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Two common alternative reproductive tactics are in ific brood itism and ir mating. Understanding the evo-
lution of these traits requires estimation of fimess for individuals that do and do not exhibit them. We analyze fitness components
associated with brood parasitism and extrapair mating in cliff swallows (Petrochelidon pyrrhonota). Annual survival probabilities
for females known to be parasites, hosts, and nonparasites/nonhosts differed significantly, with highest survival (0.761) for
parasites and lowest (0.289) for host females parasitized by egg laying. Survival probabilities did not differ among males paired
to females of different status. Firstyear survival probabilities in the absence of ectoparasitic swallow bugs (Oeciacus vicarius)
were 0.546 for young raised in the brood parasites’ own nests versus 0.354 for young from all other nests; firstyear survival
probabilities in the presence of swallow bugs were 0.228 for young raised in host nests versus 0.132 for young from nests not
brood parasitized. Males that engaged in extrapair copulation attempts had an annual survival probability of 0.413, signficantly
lower than the 0.614 estimated for males that were not seen engaging in extrapair mating. Annual reproductive success, mea-
sured as recruitinent to breeding age, was greatest for brood parasites and similar among other classes of birds in the absence
of swallow bugs and was greater for hosts than for birds not brood parasitized in the presence of swallow bugs, likely because
hosts occupied less infested nests. Estimated lifetime reproductive success was highest for parasites and their mates. There were
no apparent long-term effects of brood parasitism on survival of adult hosts or offspring from host nests, both because hosts
did not have enlarged broods and because clutch and brood size did not affect cliff swallow survival. Brood parasites have
greater fitness than hosts and nonparasitized birds, probably because parasites are superior individuals in good condition to
start with. That males who participated in extrapair mating had lower expectation of survival suggests that extrapair copulations
in cliff swallows are perpetrated by inferior males, and females should probably avoid them. Key words: alternative reproductive
tactics, brood parasitism, cliff swallows, coloniality, extrapair copulation, fitness, life history, Petrochelidon pyrrhonota, reproductive
success, social behavior, survival. [Behav Ecol 9:158-171 (1998)]

ome animal populations contain individuals that care for
their own offspring and others that parasitize the paren-
tal care provided by conspecifics. Parasitic exploitation of oth-
ers occurs through both extrapair mating and (in egg-laying
species) intraspecific brood parasitism, each of which has
been studied extensively in recent years (reviewed in Anders-
son, 1984; Birkhead and Meller, 1992; Brown and Brown,
1996; Field, 1992; Gladstone, 1979; Power et al., 1989; Rohwer
and Freeman, 1989; Westmeat ct al., 1990; Yom-Tov, 1980).
Most workers have been primarily interested in determining
the frequency with which these parasitic tactics occur and
identifying which individuals engage in them. Studies on in-
traspecific brood parasitism have commonly focused on the
behavioral dynamics of parasitic laying, especially its iming,
the host’s responses to it, and the socioecological contexts
promoting it.

The existing work has yielded much useful information, but
it has been shortterm in approach. There are few data on
the long-term consequences for individuals that do or do not
participate in extrapair mating and intraspecific brood para-
sitism (exceptions are Lank et al., 1990; Larsson et al., 1995).
Knowing how these traits associate with fitness (reproductive
success and survivorship) may shed light on both the char-
acteristics of those animals that employ alternative tactics and
their evolution within a populadon. For example, is brood
parasitism a last-ditch tactic used by inferior individuals who
cannot establish their own nest site or provide acceptable lew-
els of parental care (“best of a bad job™), or is it an effective
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supplemental reproductive strategy used by superior individ-
uals to enhance their annual success? Single-season measures
of nesting success cannot answer these sorts of questions be-
cause they do not address annual survival of individuals and
potential life-history trade-offs between survivorship and an-
nual reproductive output. More than a decade ago, Andersson
(1984: 223) noted that the “‘data required for an appraisal of
the fitness of hosts and parasites are offspring survival in re-
lation to clutch size, relative success of parasitic and normal
eggs, and the effect on adult mortality of parental care for
different numbers of offspring.” In instances where these data
have been available, they have not been used to investigate
the evoluton of brood parasitism, and in some respects we
do not understand intraspecific brood parasitism much better
today than at the time of Andersson’s review.

In this study we examined fitness components associated
with extrapair mating and intraspecific brood parasitism in
the cliff swallow (Petrochelidon pyrrhonota), a colonial passer-
ine bird of western North America. Cliff swallows commonly
engage in extrapair copulation, and parasitic laying among
conspecifics occurs in up to 22% of nests and possibly more
(Brown and Brown, 1996). Here we focus mostly on brood
parasitism, which we have studied more extensively, but we
also report data on annual survivorship for males that did and
did not attempt extrapair matings. Because breeding life span
is the major determinant of fitness in most small songbirds
(Clutton-Brock, 1988; Newton, 1989), much of our emphasis
in this paper is on estimating survival probabilities for differ-
ent classes of birds. Our goals were to use information on
annual survival and annual reproductive success (measured as
recruitment to the next year’s breeding population) to learn
more about which individuals employ these tactics, the long-
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term costs and benefits associated with them, and their evo-
lution. We relied on demographic daa from a 15-year field
study using mark-recapture, and our analysis of these data is
based on the methods advocated by Lebreton et al. (1992).

METHODS

Study site and natural history

Our cliff swallow research is conducted along the North and
South Platte rivers near Ogallala, primarily in Keith and Gar-
den counties, southwestern Nebraska, USA. Our study area is
approximately 150X50 km and contains about 150 separate
colony sites where cliff swallows breed, about 100 of which are
active in any given year. These colony sites consist of both
natural cliffs along the south shore of Lake McConaughy and
artificial sites such as bridges, buildings, and highway culverts
on which the birds now commonly nest. The study site is de-
scribed in detail by Brown and Brown (1996).

The cliff swallow is 2 20-28 g ncotropical migrant that
breeds throughout most of western North America and win-
ters in southern South America. These insectivorous birds
build gourd-shaped mud nests and place them beneath over-
hanging rock ledges on the sides of steep cliffs or underneath
the protected eaves of artificial structures. Cliff swallows often
breed in dense colonies, with nests stacked together closely,
although colony size within a single population varies widely.
In southwestern Nebraska, mean (+ SE) colony size is 393.0
(£ 24.3) nesu, ranging from birds that nest solitarily to col
onies of 3700 nests (Brown and Brown, 1996). Chff swallows
typically have a short breeding season, 10 weeks or less in our
study area, and raise only one brood (Brown and Brown,
1995). In southwestern Nebraska, most birds arrive in May,
and breeding is largely completed by the end of July.

The close proximity of neighbors within a chiff swallow col-
ony provides frequent opportunities for both intraspecific
brood parasitism and cxtmpmr copulation. The incidence of
each increases with colony size (Brown and Brown, 1996).
Cliff swallows parasitize nests in two ways: by laying eggs in
nests during the host’s laying period and by physically moving
eggs from the parasite’s nest to a host’s. The transfer can oc-
cur at virtually any time before the host’s eggs have hatched
(Brown and Brown, 1988c, 1989). All birds directly observed
parasitizing nests have been females resident within the col
ony. Most parasites parasitize nests near their own, usually
within a five-nest radial distance (Brown and Brown, 1989,
1991). Parasites, especially those that transfer eggs, seem able
to discriminate among potential host nests and often select
those which are least infested with blood-sucking ectoparasitic
insects—and are thus the most successful nests—as the hosts
for their eggs (Brown and Brown, 1991). For additional in-
formation on the natural history of brood parasitism in cliff
swallows, see Brown (1984) and Brown and Brown (1988c,
1989, 1991, 1996).

Extrapair copulation in cliff swallows occurs in two contexts:
among birds away from nest sites while they gather mud for
nest construction and among neighboring birds while at the
nests. Neighbors engage in extrapair copulation when a male
trespasses into a nearby nest during the male owner’s absence.
Other males regularly patrol the mud-gathering sites and at-
tempt extrapair copulation with females who come there to
collect nesting material. Most copulation attempts seem to be
initiated by males, and females often (but not always) seem
to resist. Extrapair copulation is attempted both by males who
are resident in a colony and maintain a nest and mate of their
own and by nonresidents who circulate among colony sites
{Brown and Brown, 1996). The difficulty of catching and
marking nonresidents meant that we could collect extrapair
copulation data only on resident males.

Cliff swallows are associated with a variety of ectoparasites
throughout their range, and in southwestern Nebraska the
two most common ones are the hematophagous swallow bug
(Hemiptera: Cimicidae: Oediacus vicarius) and a bird flea (Si
phonaptera: Ceratophyllidae: Ceratophylius celsus). These in-
sects are primarily nest-based ectoparasites, residing inside the
cliff swallow nests or in the adjacent nesting substrate. They
feed on blood of adult and nestling swallows, and swallow bugs
have substantial effects on nesding survival and health (Brown
and Brown, 1986, 1996). Infestations of both bugs and fleas
increase with colony size and potentially confound any anal
ysis involving nestling survivorship or reproductive success.
For this reason and also because brood-parasitic swallows seem
to use extent of itisn as a cue for host nest selection
(Brown and Brown, 1991), where possible in this paper we
present data for both ectoparasitefree (fumigated) nests and
naturally infested nests.

