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ABSTRACT.—We report measures of annual reproductive success and survival probabilities
of adult and offspring Cliff Swallows (Petrochelidon pyrrhonota) associated with clutches of
different sizes in southwestern Nebraska from 1982 to 1997. Clutch size 4 was the most com-
mon (47.6% of nests). Mean clutch size varied among years, mostly through differences in
the proportions of clutch sizes 3 and 4. Temperature and rainfall during egg laying were
unrelated to mean annual clutch size. Incubation period declined slightly with clutch size,
suggesting no incubation costs associated with larger clutches. Fledging success increased
with clutch size. Ectoparasites lowered fledging success significantly in clutch sizes 3 and 4
but not in smaller or larger clutch sizes. First-year survival probability was unaffected by
clutch or brood size when ectoparasites were removed, but under natural conditions survival
probabilities varied among years and differed significantly among birds reared in brood siz-
es 1to0 2, 3 to 4, and 5. Birds tending clutch size 4 produced the highest number of young
recruited as breeders in four of eight years; in the remaining years, birds tending clutch size
5 apparently did best. Fitness associated with clutch size 5 varied significantly with tem-
perature during brood rearing, being lowest in warm years. Averaged over all years, the
highest fitness was conferred at clutch size 5. Parental survival did not differ among clutch
or brood sizes for birds under natural levels of ectoparasitism. Body mass of nestlings at 10
days did not vary among clutch sizes in nonfumigated nests and was significantly higher for
nestlings in fumigated nests only for the intermediate clutch sizes (2 to 4). Classical life-
history tradeoffs probably cannot account for the observed distribution of clutch sizes in
Cliff Swallows. Climate and ectoparasite load vary enough annually and are unpredictable
enough that Cliff Swallows apparently pursue the risk-averse strategy of laying smaller
clutches on average than they can sometimes raise. Ectoparasitism accounted for much of
the risk associated with producing clutch size 5, but Cliff Swallows did not adjust their clutch
sizes in response to levels of ectoparasitism. Clutch size in aerial insectivores such as swal-
lows may also reflect energetic constraints associated with egg production early in the breed-
ing season when food is often reduced by cold weather. Received 12 January 1998, accepted 21

September 1998.

THE STUDY OF AVIAN LIFE HISTORIES has been
influenced heavily by David Lack’s (1947, 1954)
view that selection should favor birds that lay
a clutch size that yields the most surviving off-
spring. However, many species produce clutch-
es smaller than the most productive size
(Klomp 1970, Stearns 1992, VanderWerf 1992).
Numerous hypotheses have been proposed to
explain this paradox. That clutch size repre-
sents a tradeoff between current and future re-
production, with birds producing fewer, high-
er-quality offspring in the present year while
increasing their chances of surviving to repro-
duce the next year, has been the most popular
explanation for deviations from Lack’s predic-
tion. Survival studies show conflicting results,
however, some demonstrating a cost of large
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clutch size to parents or offspring (supporting
Lack) and others revealing no detrimental ef-
fect of increased clutch size (Murphy and
Haukioja 1986, Nur 1988a, Stearns 1992,
VanderWerf 1992). The early emphasis in stud-
ies of clutch size was to examine potential costs
associated with brood rearing, but the energet-
ic costs of egg production and incubation are
now recognized as additional factors that may
lead to smaller clutch sizes than predicted by
Lack (Monaghan et al. 1995, Monaghan and
Nager 1997).

Another explanation for the discrepancy be-
tween the most common and the most produc-
tive clutch sizes centers on environmental un-
certainty and the risk it causes for individuals
that rear larger clutches (Mountford 1973,
Boyce and Perrins 1987, Nur 1987, Yoshimura
and Shields 1992). When fitness tends to vary
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more for birds tending large clutches, selection
generally will favor a smaller clutch as the best
risk-averse strategy. This assumes that envi-
ronmental conditions are sufficiently uncertain
to prevent birds from predicting them at the
time of laying and facultatively adjusting their
clutch sizes in response. Testing for environ-
mental uncertainty requires data on clutch size
and fitness over multiple years from the same
population; thus, only long-term studies can
address this hypothesis. Despite the plethora
of clutch-size studies (see Stearns 1992), few
have lasted long enough to provide sufficient
information on temporal variability. An excep-
tion was Boyce and Perrins (1987), who found
that reduced fitness for Great Tits (Parus major)
rearing large clutches in the occasional bad
years was enough to select for smaller average
clutch sizes than could be produced in good or
average years.

A more recent hypothesis has provided an-
other explanation for deviations from the
"Lack” clutch size (Richner and Heeb 1995).
When nests are infested by ectoparasites with
short life cycles, which permits rapid parasite
buildup during the period of nestling growth,
larger broods will support more total para-
sites, and the condition of fledglings will be im-
paired. Birds may reduce their clutch size in re-
sponse (Richner and Heeb 1995). The potential
effect of ectoparasitism on clutch size has not
been widely appreciated (Meller 1991), per-
haps because many studies of clutch size have
been on hole-nesting species that occupy nest
boxes with unnaturally low levels of ectopar-
asitism (Mpoller 1989).

In this paper, we examine measures of repro-
ductive success and annual survival of adults
and offspring associated with clutches of dif-
ferent sizes in colonial Cliff Swallows (Petro-
chelidon pyrrhonota). We use these fitness com-
ponents to estimate the success of different
clutch sizes, assess the degree to which the
most common clutch size differs from the most
productive, and examine potential life-history
tradeoffs between clutch size and survival.
Throughout, we investigate yearly differences
in fitness components, specifically to examine
whether environmental uncertainty and higher
annual variance in reproductive success asso-
ciated with larger clutches can account for dis-
crepancies between the most common and the
most productive clutch sizes (see Boyce and
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Perrins 1987). We experimentally removed nest
ectoparasites to assess their potential effect on
clutch-size evolution and address Richner and
Heeb's (1995) generation-time hypothesis. Our
study differs from many previous ones on
clutch size because of its long-term approach
(up to 11 years of data in some analyses), use
of modern statistical methods (Lebreton et al.
1992) to estimate annual survivorship for first-
year birds, explicit focus on the role of ecto-
parasitism, and large sample sizes (more than
8,800 nests in total).

