(A) RECEPTOR ON WALL ~— vs. — (B) RECEPTOR ON MEMBRANE

stant

adsorb

sensitive \'

remains as free proline or whether it is
incorporated into proteins. Kaback and
Stadtman (5) showed that more than
80 percent of the 14C accumulated by
the membrane vesicles could be ex-
tracted in a form chromatographically
identical with free [¢Clproline. In our
control experiments more than 85 per-
cent of the [*Clproline accumulated
by the membranes remains soluble in
cold trichloroacetic acid.

We conclude from the sensitivity of
proline transport in subcellular mem-
brane wvesicles to colicin El1 that thé€
receptor sites for the colicin are on the
cell membrane (Fig. 3B) and not on
the cell wall (Fig. 3A). The previously
standard model (/) for the receptor on
the wall (Fig. 3A) is based on the
existence of the class of mutants that
are resistant to the otherwise unrelated
colicins E1, E2, and E3 and to bacte-
riophage BF23. However, if the phage
receptor on the cell wall includes the
molecular configuration which we have
diagrammatically represented as a wide
or narrow channel in Fig. 3B, this
would account for the experimental
fact that resistant mutants adsorb
neither the phage nor the colicins. In
our model, the resistance of the resist-
ant mutant to colicin El is not due to
a change in the shape of the receptor
(Fig. 3A) but due to a change in the
cell wall which blocks access to the
membrane receptor (Fig. 3B). When
the wall is enzymatically removed, as
in the preparation of membrane
vesicles, then the colicin E1 receptor is
again accessible. Variations on the
model in Fig. 3B are readily devised,
but this model has the virtue of predict-
ing the existence of still additional
classes of mutants with altered sensi-
tivity and adsorption properties. Some
may have already been found by Hill
and Holland (4), and one specific class
which is predicted by the model would
be resistant and unable to adsorb colicin
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Fig. 3. Models for
the colicin E1 recep-
tor and the nature of
resistant mutants. The

experiments support
model B against mod-
el A.

E1 owing to a change in the membrane

receptor (which would still be present

on the isolated membranes). The char-
acterization of other classes of colicin-
resistant and tolerant mutants through
studies of isolated membranes and the
physical isolation of the product of the
tol C gene from the membranes are
reasonable goals.
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Abstract. Mean maximum nestling weight of purple martins decreased with
increase in brood size from three to five. Martins in the absence of acarine nest
parasites produced young heavier than parasitized young of the same brood size;
in addition, unparasitized nestlings tended to reach a maximum weight equivalent
to that of young in parasitized broods of one less member. Modal brood size for
parasitized and unparasitized martins was four, but there was a significant trend
toward production of broods of five by mite-free birds, and of broods of three by
parasitized parents. This suggests a potentially important role for nest parasitism
in the determination of clutch size in martins and other birds.

Analysis of data from two colonies

- of the purple martin, Progne subis L.,

has demonstrated a significant decrease
in productivity that accompanies nest
parasitism by blood-feeding mites (I).
The evidence indicates that nest para-
sitism may be important in natural se-
lection of avian clutch size, although
this possibility has been largely ignored
in discussions of clutch size (2).

Two martin colonies were established
in the spring of 1964 in Lawrence,
Kansas, and are still being maintained.
Situated 10 m apart, each colony con-
sists of 12 apartments constructed to
allow daily examination of contents and
removal of nestlings for weighing and

other purposes. Shortly after establish-
ment, both colonies became infested
with mites, chiefly the martin mite,
Dermanyssus prognephilus Ewing (3).
Dipterans, reportedly significant nest
parasites of martins (4), did not appear
in our colonies.

Martin mites taken from the colonies
were maintained in laboratory culture
(5), with the domestic fowl as host.
Two-week-old chicks introduced as
hosts generally died within a relatively
short time, frequently in as little as 3
hours. Cause of death is not yet known,
but it seems more likely to be due to
toxicity of the mite saliva than to ex-
sanguination by the mites in so short a
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time. Co-evolution of host and parasite
over a period of time has been shown
to result in a reduction of the harmful
_effects of the parasite on its host (6),
and it is possible that the scarcity of
studies of the effect of nest parasitism
on productivity of avian hosts may be

due to an assumption that such a rela- .

tion would be difficult to demonstrate
as a result of long-term, mutual evolu-
tion. Our observation of the extremely
severe effects of D. prognephilus on the
domestic fowl, an abnormal host, sug-
gested that these mites were likely to
produce a lesser, but neverthéless mea-
surable, effect on the productivity of
their natural host, the purple martin
(7).