Field methods

Mark—recapture

We began marking (banding) adult and nestling cliff swallows
when our project started in 1982, and through 1996 we had
permanently marked 87,337 birds with numbered aluminum
bands. Thousands of these birds have been recaptured in
years after they were banded (see Brown and Brown, 1996);
typically between 16,000 and 21,000 captures (counting with-
in-scason repeats) were processed each season. By rotating
among different colony sites and systematically mist-netting at
cach, we monitored the presence of banded birds at 25-35
colony sites each summer. This enabled us to build a capture
history for each individual, indicating if the bird was encoun-
tered each season and, if not, whether it was known to be
alive by virtue of its being caught in a later year. Individuals
often escaped detection in a given season due to the large
population size in the study area, which could not be com-
pletely censused. The probability of recapture thus was a crit-
ical parameter in making meaningful estimates of survivor-
ship, and we explored recapture probability thoroughly in as-
sessing model fit (see below). Our capture effort increased
each year of the study, and perhaps for this reason we often
found significant yearly variation in recapture probabilities.
See Brown and Brown (1996) for further details on mark-
recapture and field methods of capturing and processing
birds.

We used all cohorts recaptured through 1995 for survival
analyses involving birds that did and did not commit extrapair
copulation and for those involving parasites, hosts, and non-
parasites/nonhosts and their young. The most recent of these
cohorts was that from 1987, and thus we had =8 years of
recapture for them. After 3 years of recapture, cliff swallow
survival estimates for a cohort cease to change with the ad-
dition of more years of data (Brown and Brown, 1996). For
analyses involving the effect of clutch and brood size on sur-
vival, in which our most recent cohort with relevant data was
from 1992, we included recapture data from 1996 to give us
2 3 years of recapture for those cohorts.

Designating categories of birds

At certain colonies, birds were color marked on the forechead
soon after arrival and intensively watched to document in-
stances of brood parasitism (Brown and Brown, 1989). We
assigned nest ownership by observing which marked birds
were consistently associated with particular nests. Parasitic fe-
males were those seen laying or wransferring eggs into a nest
not their own. Host females were those whose nests were seen
being parasitized by another bird or whose nests were found
to be parasitized based on nestcheck data. Daily or bidaily
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checks of nest contents allowed us to infer instances of para-
sitic laying as cases where two or more eggs appeared per 24
h period and egg transfer as cases where an egg appeared in
a nest during the host’s incubation period, yet hatched syn-
chronously with the host’s €gg3 (Brown and Brown, 1988c,
1989, 1996). Some parasitic females were also parasitized
themselves, but they were not included in the host female
category. Host females were those not known to also be par-
asites. Birds designated as neither hosts nor parasites were
those in the color-marked sample who were not observed to
be parasitized or to parasitize others and whose nests showed
no evidence of brood parasitism in nest checks. For our fu-
migated sample, we included only nests with colormarked
owners that we watched as the nonparasite/nonhost category.
Using the nests we had watched decreased the likelihood that
a nest in this category had in fact experienced a brood par-
asitism undetected by our nest checks and also made the non-
parasite/nonhost nests more comparable to the other cate-
gories of nests within the fumigated class. Among nonfumi-
gated nests, which did not contain any nests with color
marked owners that were watched, nonparasitized nests were
designated as those with no evidence of either egg-laying or
egg-transfer parasitism based on nest checks. No color-marked
parasitic females were identified among nonfumigated nests,
so we have no information on parasites’ own nests in the non-
fumigated class. Parasitized (host) nests were identified using
the same nestcheck criteria (above) in both nonfumigated
and fumigated classes.

However, as in other field studies using observational cri-
teria to infer parasitism or lack thereof (e.g., Lank et al,
1990), our categories of parasitized and nonparasitized nests
unavoidably contained some undetected brood parasitism.
When parasitic eggs are laid just before a host starts laying or
Jjust after a host ceases laying, nest checks will not detect the
parasitism. Similarly, if either egg-laying or cgg-transferring
parasites remove host eggs (Brown and Brown, 1988a), we
could not know that parasitism occurred. Even among the
sample of colormarked birds watched, we could have over
looked some instances of parasitism because we did not ob-
serve these birds for 100% of daylight hours. Therefore, the
potential pollution of our categories by undetected events re-
duces the power of our tests of differences among parasites,
hosts, and nonparasites/nonhosts (Lank et al, 1990) and
makes these tests conservative. Any differences we report are
probably underestimated. The same situation applies to our
analyses of extrapair copulation in males, in which we could
not watch males for 100% of the time and thus could not
know with certainty that “‘non-extrapair copulation” males
never engaged in extrapair mating.

Any bird occupying a nest whose parasitic status was known,
cither from observatons of color-marked birds or from cap-
ture of nest owners in nests at night for parentage studies
(Brown and Brown, 1988b, 1996), was included in the cohorts
for mark-recapture analysis involving adults. Because of the
laborious nature of observing color-marked birds and catch-
ing owners in nests, our sample of adults of known parasitic
status was a smaller subset of our overall sample of banded
birds. Nestlings from nests whose parasitic status was known,
and in some cases from a wider sample of all nests in which
clutch size and surviving brood size were known, were includ-
ed in mark-recapture analyses involving first-year birds.
Clutch size of mests was menitorod by daily or bidaily nest
checks throughout the egg-aying period. Our measure of
fledging success was the number of young surviving to 10 days
of age (Brown and Brown, 1996), which was the same as
brood size in our analyses.

Observations of extrapair copulation attempts by males
were made at colonies where we could get close enough to
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the mud-gathering sites to identify color marks of resident
males that perpetrated the copulation attempts (Brown and
Brown, 1996). Only residents entered the colonies frequently
enough to be caught in mist nets and color marked; many
unmarked nonresidents also engaged in extrapair copula-
tions. Other observations on extrapair copulation were col-
lected while watching birds at their nests during the brood
parasitism studies. Any color-marked male seen to engage in
an extrapair copulaton (EPC) attempt at least once, either at
the nests or the mudgathering sites, was designated an EPC
male, whereas color-marked males that were part of our ob-
servation sample and not seen to perpetrate any extrapair
copulation attempts were classified as non-EPC males.

Fu
We removed ectoparasites from nests by application of a short-
lived acaricide, naled (also known as Dibrom), to the outsides
of nests and surrounding substrate at intervals of 2-7 days
throughout the nesting season. This fumigant was highly ef-
fective against swallow bugs, the principal source of cliff swal-
low nestling mortality. For further details on fumigation pro-
cedures and the effects of swallow bugs on cliff swallows, see
Brown and Brown (1996).

Statistical methods

We estimated annual survival probabilities and tested for sig-
nificant differences in survival between different classes of
birds using the general methods of Lebreton et al. (1992). We
used the program SURGE (Cooch et al., 1996; Pradel and
Lebreton, 1993) to generate maximum-likelihood estimates of
survival and recapture probabilities. SURGE is a commercially
available software package that computes survival and recap-
ture parameters using an information matrix derived from
recapture histories. It provides a powerful way to test the fit
of different survival and recapture models and thus tests dif-
ferent biological hypotheses (Lebreton et al., 1992).

We use the general notation of Lebreton et al. (1992), in
which annual survival probability is denoted ¢ and recapture
probability p. Subscripts indicate whether a model incorpo-
rates time-dependence in a parameter estimate (e.g., & f),
an effect of age (and if so, how many age classes, e.g., d,s
fin), constancy over time (e.g., &, p), an effect of group clas-
sification (and if so, how many groups, e.g., ¢, f,s), an in-
teraction between group and time (e.g., &.4, f4), Or 2 con-
strained model with parallelism in tdme for a group effect
(e.8., Puegss ). 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 (Lebre-
ton et al., 1992). From this, we tested a variety of more general
yet biologically relevant models incorporating various combi-
nations of age-, group-, and time dependence. For cases where
the CJS model provided the best fit, we assessed goodness-of-
fit of the data to the CJS model’s assumptions using the pro-
gram RELEASE (Burnham et al,, 1987). In all cases where we
determined that the CJS model was the most parsimonious
through use of likelihood ratio tests (LRT) or the Akaike In-
formation Criterion (AIC), tests 2 and 8 of RELEASE also
indicated no significant from the CJS model.

We tested among different models that were nested (e.g.,
b, p, versus &, p) with an LRT. SURGE provides a reladve
deviance (DEV), —2 InL(8), for each mottel fitted, and the
difference among DEVs is the x? statistic with degrees of free-
dom equaling the difference in the number of estimable pa-
rameters (np) between the two models (Lebreton et al,
1992). LRTs cannot be used for models that are not nested
(e.g., &y p versus &, p,), and for these use of the AIC
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(Akaike, 1973) is recommended (review in Lebreton et al.,
1992). AIC is computed as 2np + DEV, and models with the
lowest values of AIC are the most parsimonious. The AIC can
often be used as a shortcut to select among different models.
In general, we found models with age dependence to best fit
the data involving nestlings; first-year survival of cliff swallows
is considerably lower than that of older age classes (Brown
and Brown, 1996). Models with age dependence tended not
to fit the data involving only adult birds, in which all survival
probabilities estimated were from the second year on. No sys-
tematic departures in test 3 of RELEASE for adults indicated
that there were no trap-handling effects and no transients.
Transients in particular were unlikely because our cohorts
consisted only of known breeders.

