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Abstract

Animals choosing mates usually incur time and energy costs and predation risk to
achieve a reproductive benefit from a preferred mate. These costs and benefits will
influence the degree of choosiness and the mate choice tactics employed. This perspective
of mate choice has been absent from mating system and sexual selection theories, although
mate choice is pivotal to these theories. I investigated the mate choice tactics of female pine
engraver bark beetles, Ips pini (Coleoptera: Scolytidae) to test assumptions and predictions
of mate choice models. In nature, pine engravers experience a high risk of parasitism while
searching for mates. Search behaviour varies with risk, but costs did not detectably affect
the number of males visited or the quality of males chosen. Slightly over half of females
accept the first males they encounter, mating randomly. These females mate with less
preferred males than females that sample before mating. Sampling females do not revisit
males, in accordance with prediction when search costs are high. However, sampling
fémhlés appear to adjust their mating expectations with experience, by lowering their
expectations with successive encounters with less preferred males. Evidence for learning
about the availability of mate qualities was also found ina lab;expcrhnent. This tactic may
~ be appropriate when search costs preclude revisits but mate availability is too unpredictable
o have fixed preferences. These results do not support assumptions of female preferences

in sexual selection models. The fitness benefits of mating preferences were also examined.
Male pine engravers remain with their mates for several weeks, and a male removal
experiment demonstrated that males help their mates reproduce more quickly and defend the
galleries against predators. However, a model of male residence time showed that male
residence time is not determined by how much males help, but rather by the availability of
other mating opportunities. A rearing experiment showed that large males (preferred by
females) tend to produce more offspring and larger ones, despite remaining with the brood
for less time than small males did. In sum, female pine engravers appear to have adaptive
mate preferences and flexible mate choice tactics.
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Foreward

It is paradoxical that the concept of female mate choice is simultaneously championed
and neglected. The importance of female mate choice as an evolutionary force was
recognized by Darwin (1871), but not generally considered until relatively recently. In the
past two decades, however, female mate choice has been at the core of two active areas of
inquiry: mating systems and sexual selection. The polygyny threshold model (Orians
1969) was proposed to explain why some males in territorial species had more mates than
other males did. This model proposes that females would choose to be a secondary mate
on a high quality territory rather than to be a primary mate on a poor quality territory,
because their reproductive success would be higher. Sexual selection models, on the other
hand, aim to explain the evolution of extravagant male traits (such as the archetypal
peacock’s tail) by female choice. The pervasiveness of these sexual selection models is
such that sexual selection now implicitly means evolution by female mate choice (Armold
1985, Bradbury and Andersson 1987), though competition among males is an alternative
and less problematical mechanism (Bradbury and Davies 1987).

Given that female choice is central to these areas of research, it is remarkable that
almost nothing is known about how females choose mates. Attention has been focussed
almost exclusively on the features of males or their resources that make them attractive, and
the fitness consequences of mate preferences to males and their mates. The polygyny
threshold model explicitly assumes that females are making adaptive decisions, but only in
their ranking of alternative breeding sites (Garson et al. 1981). Costs of mate searching,
which will also have fitness consequences, are rarely seriously considered. Sexual
selection models also have typically ignored costs of mate choice (but see Pomiankowski
1987), and the nature of the benefits females receive from choosing is subject to dispute.
Handicap models of sexual selection propose that females choose mates on the basis of
traits indicating heritable genetic quality (Kirkpatrick and Ryan 1991), but other models do
not incorporate any survival benefits for offspring. For example, one of the more popular
(though controversial) models of sexual selection has been Fisher's runaway model, in
which female preferences evolve solely through their genetic linkage with male traits that
confer greater male reproductive success (Arnold 1985). In this scenario, how or why
females choose mates is not particularly interesting, because the preference is arbitrary and
of no consequence to females. A new model of sexual selection, the sensory exploitation
hypothesis, also proposes that the evolution of preferences is independent of reproductive

consequences (Kirkpatrick and Ryan 1991).



The success of these research programs has been mixed. The polygyny threshold
model is extremely attractive conceptually, but has received little empirical support (Oring
1982). Sexual selection models have revealed powerful mechanisms for the evolution of
non-adaptive traits (ferale preferences), but the outcomes are sensitive to assumptions
about the nature of female preferences and the benefits they receive from choice
(Kirkpatrick 1987a). The simple assumptions of the main models, that female choice is
free of costs or benefits, are unlikely to be general. It is time to put the female into female
choice models.

The process of choosing a mate is not likely to be trivial. Male quality may be more or
less variable, the distribution of males of different quality may be uneven and unpredictable
(Vehrencamp and Bradbury 1984), and there may be multiple relevant criteria on which to
choose (Burley 1981). There are numerous possible costs inherent in searching, such as
predation risk, and time, energy and opportunity costs (Pomiankowski 1987, Reynolds and
Gross 1990). Thus, searching for mates is an economic problem like optimal foraging,
with the added feature that the search is for conspecifics, often with mutually beneficial
outcomes. Explicit economic models of optimal mate choice tactics, initiated by Janetos
(1980), have recently been revived by Real (1990). Further development of economic
models, in conjunction with empirical studies, promises new insights into the expression of
mating preferences in nature.

Because empirical knowledge of mate choice tactics is scarce but critical, a goal of this
thesis is to investigate the choice behaviour of females in one species, the pine engraver Ips
pini (Coleoptera: Scolytidae). In Chapter 1, I examine the mate choice process in nature,
where the costs of choice become evident. This enables me to test many assumptions and
predictions of mate choice models To my knowledge, these are the first observations of the
entire mate choice process for a species with a resource-based mating system. I also
examine a specific aspect of mate evaluation in a controlled laboratory experiment (Chapter
2), where I ask whether females have fixed preferences, or whether their preference for a
particular quality of male is influenced by the quality of other available males. This
question has implications for the outcome of sexual selection models, as well as for the
distributions of males seeking mates.

An economic perspective of female choice must consider the benefits females gain
from their preferences. The nature of benefits has also been a controversial issue in models
of mating systems (Searcy 1982) and sexual selection (Kirkpatrick 1987b). In pine
engravers, males stay with their mates through most of the oviposition period. One might
therefore expect that males provide some benefit to females. In a field study, I examined
possible benefits of males by determining the consequences of removing males (Chapter 3)



Xiv

I approached the question from the male's perspective, because it is his decision to stay and
therefore benefits should reflect his interests and not necessarily his mates'. In addition, I
examined in a model the premise that the duration of male residence with his mates or brood
reflects the amount of help he provides (Chapter 4). Male help is not sufficient to warrant
choice, however, if males do not differ predictably in the help they provide. 1 therefore
conducted a rearing experiment to determine the fitness consequences of mating with males
bearing a preferred trait (Chapter 5).

In sum, this thesis addresses how and why female pine engravers choose mates, in an
effort to further our understanding of mating patterns in nature.
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Chapter 1

Mate Choice Tactics of a Bark Beetle in the Wild

Abstract

I examined the mate choice tactics of female pine engravers, Ips pini (Coleoptera:
Scolytidae) in nature. This polygynous species has a resource-based mating system in
which males initiate breeding sites in dense aggregations, and provide assistance to their
mates throughout their oviposition period. Choosing females can roam freely without male
interference, but experience significant risks of predation and parasitism and female
competition. Half of females mated with the first male they encountered, and appeared to
mate randomly. The number of visits that females made did not vary with availability of
males, predation risk, or female competition, but some components of searching behaviour
did vary with predation and competition risks. Females that visited more than one male
usually mated with males that had established chambers more recently, had fewer mates,
shorter egg galleries, and were smaller than males she had rejected. There was no
detectable effect of any of the search costs on the type of male that was chosen. Females
did not revisit males, and therefore did not use a comparison mate choice tactic. This result
is expected when search costs are high. There was evidence that female preferences were
not fixed, however, and were instead affected by experience. Females mated with less
preferred males when they had encountered (and rejected) even less preferred males, and
when they had made more unsuccessful visits. When females (rarely) mated with a male
who was much less preferable than one she had previously rejected, the better male tended
to have been visited many encounters previously, suggesting females base their decisions
on more recent encounters. Search costs appear to favour a threshold-preference mating
tactic, but if the threshold is sensitive to experience then females can have both the
opportunity to be very selective and the certainty of mating. These mate choice tactics
differ from those commonly used in models of sexual selection, and may influence their
outcomes.

Introduction

Interest in the evolution of sexually selected traits has prompted a wealth of theoretical
and empirical studies on the nature of the benefits that accrue from preferring certain traits
in mates. This approach has largely neglected the process of mate choice, yet the context in
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which mates are chosen will likely determine the expression of mating preferences. Recent
models suggest that costs of searching for mates should influence the degree of choosiness
expressed (Crowley et al. 1991), optimal mate search tactics (Real 1990), and the outcome
of sexual selection (Parker 1983, Kirkpatrick 1987, Pomiankowski 1987, Reynolds and
Gross 1991). Empirical studies of the process of mate choice have lagged far behind the
development of theory, however (Moore and Moore 1988). We know little about how real
animals make their mating decisions, and less about how ecological circumstances and
individual quality might alter choice behaviour.

A diversity of mate choice tactics have been discussed following the initial work by
Janetos (1980). In a fixed-threshold tactic, females accept the first male that exceeds some
rminimum quality. Janetos' one-step decision tactic is another tactic in which acceptance
criteria change according to the amount of time females have left for searching (a dynamic
decision; Mangel and Clark 1988). Copying other females' choices is another possible
tactic that some (not all) females could use (Losey et al. 1986). With these three tactics,
females usually do not return to mate with previously sampled males. In-contrast, revisits
are characteristic of comparison tactics. In a best-of-n or pool comparison tactic (Janetos
1980, Wittenberger 1983), fernales sample many males and mate with the best of her
sample. A seqhential comparison tactic involves sampling until a male that is worse than
the previous one is encountered, at which point the female returns to the previous male to
mate (Brown 1981, Wittenberger 1983).

In the absence of search costs, the best-of-p; tactic gives females the greatest fitness
(Janetos 1980). However, when search costs are considered, the dynamic one-step
decision process is superior to a best-on-ni (Real 1990). One key assumption to Real's
(1990) conclusion is that females have accurate knowledge of the distribution of male
qualities. If females begin to search without this knowledge, the optimal tactic may depend
on the the nature and size of search costs as well as benefits, as discussed by Wittenberger
(1983). A pool comparison tactic assures that the best male in the sample is chosen, but a
variety of costs might select against revisiting males. Possible costs may be the time and
energy it takes to find and assess males, predation risks, and the risk that the best male will
be taken by another female while a searching females continues to assess more males.
Thus comparison tactics are expected when the availability of preferred males is unknown,
when males are densely distributed and easy to assess, and when predation and pre-
emption risks are low (Wittenberger 1983).

If search costs preclude revisits, females could copy other females, use a fixed
threshold, or adjust their acceptance threshold according to experience (i.e. learning; Real
1990). Copying will be inappropriate if female reproductive success is reduced by sharing



amale. Learning permits greater accommodation to local distributions of mate qualities,
but it presumably requires greater neuronal sophistication as well. A recent model by
Roitberg et al. (in press) suggests that the evolution of iearning may be inhibited when
decisions are few but have major fitness consequences, such as mate choice decisions.
However, if mate qualities are very patchily distributed, learning may be the best way to get
the best mate without requiring revisits.

Although models of mate choice tactics have been developed, empirical studies are
rare. Most observations of mate sampling have been done on lek-breeding animals
(Reynolds and Gross 1990), for two main reasons. First, the close proximity of males,
often in open areas, makes it easier for researchers to discreetly observe females
encountering several males. Second and more important, it is intriguing that sexually
selected traits tend to be more developed in this mating system than in resource-based
mating systems, although there would seem to be less value to choice as lekking males
provide only genes. Taylor and Williams (1982) suggest that mate choice is more
developed in lek mating systems, perhaps because of lower search costs (Reynolds and
Gross 1990). However, without empirical data on mate choice tactics in resource-based
. mating systems as well as lek mating systems, the basis of the comparison between mating
systems is tenuous.

Here I examine the process of mate choice in nature by female pine engravers Ips pini
(Say) (Coleoptera: Scolytidae), a bark beetle with a resource-based mating system. I first
consider possible search costs experienced by females. I then describe patterns of visits to
males and the time budgets involved in search, and determine how search costs influence
these behaviours. These data allow me to test some models of mate choice tactics. 1 also
identify characteristics of preferred males, and I investigate how preferences vary according
to search costs, and vary among and even within females.

Breeding Biology of Pine Engravers

The breeding biology of pine engravers has been described by Thomas (1961), Schenk
and Benjamin (1969), Schmitz (1972) and Swaby and Rudinsky (1976). Adults are ca. 4
mm long, with male ca. 10% larger than females. They breed in the phloem of weakened
or recently dead trees which males colonize en masse, reaching densities of 1 to 2 per 10
cm2. Each male constructs a nuptial chamber that he does not leave until oviposition by his
mates is nearly complete two or three weeks later. Male-produced pheromones attract
females to infested host trees, but it is not known whether short-range pheromones also
reveals an individual male's location to females. My observations indicate that walking
females do not visibly orient towards a male from much more than 2 cm away. A model of
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mate finding behaviour for another bark beetle indicates that under the high densities typical
of pine engravers, females could encounter many males simply by random movement
(Byers 1990). Pheromone constituents change with male mating status (Swaby and
Rudinsky 1976), so females can assess mating situations without actually entering the
nuptial chamber.

Pheromones also attract predators and parasitoids (Bedard 1965, Miller and Borden
1990). At my sites, predators were mainly clerid beetles (Coleoptera: Cleridae, mostly
Enoclerus sphegeus, some Thanasimus undatulus). Also observed was the parasitoid
Tomicobia tibialis (Hymenoptera: Pteromalidae) which causes immobility in adult beetles
within about a week of parasitization (Bedard 1965).

Typically, three females will mate with a given male. This polygyny appears to be due
to a biassed sex ratio at the breeding site, because vu‘tually all males attract at least one mate
(pers. obs). Females enter a male's chamber at the rate of about one per day. This rate is
limited by how quickly space becomes available after each femaie enters the nuptial
chamber. Females chew egg galleries which radiate away from the nuptial chamber, and
will lay 20-50 eggs over the next two to three weeks. Eggs hatch after 5 days, and larvae
mine through the phlocm perpendicular to their egg gallery. By mining in this way larvae
usually avoid their full siblings, but larvae from ad]accnt gallencs may meet, usually
rcsultmg in-combat and the death of the smaller larvae (Schmltz 1972,pers. obs.). Itis
therefore to the advantage of females to mate first rather than last with a male to provide
their larvae a headstart over larvae of the later arriving females (Kirkendall 1989).

The male in the gallery system in which a female oviposits is likely to sire most of her
offspring. Females rarely leave a viable male without reproducing (pers. obs.), which is
ensured in part by the degeneration of flight muscles Whicm in a similar congener, begins
as soon as a female enters the nuptial chamber (Borden and Slater 1969). Also,
copulations are frequent with the breeding gallery (pers. obs.), and it seems likely that
sperm of the most recent matings have precedence in fertilizations (Kirkendall 1983).

Males remain with their mates over much of the egg-laying period, during which time
they clear the galleries of frass (allowing females to lay eggs more quickly) and guard
against predators that might enter the gallery (Chapter 3). This investment may favour male
choice as well (Gwynne 1991), and there is some evidence that male Ips spp. may
sometimes actively prevent females from entering their nuptial chambers (Borden 1967,
pers. obs.). However, the reproductive consequences of mate choice will probably be
larger for females than males, because females are choosing their only mate (for that
reproductive bout, and possibly their lifetime) while male fitness is derives from several



mates. Male choice may influence female choice, but because it is impossible to see what
males are doing in their chambers under natural conditions, I do not consider it here.

In sum, female mate choice is expected in this species because: 1) males provide
economic as well as genetic resources, and 2) males are densely distributed but unable to
interfere with each other. Potential costs to choice are competition among females (lost
opportunities) and predation risks.

Methods

I observed colonization and female mate searchng behaviour during the first spring
dispersal flight of pine engravers in three successive years. This first flight consists of
overwintered adults. In two years, I worked near Riske Creek in the central interior of
British Columbia, Canada, and in the third year I worked near Princeton in south central
B.C. The colonization patterns in each year differed (Fig. 1.1) due primarily to the timing
of warm weather suitable for beetle flight. In Princeton in 1990, very few predators or
parasitoids were observed, but in the previous fall this area had the highest density of T.
tibialis I have seen (1-2 per 10 cm2), so the low densities of parasitoids observed in this
study are not necessarily typical for this population.

In each year, I established 3-5 potential breeding sites within 2 km of each other.
Each site consisted of 4-12 bolts from freshly felled lodgepole pine trees (Pinus contorta
var. Jatifolia Engelmann) placed end to end on the ground in shaded but open areas, except
for one site which was a 150 cm long remnant of one of the felled trees. Beetle activity
was largely confined to the upper surface of logs under these conditions. Bolts varied in
size between sites, from 60 cm long and 10 cm diameter, to 100 cm long and 27 cm in
diameter, and log number ranged from 4 (for the largest logs) to 12 (for the smaller logs) at
each site. Individual bark beetles visited only a small fraction of the available area, virtually
always within a single bolt. However, for the purposes of analysis I combined bolts
within a site to avoid possible pseudo-replication. This was because bolts within sites had
generally similar colonization patterns, and the site as a whole may produce a common
blend of pheromones and kairomones (log-produced) which determines the expectations of
incoming females (Swaby and Rudinsky 1976). I considered each site on each day to be
an independent observation.

Colonization of sites occurred naturally in most cases. At some sites I established one
or two live males to produce pheromone and induce colonization when cool temperatures
were reducing the number of flying beetles. Bolts were gridded into 10 cm? areas using
thin string stretched between nails around the edge of the log's upper surface. Each new
male nuptial chamber was marked daily with tacks of a day-specific colour (to keep track of
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chamber age), and plotted on a scale map. Predators and parasitoids were surveyed daily
by scanning the gridded areas of each bolt systematically. In 1988, only clerid beetles were
counted because these were thought to be the major cause of mortality for pine engravers
(Schenk and Benjamin 1969), but later it became clear that the parasitoid T. tibialis was
more common and more effective at attacking pine engravers.

Female pine engravers can be visually distinguished from males by the absence of an
enlarged elytral spine (Lanier and Cameron 1969). Because females are small and cryptic,
they were marked upon discovery with fluorescent powder gently applied with a fine paint
brush to the posterior end of their elytra. Their behaviour was timed with a stopwatch and
recorded continuously from discovery until they had entered a hole or were lost.
Behaviours noted were: 1) running, 2) hiding in crevices or under bark flakes, 3) pausing
(exposed) for more than a few seconds, and 4) at male entrance holes (either waiting or
pushing against male). A male was considered accepted as a mate when the female had
fully disappeared into his entrance hole or when she had persisted at the entrance hole for
more than 30 min by the time observations ceased. A male was rejected when the female
departed from the frass pile around his entrance hole. Visits to males that did not meet the
acceptance or rejection criteria were excluded from analyses of mate choice criteria The
age of the nuptial chamber visited, as indicated by tack colour, was noted. Most
observations occurred on one or two adjacent bolts at each site, but females on other bolts
were watched if possible. Females were observed mainly in midday (1100 h to 1700 h)
when temperatures permitted beetle flight and hence arrival of females to breeding sites.

The galleries of some males that were visited (and rejected or accepted) were
excavated to determine the mating status of males (number of mates and the length of each
mate's egg gallery). In 1988 and 1989, males were collected and their body size (pronotal
width) was measured later to the nearest 0.04 mm using a stereomicroscope at 25x
magnification.

Where relevant, I looked for differences among years in female behaviour because
mate choice may be inconsistent (Reid and Weatherhead 1990). I used analysis of variance
(ANOVA) or covariance (ANCOVA) if possible, but where there was insufficient data for
each of the years to warrant these analyses, I visually inspected graphical plots. When
differences among years were not detectable, I combined data from all years. All statistical
analyses were done using Systat 5.0 for Macintosh computers (Wilkinson 1989).
Normality was checked for all variables; logarithmic transformations rectified any non-
normal variables.



Results

The most apparent risk *o bark beetles roaming on the bark surface is that of being

parasitized by T. tibialis. This parasitoid was observed to attack only moving beetles
which responded by running very rapidly and erratically, and then either dropping off the
log or hiding in a crevice to dislodge the parasitoid. The beetle was usually safe when
hiding, but the parasitoid often waited nearby for the beetle to come out. Sometimes the
parasitoid attempted to attack the hiding beetle and pull it out; but this rarely seemed
successful. T. tibialis attacked 8.0% of 88 females in 1988; and 15.7% of 102 females in
’ 1989 No attacks on females were observed in 1990. 1 observed only one male pine
engraver attacked by a clerid beetle in all three years, though clerids are considered to be a
‘primary predator of bark beetles (Schenk and Benjamin 1969). However, I use clerid
density as my measure of predation/parasitism risk because Id1d not count T. tibialis in
1988 and because numbers of T. tibialis and clerids were highly correlated in 1989
(r=0.748, N=10, P<0.05; Fig. 1.1).