METHODS

Study site and study animals.—Our research is con-
ducted along the North and South Platte Rivers near
Ogallala, primarily in Keith and Garden counties,
southwestern Nebraska. Our study area is approxi-
mately 150 X 50 km and contains about 160 colony
sites where Cliff Swallows breed. The study site is
described in detail by Brown and Brown (1996). Cliff
Swallows (body mass 20 to 28 g) are Neotropical mi-
grants that breed throughout most of western North
America and winter in South America. They build
gourd-shaped mud nests beneath overhanging rock
ledges on the sides of steep cliffs or underneath the
protected eaves of artificial structures. Cliff Swal-
lows often breed in dense colonies. In southwestern
Nebraska, mean colony size is 393.0 * SE of 24.3
nests, ranging from birds that nest solitarily to col-
onies of 3,700 nests (Brown and Brown 1996). Cliff
Swallows typically have a short breeding season, 10
weeks or less in our study area, and raise only one
brood per year (Brown and Brown 1995). In south-
western Nebraska, most birds arrive in May, and
breeding is largely completed by the end of July.

Cliff Swallows are associated with a variety of he-
matophagous ectoparasites. In southwestern Ne-
braska, the two most common ones are the swallow
bug (Hemiptera: Cimicidae: Oeciacus vicarius) and a
bird flea (Siphonaptera: Ceratophyllidae: Ceratophyl-
lus celsus). These insects reside primarily in Cliff
Swallow nests or the adjacent nesting substrate. They
feed on blood of adults and nestlings, and in the case
of swallow bugs, they have substantial effects on
nestling survival and health (Brown and Brown
1986, 1996).

Nest checks.—We checked nests at intervals of one
to three days from shortly before egg laying until
eggs hatched or the nest failed. Nest contents were
observed with the aid of a dental mirror and flash-
light. Clutch size was the maximum number of eggs
appearing in a nest. In some cases, clutch size in-
cluded eggs laid or transferred by conspecific brood
parasites. Cliff Swallows often parasitize neighbor-
ing nests within a colony (Brown and Brown 1988a,
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1989, 1998a). We did not attempt to correct for
known cases of parasitism because parasitic eggs
were not marked, preventing us from knowing the
exact fate of many of them (especially when eggs
were tossed from a nest by a conspecific; Brown and
Brown 1988b). Once hatching date was determined,
we did not check a nest again until the nestlings were
10 days old. At that time, nestlings were banded,
weighed, and examined for ectoparasites. All swal-
low bugs and fleas anywhere on a nestling’s body
were counted. Parasite counts and body masses were
averaged for all nestlings within a nest, and these av-
erage values were used in statistical analyses. Eggs
disappearing during incubation, and nestlings
known to have hatched but absent at 10 days, were
scored as “lost.”” Unhatched eggs were those that re-
mained when nestlings were processed at 10 days.
Nestling survival was based on young surviving to
10 days, which is an accurate relative index of sur-
vival to fledging in Cliff Swallows. All years for
which we had relevant data are included in each
analysis; missing years reflect our not collecting that
type of data in that season.

Fumigation.—To test the possible relationship be-
tween ectoparasitism and clutch size, we fumigated
nests by application of a short-lived acaricide called
Naled (also known as Dibrom) to the outside of nests
and the surrounding substrate every 2 to 7 days
throughout the nesting season. This fumigant was
highly effective against swallow bugs, which were
the principal cause of nestling mortality (see Brown
and Brown 1996).

Weather data.—Climatological data were taken
from a long-term monitoring site in Arthur County,
Nebraska, about 48 km north of the center of the
study area. This site, part of the University of Ne-
braska’s Automated Weather Data Network, record-
ed daily high and low temperatures and amount of
precipitation.

Mark-recapture—Annual survival estimates were
based on mark-recapture of birds associated with a
given clutch or brood size. We banded 87,337 adults
and nestlings from 1982 through 1996 and typically
obtained 16,000 to 21,000 recaptures each season (see
Brown and Brown 1996). We monitored the presence
of banded birds at 25 to 35 colony sites each summer
by systematically mist netting at each site. This en-
abled us to build a capture history for each individ-
ual, indicating if the bird was encountered each sea-
son and, if not, whether it was known to be alive by
virtue of its being caught in a later year. Birds were
assigned as owners of nests based on observations of
color-marked individuals (white forehead patches
painted in unique three-color stripes) or from cap-
ture of individuals inside nests. Body mass of adults
was recorded each time a bird was captured, and
measures were assigned to the time periods of nest
building and egg laying or feeding of nestlings, de-
pending on when the bird was encountered.
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We used all cohorts recaptured through 1996 for
survival analyses. Because our most recent cohort
with clutch- or brood-size data was from 1993, this
gave us at least three years of recapture for all co-
horts. After three years of recapture, Cliff Swallow
survival estimates for a cohort cease to change with
the addition of more years of data (Brown and Brown
1996).

Survival estimation.—We estimated annual survival
probabilities for first-year Cliff Swallows and tested
for significant differences in survival between birds
from different clutch and brood sizes using the
methods of Lebreton et al. (1992). We used program
SURGE (Pradel and Lebreton 1993, Cooch et al. 1996)
to generate maximum-likelihood estimates of sur-
vival and recapture probabilities. We use the nota-
tion of Lebreton et al. (1992) in which annual surviv-
al probability is denoted ¢ and recapture probability
p. Subscripts indicate whether a model incorporates
time dependence in a parameter estimate (e.g. ¢, p,),
an effect of age (and if so, how many age classes; e.g.
&, Paa), cOnstancy over time (e.g. &, p), an effect of
group classification (if so, how many groups; e.g. .5,
P.s), or an interaction between group and time (e.g.
by p1)- In testing different models for a given data
set, we began with the Cormack-Jolly-Seber (CJS)
model with time-dependent survival and recapture
probabilities (Lebreton et al. 1992). We then tested a
variety of more general yet biologically relevant
models incorporating various combinations of age,
group, and time dependence (see Brown and Brown
1998a).

We compared models that were nested (e.g. ¢, p,
vs. ¢, p,) with a likelihood-ratio test. SURGE pro-
vides a relative deviance (DEV), —2 InL(8), for each
model fitted, and the difference among DEVs is the
X2 statistic with degrees of freedom equal to the dif-
ference in the number of estimable parameters be-
tween the two models (Lebreton et al. 1992). To com-
pare models that were not nested (e.g. ¢, p, vs. ¢,
P.2), we used Akaike’s Information Criterion (AIC;
Akaike 1973) and selected those with the lowest
AICs as the best-fitting models.

Potential differences in survival among different
groups of birds were assessed by comparing differ-
ent models, some of which modeled the effect of the
separate groups whereas others considered the
groups identical. If a model with a group effect pro-
vided a significantly better fit than one without it, we
concluded that survival differed among the groups.
If a group-effect model did not provide a signifi-
cantly better fit, the more parsimonious model with-
out a group effect was accepted, and we inferred no
difference among the groups. We show only the fits
of the three to six models with the lowest AICs. Be-
cause SURGE estimates local survival only and can-
not distinguish between permanent emigration and
mortality, our survival estimates are relative ones
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that are useful in comparing among different classes
of birds, but they do not represent absolute survival.