Potential differences in survival among different groups of
birds were assessed by comparing different models, some of
which modeled the effect of the separate groups and some
that considered the groups identical. If a model with a group
effect provided a significantly better fit than one without it,
we concluded that survival differed among the groups. If,
however, a group-cffect model did not provide a significantly
better fit, the more parsimonious model without a group ef-
fect (with fewer parameters) was accepted, and we inferred
no difference among the groups. We do not present results
of fits of all models tested; rather, in the tables we show only
the three to five models with the lowest AICs.

Lifetime reproductive success
To estimate average lifetime reproductive success for different
classes of birds, we used the method described in our book
(Brown and Brown, 1996; and see Vehrencamp et al., 1988).
We first determined average annual reproductive success for
a category by multiplying the probability of firstyear survival
(from fledging until the next breeding season) by the average
number of young fledged. Average annual reproductive suc-
cess was then multiplied by average breeding life span for the
category, yielding average lifetime reproductive success. Life
span is estimated using the survival probability from the for-
mula in Brownie et al. (1985: 206), as 1/1 — 1 né. Because this
formula approximates expected subsequent life span, breed-
ing life span for our purposes is that calculated from Brownie
et al. plus 1, the current year. Brownie et al.’s formula assumes
survival is constant over time, an assumption which was justi-
fied for data (Table 1) to which the formula was applied.
We carlier (Brown and Brown, 1989) presented measures
of annual reproductive success for parasites, hosts, and non-
parasites/nonhosts based only on the number of young that
survived to fledging. We have reanalyzed those data for this
paper, using slightly different and improved criteria for des-
ignating categories of birds (sec above). Estimates of repro-
ductive success given here should be considered more defin-
itive than those in the earlier report.

Single-state assumption

Present capture-recapture methodology (e.g., SURGE) makes
the implicit assumption that an individual’s status does not
change during the period in which its survival is estimated. If
it changes from one group to another, perhaps from year to
year, a multistate approach (Brownie et al., 1993; Nichols et
al,, 1992, 1993, 1994) is required. Alt.hough multistate theory
is rclatm:ly well developed, no practical and widely available
software exists that will readily estimate survival for animals
exhibiting different transition probabilites between states
(Lebreton JD and Pradel R, personal communication). Users
of SURGE have assumed that status does not change, al-
though in some cases this assumption may be problematc.
This may be especially the case, for example, in studies of
clutch size (e.g., Blondel et al., 1992; Clobert et al., 1987),

Table 1
Capture-recapture models and comparisons among models for
adult cliff swallows in relation to nest status (see text for notation)

Model np DEV  AIC Comparison

Female nest owners

(1) bpo e 8 4199 4359 Best fit Groups = parasites,
hosts of each type,
nonparasites/nonhosts.

(2) g e 6 4266 438.6 Groups = hosts via laying,
all other females. (2) ws.
(1), x* = 6.7, p = .035

(3) &, fye 5 49281 4381 Testng overall effect of
female status, (3) v (1),
Xt = 82, p= 042

1 &, p 22 4145 4585 Full CJS model. Rejected by
high AIC.

(5) &g e 92 3762 5602 Full CJS model by group.
(953 vi. (1), =437, p=

Male nest owners

6) & A 18 7279 7539 Best fit. No differences
among males.

(7 bgu i1 16 7259 7579 Groups = mates of
parasites, of hosts of each
type, of nonparasites/
nonhosts. (7) vs. (6), X% =
2.0, p = .57

8) ¢, A 22 7226 7666 Full CJS model. (8) vs. (6),
X} =53, p= 81

where females might produce differentsized clutches in dif-
ferent years.

To use SURGE, we make the assumpton here that a bird
maintains a fixed status (e.g., as host, parasite, or neither) in
subsequent years. This assumption is key to our estimates of
annual survival for breeding birds of different status and for
estimating lifetime reproductive success, although it has no
effect on estimates of firstyear survival because natal nest
characteristics cannot change. For the following reasons, this
assumption seems justified for cliff swallows.

1. We could directly test this assumption in part for some
birds: 78.7% of breeders of both sexes whose nest status was
known in 2 years (n = 47 birds) maintained the same status
(nonparasitized) each season. Among the remaining 10 birds,
8 were hosts the first year and not known to be parasitized
the next year (although undetected parasitism could have oc-
curred), and 7 were not known to be parasitized the first year
and were known to be hosts the second year. Two birds whose
nest status was known for 3 years were nonparasitized all 3

2. The capture history used in SURGE for each bird began
in the year for which its status was known. Therefore, its status
in a previous year (which may or may not have been different)
had no statistical effect on its survival because the bird did
not “exist” before we knew its status.

8. In small songbirds such as cliff swallows which show rel-
atively low survival rates and short breeding life spans, a single
year represents a substandal fraction of their life. Therefore,
the known status in year 1 has a potentially much larger effect
on eventual longevity than in longer-lived species where each
season is proportionately less important. This makes deter-
mination of status in years 2 or 3 less critical in shortlived
species such as swallows because fewer individuals can be ex-
pected to live that long.

4. If birds change status between years, this represents pol-
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lution of our categories in the same way nest data were po-
tentially polluted by undetected parasitism (Lank et al., 1990).
Our tests for survival differences are thus conservative and
mean that any differences we report may be underestimates.
As we detected differences between categories (see Results),
bird status either did not often change between years or the
group effects were 50 great that they were still detectable with
polluted data.

RESULTS

Survivorship

Adults in relation to nest status '

Annual survival probabilites differed significantly among
known parasitic females (n = 17 birds), host females parasit-
ized by egg laying (n = 32), host females parasitized by egg
transfer (n = 25), and females not known to be parasites or
hosts (n = 65). A model with both survival and recapture
probability dependent on nest status provided the best fit for
females, significantly better than one without an effect of fe-
male status (Table 1). Survival did not vary significantly with
time (Table 1). Annual survival probabilities (* SD) from
model 1 were 0.761 (% 0.0553) for parasitic females, 0.289 (*
0.0820) for host females parasitized by laying, 0.595 (*
0.0757) for host females parasitized by transfer, and 0.686 (+
0.0451) for females that were ncither parasities nor hosts. Giv-
en the low estimate for host females parasitized by laying, we
tried another model with only two groups that treated all fe-
males except hosts by laying the same (model 2), but the mod-
el with the four groups provided a significantly better fit (Ta-
ble 1).

We identified no phenotypic differences among these class-
es of females other than nest status (see discussion of effects
of clutch and brood size under “Costs of brood parasitism™’).
Ages of these birds were unknown, but there were no signif-
icant differences among them in body mass, a variable that
influences annual survival probability in chiff swallows (Brown
and Brown, 1996). Mean body mass (£ SE) taken during the
nest-building and egg-aying period was 25.15 (* 0.40) g for
parasitic females, 24.72 (% 0.64) g for host females parasitized
by laying, 22.00 (* 1.00) g for host females parasitized by egg
ransfer, and 24.56 (* 0.22) for females that were neither
parasites nor hosts (Kruskuat-Wallis ANOVA, p = .16).

Annual survival probabilities of males attending nests of dif-
ferent status did not vary significandy (Table 1; sample sizes
were 14, 46, 35, and 90 birds for the same 4 groups). A model
with survival constant across both time and groups was the
most parsimonious, and a model with a group-size effect did
not provide a significantly better fit. According to model 6
(Table 1), survival of all males was 0.684 (* 0.0280). As with
females, body mass during nest building and egg laying did
not vary significantly among these males: means were 24.50
(* 1.09) g for males paired to parasitic females, 24.57 (*
0.35) g for host males parasitized by laying, 24.58 (% 0.87) for
host males parasitized by transfer, and 24.28 (% 0.19) for non-
host males whose mates were not known to be parasites (Krus-
kal-Wallis ANOVA, p = 87).

Annual survival probabilities of males and females reported
in this section are for birds from fumigated nests. These es-
timates are presumably representative of survival probabilities
among aHl nests, as nost fumigaton has linle apparent effect
on survival of the occupying adults (Brown and Brown, 1996).

Nestlings in relation to nest status

Among fumigated nests, first-year survival probabilities (from
fledging to the next breeding season) were significantly high-
er for birds raised in the parasitic females’ own nests (n = 39
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Table 2

models and comparisons among models for
nestiing cliff swallows in relation to natal nest status (see text for
notation)

Model np DEV AIC Comparison
Fumigated ness
(9) duagp 17 36874 37214 Best fic Groups =
. offspring of parasites, of all
others combined.

