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Abstract

A promiscuous pattern of copulation has been reported in both wild and domestic rats, and
multiple paternity is common. In the present study we determined whether male sociosexual
behaviors were associated with reproductive success or not. Groups of rats (3 males and 4
cycling females) were housed in a seminatural environment for a period of 8 days.
Sociosexual interactions were observed whenever one or several females were in behavioral
estrus. Paternity of the offspring sired was determined by analyses of single nucleotide
polymorphisms. Fertility was quantified either as total number of offspring, or the mean
proportion of offspring from all females, sired by the male. Although the total numbers of
male social and sexual behaviors during the 8 days period was unrelated to reproductive
success, male fertility was correlated with the number of intromissions and ejaculations. In
addition intromission and ejaculation ratios (the proportion of mounts ending in intromission
and the proportion of the total number of ejaculations received by a female that was
contributed by a particular male, respectively) were also correlated with male fertility. Fewer
mounts as well as fewer male pursuits of female were demonstrated by males siring entire
litters than by males siring multipaternity litters. Ejaculation order was unrelated to fertility.
Male or female preferences (based on various sociosexual interactions) were not strongly
related to fertility. Female preference only showed a limited effect. Specifically, preferred
males (males who were sniffed most) sired fewer pups. Male dominance status did not affect
female preferences, copulatory behavior or fertility. It appears that only behaviors directly
related to sperm transfer are important for fertility. Social behaviors both in males and

females play a very limited or no role in determining rats’ fertility.



Introduction

In wild rats, females mate with several males during the period of estrus, and males
may simultaneously mate with several females [1,2]. Mating continues as long as there are
females remaining in estrus [ 1-4]. This is also the case in domestic rats housed in a
seminatural environment [5,6]. Whenever two or more females have overlapping behavioral
estrus, male rats may sire offspring with multiple females within a short period. Whenever
more than one sexually active male is available, females may carry offspring from several
males in the same litter. Multiple paternity has been described both in wild and domestic rats
[7-9].

The factors determining male rat reproductive success are poorly known, but several
hypotheses have been put forth. Intrinsic characteristics of the male, for example dominance
or sperm quality [10,11], have been proposed to be associated with high fertility.
Circumstantial factors like ejaculate order or the number of ejaculations achieved with a
particular female [12] have also been suggested to be important to male fertility. The male’s
attractiveness to females may be another potential determinant of reproductive success. It has
been surmised that females prefer to copulate with highly attractive males rather than with
less attractive males, and it has been assumed that male attractiveness is associated with
favorable, heritable characteristics [13]. In support of this notion, it has been reported that
preferred male house mice have a reproductive advantage over non-preferred mice [14].
Dominance has also been considered to be associated with reproductive advantage. A
dominant male rat is more attractive to females than a subordinate and a subordinate male’s
mating behavior may be inhibited by the dominant male [15-17]

In rats, experimental studies of relative male reproductive success have used a design
in which two males were allowed to copulate with the same female either simultaneously or in

rapid succession [e.g. 18-22]. The duration of mating was always quite short. This is rather



different from copulatory interactions in the wild, and the external validity of the laboratory
studies is probably limited. Data from a seminatural environment, in which mixed sex groups
live together for some time, seem to offer an excellent opportunity to test some of the
hypotheses concerning male rat reproductive success with larger external validity. Here we
present data on sociosexual interactions during the entire period of each female’s behavioral
estrus in groups of 4 females and 3 males living in a seminatural environment. Paternity for
pups sired during the study was determined by analyses of single nucleotide polymorphisms
(SNPs). The role of ejaculate order, characteristics of male and female sexual behaviors, and
male and female mate preferences in male reproductive success were investigated. We also

evaluated the potential role of dominance for sexual behaviors and fertility.

Materials and Methods

The study has been approved by the Norwegian National Animal Research Authority.

Subjects

Male (300 g upon arrival) and female (250 g on arrival) Wistar rats were purchased
from Charles River WIGA (Sulzfeld, Germany). The animals were housed in same sex pairs
in Macrolon® IV cages in a room with controlled temperature (21 + 1 °C) and humidity (55 +
10 %) and a 12:12 h light/dark cycle (lights on 0800). Commercial rat pellets and tap water

were provided ad libitum.

Apparatus

The seminatural environment used in this study has been described in detail in [5,6].

Briefly, it measured 2.8 x 2.4 m and consisted of a complex burrow system and an open area.



