized in raindrops trickling down a dirty window pane, 
but this is incorrect as gravitational force dispropor- 
tionately increases the advancing front and decreases 
the following tail of the drop. An advancing angle is 
established in the initial contact of water with the 

feather surface and also when water penetrates be- 
tween the rami and barbules and, therefore, deter- 

mines the water repellency and resistance to water 
penetration. The receding angle determines the bead- 
ing and eventual shedding of water drops. 

The ability of feathers to prevent water from pen- 
etrating to the skin is at least as important as water 
repellency alone. A mathematical expression for the 
pressure required to force water between the rami 
and barbules has been derived on premises similar 
to the ones referred to above (Baxter and Cassie 1945, 
Rijke 1970). Here, the absolute value of 2r and, there- 
fore, the scale of the feather substructure come into 
effect, in addition to the ratio (r + d)/r and contact 
angle 0. Elowson claimed that the inherent assump- 
tion of a zero pressure gradient across the feather 
surface at depth h is flawed because it ignores the 
considerable hydrostatic pressure, P = h x D x G (D 
is the density of water and G is the gravitational con- 
stant), to which the diving bird is exposed. This ar- 
gument, however, fails to take into account that the 
air between the feather coat and skin, as well as air 

in the air sacs and respiratory tract, will be com- 
pressed so as to balance the hydrostatic pressures sur- 
rounding the diving bird. Elowson's case would be 
valid if the air would communicate and the hydro- 
static pressures equilibrate, by means of a tube for 
instance, with the atmospheric pressure above the 
water surface. The difference between Elowson's pre- 
sentation and a diving water bird is exactly why 
snorkelers cannot submerge much deeper than 60 cm 
below the water surface (provided the length of 
snorkeling tube would permit this) without severe 
respiratory problems, whereas pearl divers are known 
to function well at a depth of 20 m or more. 

Finally, Elowson considered my 1968 and 1970 
sample sizes too small and without sufficient elabo- 
ration on methods and measurements to permit a 
meaningful conclusion. In fact, as reported in the 
1970 paper, feathers of at least one species of 45 dif- 
ferent aquatic families were examined and compared 
with those of another specimen or species of the same 
family to ascertain that the observed values were rep- 
resentative of the family. I included a total of 133 
different species and 426 different specimens. Of each 
specimen, the dorsal and ventral aspects of at least 
three breast feathers were examined for the dimen- 

sions of the rami and their distances apart, each at 
nine different locations on the vane. The results were 

compared with those of terrestrial birds. The data 
recently were analyzed statistically, and the differ- 
ences betwen the two groups were statistically sig- 
nificant. 

The contribution of liquid-air interfaces to the in- 
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crease of the contact angie of water drops on porous 
structures, such as feathers, is based on general phys- 
ical principles. Feather structure alone cannot confer 
water repellency. Sufficiently large values for the 
contact angie 0, established by preening oil or intrin- 
sic feather lipids (Stettenheim 1972) or both, are re- 
quired to increase significantly the apparent contact 
angie 0^ to where water drops will bead up and roll 
off. Chemical analysis of preening oil has shown high 
species specificity (Odham and Stenhagen 1971), but 
this is not reflected in the values of 0, which are in 
the neighborhood of 90 ø . The highest contact angie 
measured for water on a continuous smooth surface 

is 114 ø , using chemically pure, highly crystallized 
paraffin waxes (Moilliet 1963). Water drops on breast 
feathers of ducks, on the other hand, measure 140- 
150 ø . 

The resistance to water penetration through the 
feather structure of a diving water bird is determined 
by a zero hydrostatic pressure gradient across the 
feather surface, the values of 0 and (r + d)/r, and the 
absolute values of the diameters of rami and bar- 

bules. Because of their relatively small size, barbules 
probably make the most significant contribution to 
the resistance to water penetration. Values of (r + 
d)/r for barbules are about 4.7 and vary little among 
species. Breast feathers of cormorants show smaller 
values for (r + d)/r than those of ducks. This differ- 
ence has been proposed as the proximate cause of the 
cormorants' wing-spreading behavior (Rijke 1968). 
This habit of cormorants is likely to contribute sig- 
nificantly to an optimal feather condition that suits 
their behavior both in the air and in the water. 