(10) by o 19 36854 37284 Groups = offspring of
parasites, of hosts of both
types  combined, of
nonparasites/nonhosts.
(10) vs. (9), X% = 20, p =
37

(11) by i 21 36850 37270 Groups = offspring of
parasites, of hosts of each
type, of nonparasites/
nonhosts. (11) vs. (10), x%,
=04, p= 82

(12) & 15 36982 37282 Testing overall effect of
nest status. (12) vs. (9), X%
= 10.8, p = .004

(13) Guy pon 48 3658.7 37547 Full CJS model. (13) va.
(12), X = 39.5, p = 018

Nonfumigated nests

(14) b p 17 26581 26921 Best fit Groups =
offspring of hosts of each
type combined, of
nonparasites/nonhosts.

(15) dugq p 19 26578 26958 Groups = offspring of
hosts of each type, of
nonparasites/nonhosts.
(15) va. (14), x% = 0.3, p
= 86

(16) & p 15 2668.2 2698.2 Testing overall effect of
nest status. (16) vs. (14),
x4 = 10.1, p = 006

(17) b, pnn 48 26099 2705.9 Full CJS model. (17) vs.
(16), X’ = 58.3, p < .001

(18) dugr pn 63 2600.0 27260 Testing for CJS time
dependence in survival.
(18) va. (14), X% = 58.1, p
= 11

birds) than for birds raised in all other nest categories com-
bined (n = 430, 487, and 574 for host nests by laying and
transfer and nonparasites/nonhosts, respectively). Models
that treated the other groups as separate did not provide sig-
nificantly better fits (Table 2), indicating that there were no
differences in survival among birds from the two kinds of host
nests and those of nonparasites/nonhosts. A model with sur-
vival dependent solely on whether a bird was raised in a par-
asite’s nest (model 9, Table 2) provided a significanty better
fit than one with no group effect (model 12). Firstyear sur-
vival probability from model 9 yielded an estimate of 0.546
(£ 0.0850) for birds raised in the parasites’ own nests and
0.354 (= 0.0220) for birds raised in all other fumigated nests.

A different pattern emerged for birds from nonfumigated
nests. Faﬁar survival probabilities differed significantly be-
tween n mscdmdxemokmdsofhmnesuﬂzymg,
n= 134b1rd.1 transfer, n = 160) and those raised in non-
parasitized nests (n = 2687; Table 2). A model that treated
birds from laying and transfer host nests the same (model 14)
provided a significantly better fit than a model that separated
the wo kinds of hosts (model 15, Table 2). Therefore, first-
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Table 3

Capture-recapture models and among models for
male cliff swallows in relation to whether they engaged in extrapair
copulation (see text for notation)

Model np DEV  AIC Comparison

(19) g, g1 13 6088 6348 Best fit Groups = males
engaging and not engaging
in extrapair copulation.
(20) . 12 6188 6428 Testing overall effect of
male satus. (20) vs. (19),
X%, = 10.0, p = .002

33 5821 648.1 (21) v (19), X% = 26.7, p
= .14

(@1) dp A

year survival probability did not differ for birds from host
nests parasitized by laying and transfer, but the estimate for
these two groups differed significantly from all other birds.
Models without a group effect and with time dependence in
survival did not provide a significantly better fit (Table 2).
From model 14, estimated first-year survival probabilities were
0.228 (= 0.0518) for birds reared in the two kinds of nonfu-
migated host nests and 0.182 (% 0.0222) for birds reared in

nonfumigated, nonparasitized nests.

Males in relation to copulation attempts

Annual survival probabilities for males that did (n = 76 birds)
and did not (n = 103) engage in extrapair copulation at-
tempts differed significantly (Table 3). A model with a group
effect provided a significantly better fit than one without a
group effect, and there was no evidence for time dependence
in survival (Table 3). From model 19, annual survival proba-
bilities were estimated to be 0.418 (% 0.0401) for EPC males
and 0.614 (* 0.0551) for non-EPC males.

We found no other statistically significant phenotypic dif-
ferences among the two classes of males. At each of the three
colonies where we observed the colormarked males used in
this analysis, average body mass taken during the nest-building
and egg-aying period was larger for the EPC males than for
the non-EPC males (Table 4). The lower survival for the EPC
males was thus surprising given their slight weight advantage.
However, none of the differences in body mass were signifi-
cant within a colony (Table 4). Age of these males was un-
known, and all maintained nests and mates of their own.

Annual reproductive success

Single-season measures

Clutch size varied significantly among nests of different status
for both fumigated and nonfumigated classes (Table 5). Host
nests averaged more total eggs than nests of parasites or of

Table 4

nonparasites/nonhosts, and (among fumigated nesis) the par-
asites tended the fewest eggs. Larger clutch sizes for hosts are
not surprising given that eggs from other females were added
to their nests. However, the hosts’ clutches had on average
less than one egg more than clutches of the other classes,
meaning that the hosts probably compensated for being par-
asitized by reducing their own output of eggs (Brown and
Brown, 1989). When one egg, representing the parasitic egg,
was subtracted from the host clutch sizes (Table 5; and some
hosts had more than one parasitic egg), hosts were at a dis-
advantage in producing fewer of their own eggs than either
of the other classes of females.

The number of young surviving to day 10 varied signifi-
cantly among fumigated nests of different status (Table 5).
This was primarily because of larger brood sizes in the non-
parasite/nonhost nests. Based on the number of young
fledged, the nonparasites/nonhosts had a substantial advan-
tage over the other classes. Their advantage was increased be-
cause often the surviving broods of hosts, and in some cases
the parasites themselves, contained one or more parasitic off-

ing. This lowered realized reproductive success below that
shown (Table 5) for hosts and some parasites, although the
fraction of parasitic offspring that survived in these nests was
unknown because we had no way to identify the offspring
from parasitic eggs. There was no significant difference in the
number of young surviving to day 10 for nonfumigated nests
of different status (Table 5).

Recruitment to breeding age

The number of young surviving to their first breeding season,
estimated as the number of young surviving to fledge times
their first-year survival probability, revealed a reproductve ad-
vantage for parasites among the i nests and for hosts
among the nonfumigated nests (Table 5). This pattern re-
sulted largely from the higher first-year survival probabilities
for birds raised in the parasites’ nests and, in the nonfumi-
gated set, in the host nests. The results illustrate the impor-
tance of knowing first-year survival probabilities because in
this case scasonal measures of the number of young fledged
do not accurately reflect relative recruitment into the next
year’s breeding population (Table 5).

Costs of brood parasitism

Adult survival in relation to clutch and brood size

One interpretation for the survival differences among females
of different status (Table 1) is that these reflect the long-term
costs of caring for different numbers of eggs and young
among parasites, hosts, and birds who are neither (Table 5).
If survival of breeders varies with clutch or brood size, addi-
tion of parasitic eggs or young could impair host survival. We
examined how cliff swallow annual survival varied with repro-
ductive effort, using all birds irrespective of status for which

Body mass (g) taken during the nest-building and egg-lxying period for male cliff swallows that did
(EPC males) and did not (non-EPC males) engage in extrapair copulation attempts

Colony Mean mass SE n (birds) P
A EPC males 23.30 0.49 10

non-EPC males 22.34 0.39 13 .09
B EPC males 25.22 0.45 9

non-EPC males 24.70 0.26 48 .81
C " EPC males 24.13 0.89 15

non-EPC males 23.85 0.27 38 .53

* Based on Mann-Whitney U test within each colony.
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Table 5

Behavioral Ecology Vol. 9 No. 2

Clutch sive, number of young surviving to 10 days of age, and estimated annual reproductive success

(ARS) as messured by recruitment to the next year for different clzsses of cliff swallows

Clutch size* Surviving young® ARS (no.
of

Class of birds Mean SE n Mecan SE n young)
Fumigated nests

Parasites 3.48 0.16 25 2.76 0.21 21 1.51

Hosts via egg transfer 3.84 0.075 354 271 0.075 333 0.96

Hosts via egg laying 411 0.062 312 27 0.083 288 0.96

Nonparasites/nonhosts 3.68 0.046 279 297 0.077 267 1.05
Nonfumigated nests

Hosts via egg wransfer 8.89 0.11 108 1.89 0.18 104 0.42

Hosus via egg laying 3.91 0.090 88 170 0.21 81 0.38

Nonparasitized 3.43 0.022 1865 1.80 0.040 1775 0.24

* Clutch size varied significantly among classes for both fumigated (Kruskal-Wallis ANOVA, p < .001)
and nonfumigated nests (p < .001).

* Number of surviving

varied significantdy among classes for fumigated nests (Kruskal-Wallis

young
ANOVA, p = 039), but not for nonfumigated ones (p = .70).

clutch and brood size were known. This analysis could not be
done separately for nests of different parasitic status due to
problems with estimating survival for small cohorts. Birds oc-
cupying fumigated and nonfumigated nests were combined
because nest fumigation did not affect adult survival (Brown
and Brown, 1996).

Annual survival probabilities did not vary among females
attending clutches of one (n = 7 birds), two (n = 31), three
(n = 187), four (n = 298), or five (n = 42) eggs (Table 6).
Models with group effects did not provide significantly better
fits, when using either ail 5 groups (Table 6) or fewer in ex-
ploratory analyses. Thus, survival of females attending large
clutches was not significantly different from that of birds with

Table 6
Capture-recapture models and comparisons among models for
adult cHff swallows in relation to their clutch size (see text for
notation)

Model np DEV AIC Comparison

Female nest owners

(22) ¢, 14 1784.7 18127 Best fit. No differences
among females.