There were 4 small openings (8 x 8 cm) between the burrow and the open area. A light-
blocking wall of extruded polyethylene foam was used to divide the room in which the
environment was installed into two parts, thereby providing the possibility to vary the light
intensity in the open area while maintaining the burrow in complete darkness. Video cameras

were centered above the open area and the burrow, respectively.

Procedure

The subjects were marked shortly before they were introduced into the seminatural
environment. They were shaved in different areas of the back and their tails were marked with
different numbers of black stripes. Before a group of animals was introduced into the
seminatural environment, the floor was covered with 2 cm of aspen wood shavings. A few
wood sticks and 3 plastic shelter huts were provided in the open area, and nest building
material was put in the nest boxes. About 3 kg of food pellets were provided in a corner of the
open area, and 4 water bottles were freely accessible in that corner. The 12:12 h light/dark
cycle was preserved in the open area. During the dark phase, light intensity was about 1 Ix at
floor level. It was about 180 Ix during the light phase. The burrow was maintained in total
darkness for the rats but illuminated with 2 infrared lamps for the video camera. The video
recorders were activated when introducing the animals at 13:00 on Day 0. Recording was then
continuous for a period of 8 days. Additional procedural details can be found in [5,6].

The females were housed individually for 3 weeks after the end of the observation
period, and carefully examined for pregnancy every 2 or 3 days. Pregnant females were given
nest material, and then left undisturbed until birth of the pups. The number of the pups was
determined as soon as possible after birth. Tissue samples for paternity test were collected 25

- 30 days after pups were born.



Design

Five groups were used. Each group consisted of 4 females and 3 males. All subjects
were intact and sexually naive. Subjects in the same group came from different cages to
ensure that they were unknown to each other at the beginning of observation. In the period of

8 days, each female would enter into estrus at least once.

Behavioral observations

From the video record, we observed the duration and/or the frequency of the behaviors
defined in Table 1. The animal that initiated the behavior and the recipient of the behavior
were also recorded in order to make it possible to determine the amount of interaction
between specific individuals. The Observer XT 10 (Noldus, Wageningen, Netherlands) was
used for all observations. Behavior was recorded during the entire period of behavioral estrus
for each of the females. In case a female entered into estrus twice, only the second estrus was
considered, since the first must have been infertile. Behavioral estrus started when a female
first displayed a lordosis in response to a mount and continued until there was an interval of
more than 60 min after a lordosis without any further sexual activity. The moment of that
lordosis was considered to be the end of behavioral estrus.

In the seminatural environment, male sexual behavior is better described in terms of
copulatory bouts than in terms of the often used ejaculatory series (see [6]. A copulatory bout
is defined as the interval between a male’s first mount and the beginning of a period of sexual
inactivity lasting for more than 60 min. Males may have several bouts during one female’s
behavioral estrus. The total duration of a male’s bouts is the time he was engaged in sexual
activity. In addition to recording the behaviors shown in Table 1, we determined
postejaculatory interval (time between ejaculation and the following intromission regardless

of whether it occurred with the same or another female), copulatory rate (the number of



mounts + the number of intromissions performed with all females during a bout divided by
bout length) and intromission ratio (the number of intromissions divided by the number of
mounts + number of intromissions). Furthermore, we determined the proportion of all
ejaculations received by a female coming from a particular male, expressed as a percentage
((number of ejaculations received from a particular male / total number of ejaculations
received) x 100). This percentage is called ejaculation ratio.

To determine dominant - subordinate relationships among the 3 males in each group
we analyzed fighting with or fleeing from another male as dominant and submissive behavior,
respectively. However, fighting among the males occurred very rarely. The duration of
fighting was only 6.7 + 3.2 s (mean + SE, N = 15) and the frequency was 1.8 + 0.7 times.
These numbers were too low to allow for any meaningful analysis. Therefore we used the
number of flights (mean 89.33 + 23.06 times) to determine submission, which we considered
as opposite to dominance. Rats generally flee from others in two situations: 1) One rat (the
loser) runs away from another (the winner) very quickly immediately after contact, sometimes
even before contact. 2) After an episode of nose — off or boxing, one rat (the loser) suddenly
runs away.

Within each group, we first compared the males’ flight frequency between all possible
pairs of males. The dominant male in a pair was the one with the lowest number of flights.

The dominance rank was then decided by the comparison of pairs as described by [23].