To test this hypothesis, one of the
martin colonies was treated each year
during the nesting season with a mixture
of the acaricidal dusts, Dri-Die 67 and
Dibrom (8). Mites were never com-
pletely eradicated from the treated mar-
tin colony, but a majority of mites was
destroyed, which created a highly sig-
nificant population differential between
the two colonies. Occasional seasonal
alternation of treatment from one col-
ony to the other provided no evidence
for the preferential choice of a mite-
free colony by birds returning in the
spring. Presumably, small populations
of overwintering mites tend to make
the colonies equivalent in their attrac-
tiveness to returning martins.

Daily weights of nestlings in the two
colonies were good indicators of para-
site influence. Nestlings (Fig. 1, A and
B) show an early, rapid growth phase
which declines slightly in rate with age,
reaching a peak and then dropping off
as the nestlings lose weight and prepare
for flight (9).

Martin productivity is influenced by
a complex of interrelated and interact-
ing factors, including weather condi-
tions, availability of food and nest sites,
presence of nest-site competitors and
predators, age of parents, seasonal tim-
ing-of nesting, and nest parasitism (7).
In the generally favorable season of
1966 (warm, dry, sunny weather), the
weight curves of parasitized and un-
parasitized young are essentially identi-
cal throughout their period of rapid and
slow growth, but separate after reach-
ing a maximum, with parasitized young
losing weight more rapidly, and fledging
lighter (P <.001) than unparasitized
young (Fig. 1B and Table 1). In con-
trast, in the less favorable 1967 season
(characterized by heavy rains and cool-

22 MAY 1970

Table 1. Mean daily weights and percent dif-
ference between daily weights of purple mar-
tin nestlings from treated and untreated
colonies in the 1966 season. With the paired
comparisons test, ¢ = 4.322, for 28 d.f. (P<
.001).

Mean daily weight (g) Percent
Day differ-
Treated Untreated ence

1 3.72 3.67 1.36
2 5.45 5.31 2.64
3 8.09 797 1.50
4 11.63 11.52 0.95
5 1591 15.69 1.40
6 20.47 20.11 1.79
7 25.32 25.09 0.92
8 30.67 - 30.38 0.95
9 35.69 35.48 0.59
10 40.34 40.38 —0.01
11 43.99 4417 —0.41
12 47.35 48.01 —1.39
13 51.02 51.04 —0.00
14 52.77 53.34 —1.08
15 54.31 53.99 0.59
16 54.49 54.64 —0.28
17 55.04 54.63 . 0.75
18 5497 53.33 3.08
19 55.71 52.37 6.38
20 55.24 51.63 6.99
21 54,23 50.89 6.56
22 53.20 49.85 6.72
23 52.68 49.26 6.94
24 51.67 48.08 7.47
25 51.05 48.09 6.16
26 48.93 47.37 329
27 48.74 46.35 5.16
28 48.12 46.32 3.89
29 47.52 44.85 5.95

er temperatures), parasitized young
were lighter than their unparasitized
counterparts throughout almost the en-
tire period in the nest. In 1965, a warm,
wet nesting season led to extremely
large mite populations in the untreated
colony. Although initial occupancy was
the same and an equivalent number of
eggs was produced in both colonies in
1965, nearly all nest boxes and eggs
were deserted by martins in the un-

treated colony, apparenty to escape the
large numbers of parasites. Similar nest
desertions accompanying large popula-
tions of the mite Ornithonyssus sylvi-
arum (Canestrini and Fanzago) have
been noted for mynahs and starlings
(10), and infestations of the same mite
cause significant mortality in phoebes
by driving young from the nest pre-
maturely (11).