- Another cost of searching could be lost opportunities when othcr females are
competmg for access for male entrance holes. When:a femalc arrived at a male entrance
holc and dxscovcred another female ah'eady waltmg thcm the amvmg fcmale usually did
not pg:tsnst. This observation eliminates copying as a poss1blc mate choice tactic in pine
engravérs. Occasionally the arriving female attempted to push the waiting female away.
Visits-observed in which a female was already waiting comprised 10.3% of 97 visits in
1988,77% of 196 visits in 1989, and 2.1% of 48 visits in 1990. Because it is likely that
these “taken" males were most preferable, these figures represent a conservative estimate of
competmon for desirable mates. For each:day and site combination, I used the proportion
of observed visits that had another female already there as a measure of female competition.

The density of males is likely another influence on search costs. Total density
increases as colonization progresses, but the density or proportion of recently arrived (new)
males may be more relevant to searching females (see mate preferences below). The
proportion of males that are new was positively correlated with the density of new males
(£=0.597, N=31, P<0.01) and diminished as total density increases (= - 0.437, N=31,
P<0:05). The densities of new males and of all males were not correlated (r=0.209,
N=31, P>0.1).

Predation risk and female competition were also correlated with each other and the
distribution of males. The proportion of visits involving waiting females was positively
correlated with the density of clerids (1=0.620, N=19, P<0.01) and with the proportion of
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males which were newly arrived (1=0.385, N=27, P<0.05). Clerid density was correlated
with the density of new males (1=0.674, N=21, P<0.01) and with total male density
(=0.368, N=21, P=0.06). These correlations are to be expected because it is in the
interests of both females and predators (for different reasons) to be present when many
males are arriving and establishing themselves. Thus females faced the greatest
competition and predation risk when recently arrived males were most common.

Females appeared o visit males at only one site before choosing a mate. Of the 205
females observed on logs over 3 years, only 10 flew away. None of these was szen
visiting a male before flying. Therefore my observations of females who were observed
both landing and mating covers the entire mate assessment period.

Of the females whose entire visiting sequence (from landing to choice) was observed,
57.5% accepted the first encountered male (Fig. 1.2). The other females did reject at least
one male before choosing (one rejected 13 males), indicating active choice. The frequency
distribution of number of males visited did not differ among years (x2=5.75, df=6,
P>0.25). The sample of females observed from landing until choice was probably biassed
towards short sequences because of the risk of losing sight of individuals. However, the
inclusion of females with incomplete sequences did not alterthcﬁequcncy distribution of
visits when sequences without visits (10.7%) were excluded ((2=1.20, df=4, P>0.75),
suggesting that those females who were not watched throughout their search were not
behaving differently.

Females rarely revisited males. Only twelve females revisited males, and 9 of these
returned to a male that they had just left. Only one female mated with the revisited male.
Clearly, females were not using a best-of-pj search tactic.

The number of visits by females did not vary significantly with any single measure of
cost (Table 1.1, first column). Lack of significance could be due to having too small a
sample size to detect small but real effects. However, the strongest correlation was a
positive one between visit number and clerid density (P<0.1), which is opposite to what
would be expected if females were attempting to minimize predation risk while searching
for mates.

The total time females were watched (before they arrived at the male they would accept
or were lost) averaged (£SD) 426.5 s #723.1 (N=60) in 1988, 344 .3 +533.4 s (N=98) in
1989, and 139.3 $209.7 s (N=32) in 1990. Differences between years correspond to
differences in the time it took for females to-choose mates. In 1989 and 1990 (for which
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Table 1.1. Pearson correlation coefficients between female visiting behaviours and the
characteristics of the site visited. Observations from all years combined except where
noted.

Bout duration (min)

Site NUMDEL oo e
characteristic of visits Atentrance Hide Run
Total male density ~ 0.253 0.053 0.299 0.061
N 22 25 25 31
New male density 0.318 0.154 0.378 -0.169
N 22 25 25 31
Proportion new male (0.144 -0.027 0.124 -0.188
N 25 25 25 31
Predator density 0.399 0.015 (0.743**)t (0.671** 0.362
N 19 18 (13) 17 21
Female competition 0.245 0.008 0.434* -0.085
21 24 23 28

* P<0.05, ** P<0.01
T Correlation for 1988 and 1989 only
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there was a reasonable sample size), search time from landing to choice was 333.8 s
503.7 (N=54) and 112.5 + 195.3 s (N=15), respectively, a significant difference between
years (t-test, P<0.05).

Female time budgets differed among years quantitatively but not substantially (for all
females observed; differences between complete and incomplete sequences were not
significantly different for all behaviours). Females spent most of their time running on the
log, spending a mean of 58.4 +34.2% of their time in this activity in 1989 and 74.4
128.2% in 1990. Brief pauses accounted for about 3% of the time budget in both years.
Females hid 8.0 £18.5% of the time in 1989 and 13.7 £22.2% in 1990. The rest of their
time was mainly spent at entrance holes to nuptial chambers of males (25.4 £30.6% and
9.1 £21.9% of time for 1989 and 1990 respectively). These time budgets are similar to
those observed for a congener Ips typographus (Paynter et al. 1990).

Because these time budgets include females who never rejected a male, the
proportional time does not provide an accurate indication of how long females spent at an
entrance hole before rejecting the resident male. For all rejections, this amounted to a mean
of 98.0 £280.0 s (N=122) in 1989 and 67.1 £229.6 s (N=15) in 1990. Females spent
much more time at the entrances of males they eventually accepted than at those they
rejected. These timings are imprecise because it was often difficult to see exactly when the
fernale had fully entered the nuptial chamber. Minimum times were 671.4 £857.7 s
(N=57) in 1989 and 537.1 £1012.2 s (N=26) in 1990. Mate assessment can therefore be a
time-consuming activity relative to the average time searching.

I examined whether the time that females spent at entrance holes, hiding and running
was affected by search costs. 1used mean bout length of each behaviour, to control for
differences in observation time among females. A bout is the amount of time a female
engages in a single behaviour before changing to another behaviour. I took the mean of
bout lengths for each female, and then used the mean of all females observed on each
day/site combination. Females that were not observed performing a behaviour were
excluded from the calculation of means for that behaviour, as were bouts that occurred
during or after a parasitoid attack.

Female search behaviour varied with predator density (Table 1.1; last 3 columns).
Females hid for longer bouts and, considering just 1988 and 1989, spent more time at male
entrance holes when predators were more numerous. Observations of entrance hole bouts
in 1990 differed from the pattern shared by 1988 and 1989 data (Table 1.1), with females
spending longer at entrance holes than expected for the other years. There is no obvious
reason for this difference in 1990, except that there may have been more males who did not
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yet have enough room for additional females, causing females to eventually give up waiting
to getin.

The significant correlation between hiding and female competition (Table 1.1) suggests
the non-intuitive result that females hid more when there was greater competition.
However, this correlation resulted from the correlation between female competition and
predator density. When the effect of predator density was removed using partial
correlation, female competition had no significant effect on hiding (r= - 0.021, N=16,
P>0.5). Conversely, the relationship between hiding and predator density remained when
female competition was statistically removed using partial correlation (r=0.567, N=16,
P<0.05).

Effects of other search costs could also be obscured by the effect of predator density
because of correlations between them. When I statistically removed the effect of predator
density, the partial correlations revealed that females remained at male entrance holes
significantly longer when female competition was higher (for 1988 and 1989 data,
r=0.735, N=17, P<0.01). Also, for all years combined, females ran for longer bouts
when recently arrived males were least abundant (new male density 1= - 0.518, N=19,
P<0.05, proportion new males = - 0.504, N=19, P<0.05). In sum, components of
female mate search behaviour were influenced by search costs, particularly predation risk.

Mating Preferences

As expected from the breeding biology, galleries that had been established longer
(older galleries) contained more females (1=0.328, N=88, P<0.01) and were longer
(1=0.614, N=85, P<0.001). Older galleries also belonged to larger males (1=0.373,
N=51, P<0.01), reflecting a general pattern of large males colonizing a breeding site first
(unpubl. data). These correlations make it difficult to determine whether any one of these
characters is the main criterion of choice without manipulations t0 make them independent
(Mitchell-Olds and Shaw 1987). However, if these characteristics are always correlated,
females will tend to get them as a package regardless of which component is actually
assessed. In support of this idea, the relationships between chamber age and each of
female number, gallery length and male body size did not vary among the three years
(ANCOVA: all interactions between year and age as main effects non-significant, P>0.4).

Females tended to accept recently established males, especially those that had been
settled less than 2 days (Fig. 1.3). This preference was consistent among years: the
chamber age of accepted males did not differ among the three years (ANOVA,
F(2,110)=0.72, P>0.4), though the chamber ages of rejected males did vary
(F(2,215)=5.71, P<0.01). (Hereafter, I use male age to refer to age of a male's nuptial
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chamber, for simplicity.) Rejected males were on average oldest in 1990 (Fig. 1.3) when
there was a gap of several days in the colonization process (Fig. 1.1) due to bad weather.
To determine how the ages of accepted and rejected males compared with what was
available, I examined these distributions for each day/site combination that had enough
visits observed. The age distribution of visited males tended to be similar to the age
distribution of all males available, suggesting random encounters, except when accepted
males were included, as accepted males tended to be significantly younger than those
available (Table 1.2).

As expected from the correlations among male and gallery characteristics, preference
for recently established males corresponded to a tendency for females to mate with males
with fewer mates, those with shorter egg galleries, and with smaller males (Fig. 1.3).
Accepted males differed among years in the number of mates they already had
(F(2,31)=4.10, P<0.03), but rejected males did not (F(2,44)=0.16, P>0.8). Average
gallery lengths were similar among all years for accepted males (F(2,31)=2.79, P>0.05)
and rejected males (F(2,41)=2.22, P>(0.1).

The apparent preference for smaller males (Fig. 1.3) is likely attributable to the
tendency for smaller males to be more recently arrived. In a lab study in which everything
but male body size was experimentally controlled, females preferred larger males (Chapter
2). However, in the field data, the preference for small males remained when the effect of
age was removed. To see this, I did an ANCOVA of male body size with acceptance as the
main effect and age as the covariate. Male body size differed among accepted and rejected
males (F(1,47)=4.982, P=0.031), with accepted males being smaller. Age also had a
significant on body size (F(1,47)=4.975, P=0.031), and there was no interaction between
age and acceptance.

As another measure of female preferences, I examined whether the length of time
females persisted at male entrance holes was correlated with male characteristics. These
analyses include only rejected males, when female departure could be observed.
Correlations between persistence and male characteristics did not vary among years
(ANCOVA, year effects and interactions non-significant (P>0.15) in all cases) so data from
all years were combined. Females persisted significantly longer at the entrances of more
recent males (1= - 0.280, N=180, P<0.01). The correlations between persistence and
number of mates (1= - 0.029, N=42), mean gallery length (r= - 0.201, N=40), and male
body size (r= - 0.269, N=31) were not significant, but in the same direction as the
differences between accepted and rejected males.
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Table 1.2. Goodness-of-fit tests of the chamber ages of visited, accepted and rejected

males by female pine engravers compared to ages available for a given day and site.

Visited Rejected Accepted

Year Site Dae dfé¢ Nb 2 P N x2 P N x2 P
88 1 12)n 2 18 090 ns 6 632 * 9 562 ns
88 1 14In 4 23 090 ns 18 1.67 ns 1

88 1 15In 3 25 5091 ns 20 2.35 ns 1

88 1 16In 4 12 576 ns 9 593 ns 1

89 1 3IM 1 20 3.57 ns 9 099 ns 6 028 ns
89 1 1In 2 25 1130 +* 19 5.00 ns 6 1124 **
9 1 2l 1 7 13.28 *¥x* 2 5 797 k*
% 2 22Jn 2 24 831 * 8 3.00 ns 14 15.64 ***

a degrees of freedom for %2 statistic

b N=number of visits
* P<0.05, ** P<0.01, *** P<0.001, ns not significant
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Effect of Costs on Choosiness
It has already been noted that for females which sampled, the age of accepted males
did not vary with the abundance of new males . For these females, accepted male age also
did not vary significantly with predator density (r= - 0.122, N=11, P>0.5), nor with
female competition (1= - 0.214, N=13, P>0.2). There is therefore no evidence that female
preferences vary with costs.

Female Differences

Females who visited more than one male mated with more recently arrived (preferred)
males than females who chose their first encountered male (comparison of females
observed at the same site on the same day: paired t-test, t=2.215, df=12, P=0.047).
Females that did not sample may have been mating randomly. For these females, the age
of accepted males was highly correlated with the availability of recently arrived males (with
new male density = - 0.653, N=17, P<0.01; with proportion of males that were new 1= -
0.733, N=17, P<0.01). For females that sampled before mating, the relationship between
the ages of available and accepted males was not significant (new male density = - 0.304,
N=13, P>0.2; new male proportion r= - 0.312, N=13, P>0.2). Thus, it appears that there
were differences among females in their mating preferences. Moreover, by visiting more
than one male, females were able to mate with males that were more preferable than the
average available.

Experi | Female Choosi

I compared the mean characteristics of rejected males with those of the accepted male
for individual females with paired t-tests. Preferences for smaller, more recently arrived
males with fewer mates and shorter galleries were again found at this level of analysis
(Table 1.3). In fact, this paired comparison of rejected and accepted males showed even
more significant patterns than at the population level because the characteristics of accepted
males were positively correlated with those of the males a female previously rejected (Table
1.3, Fig. 1.4). In other words, if a female had visited only less preferred males, she
tended to choose a less preferred male.

Correlations between rejected and accepted males for individual females could arise in
two ways. Females could reduce their expectations after a sequence of encounters with
less preferred males. Or, they could arrive with lowered expectations at sites with a large
proportion of less preferred males (perhaps because of the blend of pheromones emanating
from the site). To distinguish these, I examined female behaviour as a function of her
sequence of encounters. Idid this two ways. First, for each character, the quality of the
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Table 1.3. Differences and correlations between rejected and accepted males by individual

female pine engravers.
Paired 1-test Pearson correlation

Male Character N Mean Difff. ¢ P I P
Chamber age (d) 48 1.152 3.274 0.002 0.451 <0.001
Mates/male 18 0903 3.586 0.002 0.401 <0.1
Mean gallery length (mm) 17 2.789 1961 0.067 0.378 >0.1
Total gallery length (mm) 17 12.559 2.197 0.001 0.500 <0.05
Male width (mm) 12 0.058 3.771 0.003 0.505 <0.1

T average of all rejected males minus chosen male
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accepted and rejected males was compared to see if females eventually accepted a male of
the same quality as ones she had earlier rejected. I consider preferable characters to be
those indicated by the population as a whole (Fig. 1.3) rather than individuals' preferences.
Some females accepted males that were less preferable than the mean of males they had
rejected (points above the diagonal in Fig. 1.4), but using the mean of rejected males
obscures variation. I therefore compared the accepted male to each of the rejected males for
each female, and found that about half of all females mated with a male who was the most
preferable of any she had visited (Table 1.4). The other females mated with males who
were either less preferable or the same as previously rejected males. A few females that
mated with a less preferable male did so immediately after rejecting a more preferable male.
This occurred in 3 of 6 cases for chamber age, one of four cases for number of mates, four
of six cases for mean gallery length and one of four cases for total gallery length.
However, in these cases the differences between males tended to be small. Larger
differences tended to occur when the better male had been visited more visits ago, as can be
seen for male mating status (the only character with sufficient variation for this analysis).
Rejected males that had much fewer mates than the accepted male tended to be encountered
‘much earlier in a female's visiting sequence (sequence difference vs mate difference
1=0.852, N=9, P<0.01; mate difference equals zero included). This result suggests that
females may lower their standards as searching progncsscs slich that male characteristics
that were earlier rejected eventually become acceptable.

A second test of experience is whether the quality of accepted males varied with how
many males were sampled. If females were becoming less choosy the longer they
searched, then males that were accepted after more visits should be of a less preferred type.
For females that visited more than one male, I correlated chamber age with the minimum
number of males that females had visited. (To obtain an acceptable sample size, I included
females who were not seen landing and may have visited more males than I saw. This
source of variation should make analyses conservative.) For all years combined, there
was no relationship between the number of males visited and the age of accepted males
(r=0.157, N=48, P>0.1). However, the predicted relationship was observed in 1989
(r=0.710, N=14, P<0.01), and was in the same direction in the other years (1988:
r=0.308, N=5, P>0.5; 1990: 1=0.266, N=29, P<(.2). The fact that visit frequency was
not detectably correlated with any measure of search costs (Table 1.1) suggests these
factors, at least, are not producing a spurious result here. Females may indeed become less
choosy the longer they search.



Table 1.4, Number of females who chose a male that was better than, worse than, or the
same as the best of the males she had rejected, for each male trait.

Trait N Better* Same Worse
Chamber Age 47 17 24 6
Mates/male 20 10 6 4
Mean gallery length 18 10 2 6
Total gallery length 18 12 2 4

8 5 0

Male width 13

* as indicated by characteristics of successful males (Fig. 1.3): more recent, fewer mates,

shorter galleries, smaller body size
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Discussion
Mate choice tactics are expected to vary according to the costs and benefits incurred by

searching for mates (Real 1990), which in turn are expected to be related to the dispersion
of males and the type of mating system (Wittenberger 1983). The value of these ideas has
so far been limited by a dearth of empirical observations of either mate search behaviour or
search costs in nature, and by an emphasis on one relatively rare mating system (leks)
among the few field studies that have been reported (Reynolds and Gross 1990). In the
present study, I examined the search costs and mate choice tactics of a species with a
resource-based mating system, and I found general support for the proposed influences of
costs on tactics. Also impcrtantly, specific features of mate choice in pine engravers
provide emgpirical justification for some assumptions in mate choice models (e.g. random
encounter) and evidence for a mate choice tactic (learning) which has not vet been
considered in detail (Real 1990).

The mate choice process of female pine engravers can be described as follows.
Females encounter males more or less randomily. Some fcinalcs mate with the first male
they encounter, and these females apparently mate randomly. The remaining females
sample more than one male before mating and invest significant amounts of time in each
visit to a male. These females prefer recently-arrived males that have few mates and short
cgi g’allérics,r and which also tend to be small. They rarely révisit males, and therefore do
not use a best-of-p_or pool comparison mate choice tactic (as defined by Janetos 1980).
There is some evidence that choosy females also do not have a fixed acceptance threshold,
but instead reduce their expectations the longer they search. This tactic is consistent with
high search-costs (mainly parasitism risk and female competition). Search costs also affect
components of female search behaviour, especially how long females persist at male
entrance holes and how much they hide. Overall, however, search costs had little effect on
how much females sampled and the quality of males they accepted. This description of the
choice behaviour and factors which influence choice in pine engravers seems robust
because most of the relationships discussed were consistent among the three years and
between the two populations of this study.

The absence of revisits (or a best-of-1 tactic) in pine engravers has also been observed
for mate-searching females in natterjack toads Bufo calamita (Arak 1988) and pied
flycatchers Ficedula hypoleuca (Dale et al 1990). Fixed-threshold preferences, which do
not require revisits, have been experimentally determined in female cockroaches Nauphoeta
cincrea (Moore and Moore 1988) and jungle fowl Gallus gallus (Zuk et al. 1990). In
contrast, in species with lek mating systems, pool or sequential comparisons appear to be
typical (Beuchner and Schloeth 1968, Trail and Adams 1989, Pruett-Jones and Pruett-
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Jones, 1990, Petrie et al. 1991; but see Gibson et al. 1991). The difference in tactics may
be attributable to the costs of choice (Reynolds and Gross 1990). In the studies of lekking
birds just mentioned, predation is apparently low at the lek, female competition is non-
existent because males provide only brief copulations, and females appear to know the
locations of most or all males. Pine engravers (and natterjack toads; Arak 1988) differ
from lekking birds on all these counts. Female pine engravers face significant risk of
parasitism by T. tibjalis, female competition causes males to be continually and
permanently removed from the pool of preferable males (which precludes copying as a
tactic), and females arrive at a site naive about the spatial distribution of males.
Assessment of males is also reasonably time consuming, relative to total search time.
Therefore, mate searching is costly in pine engravers. This difference in search costs and
mate choice tactics between pine engravers and lekking species matches well with
predictions by Wittenberger (1983), Reynolds and Gross (1990) and Real (1990). A best-
of-n mate choice tactic is superior when there are no costs to choice (Janetos 1980), but
when there are costs, a tactic without revisits is better (Real 1990).