For a given model, the number of estimable param-
eters reported may differ slightly from those in
Brown and Brown (1998a) because here we used a
new version of SURGE with automatic parameter
counting (E. Cooch pers. comm.). These discrepan-
cies had no effect on the results of the model fitting
for either the analyses reported here or those of
Brown and Brown (1998a).

SURGE and the capture-recapture methodology
on which it is based make the implicit assumption
that an individual’s status does not change during
the period in which its survival is estimated. This as-
sumption is met for analyses of first-year survival in
relation to natal clutch or brood size because these
characteristics of an individual are fixed. However,
the status of adults with regard to annual clutch size
or brood size is not fixed because birds can lay
clutches of different sizes in different years. Thus,
SURGE is not appropriate for estimating annual sur-
vival of breeding adults in relation to clutch size or
brood size. Theoretically, a multistate approach
(Brownie et al. 1993, Nichols and Kendall 1995) could
be applied when individuals change status and
when transition probabilities are known, but there is
no tractable or widely available software to do this.
We used observed recapture probabilities to infer
relative survival among adults associated with dif-
ferent clutch and brood sizes. We tabulated the per-
centage of adults recaptured the next season in re-
lation to their clutch and brood size the previous
year; individuals ‘‘missed’” in the next year but re-
captured in a later year did not figure in our recap-
ture analysis because their presence could have been
affected by their tending a different clutch or brood
size in the intervening year(s).

RESULTS

Clutch-size distribution.—The distributions of
clutch sizes for 10 years between 1982 and 1997
(Fig. 1) show that clutch size 4 is the most com-
mon in Cliff Swallows (47.6% of 8,835 nests).
Clutch size 3 is the next most common (32.7%),
followed by clutch sizes 2 (8.4%) and 5 (6.8%).
Clutches =6 eggs are unusual (0.8%). These
distributions combine clutch sizes from fumi-
gated and nonfumigated nests because average
clutch size was unaffected by parasite removal
(Table 1). Only in 1988 did average clutch size
differ between fumigated and nonfumigated
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nests, with larger clutches produced in para-
site-free nests (Table 1). The distribution of
clutch sizes varied little among years (Fig. 1)
even though average clutch size differed sig-
nificantly among years for both nonfumigated
(Kruskal-Wallis test, x> = 30.7, df = 9, P <
0.001) and fumigated (x> = 19.2, df = 5, P =
0.002) nests. The principal differences among
years were the relative proportions of clutch
sizes 3 and 4 (Fig. 1).

Clutch size relative to weather—Yearly varia-
tion in clutch size could be caused by seasonal
differences in weather patterns, especially for
insectivorous birds such as Cliff Swallows that
depend on a food supply that is highly sensi-
tive to temperature and rainfall (Brown and
Brown 1996, 1998b). Seasonal climatic condi-
tions vary markedly among years in our central
Great Plains study area. For example, 1988 was
one of the warmest summers during the last
100 years and was followed by one of the cold-
est in 1992 (Brown and Brown 1996). Mean
clutch size per year did not vary significantly
with average daily high temperature (nonfu-
migated nests, r, = —0.15, P = 0.70, n = 9; fu-
migated nests, r, = —0.39, P = 0.39, n = 7) or
total precipitation (nonfumigated nests, r, =
0.38, P = 0.31, n = 9; fumigated nests, r, = 0.56,
P =0.19, n = 7) recorded between 1 May and
15 June each year. This period was likely to have
the greatest weather-related influence on clutch
size because 85.9% of clutches (n = 6,996) were
initiated during this 46-day span. We explored
other time intervals (e.g. prior to 1 May, subsets
of 1 May to 15 June) in our analyses and also
found no effect of weather on clutch size.

Incubation period relative to clutch size—One
measure of the production costs of different
clutch sizes is the time taken to incubate them.
Incubation period, measured from the laying of
the last egg to the hatching of the first nestling,
was shortest for clutch sizes 4 and 5 (Fig. 2). For
clutch sizes 3, 4, and 5, incubation periods were
significantly shorter in the absence of ectopar-
asites (Wilcoxon tests, P < 0.02; for clutch sizes
1 and 2, P = 0.28), although all differences in
incubation period among clutch sizes were rel-

FiG. 1.
fumigated and fumigated nests are combined.

-

Distribution of clutch sizes by year in Cliff Swallows in southwestern Nebraska. Data from non-
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TaBLE 1. Clutch size of Cliff Swallows (¥ = SE, with
n in parentheses) occupying nests that had been
fumigated to remove ectoparasites, and those not
fumigated, during six years in southwestern Ne-
braska.

Year Fumigated nests Nonfumigated nests P2

1984 3.57 + 0.05 (236) 3.57 = 0.04 (376) 0.96
1986 3.50 = 0.03 (991) 3.39 = 0.06 (263) 0.41
1987 3.57 * 0.03 (1,250) 3.54 = 0.05 (323) 0.46
1988 3.45 + 0.02 (1,748) 3.28 = 0.06 (276) 0.02
1989 3.46 + 0.04 (689) 3.49 = 0.08 (131) 047
1997 3.49 = 0.07 (161) 3.53 = 0.04 (580) 0.76

All  3.48 = 0.01 (6,008) 3.49 + 0.02 (2,827) 0.11

2 Based on Wilcoxon test within years.

atively small. We found a similar result when
each year was analyzed separately.

Fledging success relative to clutch size.—Fledg-
ing success, as measured by the number of
nestlings surviving to 10 days, generally in-
creased with clutch size (Fig. 3A). This also
held when fledging success was expressed as
the percentage of clutches producing at least
one surviving nestling (Fig. 3B), averaged over
all years. Success peaked at clutch size 5 and
appeared to decline slightly for clutch sizes =6.
The pattern was similar among nonfumigated
and fumigated nests (Fig. 3). Nestling survival
was higher in fumigated nests, reflecting the
deleterious effects of swallow bugs. The effects
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FIG. 2. Mean (*SE) incubation period of Cliff
Swallows relative to clutch size. Sample sizes (num-
ber of nests) shown above or below error bars. In-
cubation period varied significantly with both clutch
size and fumigatjon treatment (two-way ANOVA, P
< 0.0001).
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Fi1G.3. Mean (=SE) number of Cliff Swallow nest-
lings surviving per nest (A) and percentage of nests
producing at least one surviving nestling (B) relative
to clutch size. Sample sizes (number of nests) shown
above or below error bars. The number of nestlings
surviving varied significantly with both clutch size
and fumigation treatment (two-way ANOVA, P <
0.0001). The proportion of nests that was successful
varied significantly with both clutch size and fumi-
gation treatment (x? tests, P < 0.0001).