With few exceptions, mean maxi-
mum nestling weight tends to decrease
with increase in brood size from three
to five (Table 2). However, the in-
fluence of availability of resources and
parasitism appears less pronounced
at lower brood sizes (I2). A plot of
mean maximum weight attained by
nestlings in the two houses in 1966,
for which we have the best replication
(Fig. 2), shows an expected decline in
weight with increased brood size. In
addition, the maximum weight of para-
sitized nestlings in 1966 was roughly
7 percent lower than that of parasite-
free nestlings of the same brood size.
Further, maximum weights attained by
parasitized young reared in broods of
four and three did not differ statistically
from maximum weights of unpara-
sitized nestlings in broods of five and
four, respectively; that is, there was a
tendency for parent birds in the mite-
free colony to rear one more offspring
than parents in the parasitized colony;
with no sacrifice in the weight of the
young (I3) (Fig. 2).

A positive relation between maxi-
mum nestling weight and survival after
fledging seems likely in purple martins,
although our banding returns are
meager. However, a high correlation

Table 2. Mean maximum weight attained by purple martin nestlings of different brood sizes
reared in the presence (U) and absence (T) of nest parasites during the 1965-1969 seasons.
Numbers in parentheses represent » and standard deviation for each measurement. A single
asterisk between two measurements indicates significance at P <.05, and triple asterisks

indicate significance at P < .001 (z-test).

Mean maximum weight of nestlings

Year Parasite (g) in broods of:
condition
Three Four Five
1965 T 62.84 (8;2.909)***56,30 (10;1.230)
U 60.23 (3;3.118)
1966 T 61.81 (3;3.385) 58.95 (12;3.475) * 56.09 (20;3.399)
3 R Fa
19} 57.60 (12;5.688) 55.26 (20;4.395) 52.62 (5;2.006)
1967 T 59.27 (3;0.602) 57.29 (8;1.632) * 50.48 (5;4.219)
P
U 54.38 (8;0.937)
1968 T 6036 (12;1.816)
: Ak
18) 55.90 (6;2.825) 56.09 (8;2.181) * 59.72 (5;3.562)
1969 T 5793 (3;1.553) 6245 (4;2.921) 56.52 (5;4.327)
% B
U 60.37 (6;0.728) 56.39 (8;4.679)
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Fig. 1. Nestling weights of purple martins, 1966 season, reared in the absence of nest
parasites (A), and mean weights in both absence (solid circles) and presence (open
circles) of parasites (B). Sample size for treated replicates in (A) and (B) is 38, unless
otherwise noted. The horizontal bars represent maximum, mean, and minimum; the
solid rectangles represent the 95 percent confidence limits. Sample size for untreated repli-
cates in (B) is 39 for days 1-22, 37 for day 23, 35 for day 24, 29 for day 25, 24 for
day 26, 19 for day 27, 12 for day 28, 2 for day 29, and 1 for day 30. Mean brood size
was 4.2 for the treated colony and 3.5 for the untreated.

between fledging weight and subsequent
survival has been found in other birds
(14) and, in our study, the few fledglings
that we have found on the ground and
too weak to fly have all come from the
untreated colony. As mean maximum
nestling weight declines with increasing
brood size (Fig. 2), we can assume
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the existence of a brood size at which
probability of fledgling survival ap-
proaches or becomes zero. According-
ly, natural selection for an otherwise
advantageous increase in clutch size
(and, therefore, brood size) would be
counterbalanced by the decreased capa-
bility of lighter weight fledglings from
large broods to survive. Our data indi-
cate that selection for smaller clutch
size will be accentuated by the pres-
ence of nest parasites. Feeding activi-
ties of the latter tend to further depress
nestling weight and, therefore, should
mitigate against the eventual survival of
parasitized young to reproductive age.

Further evidence for such selection
can be seen by summarizing martin
productivity in terms of the number of
broods of different sizes (three to five)
produced in the presence and absence
of parasites. Over the 6 years, 24 pairs
of martins from the treated colony and
25 from the untreated fledged 15
broods of three (4 broods from the
treated : 11 from the untreated), 24
broods of four (12 : 12), and 10 broods
of five (8 :2). Thus, although modal

Fig. 2. Mean maximum weight attained by
individuals of different brood sizes reared
in the presence (open circles) and absence
(solid circles) of nest parasites, 1966
nesting season. Asterisk indicates signifi-
cance by z-test at P < .05. The difference
of 7.3 percent for brood size of three,
although probably indicative of a real
trend, is not statistically significant be-
cause of small sample size from the treated
colony.

brood size of both mite-free and para-
sitized parents was equal, a shift oc-
curred in the direction of larger broods
in the absence of parasites and smaller
broods in their presence (P < .05 by
x? test, with Fisher’s Exact Method),
with a mean of 4.2 young produced by
mite-free birds versus 3.6 young by
parasitized martins.