Although female pine engravers did not revisit males, their preferences did appear to
depend on experience. There were three lines of evidence for changing preferences. First,
females who encountered less preferred (less recent) males accepted a less preferred male,
and this was independent of availability of preferred males. The significant relationships
between characteristics of accepted and rejected males were not tight, nor should they be
expected to be. Females should choose a highly preferred male if he is encountered even if
the other males she has encountered are undesirable, but not vice versa. Therefore one
would expect a lot of scatter below the diagonal when accepted males are plotted against
rejected males, as can be seen in Fig. 1.4. Second, females who visited more males ended
up mating with a less preferred males, and again visit number was not correlated with
availability of preferred males. A potential problem with these two arguments is that I
measured availability for the whole site and this may not be the scale at which females are
assessing availability. A scenario could be imagined in which female preferences were
fixed upon arrival by a local blend of pheromones. However, the third line of evidence
does not depend on this. The third observation concerns those few females who chose a
male that was less preferable than one she had rejected. The better the rejected male was
relative to the one she accepted, the longer ago he was in her sequence of visits. Learned
mate preferences in pine engravers have also been documented in a laboratory study
(Chapter 2); females that had experienced large males were less attracted to a mid-sized
male than females who had only visited small males previously.



There are two possible explanations for these changing preferences. One is that
females should become less choosy as the time available for choosing diminishes (a
dynamic one-step process; Janetos 1980). This seems unlikely in this case because the
time scale over which an individual female is searching (usually less than half an hour) is
small relative to the colonization period of males (several days, Fig. 1.1). The second
explanation is that females are leamning about the distribution of males, and their encounters
with less preferred males reduces their expectations. To explain the third line of evidence,
females may weight recently encountered males more heavily in their expectations.

Memory of past encounters is not necessarily expected in either Real's (1990) or
Roitberg et al's (in press) models of mate choice. Both models assume random encounters
with potential mates, an assumption met in pine engravers. They also both assume that
females with no memory have innate expectations that are accurate. This assumption may
not be valid for pine engravers. The spatial distribution of males within a log is slightly
clumped for early arriving males, but then becomes increasingly regular (unpubl. obs.).
Consequently there may be patches of similarly aged males. On a slightly larger scale, logs
may differ in their proportions of different aged males (but not tremendously, which is
partly why I considered site rather than log characteristics). This patchiness coupled with
local searching may be sufficient to favour learned rather than innate expectations.

Female behaviour varies with search costs, but in a somewhat limited fashion. I have
already argued that search costs may be responsible for females not using a pool
comparison mating tactic, on a species level. But components of female search behaviour
vary with search costs in ecological time as well. Females persist longer at entrance holes
when there are more predators and female competitors around, and hide more in response
to more predators. These seem like adaptive behaviours. Females behave appropriately
even if they have never actually encountered a parasitoid or predator. They can predict the
abundance of predators on the basis of male pheromones, since predators respond to these
pheromones as females do (Bedard 1965, Miller and Borden 1990). Female competition is
also correlated with the availability of new males. However, although effects of search
costs could be detected for individual behaviours, there was no apparent effect of costs on
cither the amount of sampling females did or the age of accepted males. Real's (1990)
model of threshold preferences predicts that females should reduce their acceptance
thresholds in response to increased costs, which would also have the effect of reducing the
number of visits a female would make. It is not clear why female pine engravers did not
behave this way. It may be that correlations between costs effectively cancelled each other
out. For example, both increased predator abundance and travel costs (as indexed by the
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inverse of male density) should reduce sampling by females, but these two costs were
negatively correlated and are likely to always be in nature

Females chose males on the basis of characteristics (number of mates, iength of
galleries) that contribute directly to female fitness. Competition occurs between the larvae
of females whose egg galleries originate from the same nuptial chamber (Kirkendall 1989).
Larvae from first laid eggs not only get access to better phloem (which is degraded by their
passage), but also have a size advantage which allows them to win direct encounters with
later-hatching larvae. These encounters usually end in the death and consumption of
smaller larvae (Schmitz 1972, Beaver 1974, pers. obs.). Thus it is clearly to the advantage
of a prospecting female to select mating situations where there are few previously
established females or the egg galleries have not progressed far, or preferably both. Mate
number and gallery length were both correlated with how recently the male had arrived at
the site. Male size was correlated with arrival time as well, with smaller males arriving
later. Consequently, I believe, females tended to mate with smaller males. The success of
small males remained even when arrival time effects were removed statistically, but I think
that this is an artifact of these particular data because in a controlled laboratory experiment
females persisted significantly longer at larger males (Chapter 2). There are no obvious
advantages to mating with a small male, while larger male pine engravers tend to produce
more offspring and larger ones (Chapter 5).

If females gain fitness advantages from choosing recently arrived males, it is puzzling
why half of females in three successive years appear to mate randomly with the first male
they encounter. Genetic differences among females in their mating preferences, commonly
required in sexual selection models (Amold 1985), are only reasonable when preferences
have no fitness consequences (Kirkpatrick 1987). The possibility that females had
sampled elsewhere can be excluded because I never observed a female fly away after
visiting a male. The most likely reason is that these females differed in some phenotypic
feature, such as body size or condition. In general, bark beetles become increasingly
responsive to host trees and pheromones of the opposite sex as their fat reserves are
depleted (Borden 1985). There are several possible reasons for this change in
responsiveness. First, the act of searching could increase the risk of starvation. Second,
lIow fat reserves probably means that initial egg production, and therefore hatching, would
be slowed (Reid 1962). In this case, females may not realize as much of a competitive
advantage from being the first mate, so there would be less benefit from searching for a
preferred, recently-established male. Another possibility, related to the second, is that
weakened females may be less preferred by males, if there is some male mate choice, so
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females reaching that state become less choosy. Unfortunately, I did not measure the size
of searching females so this remains speculative.

Much of the interest in female mate choice is currently due to its importance to sexual
selection (Amold 1985, Bradbury and Andersson 1987). This study does not address
sexual selection directly, because most traits that female pine engravers are choosing are
definitely not genetic. Male (chamber) age, number of mates, and gallery length are all
transitory states that virtually all males pass through. Only male body size may be heritable
(Chapter 5), but there is also a large environmental component to body size in bark beetles
(Anderbrant et al. 1985). However, the nature of mate preferences and mate choice tactics
do influence the outcome of sexual selection models, particularly the likelihood of runaway
selection occurring (Amold 1985, Seger 1985, Wade and Pruett-Jones 1990). Many
models assume that female preferences are constant regardless of the availability of
preferred males, or that the preference is genetically fixed and not subject to experience
(Maynard Smith 1987); these assumptions are clearly not tenable for pine engravers.
Relative preferences, typical of comparison tactics and learning, may increase the rate at
which male traits are exaggerated (O'Donald 1983), or they may slow the process (Zuk et
al. 1990). This depends upon how the male trait distribution varies over time (Zuk et al.
1990). However, fixed preferences may require low acceptance thresholds, not extreme
ones, to ensure that at least one acceptable male is encountered, and this will reduce the
selective pressure on male traits. Dynamic thresholds that are sensitive to experience, such
as pine engravers exhibit, are an intermediate tactic. Females may initially set high
acceptance thresholds to favour getting a very good mating situation, but if she does not
encounter many of these, her expectations are lowered. This seems a good solution when

search costs are high.
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Chapter 2

Innate and Learned Mate Preferences in Pine Engravers

Abstract

The nature of female mating preferences for large male body size in pine engravers Ips
pini (Coleoptera: Scolytidae) was investigated in the laboratory, in particular with respect to
whether females had innate or learned preferences or both. The experimental set-up
consisted of three arenas on a log, one arena containing large males, another containing
small males, and a third arena with a single average-sized male. Single naive females were
first allowed to visit either the large males or the small males, to determine innate
preferences, and then all females were tested on the average-sized male, to determine
learned preferences. This was repeated with increasing numbers of mates already present
with the male, and replicated on three logs. Females innately preferred large males and
males with few mates, as measured by the amount of time naive females spent at the
entrance of male nuptial chambers and by the proportion of females who visited only one
male during a trial. Preferences were not influenced by a female's own body size, even
when the female was much larger than the males Female preference for large males was
also altered by experience, as females who had experienced large males were less attracted
to the same average-size male than females which had only experienced small males. This
is one of the first observations of learned mate preferences, and has implications for the

outcome of sexual selection.

Introduction

Interest in sexual selection and mating systems has prompted research into many facets
of female choice, especially what male traits are chosen and how females benefit from
choice (Bradbury and Andersson 1987, Kirkpatrick and Ryan 1991). One poorly
understood aspect is how females choose one male from among those available. Although
there are many possibie tactics, an initial distinction among tactics is whether mating
decisions are based on fixed (absolute) preferences or whether they vary with adult
experience (relative or learned preferences). Most genetic models of sexual selection by
female choice consider fixed female mating preferences (Arnold 1985). Lande (1981)
proposed three formulations of fixed mating preferences; all three result in qualitatively
similar outcomes in sexual selection models but the propensity for exaggeration of male
traits by Fisher's runaway process varies among them (Armold 1985). Other formulations
of fixed preferences involve a threshold preference (Janetos 1980, Real 1990), in which
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any male better than some minimum quality is acceptable. Fixed preferences contrast with
preferences that are altered by experience. A commonly considered relative tactic is one in
which a female chooses the best of a sample of g males (Janetos 1980, Wittenberger 1983,
Real 1990). This type of preference alters the rate of evolution of male traits and the
stability of equilibria relative tc fixed preferences in genetic models of sexual selection
(ODonald 1980, Seger 1985). Thus, the specific form of female preferences can
determine the outcome of sexual selection.

Ecological circumstances will determine the costs and benefits of different mate choice
tactics. If search costs are negligible, a best-of-p tactic is a superior tactic (Janetos 1980).
When search costs are significant, a fixed threshold tactic yields higher fitness (Real 1990),
but this conclusion is based on the assumption that females have an accurate knowledge of
the distribution of male quality before they start to search (Real 1990). Recently, Stephens
(1991) showed that only a small degree of unpredictability in a resource is sufficient to
favour the evolution of learning. Leamed preferences have been demonstrated in three-
spined stickleback, Gasterosteus aculeatus, wherein: female attraction to a given male
depended on the attractiveness of the preceding male (Bakker and Milinski 1991).

In pine engravers, Jps pini (Coleoptera: Scolytidae), females exhibit active mate choice
(Chapter 1). The biology of this species favours mate choice for several reasons. First,
males provide resources. Males stay with their mates (usually three) during most of the
two to three week oviposition period . They defend the galleries against egg predators and
help females reproduce more quickly by clearing frass from the galleries (Chapter 3).
Second, a female can visit many males within a small area. Males mass-atiack weakened or
recently dead trees, reaching densities of 200 to 300 per m2 (pers. obs. ). Each male
chews a nuptial chamber under the bark in which he stays until the end of oviposition some
weeks later; this precludes direct competition among males. Female assessment of
individual breeding situations is also facilitated by male pheromones that provide
information about the number of mates he has (Swaby and Rudinsky 1976) and possibly
his body size (Anderbrant et al. 1985). Therefore females need not actually enter nuptial
chambers to assess males. Finally, mate choice is potentially important because a female
commits a large portion of her lifetime reproductive success to a one male, as she may
acquire only one or two mates during her life (Pope et al. 1980).

The availability of preferred male pine engravers may vary considerably. The average
body size of males colonizing breeding sites varies among sites, during the colonization of
a given site, and through the season (unpubl. data). Such unpredictability may favour
learning about the local availability of males (Stephens 1991). However, females also
experience significant costs of searching, including risk of parasitization by parasitoids and
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competition with other females (Chapter 1), and these costs may reduce the value of
assessment (Real 1990). Nonetheless, field observations of pine engravers suggested that
fermales may update their mating expectations as they encounter new males. In this chapter,
1 examine in controlled experiments whether female pine engravers have innate, fixed
preferences or learned preferences, or both.

Methods

Experi 1 Desi

I conducted this laboratory experiment at Simon Fraser University in Burnaby, British
Columbia. On a single log, I established two arenas ("patches”) each containing either 5
large or 5 small males, and a third smaller arena between them with a single average-sized
"test" male (Fig. 2.1). This design was replicated on 3 different logs, each approximately
50 cm long and 22 cm in diameter. Experiments began on 21 July and 8 August 1988 for
logs 1 and 2 respectively, and on 4 July 1989 for log 3. All logs were cut from living
lodgepole pine (Pinus contorta var. latifolia Engelmann) w1th1n a few weeks prior to use,
and their ends were sealed with paraffin within a day of cutting to prevent desiccation.
Arenas were made from plexiglass. Paper was placed on the outer surfaces to obstruct the
beede's view beyond the arena. The base of the arena walls were joined with the log using
fresh plasticene. While an experiment was in progress in an arena, the arena was covered
with sheet of plexiglass to minimize drafts and to concentrate male pheromones within the
arenas.

All beetles used in this study were collected daily as they emerged in cages from
naturally colonized logs collected near Riske Creek, B.C. To ensure that most (if not all)
individuals were virgin adults (rather than re-emerging parents), beetles were collected
during peak emergence when most individuals were obviously teneral. Females and males
were separated immediately, and stored in glass jars containing tissue paper. After
emerging, bark beetles typically require a period of flight or starvation before switching
from dispersal to reproductive behaviour (Borden 1985). Therefore most beetles were
collected the day before they were used in an experiment and kept at room temperature,
which was sufficient to minimize flight tendencies. For log 1, males were collected 9 days
prior to use, and females tested with males with no mates were collected 6 days prior to
use. In both of these cases, beetles were stored at 4°C before use. For each experimental
log, males and females came from the same source logs.

Males were selected on the basis of pronotal width, measured at 25x magnification
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5cm

Figure 2.1. Experimental arenas. A. arrangement on log. B. distributions of males
within arenas, to scale. Solid circles show male entrance holes, crossed circles are
where experimental females were released.
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using a stereomicroscope fitted with an ocular micrometer. I defined large and small males
to be one standard deviation greater or less than the mean pronotal width, respectively; test
males had pronotal widths close to the mean (Table 2.1). In the afternoon prior to the first
female trials, males were 'implanted’ on the log in the arrangement shown in Fig. 2.1 by
confining each male within an inverted half gel capsule over a pre-made puncture in the
bark. All males began their nuptial chambers within a few hours of confinement. During
trials, each entrance hole to male nuptial chambers was blocked with an insect pin placed
across the centre of the hole so that pheromones could be released but females could not
enier. However, females and males could not physically contact one another, which may
prevent another means of mate assessment.

To examine innaie and learned preferences of females for male body size, individual
females were tested first in an arena containing either large or small males, and then in the
arena containing a single average-sized male ("trials"). I consider the behaviour of naive
females in patches of large and small males to reflect innate preference, and their behaviour
with the test male as reflecting learned preference. Multiple males (5) were provided in
patches of large and small males to create the impression in females that the "world"
contained an abundance of one type of male. Most females in nature visit fewer than 5
males (Chapter 1), but they potentially could assess the availability of preferred males by a
b]end of pheromones frorn many males. A single test male was used to prov1de a standard
comparison among fema'es with different experiences.

Trials of successive females were alternated between patches of large and small males.
For each trial, a female was taken from the holding jar of females using cover-slip forceps
and placed in half of a gel capsule. The capsule was then placed at a slight vertical angle
with the opening at the release spot (Fig. 2.1) in the appropriate patch of large or small
males. The female was allowed to exit the capsule by herself, and when she was on her
feet on the bark, the trial began. Trials in the arenas with large or small males were 5 min
long. Irecorded, using a stopwatch, the time of contacts with a male's frass pile, with the
entrance hole itself, and the time of departure from the frass pile.

After the 5 min trial in a patch was finished, the female was gently removed and placed
into half a gel capsule. She was then promptly released into the test male arena (in the same
manner as for the patch trial), to minimize the opportunity for intervening experiences. Test
male trials were 3 min long because of the smaller arena size and number of males, and all
visits to the test male were recorded as before. The number of females of all treatments
tested on a given day was determined by the number available.

To determine if female preference for body size was affected by male mating status, I
increased the number of mates per male each day for 4 or 5 successive days. A new cohort
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Table 2.1. Body sizes of beetles used in experiments. Male sample refers to the groups of

males from which large, small, and test males were chosen. Females are those whose

behaviour was observed in the experiments.

Pronotal width (mm)

Log Sex Group N Mean SD Min Max
1  Males Sample 29 1.568 0.060 1.48 1.64
Large 5 1.656 0.036 1.64 1.72
Small 5 1.496 0.022 1.48 1.52

Test 1 1.56
Females Expt. 454 1.552 0.059 1.44 1.64
2  Males Sample 30 1.515 0.072 1.40 1.64
Large 5 1.608 0.018 1.60 1.64
Small 5 1.408 0.018 1.40 144

Test 1 1.52
Females Expt. 83 1.518 0.069 132 1.64

3  Males Sample b

Large 5 1.648 0.044 1.60 1.68
Small 5 1.480 0.028 1.44 1.52

Test 1 1.56
Females Expt. 125 1.501 0.080 1.32  1.76

@ Only a subset of females measured.

b No representative sample was measured.
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of experimental females was tested every day. After a day's trials were compleied, one
additional female was added to each male's nuptial chamber by confining her in a gel
capsule over a male's entrance hole. The gain of one female per day is comparable to the
rate of mate acquisition by males in nature (Chapter 3). Thus, for all logs there were trials
with 0 to 4 mates per male on successive days. For logs 1 and 2, males wers given a
maximum of 3 mates per male (thus there were 4 days of trials per log), while for log 3, a
maximum of 4 mates were given to each male (5 days of trials). This design does not
permit distinguishing age effects of a breeding sites from number of mates per male, but
here I use mates per male to refer to this treatment. Swaby and Rudinsky (1976) found that
attractiveness depended more on the number of mates than on age of nuptial chamber in
pine engravers.

To examine the effect of female body size on mating preferences, I measured the
pronotal width (as per males) of individually identified females after their trials were
completed for logs 2 and 3. Subsets of non-individually identified females were measured
for log 1 to obtain average body sizes of each day's cohort.

Analyses

| - ~ Data from a female were removed from analysis if the female was noted to be feeble, if
- she flew during a trial, or if she was disturbed during a trial oridurin‘g the transition from
patbh to test male. For consistency among logs i analyses, I excluded trials in which
males had 4 mates (in log 3 only).

Female preference was measured as the duration of a trial that a female persisted at an
entrance hole of a male's nuptial chamber, and the number of separate visits to males that
she made. In a field study in which entrance holes were not blocked, female persistence
indicated the same preferences as actual mating patterns, though not as clearly (Chapter 1).
Analysis of variance (ANOVA) on untransformed data was used to analyze the duration the
trial females spent at entrance holes, with patch type (large or small males) and mates per
male considered as fixed effects and log as a random effect. Data points that were
significant outliers were checked for unusual attributes, and several analyses were re-run
with extreme outliers removed. Removal of outliers never altered the conclusions,
indicating that the results are reasonably robust, and outliers were retained in final analyses.

I used loglinear analysis (Fienberg 1980) to test whether the frequency of visits made by
females was influenced by male body size and male mating status. To avoid zero
observations of some frequencies, I pooled visit frequencies into only two categories for
both patch and test male analyses. For patch trials, the categories were a) one visit or b)
more than one visit, and I interpreted more than one visit as indicating female dissatisfaction
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with any individual male (i.e. short giving-up time for any given male). For test male
trials, I considered a) zero visits and b) at least one visit, where lack of interest by females
was inferred when females failed to visit the test male at all. T used Systat 5.0 statistical
software for Macintosh computers (Wilkenson 1989) for all analyses.

Results

Innate Preferences

The total time thai females spent trying to enter nuptial chambers during the 5 min test
period differed significantly among logs (Table 2.2). In particular, patch type and mating
status did not have the same effect in all logs, as indicated by the significant interaction
terms (Table 2.2). Therefore, I analyzed each log separately for time spent at entrance
holes. Naive females spent significantly more time at entrance holes of large males than at
small males' entrances for logs 1 and 2, but not for log 3 (Fig. 2.2, Table 2.3). Inlog 3,
the similarity in behaviour towards large and small males was consistent across all days.