of bugs were greatest in clutches of 3 and 4
eggs, the two most common clutch sizes (Fig.
3). Fledging success expressed as the mean
number of surviving young did not differ sig-
nificantly between fumigated and nonfumigat-
ed nests for the smallest (1) or the two largest
(5 and =6) clutch sizes (Wilcoxon tests, P =
0.41); success differed significantly between fu-
migated and nonfumigated nests for clutch siz-
es 2, 3, and 4 (P < 0.001; Fig. 3A).
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Fledging success showed similar patterns
among years for both nonfumigated and fu-
migated nests (Fig. 4). Clutch size 5 was con-
sistently as productive (usually more so) than
the smaller clutches in both the presence and
absence of ectoparasites. Conclusions about
clutch size 6 are risky owing to small sample
sizes; in some years, fledging success for clutch
size 6 was higher than that of clutch size 5,
whereas in other years it was much lower (Fig.
4).

Fledging success is determined by how many
eggs are lost before hatching, how many nest-
lings are lost before fledging, and how many
eggs fail to hatch. Egg loss was lowest for the
more common clutch sizes 3 and 4 (Fig. 5A),
whereas loss of nestlings (Fig. 5B) and the
number of unhatched eggs (Fig. 5C) tended to
increase with clutch size. Patterns were similar
for nonfumigated and fumigated nests, al-
though in general the biggest differences be-
tween nests with and without parasites again
were at clutch sizes 3 and 4 (Figs. 5B, C). In
comparing fumigated and nonfumigated nests,
significant differences in the number of eggs
lost occurred only for clutch sizes 2 and 3 (Wil-
coxon tests, P < 0.03; for other clutches, P =
0.11); significant differences in the number of
nestlings lost occurred only for clutch sizes 3
and 4 (P = 0.008; for other clutches, P = 0.17);
and significant differences in unhatched eggs
occurred for clutches 3, 4, and 5 (P < 0.03; for
other clutches, P = 0.23).

First-year survival relative to clutch size and
weather—Model fitting revealed no significant
differences among natal clutch sizes in proba-
bility of first-year survival for nestlings from
either nonfumigated or fumigated nests (Table
2). However, natal clutch size does not neces-
sarily reflect the brood size a bird is reared in,
given the loss of eggs and nestlings and the fact
that some eggs do not hatch (Fig. 5). Brood size,
measured as the number of young surviving to
day 10, better reflects actual rearing conditions
and the potential for nestling competition. For
fumigated nests, brood size had no apparent
influence on first-year survival; a model with-
out brood size as a group effect (model 9; Table
3) provided a significantly better fit than ones
that modeled either each brood separately or
fewer brood-size classes. For birds from nests
exposed to natural levels of ectoparasites, how-
ever, first-year survival differed significantly
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among natal brood sizes. An age-stratified CJS
model with brood sizes 1 and 2 combined,
brood sizes 3 and 4 combined, and brood size
5 (no data were available for brood size =6)
provided the best fit (model 13; Table 3). First-
year survival estimates (from model 13) varied
significantly among years (Fig. 6). In three
years (1984, 1990, 1993), birds from brood sizes
1 or 2 had the highest survival; in four years
(1983, 1986, 1987, 1988), birds from brood sizes
3 or 4 had the highest survival; and in four
years (1982, 1989, 1991, 1992), birds from brood
size 5 had the highest survival. Averaged over
all years, first-year survival probabilities for
birds from brood sizes 1 to 2, 3 to 4, and 5 were
0.153, 0.210, and 0.267, respectively.

Given these yearly differences, we examined
whether annual variation in climatic conditions
during the breeding season potentially influ-
enced first-year survival. We used weather data
for the month of June because most Cliff Swal-
lows in our study area hatch and are raised
during that month (Brown and Brown 1996).
Total precipitation during June (n = 11 years)
had no effect on first-year survival probability
(brood sizes 1 to 2, r, = 0.32, P = 0.34; brood
sizes 3to 4, r, = 0.17, P = 0.61; brood size 5, 7,
= —0.18, P = 0.59). However, average daily
high temperature for June was significantly as-
sociated with first-year survival of birds from
brood size 5, with survival declining in warmer
years (r, = —0.77, P = 0.005, n = 11). There was
no significant correlation between temperature
and survival for birds from brood sizes 1 to 2
(r,= —-036, P =027, n =11)or 3 to 4 (r, =
—0.06, P = 0.85, n = 11).

Annual reproductive success relative to clutch
size.—The number of nestlings that survive to
fledge (Fig. 4) is one measure of annual repro-
ductive success (ARS). A better measure is the
number of nestlings that enter the breeding
population the next season. For nonfumigated
nests, we estimated ARS (Fig. 7) by multiplying
the number of young fledged (Fig. 4) by the
probability of first-year survival for birds from
broods of different sizes (Fig. 6). For fumigated
nests, measures of ARS based on fledging suc-
cess (Fig. 4) reflected relative recruitment the
next year because first-year survival was not
associated with clutch size or brood size in par-
asite-free nests.

When ARS was estimated using average
yearly values for fledging success and first-year
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survival, reproductive success generally in-
creased with clutch size (Fig. 7). However, re-
sults varied among years. Considering only the
mean values, in four of eight years the most
common clutch size, 4 eggs, was the most pro-
ductive; in the remaining four years, produc-
tivity was highest for clutch size 5 (Fig. 7). The
superiority of clutch size 4 occurred in warm
years when first-year survival of birds from
broods of 5 was low. The error (standard de-
viation) associated with each ARS estimate was
relatively high because we were estimating the
variance of a product (Fig. 7).

Parental survival relative to clutch size.—The
percentage of breeders recaptured the next
year did not vary significantly among clutch
sizes for either sex in the presence (males, x> =
3.84, df = 3, P = 0.28; females, x> = 0.14, df =
3, P = 0.99) or absence (males, x> = 0.95, df =
4, P = 0.92; females, x2 = 0.87, df = 4, P = 0.93)
of ectoparasites. The percentage of breeders re-
captured the next year did not vary signifi-
cantly with brood size for either sex in nonfu-
migated nests (males, x> = 3.78, df = 3, P =
0.29; females, x? = 1.74, df = 3, P = 0.63) but
varied significantly with brood size for females
in parasite-free nests (males, x> = 6.29, df = 5,
P = 0.28; females, x> = 20.2, df = 5, P = 0.001).