(28) &y, 0 18 17774 1813.4 Groups = birds laying
clutch sizes 1-5. (23) va
(22), X% = 73, p= .12

(24) &, B 25 1767.6 18176 Full CJS model. (24) vz
(22), x3), = 17.1, p = .11

(25) ¢,.¢, p 30 17599 18199 Testing for parallelism over
time for different groups.
(25;3“- (23), x%is = 175, p

Male nest owners

(26) ¢ pn 25 24538 25088 Best fit Full CJS model. No
differences among males.

(27) duupe o 31 24520 2514.0 Testing for parallelism over

. time for different groups.

Groups = birds paired to
females laying clutch sizes
1-6. (27) w2 (26), x% =
18, p= 97

(28) . iy 14 24878 25158 (28) vs. (26), x*,, = 34.5, p
< .001

smaller clutches. The overall survival probability for females
in this sample was 0.588 (+ 0.0182).

Annual survival probabilities did not vary among males at-
tending clutches of one (n = 11 birds), two (n = 32), three

. (n = 187), four (n = 328), five (n = 54), or six (n = 10)

eggs (Table 6). Unlike with females, 2 model with time-de-
pendent survival provided a significantly better fit than one
without time dependence, but there was no evidence of a sig-
nificant group effect (Table 6). As with females, survival of
males attending larger clutches was not significantly different
from that of birds with smaller clutches. Overall annual sur-
vival probabilides for males in this sample ranged from 0.357
(= 0.154) in 1992 to 0.833 (* 0.0730) in 1989.

Annual survival probabilities differed significantly between
females auending broods of zero young (n = 71 birds) and
those attending all other brood sizes combined (one, n = 35;
two, n = 93; three, n = 189; four, n = 146; Table 7). A model
with these two group classifications provided a significantly
better fit than one with all 5 groups (brood sizes) separate
(Table 7). As with female clutch size, models with time de-
pendence did net provide significantly better fits for female
brood size. From model 29 (Table 7), annual survival proba-
bilities were estimated at 0.411 (* 0.0518) for females with
broods of zero (nests failing before hatching) and 0.602 (%
0.0170) for females with broods of one to four combined.
Survival of females attending larger broods (e.g., four young)
was not significantly different from that of females attending
smaller broods (i.e., one or two young).

The pattern in annual survival for males attending different
brood sizes was similar to that seen for clutch size. Annual
survival probabilities did not vary among males attending
broods of zero (n = 86 birds), one (n = 28), two (n = 108),
three (n = 197), four (n = 168), or five (n = 15) young. A
model with dme-dependent survival provided a significantly
better fit than one without time dependence, but there was
no evidence of a significant group effect (Table 7). Overall
annual survival probabilities for males in this sample ranged
from 0.280 (= 0.108) in 1992 to 0.800 (= 0.0780) in 1989. As
with females, survival of males attonding larger hroods was not
significantly different from that of birds attending smaller
broods.

That we found no relationship between adult survival and
clutch or brood size in successful nests suggests that differ-
ences in clutch or brood size per se (Table 5) had little impact
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Table 7
Capture-recapture models and comparisons among models for
adult cliff swallows in relation to their brood size (see text for
notation)

Model np DEV AIC Comparison

Tuble 8
Capture-recapture models and comparisons among models for
nestling cHff swallows in relation to natal clutch size (see text for
notation)

Model np DEV AIC Comparison

Female nest owners

(29) dp ;. 15 17271 17571 Best fit Groups = birds
raising brood size 0, all
other brood sizes
combined.

(30) dp. A 18 17221 1758.1 Groups = birds raising
brood sizes 0—4. (30) vs.
(29), x% = 5.0, p = .17

3D ¢, n 14 17396 1767.6 Testing overall effect of
brood size. (31) vs. (29),
x" = 12.5, p < .001

32) ¢, £ 25 17236 1773.6 Full CJS model (32) v

: (31), x*, = 16.0, p = .14

Male nest owners

(33) &, 5 25 23208 2370.3 Bestfir Full CJS model. No
differences among males.

(34) b0 31 28186 2380.6 Testing for parallelism over
time for different groups.
Groups = birds raising
brood sizes 0-5. (34) vz
(33), x% = 1.7, p = .95

(35) ¢, A 14 23520 2380.0 (35)vs. (33),x% =317, p
<.001

on annual survival of birds occupying nests of different par-
asitic status. Clutch and/or brood size thus cannot explain the
differences in survival among parasitic females, host females,
and fernales who were ncither hosts nor parasites. Adding an
egg to a nest through parasitism would not appear to repre-
sent a long-term survival cost for the adult hosts.

Nestling survival in relation to clutch and brood size
Increases in clutch or brood size could reduce the fraction of
parental resources allocated to each offspring, lowering the
postfledging survival prospects for birds raised in nests with
larger brood iizes. If so, brood parasitism could be costly to
hosts in terms of recruitment into the next year's
breeding population. We examined how first-year survival of
cliff swallows varied with natal clutch and brood size, using all
birds irrespective of status for which nawal clutch and brood
sizes were known. As with adules, we could not do this com-
parison separately for nests of different parasitic status due to
problems with estimating survival for small cohorts. We ana-
lyzed birds from fumigated and nonfumigated nests separate-
ly, given the substantial effect of ectoparasites on first-year sur-
vival (Brown and Brown, 1996).

Firstyear survival probabilities did not differ significantly
for birds reared in fumigated nests of different clutch sizes. A
model with an age-dependent i up interaction,
lowest in AIC among those that included a group effect, for
natal clutch sizes one (n = 15 birds), two (n = 207), three
(n = 2118), four (n = 3966), and five (n = 1183) eggs did
not provide a significantly better fit than a model without a
group cffect or one with time-dependent survival (Table 8).
The overall first-year survival probability for fumigated birds
irrespective of natal clutch size was 0.349 (= 0.00975). A sim-
ilar noneffect of clutch size was seen for birds from nonfu-
migated nests. An age-dependent up model
with clutch sizes two (n = 113 birds), three (n = 695), four
(n = 2015), and five (n = 516) eggs (data were insufficient

Fumigated nests

(36) ¢, 16 18059 18379 Best fit No differences
among clutch sizes.

(37) dag i 24 18054 18534 Groups = birds from
clutch sizes 1-5. (37) va.
(36), x% = 0.5, p = .99

(38) b 41 18003 18823 CJS model (38) va. (36),
Xl = 5.6, p= .99

Nonfumigated ness

(39) b 41 29872 30692 Best fit CJS model. No
differences among clutch
sizes.

(40) dpqpu o 22 30358 3079.8 Groups = birds from
clutch sizes 2-5. Rejected
by high AIC.

(41) b 16 30872 38069.2 (41) vs. (39), X¥y = 50.0,p
= 002

to estimate survival for clutch size one) as the group effect
(model 40) did not provide a better fit, as judged from the
AIC (Table 8), than one with age- and time-dependent sur-
vival but no group effect (model 39; that these models were
not nested precluded use of an LRT). The overall first-year
survival probability for nonfumigated birds i ive of na-
tal clutch size varied from 0.0679 (* 0.0213) in 1988 to 0.460
(* 0.244) in 1985.

Analyses of how first-year survival probabilities varied with
natal brood size were virtually identical to those for natal
clutch size. For neither fumigated nests (brood size one, n =
132 birds; two, n = 918; three, n = 8173; four, n = 8756; five,
n = 524) nor nonfumigated nests (one, n = 60; two, n = 554;
three, n = 1835; four, n = 2275; five, n = 385) did a model
with natal brood size as a group effect provide a significantly
better fit than one without the group effect (Table 9). Among
fumigated nests, a model with age-dependent survival but no
tme dependence provided the best fit, whereas for nonfu-
migated nests an age-dependent model with time dependence
fit best. That survival of birds from nonfumigated nests, but
not fumigated nests, showed time dependence for both natal
clutch and brood size is probably attributable to a greater
number of years with data for the nonfumigated cohorts. All
cliff swallow survival probabilities likely vary with year, but
large sample sizes are required to demonstrate time depen-
dence statistically (Brown and Brown, 1996). The overall first-
year survival probability for fumigated birds in this sample
irrespective of natal brood size was 0.351 (* 0.00875), and
for nonfumigated birds it varied from 0.0761 (+ 0.0265) in
1988 to 0.372 (£ 0.214) in 1985.

That we found no relationship between firstyear survival
and natal clutch or brood size suggests that differences in
clutch or brood size per se (Table 5) had little impact on
postfledging survival of birds raised in nests of different par-
asitic status, and differences in natal clutch or brood size can-
not explain the variation in first-year survival for birds from
parasite, host, or nonparasitized natal nests. Adding a parasitic
egg does not apparently represent a long-term cost to nest-
lings by increasing competition and thus reducing their first-
year survival probabilites.
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Table 9
Capture-recapture models and comparisons among models for
nestling cliff swallows in relation to natal brood size (see text for
notation)

Model np DEV AIC Comparison
Fumigated nests
(42) ¢ B 16 2063.2 20952 Best fit. No differences
among brood sizes.