Tissue collection for DNA extraction and paternity identification

Pinnae snips were collected from mother rats, potential father rats and all 156 pups
generated during the experiment. A portion of pinna (approximately 5 x 5 mm) was cut off by
clean, sharp scissors from an ear immediately after euthanasia. The samples were stored at

—20 °C before they were shipped for analysis. DNA was extracted from the tissue samples for



single nucleotide polymorphism (SNP) analysis. Paternity determinations were performed by
Harlan Laboratories (Indianapolis, Indiana, USA). First, mothers and potential fathers were

tested on 48 SNP markers in order to evaluate the feasibility of unequivocal identification of
fathers. Each pup was then tested on those markers. It turned out that fatherhood could not be

unequivocally determined for 16 % of the pups (25 out of 156).

Data preparation and statistics

Each of the 20 females used in this study had the opportunity to copulate with 3 males.
Thus, potentially there are a total of 60 pairs. Even though each of the females was repeated in
3 pairs, we considered our observations as independent because we used a pair rather than an
individual animal as the experimental unit. Male and female sociosexual behaviors within
each pair were calculated either as total duration or total frequency of each behavior directed
towards the male and female partner, respectively. We also determined the number of
offspring sired by the male in each pair as well as the proportion of the female’s offspring
sired by that male.

For the analysis of the role of dominance, we compared behavior and fertility in the
dominant and subordinate males, ignoring the male intermediate between the two. The
importance of male preference for a particular female was determined by comparing the
preferred female with the non-preferred female according to several criteria. In case the male
could choose between more than two females, those intermediate between the most preferred
and the least preferred were ignored. For evaluating the role of female preference for a
particular male, several criteria for preference were used and the preferred male according to
each of the criteria was compared to the non-preferred male, whereas the intermediate male

was ignored.



The majority of the data failed to follow a normal distribution according to the
Shapiro-Wilk test. Therefore, nonparametric tests were employed to determine the statistical
significance of these data. The Spearman correlation was used to evaluate associations
between items of sociosexual behavior and fertility, and the Mann-Whitney U test was used
for the evaluation of independent measures. Proportions, like the intromission and ejaculation
ratio, were normally distributed. They were, consequently, analyzed with parametric
procedures, that is the Pearson correlation or the t-test. All data in the text and figures are

mean + standard error of the mean, and all probabilities given are two-tailed.

Results

General description

All 15 males in this study copulated and ejaculated at least once. Of the 20 females
three did not enter estrus during the observation period and one female did not get pregnant.
Two females cannibalized their pups shortly after birth, making it impossible to determine the
number or the paternity of the offspring. Thus, paternity data were obtained from 14 females.
Consequently, there were 42 male — female pairs. In 8 of these pairs the paternity test was
unable to identify the father of some of the pups, leaving 34 pairs in which paternity was

successfully determined for all pups. These pairs involved 14 females and 13 males.

The relationship between sociosexual behavior within the pair and

fertility

We divided the 34 pairs with successfully determined paternity into two groups

depending on the male’s reproductive success, the Offspring group (pairs with pups, N = 14)
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and the Non-offspring group (pairs with no pups, N = 20). Neither the number of copulatory
bouts nor the duration of these bouts differed between the two groups according to the Mann
— Whitney U test (ps > 0.41). In contrast, the number of copulatory acts displayed by the
males in the Offspring group was significantly greater than that displayed by the Non-
offspring group, specifically for the number of intromissions (U =62, p = 0.006) and
ejaculations (U = 61, p = 0.005) but not for the number of mounts (U =115.5, p=0.391). The
data are illustrated in Fig. 1 A. Additionally, males in the Offspring group demonstrated a
higher ejaculation ratio (number of ejaculations received from the within-pair male / total
number of ejaculations received) than the males in the Non-offspring group (49.5 + 6.1 % vs.
22.2 +5.6 %, 1(32) = 3.244, p = 0.003), whereas the difference in intromission ratio was not
statistically significant (0.41 + 0.06 and 0.26 + 0.26, respectively, t(32) = 1.697, p = 0.099).
We found no other statistically significant differences between groups in terms of male or
female sociosexual behavior (ps > 0.20, Fig. 1 A and B).

The data reported in the preceding paragraph show that the intensity of some male
sexual behavior patterns, i.e. intromissions and ejaculations, as well as the proportion of all
ejaculations received by the female, are important for a male’s likelihood of producing
offspring within a pair.