Ectoparasitism relative to clutch size—Clutch
sizes 1 and =6 showed a marked difference in
total swallow bugs per nest (those counted on
all nestlings), but bug loads exhibited relatively
little variation for clutch sizes 2 to 5 (Fig. 8A).
Bugs per nestling declined from clutch size 2 to
5, with the lowest per capita bug loads in clutch
size 5 (Fig. 8B). Except for an increase in clutch
size =6, flea numbers were similar among
clutch sizes (Fig. 8).

Nestling body mass relative to clutch size—
Nestling body mass is a useful measure of the
effects of ectoparasites and the potential rear-
ing costs of different clutch sizes (Brown and
Brown 1996). Mean body mass per nestling did
not vary significantly with clutch size among
nonfumigated nests; in the absence of ectopar-
asites, body mass varied significantly with
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clutch size (Fig. 9). The difference in body mass
between fumigated and nonfumigated nests
was significant for clutch sizes 2, 3, and 4 (Wil-
coxon tests, P = 0.0001) but not for the other
clutch sizes (P = 0.17). As clutch size increased,
the removal of ectoparasites had markedly less
effect on nestling body mass (Fig. 9). In the
presence of ectoparasites, only clutch size =6
resulted in nestlings of low body mass.

Adult body mass relative to clutch size—Body
mass of breeding females during egg laying
varied significantly with clutch size (Fig. 10A);
body mass was higher among females that laid
larger clutches. In contrast, body mass of fe-
males during brood rearing did not vary sig-
nificantly with clutch size, although mass tend-
ed to decline with clutch size for clutches 2 to
5 (Fig. 10A). Among breeding males, body
mass during egg laying did not vary signifi-
cantly with clutch size, but the overall pattern
was similar to females in that heavier males
were associated with larger clutches (Fig. 10B).
Body mass during brood rearing declined sig-
nificantly with clutch size for breeding males
(Fig. 10B). Most of these clutch-size compari-
sons came from birds occupying nonfumigated
nests; combining fumigated and nonfumigated
nests for this analysis was warranted because
adult body mass was unaffected by nest fumi-
gation (Brown and Brown 1996).

DIsCUSSION

Our results for Cliff Swallows are similar to
those for many other species in that the most
common clutch size (4 eggs) does not seem to
be the most productive (5 eggs). However, we
found substantial yearly variation, and the
most common clutch size was the most pro-
ductive in some years. This provides partial
support for the contention that selection favors
clutch sizes that produce the most young (Lack
1947, 1954). Ectoparasites seemed to inflict a
serious cost for birds that raised the most com-
mon clutch sizes (3 and 4 eggs). The effect of
ectoparasites on first-year survival also led to

-

FiG. 4. Mean (+SE) number of Cliff Swallow nestlings surviving per nest relative to clutch size each year
for nonfumigated nests (hatched bars) and fumigated nests (stippled bars). Sample sizes (number of nests)
shown above error bars. The number of nestlings surviving varied significantly with both clutch size and
year for nonfumigated and fumigated nests (two-way ANOVA, P < 0.0001 for each comparison).



April 1999]

Number of nestlings surviving per nest

Clutch Size in Cliff Swallows

55T7g82 5 5577987
5.0 5.01
451 4.57
o : “
30 216 30
25 25
20 2 20
1.5 58 15
G %
0.0 /] 00
T 1 2 3 4 5 3286
5577983 55
5.0 50
45 4.5
1 -
2 e 28
3.0 &1 7 3.07
25 / 25
2.0 / 2.0
15 21 / 1.51
1.0 1.0
05 = / 0.51
0.0 7 rlLavrdyed 0.0
1 2 3 4 5 26
55

1984

5.0
45
4.0
35
3.0
25
2.07
1.51
1.01
05 6
0.0~

Clutch size

475



476

lower success of clutch size 5 in some years and
was the principal reason that the most common
clutch size, 4 eggs, was the most productive in
those years.

Tradeoffs in clutch size.—The view that clutch
size represents a tradeoff between current and
future reproduction has a long history (Wil-
liams 1966, Charnov and Krebs 1974) and has
been perhaps the most popular explanation for
the observed discrepancy between the modal
and the most productive clutch sizes (see Nur
1987, 1988a; Linden and Magller 1989; Dijkstra
et al. 1990; Stearns 1992). This tradeoff may
take a variety of forms: (1) offspring quality
may be compromised by raising a larger clutch,
especially when food is limiting, resulting in
reduced offspring survival either before or af-
ter fledging (e.g. Perrins 1965; van Noordwijk
et al. 1981; Nur 1984a, 1988b; Gustafsson and
Sutherland 1988; Wiggins 1990); (2) parental
survival may be reduced by the costs associat-
ed with producing, incubating, or provisioning
a large clutch (e.g. Bryant 1979, Nur 1984b,
Martin 1987, Dijkstra et al. 1990, Daan et al.
1996, Heaney and Monaghan 1996, Monaghan
and Nager 1997); or (3) parental resistance to
parasites and pathogens may be compromised
by investing in a large clutch (Gustafsson et al.
1994, Oppliger et al. 1997). Experiments on
many species show that investing heavily in a
current clutch reduces a parent’s future repro-
ductive success (Stearns 1992). However, this
cost of reproduction is often obscured by phe-
notypic correlations between clutch size and in-
dividual ability (Nur 1987, 1988a; Pettifor et al.
1988; Linden and Magller 1989).

The evidence from Cliff Swallows that
clutches above the modal size are costly under

RN

F1G.5. Mean (=SE) number of Cliff Swallow eggs
lost per nest (A), mean number of nestlings lost per
nest (B), and mean number of unhatched eggs per
nest (C) relative to clutch size. Sample sizes (number
of nests) shown above error bars. The number of eggs
lost varied significantly with clutch size (two-way
ANOVA, P < 0.0001) but not with fumigation treat-
ment (P = 0.09). The number of nestlings lost varied
significantly with clutch size and fumigation treat-
ment (two-way ANOVA, P < 0.0001). The number of
unhatched eggs varied significantly with both clutch
size and fumigation treatment (two-way ANOVA, P
< 0.0001).

Number of nestlings lost per nest Number of eggs lost per nest

Number of unhatched eggs per nest
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TABLE2. Capture-recapture models and comparisons among models for Cliff Swallows banded as nestlings
in relation to natal clutch size (see text for model notation).