(48) dug. . 24 20627 21107 Groups = birds from
brood sizes 1-5. (43) va.
(42), x*, = 05, p = .99

(44) b b 41 20574 21394 CJS model (44) va. (42),
X' = 58, p= .99

Nonfumigated nests

(45) by, Pone 52 52204 53244 Best fit. CJS model. No

differences among brood

sizes.
(46) b, 152 51040 54080 Groups = birds from
B brood sizes 1-5. (46) vs.

(45), Xtioo = 116.4, p= .18

(47) ba p, 16 55169 53489 (47) v (45), xle = 96.5,
p < .001

Esti 1 Lifets tacti
The annual survival probabilities for adults generated est-
mates of life span, which when muldiplied by the number of
offspring recruited into the next year’s breeding population
cach year, generated estimates of total offspring produced to
breeding age for parasites, hosts, and nonparasites/nonhosts
(Table 10). Parasitic females realized a lifetime advantage by
almost 2:1 or better over all other classes of females. These
estimates would also pertain to males to the extent that they
pair consistently with females of the same status and assuming
male reproductive success is not heavily skewed by extrapair
fertilizations. The major difference between fumigated and
nonfumigated estimates, aside from lower overall values for
the nonfumigated nests attributable to the deleterious effects
of swallow bugs (Brown and Brown, 1996), was a smaller es
timate of LRS for the nonparasitized nests relative to host
nests among the nonfumigated class (Table 10). These est-
mates of LRS should be regarded only as relative for compar
ison to each other. We emphasize that the estimated LRS val-
ues require that females do not alternate between being par-
asites, hosts, or neither from year to year (see Methods).

We had no data to estimate LRS for males that attempted
and did not attempt extrapair copulations; knowing how often

Table 10

Estimates of breeding life span in years and lifetime

Behavioral Ecology Vol. 8 No. 2

these copulations result in fertilizations would be necessary.
However, the survival probabilities of EPC males and non-EPC
males led to estimates of 1.13 and 2.05 years in expected sub-
sequent life span for the two classes of males, respectively.

DISCUSSION

Dozens of studies on intraspecific brood parasitism have been
published over the last decade (partial listing in Brown and
Brown, 1996), but to our knowledge only two have contained
information on annual survival of parasitized and nonparasi-
tized individuals and their offspring ‘(Lank et al.,, 1990; Lars-
son et al., 1995). Both were on precocial geese. Neither had
survival measures for the parasites themselves, and neither
found differences in first-year recruitment to the next year for
different classes of birds. Our study of cliff swallows is the first
to provide measures of annual survival for parasites, hosts, and
birds who were neither; the first to demonstrate significant
differences in firstyyear survival among birds reared in nests
of parasites, hosts, and birds who were neither; and among
the first to suggest a markedly higher fitness for parasites over
all other classes of individuals. The main conclusion from our
analyses is that, through their own higher survival and that of
their offspring, parasitic female cliff swallows may realize a
lifetime reproductive success at least double that of the next
most successful class of birds (the nonparasites/nonhosts).
The principal unresolved question, then, is why parasitism is
not more common.

Survival as an index of individual quality

Various studies on other species have sought information on
parasitic and host individuals, usually in the context of deter-
mining whether brood parasitism is a “*best-of-a-bad-job" strat-
egy by individuals incapable of or too inferior to provide pa-
rental care, or an obligate strategy by “professional” parasites
who reproduce in no other way (Emlen and Wrege, 1986;
Evans, 1988; Jackson, 1993; Lank et al., 1990; Lyon, 1993;
Pinxten et al., 1991; Sorenson, 1991; Weigmann and Lam-
precht, 1991; Yom-Tov, 1980). In cliff swallows, all parasitisms
directly observed have been by females who maintained nests
and mates of their own; no cases of parasitism by nestless birds

r ‘‘professional” parasites have been seen or suspected
(Brown and Brown, 1989). Parasitic laying is therefore a
mixed strategy (sensu Trivers, 1972) in which femalas seek to
place one or more eggs in a neighboring nest while at the
same time raising some offspring in their own nests. Mixed
strategies like this have also been reported in other species
(Gibbons, 1986; Jackson, 1993; Lyon, 1993; Mgller, 1987; So-
renson, 1991). Until now, we had no informaton on how, if

success (LRS) in number of young

recruited to the next year for female and male cliff swallows of different classes

Female Male
Class of birds life span life span Female LRS Male LRS
Fumigated ness
Parasites 4.66 3.19 7.04 4.82
Hosts via egg transfer 2,93 3.19 2.81 3.06
Hosts via egg laying 1.81 319 1.74 8.06
Nonparasites/nonhosts 3.65 3.19 3.83 3.35
Nonfumigated ness
Hosts via egg transfer 293 3.19 1.23 1.34
Hosts via egyg laying 1.81 3.19 0.69 .21
Nonparasitized 3.65 3.19 0.88 0.77
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at all, parasitic cliff swallows differed from nonparasites in
phenotypic characteristics. It seemed that parasitism occurred
unpredictably whenever a female happened to encounter an
unattended nest at the appropriate time in the nesting cycle.
Instead, the increased survival probabilities of parasitic fe-
males and of the offspring from their nests indicate that par
asites are not a random collection of opportunistic individu-
als. Parasites more likely are high-quality individuals, reflected
in their survivorship and that of their young, who for this
reason may have the necessary resources (time, energy) to
successfully parasitize neighbors at little cost to themselves.
The higher survival of these females is not a consequence of
their being parasites: parasitic females did not have substan-
tially smaller broods of their own to care for as a result of
being brood parasites (Table 5), and brood size had no ap-
parent effect on adult survival anyway.

The lower survival probabilities of host fernales and the in-
creased firstyear survival probabilities of young reared in host
nests in the presence of ectoparasites similarly suggest that
hosts are not random collections of individuals who happened
to have accidentally left their nests unguarded and thus vul-
nerable. Low survival, especially for females parasitized by egg
laying, indicates that host females are probably ones in poorer
condition than average or ones who invest more than average
in offspring at a substantial cost to their own survival pros-
pects. That egg-transferring parasites tend to select among
nests and place their eggs in ones that are ultimately likely to
successfully fledge young (Brown and Brown, 1991) means
that hosts are not chosen randomly. The information on sur-
vival probabilities reported here confirms that conclusion and
suggests that characteristics of the host females may influence
their selection by the parasites in one of two ways. Either par-
asites somechow identify individuals who, at a long-term cost
to themselves, lavish inordinate amounts of parental care on
offspring, or individuals in relatively poor condition (reflected
in their survival probabilities) are the ones most likely to leave
their nests unattended (perhaps while away foraging) and are
thus susceptible to brood parasitism in the first place. Given
the constraints involved for egg-laying parasites who must find
an unattended host nest in the narrow window of time within
the nesting cycle when parasitic eggs can be laid, it seems
more likely that parasites pick poorer condition birds who
leave their nests un, ed. On the other hand, that off-
spring reared in host nests have higher first-year survival prob-
abilities than birds from nonparasitized nests in the presence
of ectoparasites suggests that host nests have advantageous
characteristics. Most likely this is because parasites choose as
hosts those nests that are relatively uninfested with ectopara-
sites (Brown and Brown, 1991).

Annual survival probabilities for males paired to females of
different parasitic status showed no differences. This too sug-
gests that the observed variation among females in survival
probabilities reflected their inherent condition; had female
survival instead reflected the costs or benefits of parasiism
per se, males to whom the females were paired should have
shown a similar pattern. Male quality seems unrelated to nest
status. However, one might expect superior males to compete
for parasitic females, given the reproductive advantages asso-
ciated with this class of females (Table 5). If we had a larger
sample of males of known status, especially of those paired to
parasites, we might have demonstrated differences among
male classes.

One of our more surprising findings was the significandy
lower survival probability for EPC males compared to non-
EPC males. This might mean that extrapair copulation is cost-
ly to male cliff swallows, although we cannot identify in what
way. More likely, survival probability reflects male quality. If
so, females who mated with these males did so with relatively

inferior partners. This result does not agree with the widely
held view that extrapair copulation represents a way for fe-
males to achieve matings with males of high genetic quality
(e.g., Birkhead and Msller, 1992; Wagner, 1993; Westneat et
al., 1990) and field data on other species showing that longer-
lived, more experienced males are more likely to achieve ex-
trapair copulations or that they are preferred by females as
mates (e.g., Alatalo et al,, 199]1; Andersson, 1994; Kempenaers
et al,, 1992; Morton et al, 1990; Wagner et al., 1996; Weath-
erhead and Boag, 1995). Our data suggest that female chiff
swallows should resist ir copulation attempts, which
they generally do, at least during the first half of the nesting
season (Brown and Brown, 1996). If survival reflects in part
male quality (which seems likely), female cliff swallows are
unlikclytorealizeagcneticgainfort.heiroﬂ'xpringﬁ‘om ex-
trapair copulation. Extrapair mating may be a *“best-of<a-bad-

job” strategy for inferior males, with deleterious consequences
for females who participate.