Frequency of visits, my other measure of preference, also varied significantly among
logs, but the effect of patch type and mating status did not differ among logs, as indicated
by the non-significant two-way interactions, and so I combined all logs for analysis of visit
frequency (Table 2.4). The tendency for females to visit only one male was not
significantly influenced by male body size (Table 2.4). The trend was in the predicted
direction however, with a larger percentage of single visits occurring in the patch of large
males in 9 of 13 comparisons (Table 2.5; Wilcoxon matched pairs test T=21, P=0.1).

Male mating status also significantly influenced the time females spent at male entrance
hole in logs 1 and 2 (Tabie 2.3), with females preferring males with few mates (Fig. 2.2).
There was no significant effect of male mating status in log 3, but persistence was greatest
at unmated males and least at males with four mates (Fig. 2.2), which is consistent with the
trend. Number of mates per male also significantly influenced the number of visits females
made (Table 2.4), with the general trend that females tended to make more visits when
males had more mates (Table 2.5). There was no significant interaction between
preferences for male body size and mating status (Tables 2.3, 2.4).

If female preferences were influenced by experience, I expected that females who had
experienced only large males would be less atfracted to the mid-sized test male than would
females which had only experienced small males. 1found that the time females spent at the
test male's entrance hole differed significantly among logs, with the effect of previous patch
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Table 2.2. Analysis of variance of total time that females spent at males’ entrance holes as a
function of patch type (large or small males), number of mates per male and log.

Source MS df F-ratio P

Patch 38672.2 1 1.34 > 0.1
Mates 24933.3 3 0.70 > 0.1
Log 72221.2 2 16.82 <0.001
Patch x Mates 4096.4 3 0.64 >0.1
Patch x Log 28801.4 2 6.71 0.001
Mates x Log 35592.7 6 8.29 < (.001
Patch x Mates x Log  6434.7 6 1.50 >0.1

Error 4295.2 218
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Figure 2.2. Time that females spent at the entrance of a male's nuptial chamber in



Table 2.3. Analysis of variance of time spent by females at males' entrance holes as a
function of patch type (large or small males) and number of mates per male, for each log
separately.

Log Source MS df F-ratio P

1 Patch 29861.2 1 11.96 0.001
Mates 103993.9 3 41.73 <0.001
Patch x Mates 3705.3 3 1.49 >0.1
Error 2492.3 43

2 Patch 42861.5 1 8.24 0.005
Mates 54720.1 3 10.53 <0.001
Patch x Mates 12070.4 3 2.32 >0.1
Error 5199.2 75

3 Patch 6071.7 1 1.38 >0.1
Mates 3928.6 3 0.89 >0.1
Patch x Mates 2389.3 3 0.54 >0.1

Error 4392.4 100




Table 2.4. Loglinear analyses of the number of visits (1 or >1) that females made in
patches of large or small males as a function of patch type, mates per male, and log.

Source G2 df P
Visits 9.22 1 <0.005
Patch 2.72 1 0.05<P<0.1
Mates 13.97 3 <0.005
Log 31.00 2 <0.001
Patch x Mates 3.40 3 ns
Patch x Log 3.13 2 ns
Mates x Log 8.96 6 ns
Patch x Mates x Log 13.89 6 <0.05

4]



Table 2.5. Frequency of visits to males by females in patches of large or small males, as
indicated by the percentage of females making a single visit and the maximum number of

visits observed.

Large Male Visits Small Male Visits
Log Mates %Single  Max N %Single  Max N
1 0 60.0 2 5 83.3 2 6
1 100.0 1 5 66.6 2 6
2 66.6 2 9 16.6 3 6
3 42.8 6 7 12.5 4 8
2 0 50.0 3 14 72.7 3 11
1 45.4 3 11 18.1 4 11
2 50.0 3 12 46.1 3 13
3 44.4 4 9 0 5 8
3 0 100.0 1 11 81.8 2 11
1 76.9 2 13 78.5 5 14
2 75.0 2 12 71.4 2 14
3 63.6 2 11 78.5 3 14
4 66.7 2 12 53.9 4 13
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experience being marginally non-significant for all logs combined (Table 2.6). When each
log was examined separately, previous patch experience did significantly influence the time
females persisted at the test male for logs 1 and 3, but not for log 2 (Table 2.7). As
predicted, females who had experienced large males tended to spend less time at the test
male than did females which had experienced small males (Fig. 2.3). This trend was also
evident for log 2 on three of the four days of trials; the conflicting result when males had
one mate may account for the overall lack of significance on this log.

There was also a significant effect of previous experience on the proportion of females
that visited the test male within the allotted 3 min (Table 2.8). Females who had previously
experienced small males were more likely to visit the average-sized test male than females
which had experienced large males (Table 2.9; Wilcoxon T=11, P<0.05). This was
consistent across logs.

The effect of male mating status was again evident with the test males as it was for
large and small males (Fig. 2.3). Females spent significantly less time at males with more
mates in logs 1 and 2. (Table 2.7). Although male mating status was not significant for log
3, the same trend was evident (Fig. 2.3). Visit frequency differed significantly among
mating status treatments (Table 2.8), but there was no consistent trend with number of
mates per male (Table 2.9).

Effect of Female Body Size

Experimental females varied considerably in body size, and many were much larger
than the small males (Table 2.1). Female preference for large males might be because of
simple physical limitations of large females fitting through the entrance holes of small
males. To see whether preference for large males varied with female body size, I did
analyses of covariance with female body size as the covariate. I did this for logs 2 and 3
for which I measured individually identified females, and I analyzed these two logs
separately because of previously noted differences between them.

For log 2, the effect of female body size did not differ between patches of large and
small males (interaction F(1,62)=0.321, P>0.5) or with male mating status (interaction:
F(3,62)=0.99, P>0.4). Overall, female body size explained little in an analysis of
covariance (pronotal width, F(1,69)=0.03, P>(0.8)

For log 3, the effect of female body size did differ significantly between patches of
large and small males (width x patch: F(1,84)=7.38, P<0.01). There was no interaction
between female body size and male mating status (F(4,84)=0.48, P>0.7). I analyzed the
effect of female body size separately for each patch to see how the effect differed with large
and small males. For both patches, there was no further effect of male mating status either



Table 2.6. Analysis of variance of female visit duration at test male entrance hole as a
function of patch experience (with large or small males), number of mates with test male

and log.
Source - MS df F-ratio P
Patch 31363.7 1 6.08 0.05<P<0.1
Mates 8214.2 3 1.69 > 0.1
Log 8478.5 3 3.64 0.028
Patch x Mates 443.8 3 0.22 >0.1
Patch x Log 5157.0 2 2.22 0.112
Mates x Log 4859.5 6 2.09 0.056
Patch x Mates x Log  2014.3 6 0.87 >0.1
223

Error 2328.4
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Table 2.7. Analysis of variance of time spent by females at test male's entrance hole as a

function of previous patch experience (large or small males) and of number of mates that

test male has, for each log separately.

Log Source MS df F-ratio P

1 Patch 23397.7 1 12.39 0.001
Mates 8075.8 3 4.27 <0.01
Patch x Mates 1526.1 3 0.81 >0.1
Error 1887.8 47

2 Patch 659.6 1 0.41 >0.1
Mates 7434.4 3 4.65 <0.01
Patch x Mates 2146.6 3 1.34 >0.1
Error 1597.8 72

3 Patch 15779.4 1 5.20 <0.05
Mates 1096.7 3 0.36 >0.1
Patch x Mates 907.3 3 0.30 >0.1
Error 3033.3 104
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Table 2.8. Results of loglinear analyses on the number of visits (0 or 21) females made to
test male as a function of patch type previously experienced, mates per male, and log.

Source G2 df p
Visits 7.39 1 <0.025
Patch 7.84 1 <0.01
Mates 8.90 3 <0.05
Log 0.16 2 ns
Patch x Mates 4.10 3 ns
Patch x Log 4.56 2 ns
Mates x Log 8.58 6 ns
Patch x Mates x Log 5.27 6 ns




Table 2.9. Frequency of visits to test (intermediate-sized) male with respect to previous
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experience with either large or small males. Visit frequency is described by the percent of
females who visited the test maie at least once, and by the maximum number of visits made.

Large Males Small Males

ILog Mates % Visit Max N % visit  Max N
1 0 60.0 3 5 80.0 1 5
1 16.7 1 6 85.8 2 7

2 44.5 1 9 85.8 1 7

3 429 1 7 75.0 2 8

2 0 30.8 1 13 45.5 3 11
1 81.9 3 11 63.7 2 11

2 45.5 2 11 71.0 2 13

3 62.5 2 8 62.5 2 8

3 0 45.5 1 11 27.3 1 11
1 38.5 2 13 57.2 2 14

2 50.0 2 12 85.8 3 14

3 72.8 2 11 78.6 3 14

4 50.0 3 12 41.7 2 12
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directly or through interactions with female body size, so I combined the data for all days of
the experiment and regressed time persisting at entrance holes against female body size. In
patches of large males, there was no significant relationship between persistence and body
size (y=536.4 - 8.9x, R2 = -0.042, N=45, P=0.17). Of greater interest is size-related
behaviour in the patch of small males, because here many females were much larger than
the males. With small males, there was a marginally non-significant effect of female size
on persistence time (y=-195.8 + 10.8x, R2 = 0.064, N=55, P=0.063), with the tendency
for larger females to spend more time at the entrance holes of small males than small
females did, contrary to the physical constraint hypothesis.

Female body size did not affect female behaviour at the test male in either log 2 or 3, as
indicated by non-significant interactions between body size and treatments (all P>0.2), and
by the overall lack of significance of body size as a covariate (both, P>(.6).

Discussion

Female pine engravers exhibited innate preferences for large males that were modified
by experience. This is the first demonstration of both innate and learned mating preferences
in one species. Experience-dependent preferences have recently been observed in three-
spine stickleback in a similar expeériment to mine, but innate preferences could not be
determined in their study because females were wild-caught (Bakker and Milinski 1991).
The mating patterns of female sculpin Cottus bairdij are consistent with a tactic in which
females compare consecutively encountered males, but this was not directly observed
(Brown 1981). Fixed mating preferences (i.e. uninfluenced by the quality of other
available males) occur in cockroaches Nauphoeta cinerea (Moore and Moore 1988) and
jungle fowl Gallus gallus (Zuk et al. 1990).

These studies on the nature of mating preferences, though limited in number, indicate
that preferences are not taxonomically determined, and may instead be determined by
ecology. Search costs, such as predation risk or female competition for mates, are thought
to be important in determining mate choice tactics (Wittenberger 1983, Real 1990). In the
absence of search costs, choosing the best of a sample of j males (a form of learning) is the
best tactic, while a fixed threshold mating criteria is better when search costs discourage
returning to previously visited males (Real 1990). Updating mating expectations during
sequential visits is an alternative tactic in which preferences can adjust to local conditions
without requiring revisits to previousiy sampled males (a Bayesian process; Real 1990).
Such updating was demonstrated in stickleback (Bakker and Milinski 1990) and is likely
the tactic used by pine engravers as well. The study reported here could not distinguish a
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best-of-p tactic from one involving updating, but field observations of pine engravers
indicate that females rarely revisit males, contrary to a best-of-) tactic (Chapter 1).

All else being equal, learning should be favoured when inherited knowledge cannot
accurately describe an individual's environment. In pine engravers, body size distributions
vary among breeding sites (unpubl. data) and over the course of colonization at a given site
(unpubl. data). The choice females have in choosing sites or stage of colonization is
probably limited because of the rarity of breeding sites. Consequently, the probability of a
female finding a male of a particular size upon arrival at a breeding site may vary
considerably, so that any fixed, inherited preference could sometimes result in a female
either searching indefinitely or missing opportunities to breed with even larger males.
However, a naive female must begin her search with some preference, and she will mate
with a better male if she begins with high expectations that can be revised downwards.
Such a tactic would be consistent with the innate and learned preferences exhibited by
female pine engravers.

Female preferences for larger males, both innate or learned, were not consistent among
all logs in this experiment. No differences in innate preference for large and small males
were detected for Log 3 (Fig. 2.2), while the effect of experience in Log 2 was insignificant
mamly because of one day's observations (one mate per male; Fig.2.3). The
inbthisténcics may be related to pheromone production, w}ijch was most likely the means
by which females assessed male body size and mating status in this experiment. Male
pheromones in Jps bark beetles change as males gain more mates (Borden 1967, Swaby
and Rudinsky 1976), and in ]. typographus, males reared in higher densities tend to be
both smaller and have altered pheromone blends (Anderbrant et al. 1985). However,
pheromone production in bark beetles can also be influenced by the quality of the phloem
on which the beetle is feeding (Byers 1989). The quality of both males and phloem may
have varied among the logs. Alternatively, there may have been differences in female
quality among logs. For Log 3, where females apparently did not discriminate among large
or small males, females were much smaller than females for the other two logs (Table 2.1).
For Log 2, however, the "aberrent” females on the day that males had one mate (Fig. 2.3)
did not:differ in size from females tested on other days. In this case, environmental
conditions, which were not controlled, may have differed on that day.

Preference for large males is clearly not governed by the physical constraints of getting
through the entrance hole, because large females were at least as attracted to small males as
small females were. Also, the constraint hypothesis would not predict learned preferences.
Instead, the preference seems adaptive. Matings with larger male tend to produce more
offspring and larger ones (Chapter 5), perhaps because of the help they provide (Chapter
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3). Large body size in insects confers survival advantages through resistance to starvation
(Safranyik 1976) and greater dispersal capabilities (Roff 1991). Dispersal capability is
important to pine engravers because suitably weakened or recently dead trees would have
been a rare and scattered resource (at least before logging was common). Superior
dispersal ability may explain why larger pine engravers colonize new sites first (unpubl.
data), which gives their offspring first access to fresh phloem and a competitive advantage
over the offspring of later arrivals. However, body size and phloem quality were not
correlated in this experiment or the one demonstrating reproductive advantages of large
males (Chapter 5), because I imposed the same initiation date for large and small males, and
locations on the log were arbitrary. Therefore preference and reproductive consequences
are related at least in part to male size rather than simply the phloem resources he has.

Female preference for males with few mates is likely due to fitness benefits as well. In
this polygynous system, a female’s offspring will suffer less intra-harem larval competition
(Kirkendall 1989) and less phloem deterioration if they arrive first. Further, males will
actively discourage too many females from entering their nuptial chambers (Borden 1967,
pers. obs), perhaps again to avoid larval offspring competition, and this should also make
mated males less attractive to females. The two mate choice criteria examined here (male
body size and mating status) did not influence each other, as seen by the lack of statistical
interaction, and thus appear to be used simnultaneously.

Fitness consequences, like search costs, may influence whe* .r preferences are learned
or fixed. When the preference is arbitrary (as assumed in most sexual selection models;
Amold 1985), the costs of mating with a less preferred male will be lower than when the
preferred character determines a female's quantity and quality of offspring. Consequently,
when the availability of preferred males is variable, it would be less costly for females
choosing arbitrary traits to employ a fixed-threshold tactic with a Jower acceptance
threshold than it would be for females exhibiting adaptive choice. Females chcosing on the
basis of fitness-related traits may be more strongly selected o have modifiable preferences
instead of a broader acceptance criterion, to allow them to mate with the best locally-
available male. Interestingly, in the species in which learned preferences have been
demonstrated or implicated (pine engravers, stickleback, sculpins; see above), males are
associated with resources important to females (egg-laying sites), while in species with
fixed preferences (cockroaches, jungle fowl), males provide mainly genes rather than
Tesources.

The nature of mating preferences, whether fixed or modifiable, will likely influence the
outcome of sexual selection. For example, relative or leamed preferences may favour the
evolution of exaggerated traits because females could always favour the most extreme male
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(O'Denald 1980). On the other hand, the mating success of a given male phenotype may
vary widely when there are learned preferences because attractiveness depends not only on
a male's own phenotype but also on the phenotypes of his neighbours. Consequently,
sexual selection would be inconsistent (Zuk et al. 1990). Further studies on the nature of
mating preferences in species with and without strongly developed sexually-selected traits
will help resolve this question empirically.
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Chapter 3

Benefits of Prolonged Male Residence with Mates and Brood
in Pine Engravers

Abstract

In the pine engraver bark beetle, Ips pini (Coleoptera: Scolytidae), males stay with
their mates for most or all of the oviposition period, which can last several weeks. 1
examined several potential benefits to males of such a prolonged association with their
mates in field studies. Attraction of additional females to male breeding sites and mate-
guarding of current mates did not explain the observed male residence times, because the
probability of these events was negligible within a week of the male's arrival at the
breeding site. Instead, a male-removal experiment showed that males significantly
increased the reproductive rate of their mates, apparently by removing female-produced
frass from the galleries, and males also defended the egg galleries against predators. This
tended to result in increased reproductive success in galleries with males present. The
breeding biology of bark beetles predisposes males to providing these types of assistance,
but in many other similar species of bark beetles, males do not stay as long. I suggest that
the ability to provide assistance is not sufficient to explain prolonged associations between
males and their mates and brood.

Introduction

Prolonged post-copulatory associations of males with their mates or offspring (or
both) are, at first glance, at odds with the general rule that males should seek additional
mating opportunities to maximize reproductive success (Trivers 1972). Presumably, males
that stay with their mates or offspring have higher fitness than those that desert immediately
after fertilization, and several general conditions that favour staying have been proposed
{Maynard Smith 1977; Ridley 1978; Gross and Sargent 1985; Zeh and Smith 1985).
These conditions include: 1) attachment to a mating site (e.g. territoriality) which reduces
loss of mating opportunity or may even increase opportunities, 2) the need to ensure
paternity through mate-guarding, 3) lack of other mating opportunities, and 4) male
parental care which significantly increases offspring survival. The first three conditions do
not necessarily involve any paternal care, but care may result when the additional costs of
care are low (Maynard Smith 1977), and in general more than one condition can exist
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simultaneously. Therefore, to understand why post-fertilization associations between
mates occur in a given species, a suite of hypotheses should be examined.

Here I examine why male pine engravers Ips pini (Say) (Coleoptera: Scolytidae), stay
with their mates for several weeks. Bark beetles, of which the pine engravers is one
species, exhibit a diversity of mating associations ranging from apparent lifelong
monogamy to very brief encounters between males and females (Kirkendall 1983). The
breeding biology of pine engravers (Thomas 1961; Schenk and Benjamin 1969; Schmitz
1972) is representative of most Jps species (Bright 1976). Males synchronously colonize
weakened or recently dead trees. Each male chews a nuptial chamber under the bark, and
from there he attracts an average of about three females (very few males with chambers
remain unmated, pers. obs.). Each female mines an egg gallery radiating from the nuptial
chamber, depositing eggs in niches along its sides. All egg galleries radiating from a single
male's chamber are collectively called the gallery system. Egg-laying continues for several
weeks depending on temperature and density (Anderbrant 1989), during which time males
tend to stay in the gallery system (especially the nuptial chamber). Males actively expel
from the gallery the frass (chewed wood and feces) that females create while extending
their galleries. Copulations occur throughout this period (Schmitz 1972), but females can
lay fertile eggs in the absence of males (pers. obs.), as has been documented in .
typographus (Anderbrant and Lofqvist 1988) and other bark beetles (Kirkendall 1983).
As egg-laying ceases, males and females leave the breeding site, and fly in search of
another site. Overwintered adults have sufficient time to produce 2 or 3 broods in a season
(Thomas 1961), but the proportion of adults that do so is unknown.

From the breeding biology of pine engravers, I can identify several possible reasons
why males stay so long with their mates rather than leaving immediately after fertilization
(see also Kirkendall 1983). Males may stay at the breeding site 1) to attract more females
to an established mating site, 2) to guard paternity with present mates (mate-guarding), 3)
to assist females to reproduce more quickly, e.g. by clearing out frass, and 4) to guard
offspring against predators. Alternatively, males stay simply because it is a safe location
and they have nowhere else to go. The availability of other mating opportunities may be
limited by the synchrony of breeding or by the rarity of breeding sites. These possible
explanations for prolonged male residence are not mutually exclusive.

Methods

I conducted field studies in 1988 and 1989 near Riske Creek in the central interior of
British Columbia, Canada. To induce breeding assemblages, living lodgepole pines (Rinus
contorta var. latifolia Engelmann) were felled and cut into logs less that a meter long.
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These logs were laid end-to-end on the ground in a shaded area of an open stand of
lodgepole pine. Several different sites were created each year, all separated by at least 50
m. Colonization by pine engravers was allowed to occur naturally. The entrance holes of
newly arrived males were marked daily with coloured tacks. I conducted all studies during
the season’s first flight of pine engravers when overwintered adults disperse to breeding
sites.