No.
Model parameters? DEV® AlCt Comparison
Fumigated nests

(1) duzr P 34 17,972.0 18,040.0 Best fit; no differences among clutch sizes

(2) Doaioger P 42 17,959.6 18,043.6 Groups = birds from clutch sizes 1 to 3, 4 to 5;
(2)vs. (1), x* =124,df =8, P = 0.13

(3) doargr P 40 17,970.7 18,050.7 Groups = birds from clutch sizes 1 to 2, 3 to 5;
(B)vs. (1), x*=13,df =6, P = 0.97

(4) darrgr P 42 17,9754 18,059.4 Groups = birds from clutch sizes 1 to 4, 5; (4)
vs. (1), x> = 3.4, df = 8, P = 0.91

(5) Doiogs Pae 110 17,888.0 18,080.0 Groups = birds from clutch sizes 1, 2, 3, 4, 5;
(5) vs. (1), x> = 84.0,df = 76, P = 0.25

Nonfumigated nests

(6) b Pue 43 2,969.0 3,055.0 Best fit; no differences among clutch sizes

(7) uzrgrr Pz 56 2,950.3 3,062.3 Groups = birds from clutch sizes 2 to 3, 4 to 5;
(7) vs. (6), x* =9.7,df =13, P = 0.72

(8) duzpgar Poze 102 2,917.5 3,121.5 Groups = birds from clutch sizes 2, 3, 4, 5; (8)

vs. (6), x* = 51.5, df = 59, P = 0.74

2 Number of estimable parameters.
b Relative deviance.
< Akaike’s Information Criterion.

4 Respective sample sizes were 15, 207, 2,118, 3,966, and 1,183 for clutch sizes 1 to 5 in fumigated nests and 113, 695, 2,015, and 516 for clutch

sizes 2 to 5 in nonfumigated nests.

natural conditions was mixed. Here, we con-
trast clutch size 5 with the smaller clutches be-
cause clutch size =6 occurred so rarely. Paren-
tal survival did not seem to be compromised by
raising larger clutches, body mass of nestlings
under natural conditions did not vary with
clutch size, and clutch size 5 resulted in more
total offspring surviving to fledging than did
smaller clutch sizes. We found no evidence that
clutch size 5 took longer (and thus was more
costly) to incubate, a potential cost often ne-
glected in considerations of clutch-size evolu-
tion (Ankney and MacInnes 1978, Smith 1989,
Siikamaki 1995, Heaney and Monaghan 1996,
Monaghan and Nager 1997). These results
would be predicted if clutch size in Cliff Swal-
lows reflects nonheritable variation in individ-
ual quality (see Price and Liou 1989), and they
are consistent with results from long-term
studies of other species (e.g. van Noordwijk et
al. 1981, Boyce and Perrins 1987, Rockwell et al.
1987).

Body mass of males and females while feed-
ing young tended to decline for the larger
clutch sizes, suggesting that Cliff Swallows
raising larger clutches were in poorer condition
at the end of the breeding season than those
raising smaller clutches. More important, first-
year survival of birds from brood size 5 was re-

duced such that local recruitment of offspring
in the next season was higher for broods of 4 in
half of the eight years for which we had esti-
mates. Ours is one of the few studies to dem-
onstrate an offspring survival cost of larger
broods under natural conditions. We may have
been able to show this in part because we used
modern statistical methods to estimate first-
year survival. Thus, birds raising clutch size 5
in some years are at a disadvantage by presum-
ably expending more effort per successful re-
cruit. In other years, however, we found no ev-
idence of a cost associated with clutch size 5.
Why, then, are clutches of 5 eggs so compara-
tively rare (6.8%) in Cliff Swallows?
Environmental uncertainty and “bad” years.—
When environmental conditions vary from
year to year, individuals may have little diffi-
culty raising large clutches in favorable years.
In other years, the same individuals may be un-
able to raise similarly large clutches without in-
curring substantial costs. Food availability is
often thought to vary with environmental con-
ditions and thus to directly affect prospects of
success for different clutch sizes (Perrins 1965,
Cody 1966, Murphy 1986, Hussell and Quinney
1987, Martin 1987, Forbes and Mock 1996). Par-
asite load may be another important compo-
nent of environmental variability (see below).
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FIG. 6. Probability of first-year survival (from
fledging to first breeding season) for Cliff Swallows
from different brood sizes by year for nonfumigated
nests. Cohort refers to natal year. Survival probabil-
ities (£ SD) were estimated with SURGE using mod-
el &g Pax (see Table 3). Total sample sizes are given
in Table 3.

Uncertainty causes greater variance in repro-
ductive success (risk) associated with the larg-
er clutch sizes (Boyce and Perrins 1987, Stearns
1992, Yoshimura and Shields 1992). If environ-
mental conditions cannot be predicted, a risk-
averse strategy of laying a smaller clutch size
would be best (Mountford 1973, Bulmer 1985,
Yoshimura and Shields 1992). Environmental
variation can select for smaller clutch sizes on
average and potentially can explain the Lack
paradox (Boyce and Perrins 1987).
Environmental uncertainty can be addressed
empirically only with long-term studies, and
ours is similar to Boyce and Perrins’ (1987) on
Great Tits in demonstrating the importance of
annual variation. In “good”” years (e.g. 1982),
clutch size 5 yielded a higher number of re-
cruits than did all other clutch sizes, but in
“‘bad” years (e.g. 1988), birds raising clutch siz-
es 3 or 4 did better than those raising clutch
size 5. Cliff Swallows, like Great Tits, periodi-
cally encounter bad years for raising large
clutches. These fitness differences (Fig. 7) may
have been magnified by undetected clutch-size
differences in parental survival. The reduction
in body mass for females tending larger clutch-
es suggests that parents of larger clutches have
lower annual survival, because late-season
body mass is directly associated with survival
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of adult Cliff Swallows in general (Brown and
Brown 1996).

The higher variance associated with clutch
size 5 is illustrated by a comparison of the geo-
metric means in estimated fitness across years.
The geometric mean is regarded as the best
measure of fitness for different clutch sizes in
temporally variable environments (Bulmer
1985, Boyce and Perrins 1987, Boyce 1988,
Stearns 1992). Arithmetic means for clutch siz-
es 1 to 5 were 0.014, 0.098, 0.272, 0.458 and
0.644 young recruited, respectively, compared
with geometric means of 0.000, 0.000, 0.217,
0.407, and 0.458. Success of birds with clutch
sizes 4 and 5 was more similar than arithmetic
means might suggest. However, we still found
the rarer clutch size 5 to have a higher estimat-
ed fitness.

