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INDIVIDUAL, TEMPORAL, AND SEASONAL VARIATION IN
SPERM CONCENTRATION IN TREE SWALLOWS

MicHAEL P. LoMBARDO!3, ARMETRIS N. FORMAN!, MATTHEW R. CZARNOWSKI? AND
PATRICK A. THORPE!
'Department of Biology, Grand Valley State University, Allendale, MI 49401-9403

2Department of Ecology, Evolution, and Natural Resources, Rutgers University,
New Brunswick, NJ 08901-2882

Abstract. 'We determined sperm concentrations in Tree Swallows (Tachycineta bicolor)
by manually expressing semen samples from males during prelaying, egg-laying, incubation,
and nestling periods. Sperm concentrations varied by orders of magnitude (0-10° sperm
mL-!) among males. Sperm concentrations were highest during the incubation period and
lowest during the prelaying period. None of the samples collected during the prelaying, egg-
laying, and incubation periods were devoid of sperm. In contrast, 45% of samples collected
during the nestling period lacked sperm. Sperm concentrations (1) did not vary over the
course of the morning during prelaying, egg-laying, and incubation periods but significantly
increased during the nestling period; (2) did not vary with the date that samples were
collected during prelaying, egg laying, and incubation but significantly decreased with date
during the nestling period; and (3) did not vary with the number of fertile females at the
study site during any part of the breeding season. We hypothesize that the variations in
sperm concentration arose from a combination of factors including intrinsic differences
among males, daily patterns of sperm depletion associated with copulation, and an end-of-
season decline in sperm production. If males vary in sperm availability then female Tree
Swallows may benefit from pursuing extra-pair copulations as fertility insurance.

Key words: Tree Swallow, Tachycineta bicolor, sperm concentration, sperm competition.

Variacién Individual, Temporal y Estacional en la Concentracién de Esperma en
Tachycineta bicolor

Resumen. Determinamos la concentracién de esperma en Tachycineta bicolor tomando
manualmente muestras de semen de machos durante los periodos de pre-puesta, puesta de
huevos, incubacién y con pichones. La concentracién de esperma varié en 6rdenes de mag-
nitud (0-10° esperma por mL) entre machos. Las concentraciones de esperma fueron ma-
yores durante el periodo de incubacién y menores durante el periodo de pre-puesta. Todas
las muestras colectadas durante los periodos de pre-puesta, puesta e incubacién contuvieron
esperma. En contraste, el 45% de las muestras colectadas durante el periodo con pichones
no contuvieron esperma. Las concentraciones de esperma (1) no variaron durante el curso
de la mafiana en los periodos de pre-puesta, puesta e incubacion, pero aumentaron signifi-
cativamente durante el periodo con pichones; (2) no variaron con la fecha en la que las
muestras fueron colectadas durante los periodos de pre-puesta, puesta e incubacién, pero
disminuyeron significativamente con la fecha durante el periodo con pichones; y (3) no
variaron durante toda la estacién reproductiva con el nimero de hembras fértiles en el sitio
de estudio. Hipotetizamos que esta variacién en la concentracién de esperma se originé de
una combinacién de factores incluyendo diferencias intrinsecas entre machos, patrones dia-
rios de vaciamiento de esperma asociados con la c6pula, y una disminucién al final de la
estacién en la produccién de esperma. Si los machos varfan en la disponibilidad de esperma,
entonces las hembras de T. bicolor se beneficiarian de obtener copulaciones extra-pareja
para asegurar la fertilidad.

INTRODUCTION 1992, 1998a), setting the stage for competition
Extra-pair copulations are common in birds between the sperm of two or more males to fer-

(Westneat et al. 1990, Birkhead and Mgller ilize eges (Parker 1970). Understanding the dy-
namics of sperm competition is important be-
cause it is likely to favor the evolution of male

Manuscript received 7 January 2002; accepted 11 behav1'0rs an_d physiological traits that maximize
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quantities of sperm are advantageous traits be-
cause they increase a male’s chances of fertil-
izing eggs. Therefore, in species with intense
sperm competition there should be strong selec-
tion pressure on males to inseminate females
with large numbers of sperm cells (Parker 1970,
Mgiller 1988, Birkhead et al. 1993). As predicted
by theory, testis size, sperm counts, and ejacu-
late size are larger in bird species in which fe-
males copulate with several males (Castro et al.
1996, Tuttle et al. 1996, Sax and Hoi 1998).