We detected significant differences in survival (Tables 1-3)

despite our categories being polluted with undetected para-
sitisrns or extrapair copulations and possibly with birds chang-
ing status between years (see Methods). This attests to the
surprising strength of these patterns. The differences likely
would have been greater had we had pure samples of birds
of each status. We are confident, therefore, that the differ-
ences in survival probabilities reflect real differences among
birds pursuing these alternative strategies.

Costs of brood parasitism

Brood parasitism is generally regarded as costly for hosts in
altricial bird species (Nee and May, 1998; Yamauchi, 1993;
Yom-Tov, 1980), in which brood sizes are limited by the ex-
tensive amount of care (incubation, feeding) that must be
invested in each offspring. The nature of this cost is twofold:
a host invests in at least one offspring to which it is unrelated,
and addition of an extra egg(s) may reduce the survival of
the parental host itself or its young by requiring increased
parental care and reducing the fractional amount of care
available to each offspring in the brood. By definition, all cliff
swallow hosts pay the first cost, except for males in rare in-
stances of quasi itism (sensu Emlen and Wrege, 1986;

and Emlen, 1987) in which a female parasitizes the
nest of a male that fertilized her parasitic egg through extra-
pair mating. Quasi-parasitism may occur occasionally in cliff
swallows and seems to be tolerated by “host” males (Brown
and Brown, 1989).

Another potential cost of brood parasitism is its longer-term
cffect on hosts’ expected reproductive success. Host nests con-
tain more total eggs on average than nests of parasites or non-
parmtes/nonhost.s (Table 5). Does the increased clutch size
impair survival prospects of host parents through classic life-
history trade-offs between survival and current reproductive
effort (sensu Charnov and Krebs, 1974; reviewed in Linden
and Mgller, 1989; Stearns, 1992)? Lower survival probabilities
for host females, especially for those parasitized by egg laying
and who have the largest clutches, suggest that it might. How-
ever, we can reject brood parasitism as costly for adult host
survival for three reasons. First, host brood sizes were not ul
timately larger than those of other birds despite the host
nests’ beginning with more eggs; loss of eggs during incuba-
tion and loss of young during the early nesting stage pro-
duced little net change in the number of offspring cared for
by hosts. These reductions may have occurred for the same
reason that the host nests were parasitized in the first place:
their owners left them unattended more often than other
birds and thus they were susceptible to intruding conspecifics
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that toss out eggs and small young (Brown and Brown, 1988a,
1996).

Second, even had the hosts cared for more young, we found
no cffect of either clutch or brood size on subsequent survival
of adults attending successful nests. This, of course, came
from birds under natural conditions in which clutch and
brood sizes were not manipulated, and an alternative inter-
pretation is that we saw no effect on survival due to positive
phenotypic correlations between traits (Linden and Mgller,
1989). For example, birds in better condition might
produce more eggs, and their superior condition might allow
them to raise more young at no net cost relative to individuals
in inferior condition who produced smaller clutches. Howev-
er, brood parasitism itself represents a natural manipulation.
That no effect of parasitism on male host survival was seen
strengthens the case that brood parasitism is in general not
costly to adult survival.

Third, parasitic eggs added to host nests during the 1-3 days
immediately preceding the host’s laying and during the first
1-2 days of the host’s laying seem to cause hosts to reduce
their own clutch sizes (Brown and Brown, 1989). This suggests
that cliff swallows may be partially indeterminate layers and
that addition of parasitic eggs does not always result in en-
larged host clutches or broods. Even egg-transferring para-
sites, who frequently added eggs well after a host had ceased
laying, often removed a host egg either during the transfer or
at another time (Brown and Brown, 1988a, 1996), again re-
sulting in no net change in host clutch size. For these reasons,
host clutches were not mar larger than those of parasites
or nonhosts (Table 5), and any phenotypic correlation be-
tween host ability and clutch/brood size was maintained. Con-
sequently, parasites gained by not having their young in an
enlarged brood that the host was unable to care for, and hosts
suffered no long-term costs.

The amount of parental care available for each offspring
declines with increased brood size (reviewed in Clutt.on-Brock,
1991). Thus, another potcnnal cost of brood parasitism, in-
dependent of adult survival, is that it may lower postfledging
survivorship of host offspring. This is, of course, also costly
for the parasites’ young coming from host nests. But, as noted
above, for several reasons host brood sizes were not larger
than those of other birds. In addition, we found no effect of
natal clutch or brood size on first-year survival probability in
cither the presence or absence of &ctoparasites. Altheugh this
result might again reflect phenotypic correlations between
brood size and parental ability to raise young, the absence of
a negative association reinforces the conclusion that addition
of parasitic young does not lower recruitment of offspring to
breeding age from host nests.

We conclude that brood parasitism in cliff swallows may not
be as costly to hosts as some have supposed (e.g., Nee and
May, 1998; Yamauchi, 1993). There is the penalty of investing
in an unrelated individual instead of one of the host’s own,
but there is no compelling evidence that hosts or their young
suffer long-term survival-related costs due to being parasitized.
This may be largely because parasites reduce the probability
of these costs being expressed by laying eggs at a time when
the host is likely to respond by reducing its own egg output
and by removing host eggs before parasitizing nests by egg
transfer. The loss of an egg when parasitized—cither directly
or mdu'ecdy—mzy be the most scnom cost of brood parasit-
ism in cliff swattows.

Survival estimation
Undl recently, the predominant approach to estimating sur-

vival probabilities in animal populations was to tabulate the
percentages of marked animals resighted and equate this to
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survival. This approach is still widely used, including in past
studies of brood parasitism (Lank et al., 1990; Larsson et al,,
1995), despite the development of sophisticated methodology
to separate true survival from recapture/resighting probabil-
ities (Lebreton et al.,, 1992). Maximum likelihood methods of
survival estimation have many advantages, including more
precise estimation of parameters and the ability to compare
across groups (Lebreton et al., 1993). Our use of SURGE en-
abled us to test whether survival varied among classes of birds
with far greater statistical rigor than would have been possible
had we simply calculated survival separately for each group
and qualitatively compared them post hoc.

Nevertheless, some caveats are in order. SURGE, and the
body of mark-recapture theory on which it is based, cannot
distinguish between permanent emigration and mortality.
These parameters are confounded in virtually any field study
with incomplete registration of deaths (Lebreton et al,, 1998).
Thus, the survival probabilities reported in this paper are not
absolute and should be as estimates of local or ap-
parent survival only. They should be used as relative measures
o&'amvalamonggroupsbrchucs,andtodosomakathc
explicit assumption that long:range dispersal and emigration
out of the study area do not vary among the sets of birds being
compared (sce Brown and Brown, 1996). We see no reason
to expect differential dispersal in the data sews presented in
this paper, with two possible exceptions. The survival proba-
bility of females attending broods of zero, that is, whose nests
failed before the nestlings reached 10 days of age, was only
about two-thirds that of females that actually raised young.
Because nest failure is often associated with short-range dis-
persal within the study area (Brown and Brown, 1996) and
females relieved of parental duties might be expected to have
the highest survival probability, we view this group of birds as
a likely candidate for greater undetected dispersal and emi-
gration. This potential bias would account for their lower ap-
parent survival, although it has no effect on our conclusions
about the costs and benefits of brood parasitism. Another,
though less likely, possibility of differential dispersal is by
males that engaged in extrapair copulations. Often, unpaired
and unmarked males who are nonresident in a colony per-
petrate extrapair copulation attempts (Brown and Brown,
1996), and these males might be more likely to disperse from
an area in which they did not nest. However, our data on
survival reported here all came from marked, resident males
who maintained nests of their own. Dispersal biases seem un-
likely among these males.

Effects of ectoparasites

Nest fumnigation allowed us to estimate fitness components in
the absence of cctoparasitic swallow bugs, which, owing to
their abundance and virulence, often overwhelm other repro-
ductive effects in cliff swallows (Brown and Brown, 1996). In
a sense, of course, this manipulation was unnatural, but it did
reveal the potential fitnesses different classes of birds could
achieve. In some cases, patterns among birds exposed and not
exposed to ectoparasitism were qualitatively the same (e.g.,
effects of natal clutch and brood size on firstyear survival).
However, in other cases we detected a difference among fu-
migated and nonfumigated classes, and the most important
of these concerned firstyear survival of birds from host nests
and those not parasitized. In the absence of swallow bugs, we
found no significam differences in first-yoar survival for nest-
lings reared in host nests versus nests of nonparasites/non-
hosts. In the presence of swallow bugs, though, we found first-
year survival to be significandy higher for birds from host
nests. This probably reflects the active selection by parasitic
femnales of host nests relatively uninfested by ectoparasites
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(Brown and Brown, 1991). Consequently, the young in those
nests are in better fledging condition, likely leading to higher
postfledging survival. Because of this, hosts under natural con-
ditions have higher average annual reproductive success, as
measured by recruitment to the next year, than birds who are
not brood parasitized (Table 10). This advantage to hosts dis-
appears when swallow bugs are removed, and in that case non-
parasites/nonhosts have the highest success. Parasitic females
might be those who occupy highly infested nests and resort
to brood parasitism to place some of their offspring in nests
less subject to the effects of swallow bugs. We cannot explore
this fascinating possibility without information on parasite
identities among nonfumigated nests, although the higher
firstyear survival probability for young reared in the parasites’
own nests in the fumigated sample suggests that the brood
parasites are superior parents at least in the absence of ecto-

parasites.