Whether the number of offspring sired is related to sociosexual behavior or not is an
entirely different question. In order to answer that question, we calculated the Spearman
correlation between number of offspring or the proportion of offspring sired by the male
within the pair and male sociosexual behaviors. As shown in Table 2, the number of offspring
and the proportion of pups sired were highly correlated. The number of intromissions and
ejaculations as well as the intromission and ejaculation ratios was correlated with both the
number of pups and the proportion of pups sired. However, there was no relationship between

the number of mounts and fertility. Likewise, there was no association between male pursuit
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of the female, sniffing or anogenital sniffing of the female and male fertility. Furthermore,
none of the female behaviors listed in Table 2 was related to male within-pair fertility. It
seems, then, that the likelihood of siring offspring and the number of offspring sired with a
particular female both are determined by the aspects of male behavior towards that female
that are directly associated with sperm transfer. Intromissions are needed for triggering
ejaculation, the intromission ratio shows the male’s capacity of ending a mount with vaginal
penetration, and the number of ejaculations determines the amount of sperm transferred to the
female. Moreover, the ejaculation ratio determines the proportion of the total number of
sperm inseminated that was contributed by the within-pair male.

Several males displaying ejaculation with their pair-partner did not sire any offspring
at all with the partner. In order to find possible behavioral differences between these males
and those fathering offspring we compared the pairs with male offspring (the Offspring group,
N = 14) with those without but in which the male had ejaculated at least once with the within-
pair female (the Non-offspring ejaculation group, N = 11). There was no difference in any
sociosexual behavior (ps > 0.09, data not shown). Furthermore, the number of ejaculations
with other females (extra-pair ejaculations) performed by the males before their first
ejaculation within the pair did not differ between the Offspring and Non-offspring ejaculation
groups (1.64 + 0.63 and 3.09 + 0.72, respectively, U =51.5, p = 0.141). Likewise, the number
of extra-pair ejaculations received by the female before the first within-pair ejaculation was

similar in both groups (1.36 + 0.49 vs. 1.36 + 0.54, U = 74.5, p = 0.882).

Multiple vs. single paternity

Among the 14 pairs with offspring and with certain paternity identification, only 6
revealed single paternity. The offspring of the remaining 8 pairs showed multipaternity. We

divided the 14 pairs into 2 groups according to whether the male in the pair sired the entire
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litter or not. When comparing the Multiple (N = 8) and Single (N = 6) paternity groups, we
found that the males in the Multiple paternity group displayed more mounts (U=4.5,p =
0.01) and more pursuit of the female (U =4.0, p=0.01; Fig. 2) than the males in the Single
paternity group. No difference between these groups was found in the number of
intromissions (U = 13.5, p = 0.17) or ejaculations (U = 20.5, p = 0.63) performed by the pair
partner. Likewise, the partner’s ejaculation ratio did not differ between the Multiple and
Single paternity groups (46.4 + 6.0 % vs. 53.5 + 12.4 %, t(12) = 0.561, p = 0.585).

It is possible that single or multiple paternity depends on the other males’ behavior
towards the female in the pair. For example, the interval between the pair-male’s ejaculation
and ejaculation by another male could be important. In the Single paternity group, this
interval was 64.2 + 32.6 min and in the Multiple paternity group it was 49.9 + 16.9 min. The
difference between groups was not significant (U =11, p=0.831). We also examined the
interval between the pair-male’s ejaculation and the next intromission the female received.
This interval was 15.0 + 4.9 min in the Single paternity group and 29.6 + 21.4 min in the

Multiple paternity group. The group difference was not significant (U =3, p=0.317).

The role of ejaculation order

In the pairs in which the pair mate was the first to ejaculate with the female, this male
sired 4.8 £ 1.4 pups (N = 13) with that female. When the pair mate was the second to
ejaculate with the female, he sired 4.9 = 1.5 pups (N = 10). The difference is non-significant
(U=62.5, p=0.87). There were 6 pairs in which the female received ejaculations from all 3
males. Unfortunately, the SNP structure of the offspring in 4 of these pairs did not allow for
unambiguous determination of paternity in all pups. However, it was possible to determine a
minimum and a maximum number of pups that could have been sired by each male in the 4

females involved. When the pair mate was the 3" male ejaculating with the partner he did not
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sire any pups at all in the 2 females with known paternity for all the offspring. In the 4 other
females, the 3 male ejaculating sired either between 1 and 4 pups (minimum and
maximum), or between 0 and 8 pups (two males), or between 9 and 15 pups, respectively.
Taking the minimum numbers of offspring sired, the male ejaculating 3" sired a mean of 1.67
+1.48 pups, whereas the maximum number gives a mean of 5.83 + 2.34 pups. Comparing the
number of pups produced by the male ejaculating 1*' and 3" using the minimum number for
the latter shows that there was no significant difference (U =27, p = 0.255). This was also the
case when the maximum number of pups was used for comparison (U = 35.5, p = 0.749).