Despite theoretically strong selection favoring
sperm cell production, males vary in their ex-
pression of these traits (Birkhead and Mgller
1992, 1998a, 1998b). Within species, variation
among males likely results from trade-offs in-
volving the costs of sperm production and stor-
age (Birkhead 1998). A consequence of varia-
tion among males with evolutionary implica-
tions is differential reproductive success. There-
fore, it is important to identify the sources of
variation among males in these traits in order to
fully understand the evolutionary dynamics of
sperm competition (Birkhead and Mgller 1992,
1998b). Our goal was to determine the extent of
individual, temporal, and seasonal variation of
sperm concentration in Tree Swallows (Tachy-
cineta bicolor) as a first step in identifying the
ultimate source of the variation in male repro-
ductive success.

Male Tree Swallows are excellent candidates
for studying variations in sperm concentrations
for several reasons. First, mated Tree Swallows
copulate frequently (Venier and Robertson 1991)
and extra-pair copulations (EPCs) are common
(Lombardo 1986, Venier et al. 1993) resulting in
some of the highest recorded levels of extra-pair
paternity in passerines (50-87% of broods have
extra-pair paternity; review in Barber et al.
1996). Mated male Tree Swallows provide sig-
nificant amounts of paternal care (Lombardo
1991, Dunn and Hannon 1992, Winkler 1992,
1993, Lombardo et al. 1995). Surprisingly, male
Tree Swallows do not closely guard their mates
(Leffelaar and Robertson 1984, Chek and Rob-
ertson 1994) despite the theoretical costs of be-
ing cuckolded. The high frequencies of within-
and extra-pair copulations and the lack of close
mate-guarding favor a high rate of sperm pro-
duction (Birkhead et al. 1993). Chek and Rob-
ertson (1994) argued that male Tree Swallows
attempt to protect their paternity with frequent
within-pair copulations because frequent insem-

inations can improve a male’s chances of fertil-
izing eggs (Birkhead and Mgller 1992, Hunter
et al. 1992, Westneat 1993a). This hypothesis
predicts that male Tree Swallows should pro-
duce large numbers of sperm cells to provide for
frequent inseminations while avoiding sperm de-
pletion. Indeed, the cloacal protuberance dimen-
sions (Lombardo 2001), testes volume (Peer et
al. 2000), sperm storage tubule number and
length, and sperm length of male Tree Swallows
are more similar to those of some polygynan-
drous and polygynous birds that face intense
sperm competition than they are to other mo-
nogamous birds (Briskie 1993), in concordance
with this prediction. Therefore, we expected
male Tree Swallow sperm concentrations to be
greatest early in the breeding season when fertile
females are most abundant, male chances of fer-
tilizing eggs are the greatest, and sperm com-
petiton is the most intense.

METHODS

We collected semen samples from male Tree
Swallows that bred in wooden nest boxes
mounted on metal poles erected in grids in an
old field on the campus of Grand Valley State
University, Ottawa County, Michigan (42°57'N,
85°53'W). Daily monitoring of the nest boxes
began 1 May of 1999 and 2001, although some
swallows returned to the study site in late
March. Egg laying extended from early May to
mid-June. Nests were checked daily during egg
laying and eggs were numbered in sequence
with indelible ink. Nests were then checked dai-
ly around the expected dates of hatching and
fledging to record the length of incubation and
nestling periods.

We captured swallows at their nest boxes be-
tween 07:00 and 13:00 Eastern Daylight Time
during the prelaying period in 2001 and egg-
laying, incubation, and nestling periods in 1999.
Males were identified by the presence of a clo-
acal protuberance, the lack of a brood patch, and
plumage characteristics (Cohen 1980, 1984,
Hussell 1983, Stutchbury and Robertson 1987).
We banded each swallow with a U.S. Fish and
Wildlife Service numbered aluminum band and
gave it a unique color mark on its breast feathers
with a waterproof marker to facilitate individual
identification.