Fitness estimates

As a consequence of both their own greater probability of
survival and that of the offspring reared in their nests, para-
sitic females had substantally fitness than the other
three classes of birds. Although survival of males paired to
different females did not vary, those paired with parasites also
had higher fitness owing to the greater survival of offspring
from their nests. To our knowledge, this is the first demon-
stration that females employing a mixed parasitic strategy have
higher average lifetime fitness. In several other species, para-
sitic females were thought to have higher annual reproductive
success based on numbers of eggs hatched or fledged (Lyon,
1993; Moller, 1987, Sorenson, 1991), but these studies had no
long-term information on adult survival and first-year recruit-
ment for different classes of birds. It does not necessarily fol-
low that more young fledged by parasites means higher fimess
because potential costs associated with larger host brood sizes
or the time spent finding host nests may impose long-term
survival costs (Jackson, 1993; Yamauchi, 1993).

The conclusion that parasitic cliff swallows and their mates
do better than other birds seems solid, but the estimate of
lifeime reproductive success for parasites is probably biased
in two opposite ways. It does not contain a correction for in-
stances in which the parasites themselves were parasitized and
thus raised young to which they were unrelated. Over half of
all known parasites were parasitized by other (in some cases
unidentified) birds (Brown and Brown, 1989). We did not try
to correct for this bias because we had no way to identify the
eventual fates of individual parasitic eggs that appeared in
nests, but the effect would be to lower the estimated fitness
of parasites (Tabie 10). On the other hand, the fitness esti-
mates for parasites do not include their young raised parasit-
ically in host nests. Again, we did not try to estimate this in-
crement because of difficulties with determining whether a
given parasitic egg in a host nest survived to produce a fledg-
ling; often we knew a parasitic egg appeared in a nest in a
specified time period, but we could not know which of several
eggs in the clutch was the parasite’s. This bias increases the
finess estimates of parasites over those shown (Table 10).
With two biases operating in opposite directions, the estimate
shown in Table 10 is the best relative fitness measure we can
be comfortable with. Also, our fitness estimate for parasites
comes from fumigated nests. We see no reason why this est-
mate should not be an accurate relative measure of fitness,
compared to other classes of birds. This is especially the case
since the fitness differential for parasites is in large part a
consequence of increased breeding life span, which is unaf-
fected by nest fumigation.

Fitness of female hosts was lower than that of other classes

of birds in all comparisons except for females parasitized by
egg transfer (Table 10). Hosts having nests less infested with
swallow bugs and the greater postfledging survival of their

as a result was not enough to overcome the low adult
survival for female hostxpamnuzcdbyhymg Males paired to
host females in the presence of ectoparasites had higher ap-
parent fitness than males occupying nests not brood parasit-
ized, largely because firstyear survival of young from host
nests was enhanced. However, these estimates were biased by
not being able to correct for the fate of parasitic eggs. Hosts
clearly raised some parasitic young, lowering their fitness es-
timates (Table 10) by an unknown quantity. This does not
change host fitness relative to other classes among fumigated
nests, but in nonfumigated nests this bias could be enough to
equalize host and nonhost fitness for all categories of males
and females.

Our estimates of lifetime reproductive success rely on an
expected breeding life span derived from the annual survival
probabilities for different classes of birds. Life span as we cal-
culate it assumes the same annual survival probability across
years. The results of our model fitting suggested no time de-
pendence in survival estimates for males and females of dif-
ferent status, supporting the assumption inherent in the ex-
pected life span. However, if status is directly associated with
survival, we must assume that status remains unchanged across
years; otherwise, survival probability (and hence expected life
span) changes with annual status. This is not an issue if sur-
vival reflects overall bird quality or condidon, which we ar-
gued carlier, and if that condition determines parasitic status
(which would presumably be constant among years). Ideally,
one would use muldstate statistical models (Brownie et al.,
1993; Nichols et al., 1992, 1998, 1994) to estimate survival
conditional on annual status for birds exhibiting different sta-
tus transitions from year to year, but the lack of tractable mul-
tistate software precludes such analyses at this time.

We emphasize that our fimess estimates (Table 10) are rel-
ative ones. They do not reflect absolute fitness because they
do not contain a correction for long-range dispersers and per-
manent emigrants (Brown and Brown, 1996). If true lifetime
reproductive success was as low as that estimated for the non-
fumigated class, the population would be dedlining, which is
not the case. However, our estimates are useful relative indices
as long as we assume no differential dispersal among classes
of birds (sce above).

Evolution of brood parasitism

The laying of eggs in conspecifics’ nests is a common alter-
native reproductive strategy in birds and insects, but we un-
derstand little about its evolution in any species. This is pri-
marily because most workers have focused on the natural his-
tory of brood parasitism, and data to estimate fitness for par-
asites, hosts, and nonparticipants have been extremely
limited. Several recent theoretical models have sought to iden-
tify conditions that allow parasitism to persist in populations
(Eadie and Fryxell, 1992; Nee and May, 1998; Yamauchi, 1998,
1995), but the only previous data on long-term survival and
recruitment with which to estimate fitness of brood parasites
and their hosts are those of Lank et al. (1990) for snow geese
(Anser caerulescens). Under various assumptions about fecun-
dity, viability, and behavioral flexibility of parasites and non-
parasites, Lank et al. concluded that parasitism, while less suc-
cessful than nonparasitic nesting in their population, could
persist as a conditional strategy used by females that are in
too poor a condition to maintain nests.

Our data, however, show a clear reproductive advantage for
brood parasites in cliff swallows. This is the first case docu-
mented in birds in which parasitic females achieve substan-
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tally higher fitness returns than nonparasitic/nonhost fe-
males. With an estimated lifetime reproductive success almost
twice that of the next most successful class of females, brood
parasitism should spread in this population. Although para-
sitism is common (at least 22% of nests and possibly more
receive a parasitic egg on average), most females are not par-
asitic. Why? One poasibility is that the trait is a2 mixed evolu-
tionarily stable strategy (ESS) under frequency-dependent se-
lection, with parasites benefiting when rare and suﬂenng
when common. At equilibrium, parasitism and nonparasitic
nesting should have equal fimess (Eadie and Fryxell, 1992).
Either an equilibrium currently exists and our fitness esti-
mates for parasites and nonparasites are functionally the same
(which we doubt given the size of the apparent advantage for
parasites), or no equilibrium exists and parasitism is increas-
ing in the population at the present time. Assuming that equi-
librium conditions exist can be risky in some situations (En-
dler, 1986). Perhaps the cliff swallow's recent conversion to
nesting on artificial structures such as bridges and highway
culverts (Brown and Brown, 1995) has provided more oppor-
tunities for parasitizing neighbors and is shifting the popula-
tion toward a new equilibrium in these traits. However, we see
no obvious reason why this should be 30, as colonies on arti-
ficial sites are similar in many ways to those on natural cliffs
(Brown and Brown, 1996).

The importance of density dependence in the evolution of
brood parasitism was recently emphasized by Eadie and Fry-
xell (1992; sce also Nee and May, 1993). Their simulation
analyses suggested that when the frequency of brood parasit-
ism is fixed, an increase in the total number of females in-
creases the relative fitness of parasites because more potential
hosts are available. The result is that there is no single ESS
and the equilibrium frequency of parasitism increases in a
nonlinear fashion with the total density of females. We may
be seeing a rise in the frequency of brood parasitism in re-
sponse to an increased population density. Overall, cliff swal-
low population size has been increasing in Nebraska and ad-
jacent Great Plains states since at least 1982 for unknown rea-
sons (Brown and Brown, 1995). Uniil a new equilibrium is
reached, we would expect parasites to have greater fitness
than nonparasites, as we observed. If a single breeding colony
constitutes a “population” in Eadie and Fryxell's (1992)
sense, their simulations could explain ::.I] the apparent fre-
quency of brood parasitism in cliff ows varies widely
among different colonies and generally increases in larger
and more dense ones (Brown and Brown, 1996). Brood par-
asiism is infrequent in the Sierra Nevadas (Smyth et al,
1998), perhaps because that population is smaller than the
one we studied in Nebraska. If the Sierra population is below
the density threshold required for parasite fitness to equal
nonparasite fitness (Eadie and Fryxell, 1992), parasitism as a
mixed ESS could be uncommon, exp few cases of
parasitic laying were observed (Smyth et al., 1993).

We conclude that brood parasitism in cliff swallows is prac-
ticed by superior individuals who use it as part of a mixed
reproductive strategy, analogous to extrapair mating in males,
to supplement their reproductive success. Their inherent
quality and ability to place their parasitic eggs in “‘good” host
nests give them a substantial fithess advantage over other
birds. The spread of parasitism is regulated by extensive nest
guarding by nonparasitic individuals, and the high levels of
guarding (Brown and Brown, 1996) may represent a con-
straint on parasitism’s spread. No matter how much fitness
gain parasitsm may confer, it only does so if a parasite has
the chance to enter a nest and lay or transfer an egg. Many
cliff swallows never allow would-be parasites such an oppor
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