In order to further evaluate the role of ejaculation order we compared the number of
offspring sired by the male achieving the first versus the male achieving the last ejaculation
with a female. Thus, here the analysis is based on ejaculation order without any consideration
of male — female pairs. If the same male was both first and last he was excluded from
analysis. There were 8 females that received their first and last ejaculation from different
males. The first male sired 5.6 + 1.9 pups and the last male sired 4.1 + 1.5 pups (U =26.5, N
=8, p = 0.552). The proportion of 1* males siring any offspring at all was 47.9 + 15.7 %, and
that of the last male was 39.6 + 15.2 % (t(14) = 0.38, p = 0.712). These data show that there is

no significant advantage for the male that ejaculated first.

Male preferences and fertility

In order for a male to show preference for a certain female he needs to have the
possibility of choice between at least two estrous females. In one of our groups, 3 females had
overlapping estrus, and in another two groups there were 2 females with overlapping estrus.
This means that we could determine preference for a total of 9 males. Unfortunately, the
fertility could not be determined for 3 males because of a mother’s cannibalism or failed SNP

analysis.
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Preference for a particular female can be defined in many, not necessarily coinciding,
ways. There may be a preferred female for copulation and pursuit, whereas there is another
female preferred for sniffing and/or anogenital sniffing, for example. Consequently, we
determined several male preferences based on different behaviors. First we determined a
male’s preferred mate as the female the male achieved the most copulatory behaviors with.
When the number of copulatory acts was used as criterion for determining preference, the
females were first ranked according to the number of ejaculations received from the male. In
case of ties, the female receiving the largest number of intromissions was assigned the higher
rank. In case the tie persisted, the number of mounts was taken into account. The males did
not sire more offspring with their preferred female than with their non-preferred (3.8 + 2.5 vs.
33+2.1,z=1.00,N=6,p=0.317).

The determination of male preference was then based on the amount of pursuit,
sniffing or anogenital sniffing of the female. The female being most pursued, most sniffed or
anogenitally sniffed was considered as the preferred female whereas the one least pursued,
least sniffed or anogenitally sniffed was considered the avoided female. Male behavior
towards preferred and avoided females was compared. There was no difference between
preferred and avoided females (data not shown, ps > 0.25) regardless of which of the 3
preference criteria that was used. These data suggest that male preference for a certain female,

either based on copulatory activity or on affiliative behaviors, has no consequence for fertility.

Female preferences and fertility

Each female copulated with all 3 males during her behavioral estrus. However, the
amount of copulatory behavior displayed in response to each of the 3 males varied. Similarly,
the estrous female displayed more paracopulatory behaviors in response to, and sniffed and

anogenitally sniffed, one male more than the others. All these behaviors can be used to
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determine female preference for a particular male. In order to ascertain whether female
preference for a particular male affected male fertility, we related the behavioral data of all
pairs in which the female partner alone was in estrus to male fertility. Thus, we excluded data
from pairs in which female interaction with the male in the pair could have been affected by
the presence of other estrous females. The behavioral estrus in six females did not overlap
with that of other females. Thus, there were 18 female — male pairs satisfying the criterion.
We determined female preference based either on the duration of paracopulatory behavior, the
number of lordoses or the duration of sniffing or of anogenital sniffing of each of the males.
The male with the longest duration or the largest number was considered the preferred male
and the male with the shortest duration or lowest number was considered the non-preferred
male.