We manually expressed semen from males by
applying gentle pressure to the seminal glomera
in the cloacal protuberance (Samour et al. 1986).
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Cloacal massage may not be a reliable method
for estimating natural ejaculate size (Pellatt and
Birkhead 1994). However, our goal was to ex-
amine individual variation in sperm availability
as estimated by sperm concentration, not to es-
timate ejaculate size. Furthermore, the volume
of semen obtained hourly for 4 hr from 15 males
in 2001 indicated that the differences in semen
volume that we obtained from males were not
due to differences in our sampling effort (G, =
4.2, P > 0.05; Lombardo et al., unpubl. data).

We used sterile micropipets to collect semen
samples of 1-5 pL per male in whole pL vol-
umes in 1999 and samples of 1 pL per male in
2001. Trace samples (less than 0.5 pL) were not
collected. Samples were immediately transferred
to sterile containers containing 100 pL of 5%
sterile thiogylcollate broth (Troy Biologicals,
Inc., Troy, Michigan) and placed on ice for
transport to the laboratory. In the laboratory,
each sample was mixed by vortexing on a Ther-
molyne MAXIMIN PLUS® (Barnstead/Ther-
molyne, Dubuque, Iowa) for 10 sec, and 50 pL
was transferred into 500 pL of 5% buffered for-
malin for sperm counting. The remaining vol-
ume was used to detect semen microbes (Lom-
bardo and Thorpe 2000). Samples were stored
at 4°C until counted by ANE Three 1-pL sub-
samples from each stored sample were individ-
ually counted using an improved Neubauer he-
macytometer (Reichert, Buffalo, New York) at
1000X magnification on a compound micro-
scope. The mean = SD sperm concentration
(sperm mL-!') from each semen sample were
used for comparisons among males and to in-
vestigate the relationships between sperm con-
centration and the date, time of day, and period
in the nesting cycle when samples were collect-
ed. On each day that we collected samples we
also calculated the number of fertile females at
the study site. A female was categorized as fer-
tile from six days before she laid her first egg
until the day she laid her penultimate egg (Ve-
nier and Robertson 1991).

STATISTICAL ANALYSES

We used SPSS 8.0 for Windows (SPSS 1997) to
examine the data for normality and used para-
metric and nonparametric statistical tests to an-
alyze data where appropriate. We used the G-
test and Fisher exact test to determine if our
ability to obtain semen from males was inde-
pendent of the period in the nesting cycle when
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TABLE 1. Semen volumes obtained from Tree Swal-
lows over the course of the nesting cycle. Semen vol-
umes <1 pL were defined as trace and were not ana-
lyzed. We did not attempt to obtain volumes greater
than 1 pL during prelaying periods.

Period in Semen volume obtained (uL)

nesting

cycle 0 Trace 1 2 3 4 5 Total
Prelaying O 0 12 — — — — 12
Egg laying 4 8 2 6 3 0 1 24
Incubation 1 7 4 11 6 2 0 31
Nestling 14 14 16 11 1 1 0 57
Total 19 29 34 28 10 3 1 124

they were sampled. We compared sperm con-
centrations among periods in the nesting cycle
using a Kruskal-Wallis ANOVA. We used
Spearman rank correlations to detect statistically
significant correlations between sperm concen-
tration and the time in the morning, date, the
number of days before a male’s mate began egg
laying, and number of fertile females at the
study site when a male was sampled. Sequential
Bonferroni corrections were used to detect sta-
tistically significant relationships during multi-
ple comparisons (Rice 1989). We determined the
repeatability of sperm concentrations obtained
from males we sampled multiple times follow-
ing Lessells and Boag (1987). Data are reported
as means * SD unless otherwise stated.