LITERATURE CITED 

AVAnt, N. K. 1956. The physics and chemistry of 
surfaces. Oxford, Clarendon Press. 

BAXTER, $., & g. B. D. CASSIE. 1945. The water re- 

pellency of fabrics and a new water repellency 
test. J. Textile Inst. 36: T67-T90. 

CASSIE, g. B. D., & $. BAXTER. 1944. Wettability of 
porous surfaces. Trans. Faraday Soc. 40: 546-551. 

CLARK, G. A., JR. 1969. Spread-wing postures in Pe- 
lecaniformes, Ciconiiformes, and Falconiformes. 
Auk 86: 136-139. 

Et•OWSON, A.M. 1984. Spread-wing postures and 
the water repellency of feathers: a test of Rijke's 
hypothesis. Auk 101: 371-383. 

KENNEDY, R.J. 1969. Sunbathing behavior of birds. 
Brit. Birds 62: 249-258. 

--. 1972. The probable function of flexules. Ibis 
114: 265-266. 

MAHONEY, $. g. 1984. Plumage wettability of aquat- 
ic birds. Auk 101: 181-185. 

MOILLIET, J. L. (Ed.). 1963. Water-proofing and water- 
repellency. New York, Elsevier. 

ODHAM, G., & E. $TENFIAGEN. 1971. On the chemis- 
try of preen gland waxes of water fowl. Accounts 
Chem. Res. 4: 121-128. 

RiJI•E, A.M. 1965. The liquid repellency of a num- 
ber of fluorochemical finished cotton fabrics. J. 
Colloid Sci. 20: 206-216. 

1968. The water repellency and feather 
structure of cormorants, Phalacrocoracidae. J. Exp. 
Biol. 48: 185-189. 

1970. Wettability and phylogenetic devel- 
opment of feather stucture in water birds. J. Exp. 
Biol. 52: 469-479. 

SIEGFRIED, W. R., A. J. WILLIAMS, P. G. H. FROST, & J. 
B. KINAHAN. 1975. Plumage and ecology of cor- 
morants. Zool. Africana 10: 183-192. 

$TETTENFIEIM, P. 1972. The integument of birds. Pp. 
1-63 in Avian biology, vol. 2 (D. S. Farner and J. 
R. King, Eds.). New York, Academic Press. 

Received 14 July 1986, accepted 23 July 1986. 

Response to A.M. Rijke 

A. MARGARET ELOWSON • 

Elowson (1984) tested empirically Rijke's model of 
water repellency, and Rijke's (1986) commentary fails 
completely to address the core finding: that the val- 
ues of the ratio (r + d)/r of neither rami nor barbules 
separate those species that do and do not assume 
spread-wing postures. I here reply to the three an- 
ciliary issues of the commentary. 

(1) Feather structure and the textile model.--Rijke's 
first point is the contention that the model is a phys- 
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ico-chemical one that is not dependent on surface 
geometry. Yet Cassie and Baxter (1944), as well as 
subsequent authors (e.g. Warburton 1963; Rijke 1967, 
1968, 1970) developed the measurable variables f• and 
f2 based on circular cross sections (see Eq. 5 in Rijke's 
commentary). Lucas and Stettenheim (1972) depicted 
cross sections of rami (i.e. barbs without the bar- 
bules) as irregular, not even approximating a known 
regular geometric shape. Rijke implies that the textile 
model should not be rejected because "certain sim- 
plifying assumptions" are not met by feather struc- 
ture, but in that case we need a new model that will 
withstand empirical tests. Geometry aside, the corn- 