Avian clutch size is an easily mea-
sured variable thought to relate to re-
source availability and to basic differ-
ences between temperate and tropical
ecosystems. Historically, the evolution
of clutch size has been regarded pri-
marily as a function of the amount of
food that the parent birds are able to
provide or the incidence of nest preda-
tion, or both, with the potential role of
nest parasitism either being ignored or
being considered minimum. The inci-
dence and degree of nest parasitism
may be a significant limiting factor in
the evolution of clutch size in the pur-
ple martin and, by extension, in other
cavity-nesting birds which return to the
same nest sites year after year.

W. WAYNE Moss*
Division of Entomology,
University of California,
Berkeley 94720

JosepH H. CaMIN
Department of Entomology,
University of Kansas, Lawrence 66044
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Formation Flight of Birds

Abstract. Formation flight of birds improves aerodynamic efficiency. Theoreti-
cally, 25 birds could have a range increase of about 70 percent as compared with
a lone bird, the advantage being more pronounced when there is a tail wind. A
vee formation is required to equally distribute the drag saving, and, contrary to
other statements, the lead bird does not necessarily have the most strenuous posi-
tion. The angle of the predicted vee compares with that observed in nature; sta-
bility mechanisms are described which make it easy and natural for the bird to

sense optimal formations.

Many birds migrate over long dis-
tances, some adopting a very specific
vee formation in flight. Aerodynam-
icists have speculated that this forma-
tion is chosen to reduce flight power
demand.

Wieselsberger (/) suggests that a
vee formation would be desirable for
approximate equipartition of drag. Be-
cause of the simplified analysis only
small power savings were indicated.
Others, for example, Storer (2), de-
scribe the mechanism of drag reduc-
tion by formation flight without quan-
titative analysis. There are certainly
small power savings for some forma-
tions of aircraft, but this reduction oc-
curs only for a dangerously close for-
mation. We have completed a theo-
retical analysis of formation flight of
birds, considering the greater aerody-
namic freedom of animal flight. Our
results showed that a striking saving in
power occurred. Typically, a group of
25 birds has approximately 71 percent
more range than a lone bird, and the
vee formation is optimal, with the
angle predicted consistent with obser-
vations. Also, the aerodynamics of opti-
mal formation flight introduce certain
invariants which can readily be sensed,
making it easy and natural for the bird
to fly optimally.

We first established the fixed-wing
analog. By applying standard, unsteady
wing theory to the ornithopter prob-
lem we showed that the flapping power
required consists of three terms. Two
of these, the profile power and the
induced power, are of the same size.
The third term, representing flapping
losses, is of low magnitude if the ratio
of the tip flapping speed to the flight
speed is low. The profile power and
induced power are identical to those
required if the wing were fixed and
propelled by other means. Thus, an-
alyzing the bird as a fixed-wing aircraft
gives a good estimate of its cruise
power requirements. So we considered
a fixed-wing vehicle of the same ge-
ometry as the bird.

It is a basic principle of aerody-

namics that an object flying by dy-
namic lift in a fluid gets its lift by
creating downward momentum within
its span. This applies to fish or fowl,
airplane or submarine. Beyond the wing
there is an upwash field, which is very
intense near the tip. Figure 1 shows
streamlines and vertical velocities of
this flow field. The power needed to
generate this lifting momentum is
called induced power, which is dis-
tinguished from the profile power—the
power needed to drive the vehicle
through the fluid against skin friction.
There is an infinite number of down-
wash distributions for a given lift. For
example, for increased tip lift the down-
wash at the tip will be stronger than
that inboard on the wing. Induced
power depends critically on downwash
distribution, which itself is related to
the distribution of lift across the wing
(the spanwise loading). A theorem of

| VERTICAL WASH BEHIND
WING
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WING _~ ‘

Fig. 1. Flow field of lifting wing.

/e __|s|._

04 Et i S e
o
ELLIPTIC LOADING
o2 .
0 1 1 1 1
1.0 08 06 0.4 0.2 o

b
R=bes

Fig. 2. Drag saving by formation flight.
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