RESULTS

The volume of semen we obtained from males
varied among individuals and during egg-laying,
incubation, and nestling periods (Table 1). The
numbers of samples =1 pL used to determine
semen volumes and sperm concentrations differ
because one sample collected during egg laying,
one sample collected during incubation, and sev-
en samples collected during nestling periods in
1999 dried out before they were counted.

Our ability to obtain semen from males was
not independent of the period in the nesting cy-
cle when males were sampled (G; = 12.2, P <
0.01). However, we were as likely to fail in ob-
taining semen from males while their mates
were laying eggs as we were when they were
tending nestlings (Table 1; Fisher exact test, P
= 0.56). We were more likely to obtain semen
samples of =1 pL during prelaying (100% of
samples) and incubation (74%) than we were
during either egg laying (50%) or the nestling
period (51%; x% = 13.7, P < 0.01).
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FIGURE 1. Mean (* SD) sperm concentrations of
Tree Swallow semen significantly varied with the pe-
riod in the nesting cycle.

Sperm concentrations varied significantly
over the nesting cycle (Kruskal-Wallis, x?; =
13.6, P < 0.01; Fig. 1). A Dunn’s multiple com-
parison test revealed that sperm concentrations
were significantly greater during incubation than
during either the prelaying or nestling periods
(both P < 0.05). Furthermore, the percentage of
semen samples devoid of sperm cells increased
from 0% during prelaying, egg laying, and in-
cubation to 45% (10 of 22) during nestling pe-
riods.

There was no relationship between mean
sperm concentration and the time in the morning
when we obtained semen samples during the
prelaying period (r, = —0.24, P > 0.05, n =
12). However, mean sperm concentration de-
creased as the morning progressed while mates
were laying eggs (r, = —0.66, P < 0.05, n =
11) but increased while mates were incubating
eggs (r, = 0.40, P < 0.05, n = 26) and tending
nestlings (r, = 0.52, P < 0.05, n = 22). After
sequential Bonferroni corrections for multiple
comparisons (Rice 1989) only the positive cor-
relation between sperm concentration and time
of day during the nestling period remained sig-
nificant (Fig. 2).

Mean sperm concentrations during the prelay-
ing period were not significantly correlated with
the number of days before a male’s mate began
laying eggs (r, = 0.25, P > 0.05, n = 12). Fur-
thermore, mean sperm concentrations were not
significantly correlated with the date that a sam-
ple was collected within the prelaying, egg-lay-
ing, and incubation periods (all P > 0.05), but
significantly decreased with date during the nes-
tling period (Fig. 3, r, = —0.70, P < 0.001, n
= 22).

1000+ .o
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400+ .
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200+

Mean sperm concentration

G T T : T
07:00 08:00 09:00 10:00
Time of day
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FIGURE 2. Mean sperm concentration of Tree Swal-
low semen significantly increased with the time of day
during the nestling period.

Mean sperm concentration and the number of
fertile females were not significantly correlated
during the prelaying, egg-laying, and incubation
periods (all P > 0.05). However, mean sperm
concentration was positively correlated with the
number of fertile females (r, = 0.48, P = 0.02,
n = 22) while males were tending nestlings. Af-
ter a sequential Bonferroni correction for mul-
tiple comparisons (critical value, P = 0.013;
Rice 1989) this relationship was not statistically
significant.

We obtained multiple semen samples from 14
males during 1999 (Table 2). The repeatability
(Lessells and Boag 1987) of sperm concentra-
tions from two and three samples from individ-
ual males was high (R = 0.61, F = 44, P <
0.05, n = 14). Two males were sampled during
egg-laying, incubation, and nestling periods.
Their sperm concentrations were greatest while

1000+ . .

[+)] @
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Date (1 June = 152)
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130 140 180 190
FIGURE 3. Mean sperm concentration of Tree Swal-
low semen significantly decreased with date during the

nestling period.
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TABLE 2. Mean * SD sperm concentrations (10°
sperm mL"") of male Tree Swallows sampled multiple
times (n = 3 samples in each period) during the 1999
breeding season in Michigan.