The number of offspring sired by the preferred male did not differ from that of the
non-preferred male when female preference was based on the duration of paracopulaory
behavior or the number of lordosis responses (ps > 0.71). However, paracopulatory behavior
and the number of lordosis responses displayed are strongly correlated with male pursuit and
male mounting [5,6] meaning that they may be determined more by the male than by female
preference. Therefore, female sniffing or anogenital sniffing of the male may be more
appropriate indicators of female preference, because these behaviors are entirely or mainly
initiated by the female herself. However, neither preference based on female sniffing nor
anogenital sniffing affected male fertility (ps > 0.14). We also evaluated the role of female
avoidance behaviors, i.e. nose — off and rejection. The most avoided male did not differ from
the least avoided male in terms of fertility (ps > 0.46).

In 4 of the pairs included in the preceding analysis the male failed to ejaculate. If we
limit the analysis of the role of female preferences to the 14 pairs in which the male ejaculated

at least once, it turns out that preference based on paracopulatory behavior or the number of
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lordosis responses still did not affect the number of offspring sired (ps > 0.40). When female
preference was based on sniffing the male, the preferred male sired fewer pups than the non-
preferred male (2.3 + 0.8 vs. 7.0 + 1.6 pups, z=2.03, N =6, p = 0.042). No difference in
fertility was found when female preference was based on anogenital sniffing, or on the

avoidance behaviors of nose — off or rejection (ps > 0.42).

The role of male dominance

In one of the 5 groups used in this study, only one male fled from the others, making it
impossible to appropriately determine dominance/submission. Therefore, we could identify
only 4 dominant and 4 subordinate males based on flight behavior. To answer the question of
whether dominance was important to male copulatory behavior and fertility, we compared the
total number of each copulatory act as well as fertility indices between Dominant and
Subordinate males. The mean number of copulatory bouts for Dominant males was 3.0 + 1.1,
and the number of copulatory bouts for the subordinate was 4.8 + 0.9 (U =3.5, p=0.19). The
total duration of copulatory bouts in Dominant and Subordinate males was 9.3 + 3.0 h and 8.4
+ 1.1 h, respectively (U =7, p = 0.77). When comparing the numbers of copulatory acts
performed by the males, no group difference was found (Fig. 3 A, ps > 0.29). Neither the
number of pups nor the proportion of pups was affected by dominance (Fig. 3 B, ps > 0.59).
In addition, male dominance did not affect female preference, because the duration of female
sniffing of and paracopulatory behavior displayed to dominant and subordinate males did not

differ (Fig. 3 C, ps > 0.14).

Male sociosexual behavior and fertility

In the earlier sections we mostly analyzed male behavior within pairs. The data in this

section are based on male behavior directed towards all females in each group. Two of the 15
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males copulated only with the females giving birth to pups for which paternity could not be
determined. These males were excluded from analysis. The 13 remaining males ejaculated
4.5 + 0.5 times and fathered a mean number of 7.8 + 2.4 pups during the entire experiment.

Spearman (and Pearson) correlations between the number of offspring or the
proportion of offspring and male sociosexual behaviors are shown in Table 3. Neither the
number of copulatory acts nor the intensity of these acts, expressed as copulatory rate or the
postejaculatory interval, was related to male fertility. Likewise, there was no association
between pursuit of the females, sniffing and anogenital sniffing of females and fertility.

The surprising absence of any relationship between the number of intromissions and
particularly of ejaculations and fertility prompted us to make a further analysis. We selected
the 4 males with the highest number of ejaculations (mean 6.5 + 0.3) and the 7 males with the
fewest number (3.3 + 0.4) and compared their fertility. There was no difference neither in the
number of pups (6.3 +4.7vs. 7.3 +3.1,U=11, N1 =4, N2 =7, p=0.562) nor in the
proportion of pups fathered (19.7 + 15.3 % vs. 29.2 + 11.7 %, t(9) = 0.490, p = 0.636). A
similar comparison was made between the 5 males with the largest number of intromissions
(53.0 +5.4) and the 5 with the lowest number (21.6 + 3.1). Fertility was similar in both groups
of males with regard to the number of pups (5.6 + 3.7 vs. 8.8 +4.1, U =9, N =5, p=0.459),
as well as with regard to the proportion of pups (17.7 + 12.0 % vs. 36.9 + 15.1 %, t(8) = 0.99,

p=0.350).