The residence times of males were observed in two ways. First, I looked for the
presence of males during excavations of gallery systems of various ages at two different
sites in 1988. One site was colonized early in the first flight, while the second site was
colonized towards the end of the flight; together they represent the range of breeding
conditions during the first flight. Second, to determine precisely the timing of male
departure with respect to the oviposition period, I made observations using "phloem
sandwiches" (bark, with phloem, pressed against plexiglass allowing gallery construction
and egg-laying to be fully visible; Schmitz 1972). I introduced males into pre-made holes
in the bark, and then added a female into each male's chamber on each of the three
following days. Bark pieces were 25 by 20 cm, and two galleries sysiems were started 8
cm apart on each piece. Irecorded gallery lengths, egg number, and the presence of males
and females daily. All "sandwiches" were kept at 19-24°C, and were initiated between July
and November 1990.

To examine the timing of mate attraction in pine engravers, I selected a cohort of males
which had arrived on the second day (1 June) of the colonization period at one field site.
Beginning on the day after arrival, I exposed 20 gallery systems each day for 5 days and 10
more on the seventh day and noted the number of mates per male. As much as possible,
each day's sample was evenly divided among the six logs at the site, and between the top
(sunnier) and sides (shadier) of the logs.

I conducted a male removal experiment to see if males made any contribution to
reproductive success during the oviposition period. This was done at a separate site where
colonization was concurrent with the previous one. Males were removed from 2 logs early
in the colonization period and 2 logs late in colonization (Fig. 3.1). Pairs of established
males were matched within each log according to arrival date and proximity to each other.
One randomly-chosen member of each pair was removed by spearing him with an insect
pin when he came to the entrance hole to expel frass, and the other male was left as the
control. Gallery entrances were exposed slightly to gain access to the male for removal,
and entrances of control males were similarly exposed. After removal, the logs were left in
sity for three and four days for the late and early removal period, respectively. I then
exposed the galleries of removed and control males to determine the consequences of male



Number of New Males

Day of Colonization

Figure 3.1. Phenology of arriving males at the male-removal site, where the first
day of colonization is 1 June 1989. R1 and R2, and E1 and E2, indicate timing
of early and late male removals, and subsecuent gallery exposure, respectively.

R3 indicates timing of male removal for fitness experiment.
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removal. I recorded all male and female pine engravers in each gallery system, the length
of each gallery arm and the number of eggs within it, the length of each arm beyond the last
cgg, the length of each gallery arm blocked by frass, and the presence of insect associates
in the gallery system.

To examine the impact of removing males on the number of offspring produced I
conducted another male-removal experiment in which galleries were not subsequently
disturbed. 1 paired small, naturally colonized logs as closely as possible according to bark
area (Pearson correlation r=0.94, n=9, P < 0.¢1) and number of males (r=0.56, n=9, P <
0.05). One log in each pair was randomly chosen for removal of ail males, and the other
was left as a control (entrance holes were exposed in both). Logs were left in the forest for
a variable number of days to expose them to natural enemies. Each log was then placed in a
separate emergence bucket (Moeck 1988), from which all emerging insects were cellected
for the next two months. The body size of emergent pine engravers was measured as
maximum thorax width to the nearest 0.04 mm using a dissecting scope and eyepiece
micrometer. This experiment was conducted in both 1988 (three pairs of logs) and 1989
(six pairs). In 1988, removals were conducted after colonization was almost completed,
and the logs were left in situ for 8 days before being placed in emergence buckets. In
1989, I removed males in the middle of the colonization period (Fig. 3.1), and the logs
were left in situ for 6 days before being placed in buckets. In 1989, both male removal
experiments were conducted at the same site.

Results

Male Residence Time

Under natural conditions, male pine engravers were present in most active galleries
initiated during the first flight, for periods of up to three weeks (Fig. 3.2). Laboratory
observations indicated that males typically re-emerged after oviposition had finished, but
prior to female departure (Table 3.1).
Mate Auraction

Sequential exposure of the galleries of a cohort of males over the period of 6 days
revealed that males had attracted their full complement of mates (3 or 4) within 3 days of
the males' arrival (Fig. 3.3), which is considerably shorter than the several weeks males
have been observed to stay.
Matc-guanding

Removed males were sometimes replaced by another male, but the chance of this
occurring varied with the stage of the colonization period in which the original male was
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Figure 3.2. Occurrence of pine engraver galleries with males present as a function
of the age of gallery system at two field sites in 1988. Colonization at sites 1
and 2 began on 19 and 31 May, respectively.
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Table 3.1. Duration residence of male and female pine engravers with respect to the
oviposition period for 12 gallery systems established in "phloem sandwiches".

Total duration (d) Duration (d) after last egg laid

Mean + SE Mean + SE
Oviposition period 11.7+1.18 -
i“emale residence time 29.1 + 2.58 17.4x2.77

Male residence time 22.8 £3.07 11.1+£3.20




61

= 5

2 1

') - )

5 47 I

5 37 ¢

g 1

(3]

83 2 1

St

o 1

5 ¢

g 17

g 4

Z. 0 T v T Y T v
0 2 4 6 8

Day Since Males' Arrival

Figure 3.3. Numbers of females per male (mean + SD) pine engraver as a
function of how long a male had been established. For days 1-5, p = 20
gallery systems; for day 7, p = 10.
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removed. Of the males removed at the early stage, 32.3% (10/31) were replaced, while
only 4.2% (1/24) of males removed at the late stage were replaced (2-tail Fisher exact
probability test P=0.015). This difference cannot be attributed to the shorter interval
between male removal and gallery exposure for later removals (3 day interval) compared to
early removals (4 days). If the average number of replacements per day for the late
removal (1/3) is added to the total number of replacements for the late stage (to give
1.33/24 or 5.5 % over 4 days), the difference between the stages remains significant (P <
0.065).

1 compared characteristics of egg-galleries in which the male was removed with their

matched controls to determine if reproductive rate was reduced in the absence of males.
The average of all the arms of a gallery system was used for each male. Differences
between matched pairs were not affected by the stage (early or late) at which males were
removed (P>0.2 for all characteristics), and I therefore combined stages for analysis.
Galleries without males had significantly shorter galleries and fewer eggs than their
matched controls, and these eggs were distributed more densely (Table 3.2). This was
accompanied by a significant increase in the amount of frass present in the galleries without
males compared to galleries with males, which suggests that the removal of frass by males
facilitates female construction of egg-galleries. Alternatively, the reduction in gallery
construction and egg-laying could be an active decision by females to cease investing in the
present reproductive attempt because of the male’s absence, but the increased density of
eggs and the lack of a difference in the length of the terminal egg-free gallery does not
support this idea. The terminal egg-free gallery is thought to reflect the female's decision to
cease reproducing and insiead simply feed to regenerate flight muscles for dispersal (Haack
et al. 1987). Galleries in which the removed male was replaced by another male did not
differ significantly from their matched controls (Table 3.2), confirming that the observed
differences between galleries with and without males was indeed caused by the male and
not by some other artifact of treatment.

The effect of male removal on egg production appeared to be greater for younger
galleries (Table 3.3). In galleries that were <4 d old at time of male removal, the number
of eggs laid in the absence of males was 60-80% of the number of eggs laid in galleries
with males present, while the presence of males appeared to have little effect in older
galleries (4-5 d old at the time of removal); however, sample sizes were small.

The presence of insects other than pine engravers in egg galleries was examined to
determine if males deter potential predators or competitors. Three different species of
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Table 3.2. Comparison of pine engraver gallery systems in which males were removed or
removed and replaced, with their matched controls.

Difference of removals from controls

- —_—— P

No replacements Removed male replaced
Control = e
galleries (Mean) n = Mean3SE n Mean SE
gallery length (mm) 41.4 41 -7.36 £1.51 *** 10 -0.72 £3.07 ns
egg number 13.1 41 -1.46 X0.57 * 10 0.15 10.82 ns
egg density (eggs/mm) 0.31 41 0.02 ¥0.01 * 10  0.02 10.03 ns
frass (mm of gallery) 0.07 41 3,50 £1.13 ** 10 00 0 ns
terminal egg-free 3.1 33 -0.07 +0.27 ns 9 0.8310.65 ns

gallery (mm)

ns not significant, * P<0.05, ** P<0.01, ***P<0.001, paired t-test (two-tailed)



Table 3.3. Oviposition rate by pine engravers in galleries with male removed with respectto -
gallery age at the time of male removal.

Eggs at removal Oviposition in 3 days after removal of males
Gallery Proportion of mean number
age (d) Mean + SE Mean+SE n  of eggsin control galleries

1 1.58 $0.61 7.92 £1.50 2 0.798
2 4.10 10.44 7.90 +0.87 S 0.603
3 8.60 10.60 6.40 1 0.719
4 12.50 +0.79 510136 5 1.000
5 17.20 £2.25 213155 9 1.014
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beetles (Coleoptera) were found in the galleries of pine engravers. These were Corticeus
sp. (Tenebrionidae), Lasconotus sp. (Colydiidae), and Aleocharinae (Staphylinidae). The
occurrence of Corticeus sp. and Lasconotus sp. did not vary between early and late stages
of removal (both: chi-square P>0.6, n=109, df=1), and so the stages were combined for
analysis of the effect of males on the presence of intruders. Staphylinids, however, were
more common in the late removals (chi-square=6.7, df=1, n=109, P=0.01), and therefore
the two stages were analyzed separately.

Both Corticeus sp- and Lasconotus sp. were rare in galleries with males, but were
found significantly more frequently in galleries without males (Table 3.4). The presence of
staphylinids was not related to the presence of males. Whether males were originals or
replacements did not make a difference to the presence of associates.

Reproductive Success

Low statistical power hindeizd my ability to detect differences in the production of
beetles from logs with and without male removals. The likelihood of detecting a real effect
of males in my measures of reproductive success varied between only 34% and 66% at
P=0.05 (Zar 1984). One source of variation was the unknown number of removed males
who had been replaced before the logs were placed in emergence buckets. Also, the date
on which the first teneral (pale) pine engravers emerged (separately for 1988 and 1989)
was taken as the dividing point between the emergence of adult and juvenile beetles, and
undoubtedly there were some adults in the "juvenile” data set. On average, the production
of juvenile beetles was quite low (2.5 & 1.3 SD per gallery system on undisturbed logs)
which is also a limitation in detecting differences. Therefore I looked for suggestive trends
in my analyses.

Logs with undisturbed males produced significantly more juvenile males per gallery
system than logs from which males were removed (mean difference = 0.36, one-tailed
paired t-test, 1=1.996, p=9, P <0.05), and also more juvenile females, though not
significantly so (mean difference = 0.50, t=1.436, P = 0.095). For the sexes combined,
control logs produced G.90 more offspring per gallery system than experimental logs did
(1=1.700, P=0.061). In eigh: of nine pairs of logs, juvenile males were smaller in logs
where males had been removed than in control logs (one-tailed Wilcoxon matched-pairs
test, T=S, P < 0.025, mean difference between logs in mean pronotum width = 0.025
mm). There was no consistent difference in juvenile females’ body size between the
control-removal treatment pairs (Wilcoxon T=11, P > 0.1, mean difference = - 0.017 mm).
Emergence times of juvenile males and females also did not detectably differ between the
two treatments (males: T=21, P>0.5, females: T=19, P>0.5; two-tailed tests).



Table 3.4. The effect of the presence of males on the percentage of gallery systems with

insect associates.
Male Present
Original  Replacement  Male Absent
Associate % (n) % (n) % (n) pa
Corticeus spp. 1.89 (53) e damn 33.33 45) < 0.001
Lasconotus spp. 5.66 (53) 0 (11 68.89 (45) <0.001

Staphylinidae  Early 10.34 (29) 20.00 (11) 455 22) >0.1
Late 2083 (249) O (D) 39.13 (23) >0.1

4 Fisher exact test (2-tailed) comparing data for male present (original and replacement
males combined) with male absent.
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Discussion

Male pine engravers remained with their mates through most of the oviposition period,
which could last for several weeks. The prolonged association cannot be explained by
continued mate attraction because males obtained their full complement of mates within a
few days. Prompt mate attraction has also been observed in other populations of pine
engravers (Swaby and Rudinsky 1976). Females prefer recently settled males (Chapter 1),
probably because the offspring of a late arriving females would be greatly disadvantaged by
competition with the offspring of a male’s earlier mates (Kirkendall 1989). This risk of
offspring competition can also adversely affect males reproductive success. 1 have
observed male pine engravers actively reject mate-searching females after the males had
been settled for a few days and presumably had a full complement of mates (see Borden
(1967) for a similar observation in ]. paraconfusus). Late-arriving females may have low
reproductive prospects and would only reduce the local quality of the habitat for a male's
earlier mates. Therefore it is in the interests of both females and males to avoid mating
once males have been established for a few days.

Although some removed males were replaced by others, this occurrence was almost
entirely restricted to males that were removed early in the colonization period. Colonization
in pine engravers and other bark beetles (Coulson 1979) is usually very synchronous
(weather permitting), and at the site of the removal experiment, colonization was almost
complete at the time of the late removal (Fig. 3.1). Therefore there were few arriving
males that could become replacements of removed males. The evolved avoidance of anti-
aggregation pheromones in many bark beetle species (Borden 1985) also suggests that
arriving males would prefer not to settle in fully established breeding aggregations whether
or not galleries were protected by males. Because of this low risk of usurpation after about
a week, it is unlikely that that males remain with their galleries for up to 3 weeks in order to
mate-guard.

It appears instead that male pine engravers are helpful during the oviposition period.
By increasing the rate of egg-laying, males provide offspring with a temporal advantage
against deterioration of phloem quality at the breeding site and against offspring from other
gallery systems (Beaver 1974). The lower density of eggs in galleries with males also
reduces competition among siblings (Kirkendall 1989). My finding that galleries with
males tended to produce more offspring and larger ones is consistent with reduced
competition. The slower rate of egg-laying in the absence of males may be due to the extra
effort females must expend in removing frass themselves (some galleries remained clear of
frass in the absence of males), and the obstacle that frass creates when it does accumulate.
The problem of frass accumaulation is associated with the particular manner of egg-laying
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typical of bark beetles, in which females must face backwards (relative to the end of the
gallery) to lay an egg (Schmitz 1972). Thus, after a female has chewed out an egg niche at
the end of her gallery, she backs down her gallery to a place where there is enough room to
turn around (typically the nuptial chamber in pine engravers), and returns backwards up the
gallery to the egg niche in order to lay her egg. Then she must return to the nuptial
chamber to again reverse direction in order to continue extending her gallery. Any
obstacle, such as frass, on this route therefore impedes her rate of egg-laying. If access to
the nuptial chamber is blocked, females will chew a turning niche in their gallery. In bark
beetle species with brief male residence in the galleries (e.g. Dendroctonuys spp.), frass is
not actively expelled from the gallery, and instead becomes a packed, resinous blockage at
the base of the gallery (Reid 1958). Females must then continue to make new turning
niches as their galleries progress. The rate of egg-laying should therefore be relatively
reduced in these species without frass removal. In D. ponderosae, egg galleries without
males were shorter than galleries with males present (Amman and Cole 1983).

Male pine engravers also defend their gallery systems against intrusion by other
insects. The insect associates found in galleries without males, Corticeys sp. and
Lasconotus sp., are common associates of bark beetles, and are generally considered to be
egg and larva predators (Parker and Davis 1971; Hackwell 1973; Goyer and Smith 1981).
Staphylinid beetles within the Aleocharinae tend to feed on fungus rather than eggs or
larvae (Crawson 1981), and I found no effect of males on their occurrence in egg galleries.
The blockage of the egg gallery with a resinous frass plug, as occurs in Dendroctonus
spp., would also seem to provide a barrier against predators. However, Dendroctonus
spp. are still vulnerable to egg and larval predators (Schmid 1971; Cole 1981) including,
apparently, Corticeys spp. (Parker and Davis 1971; Goyer and Smith 1981). Thus males
may or may not provide greater defence of egg galleries than physical barriers, but given
clear galleries in which females can lay eggs more rapidly, male defence becomes
beneficial.

It seems likely that parental care evolved from a st2te of no care, because care is
generally uncommon in insects (Tallamy and Wood 1986), and the occurrence of care
among bark beetle species suggests such a ransition (Kirkendall 1983). Some breeding
biologies may predispose insects to providing care (Tallamy and Wood 1986) and bark
beetles have two relevent features in their biology. First, feeding, mating, oviposition, and
offspring development all occur at the same place. Therefore males simply need to persist
longer at the mating site to provide care. Initially, mate-guarding may have prompted males
to stay some fime after copulation. In this study, there was a reasonable risk of
replacement (for a few days) by other males when the original male was removed. Take-
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overs of a recently initiated nuptial chamber should be favoured because initiating a nuptial
chamber exposes beetles to predation (Chapter 1). The behaviours involved in mate-
guarding, namely deterring intruders, are readily transferable to defending offspring.

While mate-guarding, a male bark beetle would also have to maintain access to his mates by
removing the frass produced by females. Therefore it would be a small evolutionary step
for males to continue these behaviours throughout the oviposition period, even after the
threat of rival males became negligible. Mate-guarding appears to have preceded offspring
defence in sphecid wasps in a similar manner (Brockmann and Grafen 1989). The second
feature of bark beetles that favours care is that reproduction occurs in a defendable location.
Bark beetles can effectively block the entrance holes to their gallery systems with their
bodies. Parental defence of offspring is frequently observed in arthropods that have some
sort of brood chamber (Peckham 1977, Brockmann and Grafen 1989, Wyatt and Foster
1989, Mora 1990).

The importance of male parental care, as demonstrated in experiments such as this one,
is often considered to be a sufficient explanation for prolonged pair bonds (Bart and Tornes
1989). However, the amount of care that a male can contribute to a given brood may have
no consequence on how long he remains with that brood, if he can provide the same help to
subsequent broods. Instead, the likelihood of obtaining a second brood is the key
determinant of male residence time (Chapter 4). In other bark beetle species, with similar
breeding ecologies to pine engravers, males have much shorter residence times which
corresponds to higher survival among breeding sites (Chapter 4). 1 expect that females in
species without male assistance would suffer a reduction in reproductive performance,
particularly slower oviposition rates and perhaps more densely distributed eggs As
mentioned above, predation risk in the absence of males may be reduced by blocking the
entrance with accumulated frass, but at the expense of oviposition rate. Comparable
studies to ours in bark beetles with other male residence times are needed to test this idea.
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Chapter 4

On the Importance of Parenting Needs and Mating Opportunities in
Determining Pair Bond Durations

Abstract
The duration of pair bonds and male parental care has been attributed to both the need

for care and the availability of other mating opportunities. In this paper, I present a model
which examines the relative importance of these two factors in determining optimal
residence time for males. My model system is bark beetles (Coleoptera: Scolytidae), a
family of ecologically-similar species exhibiting the gamut of pair bond durations. I found
that the size of a male’s contribution to oviposition and predator defence had little or no
influence on optima! male residence times. For oviposition rate, this result is because a
male's contribution is the same for present and future broods, so that any loss from a
male's absence in the first brood is always balanced by a proportional gain in the second
brood, no matter what the size of the loss. For offspring defence, optimal residence time is
determined by maximizing the number of offspring defended, regardless of the amount of
defence. The amount which a male helps does affect offspring number, and the cost of
deviating from the optimal residence time, but residence time itself is largely unaffected. It
is clearly not true that the need for more care necessarily results in longer pair bonds, even
when all else is constant. Instead, the probability of obtaining other mating opportunities
had a large influence on male residence time. I suggest that mating opportunities are the
primary determinant of male residence times, and that any help males can provide will
increase secondarily when mating options are limited.

Introduction

Mating systems are defined in part by the duration of pair bonds between mates
(Selander 1972, Emlen and Oring 1977). Within almost all major animal groups, there are
some species in which females and males join only for copulation and other species with
lifelong bonds that end only with the death of one of the partners. To explain this
variation, we often look to the male's reproductive options, because male reproductive
success tends to be limited by the number of mates he obtains, while females are limited by
the resources they can invest in reproduction (Bateman 1948, Trivers 1972). Therefore, as
a general rule, it is in females' interests to have prolonged assistance from their mates, but
males may realize greater fitness retums by leaving to seek additional mates.
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Decisions about when to ieave a mate are thought to depend on the fitness that can be
gained by investing in the current reproductive attempt relative to fitness gained by leaving
to seek additional mates (Orians 1969, Maynard Smith 1977). Although this view
incorporates both present and future prospects, variation in one may be more critical than
the other in explaining variation in mating systems within some taxa. Frequently,
prolonged associations of males with their mates and broods are attributed to a greater need
for parental care to successfully rear offspring (Selander 1972, Mock and Fujioka 1990,
Tallamy and Wood 1986, Schneider and Lamprecht 1990). The need for parental care is
defined in terms of a single breeding attempt, and is often indexed by the loss in
reproductive success to the remaining parent upon the loss of this parent's mate (Mock and
Fujioka 1990, Webster 1991). Many studies involving the removal of male mates have
shown that pair-bonded males do increase female reproductive success (Chapter 3, Trumbo
1989, Scott 1990, Bart and Tornes 1989). In some cases, however, the contribution of
males to the reproductive success of their mates has been found to be negligible (Gowaty
1983, Martin and Cooke 1987, Freed 1987), and in these cases it appears that the lack of
other mating opportunities accounts for long pair bonds. Interestingly, the need for
parental care and the lack of other breeding opportunities often co-occur (Shachak 1950,
Kudo et al. 1989, Scott 1990, Nalepa and Jones 1991). Because there does not seem to be
a necessary ecological connection between these two features, it suggests that care may
evolve secondarily when breeding opportunities are rare (Maynard Smith 1977). If this is
often true, then greater emphasis on mating opportunities rather than male parental care is
needed to understand mating systems.