Period in nesting cycle when sampled

Male  Egg laying Incubation Nestling
16 58 £20 503 = 42 458 * 89
66 248 + 142 1000 *= 66 0
44 327 £ 25 2711
62 754 = 117 388 * 153
72 208 + 142 254 £ 29

8 66 = 13 0
56 275 = 172 325 = 50
4 254 £ 75 0
23 250 = 33 0
31 369 + 32 675 £ 433
46 542 *+ 46 54 =19
49 385 + 25 0
83 538 = 62 0
86 756 *= 812 0

their mates were incubating eggs and lowest ei-
ther during the egg-laying or nestling periods.
Seven males were sampled during both incuba-
tion and nestling periods but only one’s sperm
concentration (male 31; Table 2) was greater
while he was tending nestlings than while his
mate was incubating eggs. Seven of the 11
(64%) males sampled while they were tending
nestlings had sperm concentrations of 0 sperm
mL-!.

DISCUSSION

Despite theoretically strong selection pressure to
produce and store large numbers of sperm cells
in anticipation of intense sperm competition,
Tree Swallow sperm concentrations varied wide-
ly among males. Among passerines, variation in
sperm counts among males or among successive
ejaculates from individual males have been de-
tected in Barn Swallows (Hirundo rustica;
Mgller 1994), House Sparrows (Passer domes-
ticus; Birkhead et al. 1994), Zebra Finches (Tae-
niopygia guttata; Pellatt and Birkhead 1994),
Dark-eyed Juncos (Junco hyemalis; Kast et al.
1998) and Red-winged Blackbirds (Agelaius
phoeniceus; Westneat et al. 1998). Currently, the
causes of variation in sperm production among
free-ranging birds are unknown. In other spe-
cies, variations in sperm production and fertility
have been associated with depleted sperm sup-
plies (Birkhead and Mgller 1992, Kast et al.
1998), parasitic infections (Singer et al. 1987),
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reduced sperm motility (Heimann et al. 1991),
and sexually transmitted diseases (Berger and
Holmes 1986, Holmes et al. 1990). Regardless
of its causes, individual variation in sperm pro-
duction could have important reproductive con-
sequences when sperm competition is intense
because a male’s probability of successfully fer-
tilizing eggs is directly proportional to the num-
ber of his sperm relative to that of competitors
(Martin et al. 1974, Birkhead and Mgller 1992).

Daily patterns of copulation may also result
in the variations in sperm concentration we ob-
served among males. In passerines, sperm pro-
duction occurs at night (Riley 1937, Quay 1987)
and the seminal glomera are replenished before
morning (Middleton 1974, Quay 1987). As a re-
sult, the number of sperm available for insemi-
nations should decrease with successive copu-
lations throughout the day (Middleton 1974, Ril-
ey 1937, Quay 1987). As predicted, the sperm
supplies of House Sparrows (Birkhead et al.
1994) and Zebra Finches (Birkhead and Fletcher
1995) were depleted after only a few copulations
and required an overnight “‘rest” period before
replenishment. In contrast, there was no evi-
dence of sperm depletion in Red-winged Black-
bird ejaculates after copulations spaced 1 hr
apart, but sperm supplies were depleted when
copulations were more closely spaced (=10 min;
Westneat et al. 1998). This interspecific variation
in sperm depletion and replenishment may re-
flect the different levels of sperm competition in
these birds (Westneat et al. 1998). House Spar-
rows and Zebra Finches are primarily monoga-
mous with relatively low frequencies of extra-
pair paternity (Birkhead et al. 1990, Wetton and
Parkin 1991). In contrast, Red-winged Black-
birds are primarily polygynous with high fre-
quencies of extra-pair paternity (Gibbs et al.
1990, Westneat 1993b, Gray 1996).