Discussion

A most interesting observation was that male reproductive success was related to the
intensity of copulatory behavior within the pair. The greater the number of intromissions and
ejaculations performed, the greater is the likelihood of producing offspring and the number of

offspring produced with that female. It may be reasonable to propose that many ejaculations
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with a particular female leads to more transfer of sperm than few ejaculations, thereby
assuring that the male contributes a greater proportion of sperm to that female. To the
contrary, the overall frequency of copulatory behavior displayed with all females in the group
is not related to male fertility. One possible explanation is that a large investment of
copulatory activity in one female leads to reduced investment in other females. Thus, the
reproductive advantage acquired with the female in which the large investment is made seems
to be offset by a reproductive disadvantage with other females. This argument obviously
presupposes that the male’s sexual capacity is limited. There is, in fact, much evidence that
this is the case. In pair tests, a male rat usually ceases to copulate after 7 — 10 ejaculations
[24,25]. After that, he is completely unresponsive to a female during at least 24 h and needs
two weeks to recover full sexual vigor [e.g. 26]. Furthermore, the sperm content of the
ejaculate gets rapidly reduced, and after 5 - 7 ejaculations there is virtually no sperm
transferred to the female [27-29]. In the seminatural environment males ceases to copulate
after fewer ejaculations than in a pair test [6], suggesting that their copulatory capacity may
be more limited. Consequently, intense ejaculatory activity with one female leads to reduced
activity with others. If true, this argument means that a male may concentrate his ejaculatory
activity to one female, thereby increasing the likelihood of siring some or most of her
offspring, or he may dilute his copulatory activity among several females, siring offspring
with some of them. A latter kind of male would score low on within-pair fertility without
necessarily doing so on total fertility in the group. Such a mechanism could well explain the
promiscuous mating strategy common among rats. It must also be noted that the males in the
present study employed both mating strategies. When several females were in estrus
simultaneously, most males distributed their copulatory activity evenly between them. When

the females entered estrus sequentially, most males copulated intensely with some and little
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with others. There was no order effect, meaning that the female entering estrus first did not
receive more copulatory activity than the female entering last.

Male reproductive success was not dependent on social behaviors such as pursuit of
the female, sniffing or anogential sniffing of the female or on the number of mounts when
analyzed within pairs or within the whole group. This finding is not unexpected, because
neither non-sexual social behaviors nor mounts contribute to sperm transfer. However,
females with offspring from multiple fathers were more pursued and mounted by the males,
and they displayed more paracopulatory behaviors than females in which there was a single
father. It appears, then, that these females were more attractive to the males and/or responded
more to the male’s approaches. However, the number of intromissions and ejaculations
received by the female did not influence multiple versus single paternity. How enhanced
attractiveness would enhance the probability of multipaternity without affecting the number of
intromissions and ejaculations received cannot be explained at the present.

Previously published results have suggested that some social preferences (as measured
in a variety of different ways) are related to reproductive success. For example, in mice, the
likelihood that females would produce offspring was found to be superior when mated with a
preferred male than when mated to a non-preferred male [14]. Preference was based on the
relative time spent in the vicinity of each of two inaccessible males during a 10 min test.
Interestingly, there was no difference in the litter size. Similar advantages have been reported
of male preference for female mice [30]. Others, however, failed to find any effect on fertility
when male mice were allowed to mate with their preferred or non-preferred female [31]. In
rats, female preference for one of two males did not affect female [32] or male fertility [22].
Interestingly, males systematically being preferred by female rats sired fewer pups than less
attractive males [33]. The present results show that male or female preferences, using a

number of different methods for determining preference, do not affect fertility.
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Another factor supposed to affect fertility is ejaculation order. However, evidence is
mixed. Even though it has been reported that a 2™ male sires more offspring than a 1% male
[34], it was later shown that this was the case only when copulation with the 2" male was
initiated immediately following the 1* male’s ejaculation [18]. If there was an interval of 5 or
10 min between the two males, it turned out that the 1% male sired more offspring. It should
be added that the interval between two successive ejaculations involving the same female
always exceeded 10 min in the seminatural environment. However, both studies mentioned
above have the disadvantage that paternity determination was achieved by using two strains of
males. Strain differences in sperm competitivity might, then, be a confounding variable.
When the order of ejaculation is varied between males of the same strain, no order effect is
detected [22,33], consistent with the present data.

There were very few agonistic encounters in the seminatural environment. Direct
fighting was virtually inexistent, making it impossible to use winnet/looser in fights as a basis
for determining dominance. Based on fleeing from another male as an indicator of submission
or dominance, we found no difference in sexual behavior or attractiveness between dominant
and subordinate males. Likewise, dominance did not affect the males’ fertility. Similar results
have been reported previously [35,36]. Considering that wild rats rarely compete for access to
females [1,37], there is not much reason to expect dominance to have much influence on
fertility. The lack of competition is probably related to the fact that both male and female rats
may copulate simultaneously with several partners [5,6]. This would also make the notion that
prolonged copulatory behavior contributes to mate guarding rather unlikely. In the present
study, no relationship between the duration of male copulatory behavior and fertility was
found.