The possibility that parental care requirements or mating opportunities evolve
secondarily confounds empirical analyses of the origin of prolonged pair bonds (Westneat
etal. 1989). A companion approach to the problem is to build a mathematical model (G.A.
Parker in West-Eberhard et al. 1987, p. 194) in which a variable can be altered
independently of the other components. In this paper, I present a model which examines
the importance of parenting needs (for a given brood) and breeding opportunities in
determining the length of time male bark beetles (Coleoptera: Scolytidae) remain with their
mates and broods. I define the need for parental care as the gain in reproductive success in
a brood when the male is present, compared to when he is absent, and refer to the male's
coatribution to reproductive success as helpfulness.

Bark Beetle Biology

Bark beetles are an ideal model system for examining male residence time decisions
because they exhibit the gamut of mating associations, from brief encounters between
males and females to lifelong monogamy (Kirkendall 1983), while having similar breeding
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biologies (Wood 1982). They spend most of their life mining through the phloem of
vulnerable trees, where feeding, oviposition and the entire developmental process occur.
Individuals of one sex initiate breeding sites beneath the bark, to which the other sex is
attracted. Females oviposit for several weeks in egg galleries extending from initiation sites
over several weeks, during which time males may or may not remain to help. When males
remain with their mates, they enhance female reproductive success by defending their egg
galieries against predators and by helping their mates to reproduce more quickly by clearing
the galleries of frass (Chapter 3, Amman and Cole 1983). Most parental males and females
will re-emerge to search for new breeding sites, with the possibility of having two or three
broods before they die. Although my model is sufficiently general to apply to most bark
beetles, it is biassed towards the biology of the pine engraver Ips pini because of my
familiarity with this species. Male pine engravers initiate breeding sites, and remain with
their mates throughout most of the oviposition period (Chapter 3).

Modei of Male Residence Time

My approach is to determine the length of a male's residence time with his first brood
that maximizes his lifetime reproductive success. In the scenario described by my model, a
male could have two broods in his life, and his life span (T) was set at 30 days after his
arrival at the first host tree (see Table 4.1 for summary of variables). The number of mates
he attracted was constant, and females were assumed to initiate breeding on the day of the
male's arrival. Females remained breeding for 30 days (F), regardless of whether the male
was present. Their rate of egg-laying declined exponentially with time, expressed in the
form gexp(-ar) (where time ¢ is measured in days) in accordance with patterns observed in
several bark beetle species (Anderbrant 1990, Amman and Cole 1983) including pine
engravers (pers. obs.). When a male left his first brood at time T, he arrived at the second
tree instantaneously, but with a probability (p) of less than one. I varied this probability to
determine its impact on when a male should leave the first brood to begin a second one.
The male remained with the second brood until his death. Thus, each brood could have a
male present for part of the time, and absent for the rest.

The effect of male absence on egg-laying was modeled in two ways, to reflect how the
impact of males might be manifested. First, the absence of males could diminish egg-
laying rate by a constant proportion throughout the egg-laying period. For this I varied the
imtial egg-laying rate g in the negative exponential oviposition relationship, from g with
males present to g° with males absent, where g > g'. Second, the effect of male absence
could increase through time, perhaps because the consequences of accumulating frass are
accentuated as galleries get longer. Here I varied the exponent or slope of the oviposition
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Table 4.1. Definitions of variables used in the model of male residence time, with range of

values examined.
Variable Definition Value(s) Examined
Ts  male residence time with first brood (days) 1-30
T male lifespan after arriving at first brood (days) 30
F female lifespan after arriving at first brood (days) 30
g initial rate of egg-laying when male present 6
g'/g relative decrease in initial rate of egg-laying when male absent  0.1-1.0
a rate of decline in egg-laying when male present 0.1, 0.2
a’ rate of decline in egg-laying when male absent 0.2
Y offspring mortality when male present 0.02-0.04
Y/y relative increase in offspring mortality when male absent 1.001-3
D days that offspring are vulnerable to predators 1-30
P probability of having a second brood 0.005-0.905




76

relationship from a to a’ where a’ > a. (However, my limited data for pine engravers did
not indicate a greater effect in galleries which were older at the time of male removal
(Chapter 3, Table 3.3).)

I considered two variables which influence offspring mortality. First, the
instantaneous rate of offspring mortality was greater in the absence of the male (y’) than
when the male was present (), because predators can enter the gallery when males are
absent. I varied Y relative toY. Second, I varied the length of time (D) an offspring was
vulnerable to predators against which the male could defend. Common bark beetle
predators eat eggs, larvae, and pupae to varying degrees (Reid 1957; Hackwell 1973; Cole
1981; Goyer and Smith 1981). In pine engravers, eggs hatch after 5-7 days and the larval
period is usually 13-14 days (Thomas 1961, Schmitz 1972). Given that predator larvae
need development time as well, T usually set the vulnerable period to 10 days (the "head
start” needed to escape predator larvae) when varying other parameters in my model.

I now present the components of the model determining offspring number,
beginning with the male's first brood. Offspring from this brood include those that
developed from eggs laid while the male was present, and those from eggs laid after the
male left. Consider first eggs laid while the male was present. If the male leaves before
any of these offspring become invulnerable, the number of offspring he obtains depends on
the number of eggs laid [gexp(-ar)] and their mortality while he was present [exp(-W(7 s-
p)] and while he was absent fexp(y(t +D-Ts))]. Thus,

=T,
A= | ;eXP(—at) exp(-Y(Ts- 1) - Y(t +D-Ty)) dr.
=0

If, on the other hand, the male leaves after some early-laid eggs have reached the
invulnerable stage, the resulting offspring will include those that were protected by males
throughout their vulnerable period, and those who were not protected for some of their
vulnerable period. In this case, the number of offspring resulting from eggs laid while the
male was present is:

I=Ts- D
A= I-IO g exp(-ar) exp(-1D) dt

I=Ts
+ | gexp(-ar) exp(-YTs-1) - Y(t+D-Ts)) dt
t=T¢- D
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A male will also have offspring from eggs laid by his first mate after he leaves untl
she dies. These eggs may be laid at a slower rate and suffer higher mortality during their
vulnerable period. These offspring are calculated as:

=F

A2= ] g’ exp(-a’t) exp(~y'D) dt
tsz

Thus, the offspring a male gets from his first brood is Al + A2.

The calculation of offspring from a male's second brood follows the same logic as for
the first brood, but here the male's absence occurs with his death rather than his departure.
The offspring he obtains from eggs laid before he dies, if he dies before any of them
become invulnerable, is:

t=T

Bi= p | gexp(-a(t-Ts)) exp(-Y(T-1) - y(t+D-T)) dt

= TS

If the male dies after some of his offspring have become invulnerable, the number of
offspring he obtains from eggs laid before he dies is:

t=T-D
Bi= p]l gexp(-a(t-Ts)) exp(-yD) dt +
t=Ts

t=T
p | g exp(-a(t-Ts)) exp(-\(T-1) - Y(¢+D-T)) dt
t=T-D

The number of second brood offspring developing from eggs laid after he dies is:

t=Tg4+F
B=  p | g exp(-a(t-Ts)) exp(-yD) dt
=T
Combining offspring from both broods, a male’s fitness is calculated as:

®=A1+A2+B1+ B>

To calculate optimal residence times for a given set of parameters, I integrated each
equation for integer values of residence time between 1 and 30 days, and determined which
residence time resulted in the highest fitness. Under the conditions I investigated, it was
never optimal for a male to stay less than half his life (< 15 days) with the first brood,
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because the second brood was aiways discounied by the probability of the male
successfully initiating one. Therefore a very short residence time in this model was 15
days, and the longest was 30 days.

Results

Reproductive Rate

When male absence diminished female oviposition rate by a constant proportion
throughout the egg-laying period, males realized maximum fitness if they stayed with the
brood for longer than the minimum time, but left before the end of the first female's
oviposition period (Fig. 4.1). This is because the largest absolute effect of male presence
is at the beginning of the egg-laying period (when oviposition rate is highest), and the male
also benefits from being with the second brood for this period. Therefore male assistance
to reproductive rate can reduce male residence time below the maximum. However, the
magnitude of male reproductive assistance did not further influence how long a male should
stay; the optimal leaving time was the same whether females suffered a 10% or a 90% loss
in egg-laying rate in the absence of males (Fig. 4.1, filled symbols). This is because the
difference in egg-laying rate with and withcut males is the same for both broods, and the
relative difference is constant for any point during the oviposition period. A male should
leave his first brood when the gain from the second brood, discounted by the probability of
having one, exceeds the loss to his first brood upon his departure. Because the gain and
loss are calculated from the same two egg-laying functions (with and without male) for
both broods, the gain and loss will always be proportional regardless of how much the two
functions differ. Therefore, the residence time that maximizes the gain relative to the loss
will always be the same,

If the costs of male absence to his mate increased as the egg-laying period progressed,
optimal residence time with the first brood increased relative to constant costs (Fig. 4.1;
compare lines with open and filled symbols of the same type). This effect is greatest when
the initial rate of egg-laying was not also depressed very much in the absence of males (g7g
21().5), since this tended to overwhelm the effect of increased male assistance towards the
end of egg-laying period (when the absolute rate of egg-laying was small even when the
male was present). The magnitude of the effect was also influenced by the probability of
successfully finding a new breeding site, and reached its maximum at a relatively low
probability (p =0-2). At high probabilities of breeding again, the amount of help a male
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Figure 4.1. Effect of male contribution to oviposition rate on optimal male residence
time. Horizontal axis is initial oviposition rate without male (g") relative to with male
(g). Different symbols indicate different probabilities of having a second brood (p).
Solid symbols indicate constant costs of male absence (@a=a’), open symbols indicate
increasing effects of male absence with time (a">a).
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I examined increases in the instantaneous rate of offspring mortality without males
ranging from 1.001 to 3 times the mortality when males are present. Male residence was
favoured whenever males diminished offspring mortality, but, similar to my results for
reproductive rate, I found that the amount of defence a male contributed had no effect on
optimal residence time under most conditions. Higher offspring mortality did reduce male
fitness, and increase the costs of deviating from the optimal residence time, but the optimal
leaving time itself was not affected. The explanation for this result is that each offspring
defended in the first brood means an offspring will not be defended in the second brood,
and a male will maximize his fimess by maximizing the number of defended offspring,
regardless of the amount of that defence.

An effect of male defence on residence time was manifested through the length of the
vulnerable period of offspring. In general, the longer the vulnerable period of each
offspring, the longer was the optimal residence time with the first brood (Fig. 4.2). If the
offspring’s vulnerable period was longer than 15 days, it was usually optimal for males to
stay with the first brood until the end (except when the likelihood of reaching a new tree

‘was very high). Vulnerable periods of much less than 10 days, which selected for early
departure from the first brood, do not seem biologically reasonable (se¢ above).

Probability of Having a Second Brood
It is evident from Figures 4.1 and 4.2 that the greatest variation in male residence

results from variation in the probability of a male having a second brood. Especially at low
probabilities (p < 0.4), a small change in likelihood of second brood results in a relatively
large reduction in optimal residence time (Fig. 4.3). The largest influence on this
relationship was the rate of decline in egg-laying rate (compare two lines in Fig. 4.3); as
stated above, the magnitude of male assistance to egg-laying rate or offspring defence had
little influence on optimal residence times.

Discussion

I conclude from my model that the amount of help males can provide to a mate has
very little effect on how long they should stay with their mate. This conclusion differs
from similar models (Maynard Smith 1977, Zeh and Smith 1985) which emphasized the
importance of the amount of male help on male residence time. This is because I asked
when a male should desert, not if he should desert . All males in my model had two
broods, so they never had to completely forfeit offspring from the second brood. The
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case where a male provided no help at all is a special one in my model, as a male would
realize the same fitness for any residence time. In reality, there would undoubtedly be
other features that would determine a particular residence time. One might normally expect
a male to leave immediately, but in bark beetles one could imagine that the nuptial chamber
would be a safe place to spend time. Because of the vagueness of the no-help case, 1
restrict further discussion to scenarios in which males provide some finite help, though it
may be minimal.

1 varied four variables relating to male assistance, and for two of these the magnitude

of male assistance had no influence at all on male residence time. When male contzibution
- to oviposition rate was constant over time, the size of the contribution is immaterial because
the difference in oviposition rate with and without male help is the same in all broods.
: Thus, whether oviposition rate drops slightly or markedly when males leave, it is always
balanced by a slight or marked gain, respeciively, in subsequent broods. Analogous
observations have been made regarding the importance of relatedness and certainty of
 paternity in determining helpful behaviour (Grafen 1980); when the payoff from investing
Cin a'fu‘tme brood is identical to the payoff from the current brood, the optimal behaviour is
L mscnsmve to the size of the payoff. In the case of a male's contribution to defence, a
malc H] dcparturc decision depends on maximizing the number of offsprmg defcnded,
regardlcss of how much he can defend them. .-

| When 1 varied two other variables describing a male's contribution, there was some
effect on optimal residence time under some conditions. These variables were the duration
of the offspring vulnerable period, and the extent to the size of a male's contribution to
oviposition rate increased later in the oviposition period. A common feature of these two
variables is that they relate to the timing of a male's contribution. In general, the later a
‘maic's,contr;ibution is made in a reproductive bout, the longer he should stay. It is difficult
to determine the relative importance of the amount of male contribution and the timing of
the contribution. It seems likely that the same total contribution would result in different
residence times depending on what stage of a reproductive bout the contribution was made.
For example, optimal residence times were shorter when a male's contribution was
substantial at the beginning of the reproductive bout (e.g. g/g = 0.2, Fig. 4.1 solid
symbols) than when the male's contribution was less but later in the reproductive bout (e.g.
g'/g = 0.8, Fig. 4.1 open symbols). Thus, the amount of assistance that males can provide
does not cxplain by itself male residence times. Regardless of this argument, there were
broad ranges of offspring valnerable periods in which optimal residence time was not
affected. Therefore the conclusion remains that there is not a clear link between the need
for male assistance and male residence time.
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This conclusion is robust with respect to assumptions inherent in the model. First, I
assumed that a male’s costs of helping (other than time) did not vary with how much he
belped (i.e. constant parental investment; Trivers 1972) but this is not critical because the
parental care explanation for extended pair bonds is concerned with the needs of females
for male assistance, not how much males must pay to provide the assistance. There is no
necessary link between benefits and costs of helping to males. For example, it may cost a
male bark beetle very little to block the egg gallery entrance to exclude predators, but this
may be a task of great reproductive consequence which an ovipositing female could not do.
Including additional costs of helping to the model does not result in a consistent effect on
male residence time, as the outcome depends on the exact relationship between benefits and
costs of helping. As a second assumption, I considered only two broods in my model, but
the logic of my conclusions is insensitive to brood number. The optimal departure time
would certainly be earlier if a male could have more broods (our minimum residence time
was half the male's lifespan), but the balance between present and future broods would
result in the same optimal residence time for the same number of potential broods
regardless of how much males help.

In my model, the probability of finding alternative breeding opportunities had a much
greater effect on optimal male residence times than their ability to help did, especially at low
probabilities. Consistent with this, it has been observed that the need for male assistance
does not differ between monogamous and polygynous birds, suggesting that the nature of
pair bonds is determined by male mating opportunities rather than ecological emancipation
from parental care (Webster 1991). Male parental care is associated with scarce breeding
opportunities in many species (Atkins 1966, Gowaty 1983, Hannon 1984, Freed 1987,
Scott 1990, Nalepa and Jones 1991). In a biparental cichlid fish, males deserted earlier
when the proportion of females in the population increased (Keenleyside 1983). Thus
there is support for the idea that mating opportunities are very important in determining
how long males stay with their mates.

The probability of finding another breeding site may explain the diversity of male
residence times found among bark beetle species. Two factors which may determine this
probability are the avatlability of suitable host trees and the degree of synchrony of
breeding females. The availability of breeding habitat has obvious importance in
determining the probability that a male will achieve a second brood, and this availability
varies widely among species of bark beetles (Atkins 1966). For species which require very
weak or recently dead trees (such as Ips. spp.), suitable trees would be transient (because
of deterioration) and relatively rare before logging was common. In L. typographus, the
probability of successfully reaching a new host tree has been estimated to be from 9 to 43%
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(Anderbrant 1989; Gries et al. 1989). In my model, such low probabilities of between-
brood survival favours males which stay with their first brood for much of the oviposition
period, as indeed occurs in I. typographus (Anderbrant 1989). In contrast, other species of
bark beetles (e.g. some Dendroctonus spp.) may have much higher probabilities of

- successfully initiating a second brood, since at large population sizes they can overwhelm
the defences of a large proportion of living host trees. Survival of D. ponderosae between
successive broods has been estimated to be 40% at constant host availabilities, and may
range from 8% to 90% at low and high host availabilities respectively (Klein et al. 1978).
Similarly, the estimated average between-tree survival of D. frontalis is 43%, and this
fluctuates between almost 0% and 75% (Pope et al. 1980). In addition to higher mean

- survival probabilities, higher variance in these probabilities could seiect for reduced
residence time in the first brood, because the fitness retumns of occasionally successful
additional broods can exceed the small return males realize towards the end of the
oviposition period of the first brood. In other words, it may pay males to always leave
early just in case there is an abundance of breeding opportunities available (or, if beetles
can assess habitat availability, males may be able to alter their residence times accordingly).
Indeed, male residence times of Dendroctonus spp. are typicaily less than Ips spp.
(Kirkendall 1983). | A

' Synchrony can be critical in determining mating opportunities in bark beetles because
immediately after breeding is initiated a given female becomes unavailable for a few weeks
whiie she oviposits. Therefore if all females begin breeding simultaneously, there would
be no breeding opportunities available for a male after his first mating, and his best option
is'then to-remain with his first brood and help (Knowlton 1979). Synchrony is determined
initially by weather during the first spring flight in search of breeding sites for most
temperate bark beetles, as beetles require warm, calm-days for flight. In my studies of pine
engravers, conducted towards the northem limit of their range, the first flight spanned from
four to seven weeks (pers. obs.). In more southern areas, the flight period may be more
contracted (Thomas 1961), and this latitudinal effect seems equally plausible for other
species. Later in the season, synchrony breaks down as parental females and their
offspring re-emerge over several weeks to search for new breeding sites. The importance
of synchrony in determining male residence time could be assessed by comparative studies
using latitudinal and seasonal vanation as independent variables.

Once the opportunity for additional matings is small, the cost to males of helping the
present brood may be quite small (Maynard Smith 1977). Bark beetles are pre-disposed to
parental care because mating and oviposition occur in the same place, and the small
entrance hole makes defence against intruders possible, two conditions which are relatively
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rare among insects (Tallamy and Wood 1986). The amount of help that males provide will
depend on such ecological factors as well as investment costs to males. However, my
model shows that magnitude of a male’s contribution has no consistent effect how long
males should stay with their mates and brood. I suggest instead that the chance of
obtaining additional broods is the major factor determining the duration of pair bonds in
animals.
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Chapter §

What do female pine engravers (Coleoptera: Scolytidae) gain by preferring
large males?

Abstract

Theory suggests that the preference of female pine engravers [ps pinj (Say)
(Coleoptera: Scolytidae) for large males may be adaptive because large males provide more
help {mainly frass removal during the oviposition period), or they provide better genes.
These hypotheses predict that females mated to large males have greater reproductive
success. In contrast, runaway models of sexual selection or modcls of direct seiection on
females (for mate finding, for example) do not predict differences in the number of
offspring in relation to the preferred trait. I invcstigated the reproductive consequences of
male size in a laboratory experiment in which males of varying sizes were each mated with
3 females (the typical breeding arrangement in nature). Matings with large males produced
more offspring (especially over two broods) and larger off'sprihg' (significant for male
‘ offsprmg) This was despite the fact that large males tcnded to leave their broods before
smail males did. There was no evidence that females compcnsated for the earlier departure
of large males by investing more in their brood than matcs of small males. Female
preference for large males is adaptive because they gain more and larger offspring, but it is
not clear whether the advantage results from paternal care or good genes.