If Cliff Swallows can predict environmental
conditions at the time of laying, the frequency
of clutch size 5 should have been higher in good
years and lower in bad years. We found no ev-
idence for this sort of facultative adjustment
among years. Although overall clutch size dif-
fered among years, mostly due to different pro-
portions of clutch sizes 3 and 4, yearly variation
in clutch size was largely independent of fitness
expectations. For example, the relative frequen-
cy of clutch size 5 in 1982, a ““good’” year for
survival of offspring, did not differ from that
in 1988, a “’bad” year for clutch size 5 (x* =
2.42, df = 1, P = 0.12). Furthermore, clutch size
did not seem to be sensitive to weather condi-
tions in the early phases of the breeding cycle.

Selection for smaller clutches is also expected
whenever the clutch-size fitness function is
asymmetrical (Mountford 1968), as it usually
seems to be (Mountford 1973, Boyce and Per-
rins 1987, Yoshimura and Shields 1992, DeWitt
1997). If the distribution of fitness is severely
truncated to the right (at larger clutch sizes)
and clutch size is distributed normally, there
will be a negative (to the left) skew in fitness as
a function of clutch size. This can also result in
selection for clutches smaller than the most
productive. Although our data for clutch size
=6 are limited, fitness is probably truncated to
the right in Cliff Swallows. Clutches of =6 eggs
were associated with substantially lower fledg-
ing success in some years, higher levels of ec-
toparasitism, lower nestling body mass, and
lower adult body mass. On average, however,
clutch size =6 fledged as many young, and was
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FIG. 7. Estimated annual reproductive success (number of young recruited to breeding) for Cliff Swallows
tending clutches of different sizes for nonfumigated nests. Estimates were generated by multiplying the num-
ber of nestlings surviving to fledge (Fig. 4) by the first-year survival probability (Fig. 6) for each year. Error
bars show SD for a product calculated from Goodman (1960).

no more likely to experience total failure, than
did clutch sizes 4 and 5.

Effects of ectoparasites.—The potential effect of
ectoparasitism on avian clutch size has re-
ceived much recent attention (Meller 1991,

1994; Richner et al. 1993; Richner and Heeb
1995), although this relationship has been
known since at least Moss and Camin’s (1970)
study of Purple Martins (Progne subis). Richner
and Heeb (1995) hypothesized that the life-cy-
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FiG. 8. Total ectoparasites (swallow bugs and
fleas) on all Cliff Swallow nestlings (A) and mean
number per nestling (B) relative to clutch size for
nonfumigated nests. Sample sizes (number of nests)
are shown above error bars; discrepancies between
(A) and (B) resulted when not all nestlings in a nest
were examined. In (A), total bugs per nest did not
vary significantly with clutch size (Kruskal-Wallis
test, P = 0.09); total fleas per nest varied significantly
with clutch size (P = 0.002). In (B), both bugs per
nestling and fleas per nestling varied significantly
with clutch size (bugs, P = 0.048; fleas, P = 0.037).

cle length of the most common ectoparasite(s)
of a species will determine whether the host
should raise a large or a small brood. Ectopar-
asites that have long life cycles relative to the
host’s nestling period generally will not pro-
duce multiple generations while the nestlings
are present, and therefore the parasite load per
nest will be largely fixed. In this case, larger
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FIG. 9. Mean (+5SE) body mass (g) per 10-day old

Cliff Swallow nestling per nest relative to clutch size.
Sample size (number of nests) shown by error bars.
Body mass varied significantly with both clutch size
and fumigation treatment (two-way ANOVA, P <
0.0001).

broods can be advantageous because they di-
lute the parasite load per individual nestling.
But if ectoparasites have short life cycles rela-
tive to the host’s nestling period, multiple gen-
erations of parasites may be produced quickly,
and parasite load will be set by brood size. In
this case, hosts should reduce their brood size.
Parasitism by short-cycled ectoparasites poten-
tially can lead to truncated clutch-size fitness
functions, but in hosts with long-cycled ecto-
parasites, other environmental factors presum-
ably constrain clutch size.

Fleas that parasitize Cliff Swallows are clear-
ly long-cycled, producing one generation per
year, and much of their development occurs in
the nest during the swallows’ nonbreeding sea-
son (Brown and Brown 1996). Thus, fleas
should show no correlation between total par-
asite load per nest and brood size, and a neg-
ative correlation between parasite load per
nestling and brood size (Richner and Heeb
1995). For the most part, this prediction was
supported: the number of fleas per nestling de-
clined noticeably in clutch sizes 3, 4, and 5 be-
fore rising in clutch size =6, although the sam-
ple size for the latter clutch size was small.

Swallow bugs, on the other hand, exhibit
characteristics of both long- and short-cycled
ectoparasites. Generation time is influenced
heavily by temperature, but 30 days seems to be



482

(A) o .
26 1 egg laying
- O feeding young 16
9 25.
(7] 129 *
[72]
] 74
E 247 13 ¢ ¢
=)
.8 231 7
19 Q
% 22] 192 1%7
g ] 14
o 21
4
20— - - - -
1 2 3 4 5
Clutch size
(B)
251
20
2 28] 41 24 g 201 +
[)]
8 23 ¢
E 0
3 221 21 138 0
2 8 175 <}
o 21 20
3]
2 201 1
(o]
19— : — - -
1 2 3 4 5 >6

Clutch size

FiG. 10. Mean (*=SE) body mass (g) for breeding
female (A) and male (B) Cliff Swallows relative to
clutch size during egg laying and brood rearing.
Sample size (number of birds) shown by error bars.
Body mass of females varied significantly with
clutch size during egg laying (Kruskal-Wallis test, P
= 0.011) but not during brood rearing (P = 0.08);
male body mass did not vary significantly with
clutch size during egg laying (P = 0.20) but varied
significantly during brood rearing (P = 0.013).

about average (Usinger 1966). This means that
swallow bugs are long-cycled relative to the
Cliff Swallow’s nestling period of 24 to 26 days.
However, swallow bugs are extremely mobile,
crawling on the substrate between nests and of-
ten moving from one nest to another. As nest-
lings within a colony fledge, bugs move out of
vacated nests and aggregate at the active nests
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that remain (Brown and Brown 1996). Thus, at
least for the later nests in a colony, bug loads
potentially can be determined by brood size,
with larger broods supporting more bugs that
arrive via immigration. Although the overall
pattern for bugs is similar to that for fleas and
matches that predicted for a long-cycled ecto-
parasite, the marked seasonal decline in Cliff
Swallow clutch size (Brown and Brown 1999)
could reflect the later birds’ reducing their
clutch sizes at a time when swallow bugs start
moving among nests and become essentially
short-cycled parasites.