In conclusion, present data show that non-sexual, social behavior among rats is

unrelated to reproductive success. Nor is the sexual behavior of mounting related to fertility.
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The number of ejaculations, and its prerequisite, intromissions, performed are related to
reproductive success but they are far from being the only or even the main determining factor
of fertility. In fact, the proportion of the variance in fertility that can be attributed to the
number of ejaculations or intromissions is around 15 %. Other factors, for example the
position of the seminal plug [38] or the quality of sperm [10,11] might be far more important
than characteristics of copulatory behavior. The rather modest role of copulatory behavior as a
determinant of reproductive success may suggest that selective pressure on that behavior has
not been particularly intense. That could perhaps explain the large variation in copulatory
behavior between mammalian species. In rabbits, for example, the entire copulatory act
consists of one single vaginal penetration, always accompanied by an ejaculation, which lasts
for a few seconds at most [39]. To the contrary, males of the species Antechinus agilis, a
marsupial, spend more than five h mounted on the female. They display a large number of
periods with pelvic thrusting before achieving ejaculation [40]. Despite the considerable time
and effort involved in each ejaculation, multipaternity is very common among Antechinus
females [41], just as it is in rabbits [42]. This example illustrates that widely different patterns
of mammalian copulatory behavior may have quite similar biological consequences.

It must also be pointed out that most of the data reported in the present contribution
could not have been obtained in a short test of copulatory behavior in an opposite-sex pair of
rats. The seminatural environment seems to provide a substantial amount of relevant
information not available in simpler test procedures. It is even possible that the data reported

herein have considerable external validity.
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Figure Legends

Fig. 1. Behavioral comparison between Offspring pairs (N = 14) and Non-offspring pairs
(N =20). (A) male behaviors (B) female behaviors. Data are mean + SEM. **Mann-Whitney
U test, p <0.01.

Fig. 2. Behavioral difference between Multiple paternity (N = 8) and Single paternity (N
= 6). (A) male behavior (B) female behavior. Data are mean + SEM. *Mann-Whitney U test p
<0.05, **p <0.01.

Fig. 3. Behavioral difference between Dominant males (N = 4) and Subordinate males (N

=4). (A) copulatory acts (B) fertility and (c) female preference. Data are mean + SEM.
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Table 2. Correlation coefficient between male fertility and within-pair interactions in all

pairs with completely known paternity (N = 34).

Number of pups Proportion of pups

Proportion of pups 0.992%** -

Male behaviors

Mount -0.013 -0.017
Intromission 0.385* 0.396*
Ejaculation 0.423%* 0.435%*
Ejaculation ratio 0.458%** 0.433%*
Intromission ratio 0.420%* 0.442%%*
Pursuit of female 0.037 0.036
Sniffing female -0.108 -0.094
Anogenital sniffing female -0.061 -0.047
Number of bouts -0.015 -0.015
Sum of bout duration -0.059 -0.039

Female behaviors

Lordosis 0.055 0.063
Rejection -0.122 -0.108
Flight 0.071 0.055
Paracopulatory behavior -0.073 -0.056
Sniffing male 0 0.029
Anogenital sniffing male 0.018 0.030
Nose - off of male 0.029 0.034

*Spearman’s tho p < 0.05, **p < 0.01; “Pearson correlation * p < 0.05, **p < 0.01.



Table 3. Correlation coefficient between male fertility and total male sociosexual

behaviors with estrus females during the observation period (N = 13).

Number of pups | Proportion of pups

Proportion of pups 0.969%** -
Mount -0.137 -0.237
Intromission -0.207 -0.315
Ejaculation -0.151 -0.259
Intromission ratio 0.310 0.327°
Copulatory rate 0.123 0.213
Postejaculation interval -0.268 -0.271
Pursuit of females -0.084 -0.22
Sniffing females -0.315 -0.377
Anogenital sniffing females 0.407 0.209
Number of bout -0.112 -0.209
Sum of duration of bouts -0.318 -0.407

**Spearman’s rho p < 0.01, *Pearson correlation.
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