Introduction

There is currently considerable interest in the evolution of mate choice, as evident by
the diversity of recent hypotheses of sexual selection by female choice (Maynard Smith
1987, Pomiankowski 1988, Kirkpatrick and Ryan 1991). When males provide resources
that increase female reproductive success, the selective advantage to choice is obvious.
However, female choice in mating systems in which males provide only genes has
prompted the search for cther advantages of choice. Some male traits may be attractive
because female neurophysiology is already sensitive to similar stimuli for other reasons (the
sensory exploitation hypothesis, Ryan et al. 1990) or because the traits enable females to
find mates more easily (Arak 1982). In these cases, selection operates on female survival
dlrectly rather than through the number or quality of her offspring. Other hypotheses for
mate' chmce focus on the evolution of mate preferences through selection on offspring.
- According to Fisher's runaway process, female choice can evolve through linkage of genes
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for female preference with genes for an attractive male character (Arnold 1985). Females
gain no fecundity advantage (or disadvantage) from matirg with an attractive male, but their
sons realize greater mating success by inheriting the attractive trait. Alternatively, "good

genes” hypotheses argue that selection favours females who prefer males with traits that
reliably indicate superior genetic quality for survival (Hamilton and Zuk 1982, Kodric-
Brown and Brown 1984, Andersson 1986, Pomiankowski 1988). The assumption here is
that viability is heritable and expressed by both daughters and sons. Although good genes

 hypotheses do not predict differences in female fecundity, the good genes could potentially

* be expressed at any stage of development after fertilization resulting in differential

 reproductive success. |

Clearly, some of these hypo(heses differ in heir pr redictions for the cffects of female

~ choice on female reprodncnvc success. In practice, dxstmgmshmg them by the outcome of
-asingle reproducuvc bout may be difficult because mdmduals 'may alter their investment

;pancms in responsc to mate attracnvcnoss or quality.. Anfmdmdnal may invest more in a

e

current repmducuvc ‘bout (at-the cxpcnsc of futurc offsprm ; Tnva"s 1972) if its mate is

* fbcttcrthan ltcancxpectmthcﬁxmrc (Maynard Smxth 1977) Conseqmntly,lfmatcs of

i fcannotncccssardycmcludcthatamacuvcmalcshavcf”

- more attractive males have: gmatcrrcprodwuvc succ&ss \ mnglcteproducuvc bout, one
| ide *rcsouroes or good gcncs,

. the females' survival must also be consideres deais: l;a,slsk.ofBuﬂey s (1986)
differential allocation hypothesis which predicts that attractive individuals will reduce their
- patcntal mvcstmcm ma pamcnlar brood, live longer, and conseciucntly have greater lifetime

: Treproducuvc success. This can occur bemusc mates of attracuvc mdxvxduals will invest
morc in ﬂxclrcmcmbroodatmeexpenscofthcn'own survxvalandfunn'creproducnon
'Thc mcrcasedrcprodncuvc success of attractive mdmduals through reduced parental
~ mvesnncntlsamcansby whx:h arbitrary.as wc]l as funcuonalumtscan be selected even in
monogamous specus.

Although theories for the evolution of mate preferences are wcll-dcvcloped, empirical
data on thereprodneuve consequences of choice are needed to evaluate their relative
unponance In tlns ‘paper, I examine why female pmc engravers Ips pini (Say) (Coleoptera:
‘ Scolyndac) prcfcr larga tmles (Chapu:r 2) The breedmg blology of pine engravers is

and Rudmsky (1976) Malw are polygynous vmh an avmgc of threc females per male.
They initiate a nuptial chamber under the bark of weakened or recently dead trees, to which
females are attracted. For the next two or three weeks, females mine egg galleries radiating
ﬁomthcnupualchamba' Males remain with the gallery system for most of the
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oviposition period, guarding against predators and removing frass and boring dust created
by the mining females (Chapter 3).

Because pine engravers exhibit biparental care, choosy females could gain resources,
superior genes, or both from mate choice. Altemnatively, because female pine engravers
search for males and therefore incur search costs (Chapter 1), their preference may be
because large males are easier to find (perhaps because of greater pheromone production;
Anderbrant et al. 1985). In this case, there may be no reproductive consequences of mate
choice once search costs are removed. To examine whether male size affects female
reproductive success, I conducted a bmdmgcxpemncntm whlch females were mated with
large, medium, or small males. I also considered the effect ofbodycondmon to see if this
measure of male vigour was more important than size alonc m dctcnmmng reproductive
outcomes. In addition to measuring the reproductive succcss. of these matings, I examined
investment patterns of males and their mates, as indicated by their survival and time spent
with the brood. This was done to determine whether prefcrred mal&s contribute more or, as
pmdlcted by Burley's (1986) differential allocation hypothesis; they contribute less to

‘reproducuon.

'Methods
Pmccngravers were obtained from lodgepole pme,Euma ggnmvar langlm
,Engelmann, which had been naturally infested by ovcrwmtctedadultsncarPnnceton
British Columbia, Canada. Infested logs were placed in large screened cages at 28°C.
" Emerged beetles were collected daily, placed in jars with tissue paper and kept at 4°C until
needed (for a maximum of two weeks).
~ Tindexed beetle body size as pronotum width and total body length (anterior edge of
| prdnommwpostmoredgeofclym)usmgastereonnmscopeﬁmdmdlanocular
4nncromcterat25xmagmﬁcaﬂou. Measurements were precise to the nearest 0.04 mm. To
ensureabmadxcpresentamnofmalebodysmcsmmysamplc,lchoscequalnumbcrsof
‘males (14) from three size categories based on pronotal width: small (S 1.48 mm), medium
(>148t0160mm) and large (2 1.60 mm). Smallandlargemalcsdcvwedfmmthc
Mnnk&zcbyathastmsmdmddckuonformostofﬂwmﬂwuonslhavcnmdc
OVET § f'f'j"",f 'years. To minimize effects of female body size, females at the extremes of the
size distribution were excluded visually. The resulting mean pronotum width of females
usedmtbcexpcnmcntwasl.523mm(SD=0069 range 1.36 to 1.72 mm). Males, but
‘waemdmduallywaghedtodzmstﬂlmgxmmedmclypnormbcmg
anted into breeding logs. I defined body condition of males to be weigkt per volume,
: mdmaﬁawdnaswugmmngmxmdﬂﬂbmsemmdcmmcymm
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All parental beetles were marked so that I could monitor the initiation of breeding and
recognize re-emerging parents. The mark was a small spot of Superglue® placed at the
edge of the elytral declivity to which fluorescent powder was added. All males were
marked with green powder, while primary, secondary and tertiary fermales were marked
with orange, green and pink powder, respectively. These marks were not always
permanent, so only a subset of re-emerged beetles could be detected (the rest were
indistinguishable from new adults). A preiiminary study revealed no detectable effect of
marking on mortality.

Fourteen males of cach size class were “implanted” on small lodgepole pine logs (one
male per log) by confining them within half a gel capsule over a pre-made small hole.
Before implantation, beetles were kept at room temperature for 24 hours to ensure that they
are ready to initiate breeding. On each successive day after a male was implanted (given
that copious frass indicated a nuptial chamber had been completed), a single female was
added to the gel capsule, for a total of three females per male. This number and rate of
fqnalemnoducnmmatdmmcnamalheedmgmangcmtfmanmdmdualmalc
(Swaby and Rudinsky 1976, Chapter 3). Femalcs were assigned to males arbitrarily
(mdlwtmgaxdforfemalcsxzz). Mnfemalemchermaledxdnotdlﬁ'eramongthcdlree
malesmcamgones (ANOVA: F=0.199, P>0.8). SomemaIcsandfemales died, had not
cntctedﬂxnupualchambemnhcyhadacapedﬁomthegclcapsulcafterﬂh,thcscwere
rrcplapd\mnlafnncmmlennmdmcmalcandﬂnec,femaleswasobmned(exccptfortwo
cases with only two females, and one with only one female).

The logs on which males were implanted were 13 to 15 cm in diameter and 30 cm
long. 1hcywexecmﬁom3mcendyfelladumnearPnncemn,mdtheucndsweresealed
mthhmpmafﬁnmﬂnnadayofcumngtoprevcmdmcmuon. Logs with the implanted
males and females were placed in individual cages which were placed in rows of 6 on 7
shelves (42 cages). 1arranged cages as four adjoining replicates of a three by three Latin
square design (plus one row) so that cages of a given size category were separated
vertically and horizontally by cages of each of the other two treatments. Most cages (35 of
42) were 20 cm high, 30 cm wide, and 60 cm long while the remaining seven cages were
20 by 40 by 90 cm; I detected no effect of cage type in subsequent analyses. On one end of
cach cage, an opaque white plastic funnel was mounted on plywood and a transparent
collecting vial was placed on the end of the funnel's spout. This end of the cages faced a
bank of fluorescent lights (six 120 cm tubes, 40 W each) which was the room's only light
source (18L:6D photoperiod). Newly emerged beetles are phototactic, and moved from the
log through the funnel into the collecting vials. The mean temperature was 26.7°C (range
21" w0 33") with 55% relative humidity.
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From 6 July to 6 October, I collected beetles daily from the collecting vials. I also
examined each log twice a week for any secondary gallery initiations by re-emerged parents
or emerged offspring. I exposed all secondary galleries, measured their lengths , collected
adults, and destroyed visible eggs or larvae to ensure that emerged offspring were from the
galleries I established. To determine the original emergence/re-emergence dates of beetles
in secondary galleries, I counted 1 day for every cm of gallery (Schenk and Benjamin
1969). For single males in nuptial chambers, I assumed that emergence had happened two
days before discovery. I examined all collected beetles for fluorescent marks, and
measured their pronotal width and total length.

Remeasurements of marked parental beetles showed that body length was a more
repeatable measure (r=0.88) than pronotum width was (r=0.82). Also, paternal length was
more variable than width (coefficients of variation were 5.3% and 3.9%, respectively). For
these reasons, I used body length as my continuous body size variable in analyses. Length
and width were correlated measures of size in paternal beetles (r=0.73, N=42). In most
analyses I used Pearson correlations to examine the effects of paternal size on offspring size
because I was interested in the existence of an effect rather than an exact relationship (the
biological significance of a large effect compared to small but significant one is unknown).
However, for offspring body size I calculated linear regressions on paternal length in order
to estimate the heritability of body size (Falcorer :1989).

Results

Offspring Number

Seven of the 42 cages in the experiment produced fewer than 6 beetles, including
parents, over the entire collection period. These included 3 large males, 2 average-sized
males, and 2 small males (as defined by pronotum width). I considered these to be
breeding failures, and I excluded them from analyses of reproductive outcomes. For the
remaining cages, the timing of emergences was bimodal (Fig. 5.1) and corresponds to two
successive broods (Thomas 1961, Schenk and Benjamin 1969). This result was
uncxpected because I had attempted to remove secondary galleries, and dissection of 11
experimental logs after termination of the experiment indicated that all secondary galleries
had already been uncovered. However, I may have been unsuccessful in destroying all the
eggs and larvae from these galleries. I therefore consider all beetles emerging before 2
September to be from the first brood.
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Figure 5.1. Phenology of emergence of pine engravers from all cages.
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To examine the effect of paternal body size on the number of offspring produced, I
excluded an additional 3 cages which did not have three females initially, to control for
number of original mothers. These included one cage in each paternal size category. The
remaining 33 cages produced a range of 6 to 90 beetles (X=29.4, SD= 20.0) over the
entire collection period. For the first brood, beetle production ranged from 3 to 68
(X=13.7, SD=12.9).

Cages with larger males tended to produce more offspring (Fig. 5.2). This was
statistically significant over the entire coilection period, but not for first brood beetles
(although the relationship was in the same direction). The number of beetles removed from
secondary galleries was positively correlated with the number of first brood beetles
(r=0.432, P<0.01), and this effect would amplify the result for the first brood beetles.
There was no significant effect of male body condition on offspring number; if anything,
males in better condition tended to produce fewer offspring (first brood: r=-0.217; both
broods r= -0.113, N=30).

Offspring Si

For the first brood, body size declined significantly as the emergence period
progressed (for body length, pooling cages: females r= -0.229, N=260, P<0.001; males r=
-0.187, N=201, P<0.01). Therefore I restricted my analysés of offspring body size to
beetles that emerged during 10 days around the first peak of brood emergence (11 August
through 20 August; Fig. 5.1). This resulted in a mean of 4.1 females per cage (range 1 to
19, N=31 cages) and 3.7 males per cage (range 1 to 17, N=27). The contribution of
unmarked parental beetles to this sample is probably small, based on emergence times of
marked beetles. Only one (9%) of 11 marked males and six (25%) of 24 marked females
re-emerged during the peak period, so that the expectation is less than one parent per cage
in the sample.

Larger males tended to produce larger offspring, as indicated by positive slopes in
linear regressions of offspring body length on paternal Iength (Fig. 5.3). Regressions were
significant for male offspring (slope b =0.23 £0.11 SE, R2=0.162, P < 0.05) but not for
female offspring (b = 0.18 £ 0.12, R2=0.074, P=0.14). Paternal body condition did not
influence offspring size (R2<0.01 for both males and females).

Timing of Emergence

In calculating mean emergence times, I omitted the first four beetles emerging from
cach cage to avoid including re-emerging parents. (All recaptured marked parental males
were among the first four males emerging, and 21 of 24 recaptured marked females were
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among the first four female emerging.) There was no significant correlation between
paternal body length and the average emergence time for the first brood (males r=0.213;
females r=0.085, P > 0.2 in both cases). Paternal body condition also did not detectably
influence emergence dates (males r=0.233; females r=0.184; P > 0.2 for both).
Considering the emergence times of just the fifth to the ninth emerging beetles from each
cage, to prevent the number of emerging beetles from affecting the mean, still disclosed no
detectable effect of paternal length or condition (length: males r=0.233, females r=0.184;
condition: males r=0.271, females r=0.217; P > 0.2 for all).

Parental Resid Ti
Of the marked parental beetles, 11 males and 24 females were recaptured with their

marks still visible. More males (6) from the large pronotum width category were
recaptured than from medium or small categories (2 and 3 respectively), but the sample size
was small and the difference was not significant (x2=2.36, P > 0.2). I also compared re-
etnergcd males with the rest of the males (which included both males that did not re-emerge
and those that did but had lost their marks). There was no significant difference in body
length between these two groups of males (re-emerged: X=3.95 + 0.07 SE; other X=3.89
:t"0;04,7_7t§>tést P>0.4), but re-emerged males were in poorer condition than the others (re-
emerged X=0.485 + 0.015; other X=0.532 + 0.011, P<0.03). Eight females from each

The mean residence times for males and females were, respectively, 36.5 £ 6.2 SE
and 32.7 £ 2.3 days. Larger males stayed with their brood for significantly less time than
smaller males did (residence time vs. body length r= -0.645, P<0.05; Fig. 5.4). Male
residence time was not significantly influenced by body condition, though there was a
tendency for males in better condition to leave earlier (r= -0.499, P<0.15). Female
residence time did not vary with female body length (r =0.13; N = 24, P > 0.5), nor with
the size category of their mates (ANOVA, F(2,23) =0.31,P > 0.7).

Discussion

In this study, large male pine engravers produced larger and more numerous offspring
than small males did. Although the effect on body size was not large (explaining at most
16% of the variation), consequences of body size are evident in all stages of a bark beetie's
life. Larger beetles survive longer under adverse conditions (Safranyik 1976, Langor and
Raske 1987), tend to have greater dispersal abilities (Slansky and Haack 1986, Roff 1991),
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produce more pheromones (Anderbrant et al. 1985) and may be better able ¢ cope with
host tree defences (Gries et 21., ms.). Large females are also the more fecund (Amman
1972). Therefore the relationship between paternal size and offspring size that was detected
in this study is likely to have biological significance.

The infiuence of paternal size on cffspring number became most evident when both
broods were considered together. The circumstances that resulted in second broceds are not
clear, but there is no doubt that male size played a role. Large males tended to produce
more offspring in the first brood, and the number of secondary galleries was positively
~ correlated with the number of first brood offspring. Therefore the positive effect of large
males on offspring number in the first brood was amplified when both broods are
. combined, allowing it to be detected statistically. There could:also be effects of large males
on‘thc body condition of mates and initial offspring which would favour these females to
initiate secondary galleries.

‘Because of the effects on female reproductive sucocss, fcmalc preference for large
male pmc éngravers is unlikely to have resulted from a runaway selection process, from

© direct sclecuon on females' sensory systems (Ryan et al. 1990), or because large males are
 easier toJocatc (Arak 1988). Three remaining mechanisms could cxplam the effect of large
S malcs on female tcproducuvc success and female chowe These are 1) greater parental
' vacstment by large males, 2) greater parental investment by matcs of large males, and 3)
! 'patcmal -genes for large size and early survival. These posmbllmcs are not mutually

- exclusive.

Male pine engravers help females to extend their gallenes more quxckly and lay more
-eggs that are more widely spaced (Chaptcr 3). Consequcntly, larvae in galleries with
males should experience less competition relative to: gallcrm thhout males, and therefore
thcywould have betier growth and survival. Itis possxblc that large males may help more
‘than smiall males do, perhaps by cleaning out frass more promptly and thoroughly, and this
could result in more offspring and larger ones. With this help, mates of large males could
be in better condition, favouring the production of second broods. Several considerations
-are relevant to this hypothesis. First, largcrnmlcsrunmned wnh their brood for less time
than small males did, which is at odds- wnhthelduthatlargetmles help more. However,
many males stayed much longer than the egg-laying period of the first brood (the period for
which they help), which was probably less than 40 days. If we consider male residence
time for only the first 40 days, there is still a tendency for larger males to leave earlier (R= -
0.440, N=7; Fig. 5.4), though sample size prohibits meaningful statistical conclusions. If
residence time is a measure of parental investment (see below), we can conclude that large
males do not invest more than small males, and may actually invest less. Second, one
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might expect body condition to be more important than body size in determining the vigour
with which males help, but condition had no detectable effect on offspring size and
number. Finally, if large males helped females to reproduce faster, their offspring should
emerge carlier, but paternal size did not affect emergence time in this study. While none of
these points is conclusive, they do not lend support to the idea chat large males provide
more help than small males do. However, direct observations of large and small males
inside egg galleries are needed before the paternal care hypothesis can be rejected with
confidence.

The greater reproductive success of larger males may result from increased investment
by their mates rather than by large males themselves. For species with biparental care, the
differential allocation hypothesis predicts that preferred individuals will reduce their share
of investment (and gain in survival), while the mates of preferred individuals will increase
their investment (Burley 1986). In pine engravers, the reduced residence time of large
males supports this idea, and the greater recapture rate of large males, although not
significant, suggests that they may survive better. However, female residence time and
survival (as indicated by recaptures) did not differ among the male size categories, so there

is no evidence of increased parental investment by mates of large males. Increased maternal
' investment by mates of preferred individuals has been noted in other species however.
Fcinalesaw}vcr beetles Monochamous scutellatus had a higher oviposition rate when mated
with large males (preferred) than small males (Hughes and Hughes 1985). Similarly,
female field crickets Gryllus bimaculatus who chose their mates laid a greater proportion of
their available eggs than females who were not allowed to choose (Simmons 1987a).

Thus, although the differential allocation hypothesis is not supported in this experiment,
further investigation is warranted on the effect of mate quality on female investment.

My assumption that residence time reflects parental investment bears further
examination because of its importance to the previous two hypotheses for female choice in
pine engravers. Residence time is likely to depend on a beetle's readiness to disperse in
addition to what it can invest in offspring, and dispersal readiness depends on fat reserves
and the regeneration of flight muscles (Borden and Slater 1969). The accumulation of
energy by feeding probably occurs at the expense of reproductive activities {oviposition in
females, helping in males). If large and small beetles differ in the time it takes to gain
sufficient energy to build muscles and fat reserves for dispersal, then residence time is not
an accurate measure of parental investment. Large insects need proportionately less fat to
disperse a given distance because their metabolic rate is relatively lower (Roff 1991). In
this experiment, larger males began breeding in the same or better body condition as small
beetles (condition vs. length £=0.218). Because they would lose weight more slowly (or
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gain weight more quickly) than small males, larger males may have had to spend less time
feeding themselves in preparation for leaving. Therefore, large males could have helped as
much as small males and still have left their galleries sooner. However, the differences in
msldcnce times between large and small males seem too large (up to several weeks; Fig.
5.4) to be explained entirely by this energetic argument. Substantial fat accumulation can

oceur ifi-a week in mzles of another bark beetle mm:lns mﬂm Nijholt and
Sahota 1974). Therefore I suggest that male residence time may indeed reflect the amount

. of help ‘males provide rather than simple preparation: for di ersal.