Mean clutch sizes differed significantly be-
tween fumigated and nonfumigated nests in
only one year out of six (Table 1). This agrees
generally with Mgller’s (1991) result for Barn
Swallows (Hirundo rustica) and might suggest
that parasite load cannot be predicted early
enough to adjust clutch size if warranted. How-
ever, the one year in which average clutch size
differed between fumigated and nonfumigated
nests was 1988. This was an unusually warm
summer, the fourth hottest on record for Ne-
braska (Brown and Brown 1996) and the season
when clutch size 5 was the least productive.
Parasites in the nests (especially swallow bugs)
possibly were sufficiently numerous early
enough in the year to cause the swallows to ad-
just their clutch sizes.

We detected an apparently large effect of ec-
toparasites at clutch sizes 3 and 4, the two most
common clutch sizes, but parasites had rela-
tively little effect on larger or smaller clutches.
Fledging success did not differ between fumi-
gated and nonfumigated nests for clutch sizes
1, 5, and =6; in contrast, parasite-free nests
fledged more young than did infested nests for
clutch sizes 2, 3, and 4. Perhaps clutches of 5
and =6 dilute per capita parasite load of long-
cycled fleas and bugs (sensu Richner and Heeb
1995} to the point that they were not deleterious
to prefledging survival. Another potential ex-
planation is that larger clutches were produced
by high-quality individuals who were inher-
ently resistant to parasites, and fumigation had
less effect for them than for lower-quality in-
dividuals who produced intermediate-sized
clutches.

Our fumigation experiment demonstrated
that ectoparasitism was probably directly re-
sponsible for brood-size differences in first-
year survival and thus may have caused the
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lower annual success for clutch size 5 in some
years. Presumably, parasites exerted long-term
effects on birds after fledging (Brown and
Brown 1996). The strong correlation between
first-year survival of birds from broods of 5 and
temperature during the time a young bird was
raised suggests that the negative effects bugs
have on subsequent survival are manifested
during warm summers. Assuming that swal-
lows cannot predict in advance whether the
brood-rearing period will be hot or cold, the
best risk-averse strategy presumably is to lay 4
eggs, which was the most common clutch size.
Maeller (1991) also found a greater effect of ec-
toparasites in larger broods of Barn Swallows,
and he suggested that ectoparasitism limits
clutch size in that species.

Removal of ectoparasites led to higher body
mass of nestling Cliff Swallows in small broods
than in large ones, but in the presence of par-
asites, nestling body mass did not vary among
brood sizes. A similar pattern was found for
Great Tits (Richner et al. 1993). This suggests
that under natural ectoparasite loads, fitness
gains can come only through offspring quan-
tity and that a tradeoff between offspring quan-
tity and quality can occur only if parasites are
absent (Richner et al. 1993, Brown and Brown
1996). Paradoxically, we might therefore expect
selection for larger clutch sizes when ectopar-
asites are common (Richner et al. 1993).

Ectoparasite loads in Cliff Swallows are
strongly affected by colony size (Brown and
Brown 1996). We have not, however, analyzed
fitness components of clutch size separately by
colony size, principally because clutch size
shows no relationship with colony size (Brown
and Brown 1996). Furthermore, had we subdi-
vided our mark-recapture samples by colony
size, we would not have had large enough data
sets to test different survival models with any
degree of sophistication (Tables 2, 3). Parasite-
mediated effects on clutch size possibly vary
with colony size and might be greatest in larger
colonies where parasites are the most numer-
ous.

Energetic constraints on clutch size.—Cliff
Swallows are unusually sensitive to cold
weather in spring that can reduce their insect
food for prolonged periods, sometimes causing
mortality (Brown and Brown 1998b). Harsh
conditions early in the nesting season could
prevent many females from producing clutches
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of 5 or 6 eggs, even though later in the summer
when the weather is better they can raise those
clutches without added costs. Unfortunately,
little is known about the costs of egg produc-
tion in altricial birds (Carey 1996). Some female
passerines use reserves of fat and protein that
may be depleted significantly during laying
even when food is abundant. In the Red-billed
Quelea (Quelea quelea), some females deplete
their fat reserves so seriously during laying
that mortality may result the night following
the laying of the last egg (Jones and Ward 1976).

We do not know if fat or protein reserves rep-
resent a constraint on egg production in Cliff
Swallows, but clutch size could be related to a
female’s condition and to her energy reserves
early in the season. Heavier females laid larger
clutches (Fig. 10A). A similar pattern between
body mass and clutch size was found for House
Martins (Delichon urbica) in Great Britain (Bry-
ant 1979). Positive correlations between food
abundance and mean clutch size in House Mar-
tins, Tree Swallows (Tachycineta bicolor), and
other species (Bryant 1975, Hussell and Quin-
ney 1987, Nager et al. 1997) further indicate
that clutch size in Cliff Swallows may be reg-
ulated in part by food availability during lay-
ing. In Barn Swallows, females expend as much
energy per day during egg formation and in-
cubation as they do during brood rearing
(Ward 1996, Monaghan and Nager 1997).

Cliff Swallows lay smaller clutches than all
other North American swallows except the con-
generic Cave Swallow (P. fulva; Petersen 1955,
Lunk 1962, Shields and Crook 1987, Brown et
al. 1992, Robertson et al. 1992, West 1995,
Brown 1997). Ramstack et al. (1998) suggested
that clutch sizes are smaller in Cliff Swallows
because these swallows exploit a more spatio-
temporally variable insect food supply. If their
food is also scarce at times, then the ability of
parents to produce or feed large clutches will
be limited (Murphy 1986). Whether the food
supply of Cliff Swallows is sufficiently variable
to create a food shortage independent of un-
usual weather events is unclear. Behavioral ad-
aptations to overcome periods of food scarcity
exist in Cliff Swallows (Brown et al. 1991,
Brown and Brown 1996); thus, these birds may
compensate for short-term interruptions in
food supply. Another suggestion is that small-
er clutches in Cliff Swallows reflect the relative
abundance of breeding opportunities afforded
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to them (Ramstack et al. 1998). When nesting
sites are limited, reproductive effort may be in-
creased (i.e. larger clutch sizes) to take advan-
tage of the current breeding opportunity (Mar-
tin 1993). Cliff Swallows have unlimited nest-
ing substrates (Brown and Brown 1996), in con-
trast to other swallows such as secondary
cavity nesters that produce larger clutches
(Brown et al. 1992, Roberston et al. 1992, Brown
1997).

Energetic constraints on egg production
probably increase the costs of larger clutches
for Cliff Swallows. If these costs exacerbate the
risk associated with larger clutches in some
years, stabilizing selection should produce the
observed clutch-size distribution. We urge that
more attention be paid to the effects of ecto-
parasitism on clutch size and to the energetic
constraints on egg production. Long-term
studies of clutch-size evolution are also essen-
tial, because if other species are like Cliff Swal-
lows, fitness may change markedly among
years.
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