Low sperm concentrations in this study may
have been due to depletion because some males
may have ejaculated shortly before we sampled
them. For example, during the egg-laying period
we observed a male copulating with his mate
less than 1 hr before we unsuccessfully tried to
sample him. However, we subsequently obtained
a trace amount (<1 pL) from him while he was
tending nestlings. This observation implies that
there is a lag time of uncertain length after ejac-
ulation during which sperm supplies are deplet-
ed. Subsequent study at our study site has re-
vealed that individual male Tree Swallows vary
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in their ability to produce consecutive semen
samples when sampled hourly for 4 hr (Lom-
bardo et al., unpubl. data). The consequence of
this lag time is that the availability of semen
may influence males to prudently allocate their
ejaculates between mates and extra-pair partners
(Dewsbury 1982). Male Red-winged Blackbirds
did not demonstrate evidence of prudent allo-
cation of ejaculates during successive copula-
tions with a model female fitted with a false clo-
aca, but the prudent allocation hypothesis was
not directly tested (Westneat et al. 1998). In con-
trast, male Adélie Penquins (Pygoscelis adeliae)
constrained by limited sperm availability strate-
gically allocated ejaculations between their
mates and extra-pair partners by withholding
ejaculates from their mates (Hunter et al. 2000).

In general, sperm concentrations did not vary
over the course of the morning. However, con-
centrations did increase as the morning pro-
gressed during the nestling period. There are at
least two nonexclusive explanations for this pat-
tern. First, during the nestling period the typical
pattern of nightly sperm production and replen-
ishment of the seminal glomera may take longer
than it does earlier in the season. Second, early-
morning extra-pair copulations may not com-
pletely deplete sperm stores. Similarly, Dark-
eyed Junco ejaculates collected during incuba-
tion and nestling periods contained significantly
more sperm than did those collected during egg
laying because of a lower frequency of copula-
tion, and consequently less sperm depletion,
than that which occurred during egg laying
(Kast et al. 1998).

Male Tree Swallows may have begun to limit
sperm production during incubation and nestling
periods in anticipation of declining opportunities
for copulation. Two pieces of evidence support
this hypothesis. First, semen volumes decreased
with date, and 45% of the semen samples we
obtained during the nestling period lacked
sperm. In contrast, none of the samples obtained
during the prelaying, egg-laying, or incubation
periods were devoid of sperm. During prelaying,
egg-laying, and incubation periods fertile extra-
pair females are relatively abundant, which
would provide males with multiple opportunities
for copulation, favoring high sperm counts (Tri-
vers 1972). Later in the season, while males are
tending nestlings, there are fewer opportunities
for reproduction because fertile extra-pair fe-
males are rare. Second, the volume of the cloa-

cal protuberance decreases as the season pro-
gresses and reproductive opportunities decrease
(Lombardo 2001). Similarly, the reproductive
organs of male Bearded Tits (Panurus biarmi-
cus) decrease in size as the breeding season pro-
gresses and reproductive opportunities decline
(Sax and Hoi 1998).

The variation among male Tree Swallows in
semen volumes and sperm concentrations may
help explain why female swallows frequently
participate in EPCs. In a well-studied Ontario,
Canada, population (Barber et al. 1996, Kem-
penaers et al. 1999), DNA fingerprinting re-
vealed that in some years up to 87% of females
participated in EPCs. Dunn et al. (1994) and
Kempenaers et al. (1999) hypothesized that fe-
males participated in EPCs for genetic benefits
such as genetic diversity and genetic compati-
bility, respectively. Neither directly tested the al-
ternative hypothesis that females seek EPCs as
a form of fertility insurance (Walker 1980) be-
cause they did not directly determine whether
some males were either infertile or subfertile.

If individual Tree Swallow ejaculates vary in
sperm concentration because of intrinsic differ-
ences between males, sperm depletion from pre-
vious copulations, or temporal and seasonal ef-
fects, then female swallows may benefit from
EPCs as a form of fertility insurance. Interest-
ingly, Tree Swallow copulatory behavior is con-
sistent with the predictions that the fertility in-
surance hypothesis makes for populations in
which the proportion of subfertile or infertile
males is not trivial and females cannot discrim-
inate against infertile males (Birkhead and
Mgller 1992): (1) A large proportion of females
participate in EPCs (Kempenaers et al. 1999)
and (2) most EPCs are unforced (Lombardo
1986, Venier et al. 1993). The hypothesis that
female Tree Swallows may benefit from EPCs
as a form of fertility insurance needs to be di-
rectly tested.
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