~Size and numiber of offspring may be determined by gcnes rather than investment by
rents. In pine engravers, the estimate of heritability ofmalc body length is 0.46 £ 0.22
(twu:c the slope of the father-son regression; Falmncr 1981) which is significantly
\ dszcrcnt from zero. The estimate of heritability of patemal size for daughters was smaller
o (h2— 0:36 £ 0.24) and while it is niot significantly different from zero, it is also not
f., cantly. different from heritability in males. “The statistical power of this experiment
: was not sufﬁcxcnt to detect sma]l cﬂ'ccts of patcmal suc on offspnng size, though these
o ef 3 {‘r'j‘;mchenmbmcy
S csumatcvof pmnotal w1dth is lowcr than my esumates for pmc cngmvcxs but it is statistically
 significant (h2=02510095 E Schlytcr.andO Anderbram,pcrs comm.). These
E ,hcmablhty estimates for Igsspp ‘must be viewed w1th caution, however becausc patcrnal
| behakur may confound gcncnc cffects. Also,m my study, the: envuonments of parents
, and offsprmg were not 1dcnnca] However, the estimates for Ppine engravers are within the
mgc 'of hcntabllmcs foundfor body size: mﬁcld cnckcts ‘(Slmmons 1987b) and birds
" and van Noordwijk 1987, Wigginis 1989). Female prcfcrcnce for hefitable male

now been obscrved in several studles (Carson and Lande 1984, Smmons 1987b,

.,

Hedrick 1988).

The greater production of offspring by large males may also be due to “good genes"
for growth and survival. It is interesting that the effcct of large males on offspring number
bwamcclcarestwhenbothbmodswmconsldemd,buﬂargc ‘males were more likely to
have left before the. seoond bmodwas 1mtxated. Tlns suggests thatpatemal genes may be
mennpomntdlan helpm Jetermining offspnng numbcr Slmxlar conclusions
have been reached in studncs of ammals wuhout

rvq-‘vt

, Partridge ncla T larvalcompcnnvcablhtywasalso
posmvcly com:lawd wnhpamalmanng success ('I‘aylorctal. 1987). The possibility of
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differential investment, raised above, remains as an alternative explanation in these studies,
however. A clear example of a prefererce for good genes rather than differential
investment can be seen in a Colias butterfly, in which females choose on the basis of a trait
corresponding to a single locus which determines flight performance (Watt et al. 1986).
Seaweed flies Coelopa frigida also prefer males whose genotype enhances offspring
survival (Crocker and Day 1987).

Some cages in this experiment failed to produce any offspring, and others produced
relatively few. Female pine engravers can produce 20 to 50 eggs in a single gallery
(Schenk and Benjamin 1969), so the lack of production under these low density conditions
is surprising. All beetles appeared vigorous when introduced to the brcedmg site. Log
quality may have varied, but pine engravers have rclanvcly broad habltat requirements
(Schenk and Benjamin 1969), and all logs in this study were cut from recently felled trees
of the same diameter and from the same site. One po‘ssible.éxplanaxion is that beetles were
not given an opportunity to choose a mate, and they withheld reproduction if the match was
unsuitable. As mentioned above, field crickets showed reduced oviposition when unable to
choose a mate, even if the provided mate was large (a preferred trzut; Simmons 1986,
1987a) However, most females in this study readily cntcmd the male's nuptlal chamber to
whlch they were assigned.

 To summarize, female pine engravers prefer largcr males and this study showed that
larger males produced more offspring and larger offspring. Runaway models and direct
selection on females (through mate search costs for example) are therefore rejected. Large
male pine engravers spent less time with their broods than small males did, but still had
greater reproductive success. Although this result is consistent with‘Burlcy's (1986)
differential allocation hypothesis, there was no indication that mates of large males were
paying any cost of reduced male investment by large males. These findings are consistent
with adaptive female choice for males who provide either better care or better genes, or
both. However, differential investment patterns, some potentially subtie (Eberhard 1991),
deserve further attention in studies of the reproductive consequences of mate choice.



105
References

Amman, G.D. 1972. Some factors affecting oviposition behavior of the mountain pine
beetle. Environ. Entomol. 1:691-695.

Anderbrant, O., F. Schiyter, G. Birgersson. 1985. Intraspecific competition affecting
parents and offspring in the bark beetle Ips ;xmgmphus Oikos 45:89-98.

Andersson, M. 1986. Evolution of condition-dependent sex ornaments and mating
preferences: sexual selection based on viability differences. Evolution 40:804-816.

Arak, A. 1988. Female mate selection in the natterjack toad: active choice or passive
attraction? Behav. Ecol. Sociobiol. 22:317-327.

Amold, S.J. 1985. Quantitative genetic models of scxual sclecuon Experientia 41:1296-
- 1310.

Boag, P.T. and A.J. van Noordwijk. 1987. Quantitative genetics. In: P.A. Buckley and F.
- Cooke (eds). Avian Genetics. Academic Pressl;ondc‘sn pp- 45-78.

Bordén, J.H. and C.E. Slater. 1969. thht muscle volumc changc in Ins confusus
(Coleoptera: Scolyudac) Can. J. Zool. 47:29-32.

' Burlcy N. 1986 Sexual selection for acstheue traits m spec1es thh blparcntal care. Am.
Nat. 127: 415-445 : ,

' Carson H.L. and R. Lande. 1984 Inhemanceofasecondarycharactcrmnmsgphna
alxgsms Proc Natl Acad. Sci. USA 81: 6904-6907 ‘

o kcr G. andT Day. 1987. Anadvantagctomatcchoxccmmc seaweed fly, Coelopa

ida. Behav. Ecol. Sociobiol. 20:295-301.

~Eberélgrd,3w .G. Copulatory courtship and cryptic fcmalc choice in insects. Biol. Rev.
:1-31

“Falconct, D.S. 1989. Introduction to quantitative gcncuos 3rd ed. Longman Group UK,
Esscx

Gries, G., W.W. Bowers, R.Gries, M. Noble and J. H. Noble. ms. Pheromone
pmducuon by the pine engraver Ips pini following: ﬂlght and starvation (address: Dept.
Biol. Sci., Simon Fraser Univ., Burnaby, B.C. V5A 1S6).

Hamilton, W.D and M. Zuk. 1982. Heritable true fitness and bright birds: a role for
~ parasites? Science 218:384-387.

Hedrick, A.V. 1988 Female choice and the heritability of attractive mates: an empirical
study. Am. Nat. 132:267-276.

Hughes, ALL. and Hughe.g M.K. 1985. chalc choice of mates in a polygynous insect,
thcwtn :spotted nochiamo mﬂlams Behav. Ecol. Sociobiol. 17:385-

irkpatrick, M. and M.J. Ryan. 1991, The evolution of mating preferences and the
paradox of the lek. Nature 350:33-38.



106

Kodric-Brown, A. and J.H. Brown. 1984. Truth in advertising: the kinds of traits
favoured by sexual selection. Am. Nat. 124:309-323,

Langor, D.W. and Raske, A.G. 1987. Emergence, host attack, and overwintering behavior
of the eastern larch beetle, Dendroctonus simplex Leconte (Coleopteia: Scolytidae), in
Newfoundland. Can. Ent. 119:975-983.

Maynard Smith, J. 1977. Parental investment: a prospective analysis. Anim. Behav. 25:1-
9.

Maynard Smith, J. 1987. Sexual selection - a classification of models. In: Sexual
selection: testing the alternatives. (J.W. Bradbury and M.B. Andersson, eds). John
Wiley and Sons, Chichester. pp. 9-20.

Nijholt, W.W. and T.S. Sahota. 1974. Changes in triglyceride fatty acid= during brood
production of Douglas-fir beetles (Coleoptera: Scolyudac) Can. Ent. 106: 927—932

Phelan, P.L. and Baker, T.C. 1986. Male-size-related courtshxp success and intersexual
selection in the tobacco moth, Ephestia clutella. Experientia 42:1291-1293.

Pomiankowski, A.N. 1988. The evolution of female mate preferences for male genetic
quality. Oxford Surveys in Evol. Biol. 5:126-184.

Roff, D.A. 1991. Life history consequences of bioenergetic and blmnechamcal constraints
onmxgratmn Amer. Zool. 31:205-215. , |

Ryan, ‘M.J., JH. Fox, W. Wilczynski and A.S. Rand. 1990. Sexual selection for sensory
explmtanon in the frog Physalaemus pustulosus. Nature 343:66-67.

Safranylk, L. 1976. Size- and sex-related emergence, and survival in cold storage, of
mountain pine beetle adults. Can. Ent. 108:209-212.

Schenk, J.A. and Benjamin, D.M. 1969. Notes on the biology of Ips pini in central
Wrsconsxnjackp:ncfmests.Ann.Entomol. Soc. Amer. 62:480-485.

Schmitz, RF. 1972. Behavior of Ips pini during mating, oviposition, and larval
development (Coleoptera: Scolyndac) Can. Ent. 104 1723-1728.

Simmons, L.W. 1986. Female choice in the field cricket, Gryvilus bimaculatus (De Geer).
Anim. Behav. 34:1463-1470.

Simmons, L.W. 1987a. Female choice contributes to offspring fitness in the field cricket,
‘Gryllus bimaculams (De Geer). Behav. Ecol. Sociobiol. 21:313-321.

Slmmons,L.W 1987b ritability of a male character chosen by females of the field
cnckct,ﬁmmsw Behav. Ecol. Sociobiol. 21:129-133.

Slansky, F., Jr. and Haack, R.A. 1986. Age-specific flight behavior in relation to body
waghtandhpximcntmlmgammphmrwedmslashpmcboltswnﬂl thick or thin
mnerbark(phloem) Entoml.exp appl. 40:197-207.

.. -




107
Swaby, J.A. and Rudinsky, J.A. 1976. Acoustic and olfactory behaviour of [ps pini (Say)
gggleomcm. Scolytidae) during host invasion and colonisation. Z. ang. Ent. 81:421-

%%9})961 The life history of Ips pini (Say) (Coleoptera: Scolytidae). Can. Ent.

Trivers, R L. 1972. Parental investment and sexual selection. In: Campbell, B.G. (ed).
Sexual selection and the descent of man. Aldine, Chicago. pp.87-104.

Watt, W.B., Carter, P.A., Donohue, K. 1986. Females' choice of "good genotypes” as
mates is promoted by an insect mating system. Science 233:1187-1190.

Wiggins, D.A. 1989. Heritability of body size in cross-fostered tree swallow broods.
Evolution 43:1808-1811.



108
Chapter 6

Concluding Discussion

I have shown that female pine engravers compare and choose mates on the basis of
male traits which appear to contribute to female reproductive success. These results are
novel for several reasons. First, the mate choice process has rarely been observed in nature
in a species with a resource-based mating system, and the use of a mating tactic in which
males are compared has only recently been demonstrated (Bakker and Milinski 1991).
Mating tactics involving comparisons have been largely neglected in mate choice theory and
sexual selection models (Real 1990, Kirkpatrick and Ryan 1991). Second, the
adaptiveness of mating preferences is often controversial (Borgia 1987). Finally, it is not
clear why male traits reliably predict future benefits. I now discuss these issues in turn.

In pine engravers, active mate choice (defined operationally by the rejection of some
potential mates) is exhibited by a large proportion of females. Females encounter males at
random, but those that visit more than one male tend to mate with better males than are
generally available. They achieve this by continuing to visit males until a preferred male is

‘encountered. This is consistent with a threshold preference rather than a best-of-n tactic
(Janetos 1980, Wittenberger 1983), but in pine engravi:rs this threshold is modified as
fcmafl&s encounter males. The effect of experience on preference was suggested by the
behaviour of females in nature (Chapter 1), and confirmed in a controlled lab experiment
(Chapter 2). The ability to modify preferences based on recent experience allows females
to have a high acceptance threshold initially (to increase their chances of obtaining a highly
preferred mate), without incurring the risk of forfeiting mating altogether if a preferred mate
is not available. Such a sophisticated tactic in a small insect suggests that complex mating
tactics may be much more widespread than is generally credited.

There are several factors which may favour a modifiable threshold mating tactic in pine
engravers. In this species, females can exercise choice behaviour without interference from
males. There are costs to searching however, especially the risk of parasitism and the
probability of being pre-empted by competing females at mating sites. Costs can explain
why females do not revisit males (Wittenberger 1983, Real 1990). However, the
observation that females altered their preferences according to the males they encountered
suggests that the local availability of preferred males is not predictable. The variability in
the distribution of male pine engravers is not yet quantified, nor is it known from theory
what male distributions would favour lcamned mating expectations. This could be
profitably modeled, as begun by Stephens (1991). Female mate choice tactics may in turn
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influence male settlement patterns (Gibson et al. 1990), further complicating the
relationship between male distributions and female tactics.

Female pine engravers chose males on the basis of traits that appeared to enhance their
reproductive success. By preferring recently settled males (Chapter 1), females reduce the
level of competition experienced by her offspring from both within and among harems
(Kirkendall 1989). Mating preferentially with large males (Chapter 2) increases
reproductive success and offspring size (Chapter 5). I cannot conclude whether the
benefits of mating with a large male were genetic or the result of male helpfulness (Chapter
*3), or both. The distinction is not impertant to organisms choosing mates (for whom the
end, not the means is key), but it is of considerable interest to an understanding of
cvolutxon of mate choice and sexual selection (Borgia 1987). If benefits are solely genetic,
a pmblcm in theory is maintaining genetic variation in fitness (Fisher 1930) and the male
trait, though some specific mechanisms that could ensure contmued variation have been
proposed (Lande 1976, Hamilton and Zuk 1982). chcral reccnt studlcs have found that
prefcm:d male traits are heritable (Simmons 1987, Heduck 1988) or have reproducnve
consequcnccs in the absence of material benefits (Watt ct a] 1986 von Schantz et al.
1989) However, variation in phenotypic features such a as tesourcc provisioning will
: usually exceed pm'ely gcnctu: variation (Sam:y 1982), and for thls reason it may be more
 likely that the benefits fernale pine engravers recclvc fmm manng with largc males relate to

'male parcmalcamrathcrthan good genes. Onccvanatlon amongmalcsmthetraltls
sufﬂcxcnt to favour mating preferences, the amount of vananon will further determine
'opmmlmatc search tactics (Real 1990). This could be a factor which contributes to
dxffcrenccs in mate ‘choice tactics between species with andwuhout resource provisioning
by xmlcs @if such dlfferenccs exist). Thus, to fully undcrstand the mate preferences and
mating tactics of a species, we need to-determine whethcrﬂlcprcfmted trait affects female
reproductive success, how the trait affects reproductive success, and how much males vary
in the trait .

The conclusion that male body size contributes to female reproductive success must be
qualified because it was not clear whether large males or their mates determined the number
and size of emerging offspring (Chapter 5). It is possible that females (or males) will
invest more in reproductive bout when their mate is more attractive (regardless of the
mate's contribution), resalting in a short-term increase in reproductive output, at the
expense of latcxteptoducuon (Maynard Smith 1977, Burley 1986). I found no conclusive
evidence. ofsuch an' effectmpmc cngravets, but two obscrvations are suggestive. First,
largcmalesmmedmtluhcxrhmodforsxgmﬁmnﬂylessm than small males did, but
still produced more offspring (Chapter 5). This could result if mates of large males
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invested more in parental care, though this was not detected in the survival of pare. tal
females. Second, large females tended to persist longer at the entrance holes of small males
than small females did (Chapter 2). Perhaps large females prefer small males because these
males will invest more for a large mate than large males would. This hypothesis of
differential allocation of reproductive investment is obviously speculative with respect to
pine engravers, but it merits further investigation because it is a potentially widespread
phenomenon affecting mating tactics. Two necessary conditions for this to occur are, first,
that the attractive sex contributes something other than parental investment that makes its
offspring more valuable, and second, that there is a trade-off between present and future
reproduction.

Female pine engravers appeared to assess and choose mates at least partly on the basis
of male pheromones at the entrance to male nuptial chambers, which requires that
pheromones contain reliable information about males. It is not necessarily in the male's
interest to be honest. For example, my model of male residence time (Chapter 4) suggests
that males help females mainly because they have low prospects of obtaining other breeding
sites, and not because helping will always maximize a male's fitness. Therefore a female
cannot necessarily expect a male to act in her interests. One might expect that all male pine
engravers should appear most attractive by signalling. largc size and lack of mates.

' Howevcr, male Ips spp. pheromones do appem’tou@catc a male’s true state. Male
attractiveness starts to decline as soon as he has one female (Swaby and Rudinsky 1976,
Chapter 2), and this change is attributable to changes-in male pheromone and not to his
mates (Birgersson et al. 1984). Pheromones also vary with male body size (Anderbrant et
al. 1985).

One possible mechanism ensuring reliability is having a costly signal. If pheromone
synthesis is metabolically demanding, it may not benefit males to broadcast false
information. Some consequences of over-investment in pheromone production may be
lowered survival, lowered ability to assist mates, or reduced dispersal prospects after re-
emerging from the current breeding site. Thus, if the benefits of mate attraction diminish
with each additional mate obtained, the optimal investment in pheromone production may
also decrease. A prediction of the costly signal hypothesis is that pheromone quantity and
constituents produced by an unmated male would require more energy to produce than
pheromones produced by a mated male. To apply to a permanent character such as body
size, the hypothesis requires that genes or development result in a suite of characters such
as body size, pheromone production ability, and ability to help, perhaps through efficient
encrgy usc or disease resistance (Hamilton and Zuk 1982, Kodric-Brown and Brown
1984).
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Limited availability of pheromone precursors may also ensure reliability. If precursors
are obtained from the current breeding site (Borden 1985), then pheromone production may
be determined by feeding rate. Small males may be unable to feed as much as large males,
and mated males may feed less than unmated males because they are pre-occupied with
their mates. If pheromone precursors are obtained during the larval period, then
pheromone constituents may be a true indicator of larval habitat, which also determines
body size (but not mating status). Consistent with this, Anderbrant et al. (1985) observed
that bark beetles from crowded larval habitats are small and have altered pheromones. A
similar argument regarding larval resources and pheromone production has been forwarded
for moths (Conner et al. 1990). Thus there are several possible mechanisms for ensuring
the reliability of male pheromones as indicators of male status, but all remain to be tested.

I have investigated female preferences for characteristics of males (body size and
manng status) and not of habitat. In my lab experiments on female choice (Chapter 2) and
rcpmducnvc consequences of body size (Chapter 5), bteedmg habitat and male traits were
»rm\domlyassoaawd,anddlcmfmlwasablctodctectﬂlcxmponanceofmalcs traits
' mdcpcndcnt of habitat. It is possible that female bark beetles also cvaluatc phloem quality
' atamalcs nuptial chamber, as this will contribute greaﬂy to afcmalcsreproducnvc
succms (c g Slansky and Haack 1987). Host tree vo]aules (kairomones) are probable
: cucs  If females do assess phloem quality mdq)endent of male quality, then the criteria on
i wlncb female pmc engravers make their decision are multiple (at least two male traits and

‘phloem quahty) Other studies (on birds) have shown that females use muluplc criteria in
“mate choice (c.g. Burley 1981, Reid and Weatherhead 1990), and it appears that this is true
| for anothcrmsect as well (Simmons 1987). Again the point is that the mate choice process
can be quite complex.

" Inoverview, this thesis has been an attempt to increase our understanding of sexual
selection and mating systems through the study of the behavioural ecology of a model
species, the pine engraver. This approach, which emphasizes the importance of costs and
benefits in determining an organism'’s behaviour, has provided several novel results. I
havcdocmntedﬂlcmtechmcepmccss of pine engravers in nature, which addresses
assumpnomand predictions of common models of mate choice and sexual selection which
have been largely untested. The existence of learned mate preferences, which I have
shown for pine engravers (Chapters 1 and 2), has also been largely overlooked in these
models. Male pine engravers assist their mates (Chapter 3), which is relatively rare in
insects (Zeh and Smith 1985). Tt may be that large males help more, thereby explaining
mating with larger males (Chapter 5). However, my model of male residence time
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suggests that the helpfulness of males cannot explain why males remain with their mates as
long as they do; rather, the availability of other mating opportunities appears to be the main
determinant of male residence time (Chapter 4). To determine the generality of each of
these findings, comparable studies are needed of species representing the range of diversity
of mating systems and of intensity of sexual selection. This thesis is one contribution
towards elucidating mating patterns in nature.
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