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ABSTRACT

Understanding why animals form social groups is a fundamental aim of sociobiology. To
date, the field has been dominated by studies of kin groups, which have emphasized
indirect fitness benefits as key drivers of grouping among relatives. Nevertheless, many
animal groups are comprised of unrelated individuals. These cases provide unique
opportunities to illuminate drivers of social evolution beyond indirect fitness, especially
ecological factors. This dissertation combines behavioral, physiological, and ecological
approaches to explore the conditions that favor group formation among non-kin, using
as a model the facultatively social carpenter bee, Xylocopa sonorina. Using behavioral
and genetic techniques, I found that nestmates in this species are often unrelated, and
that non-kin groups form following extensive inter-nest migration.

Group living may arise as a strategy to mitigate constraints on available breeding
space. To test the hypothesis that nest construction is prohibitively costly for carpenter
bees, I measured metabolic rates of excavating bees and used imaging techniques to
quantify nest volumes. From these measurements, I found that nest construction is
highly energetically costly, and that bees who inherit nests through social queuing
experience substantial energetic savings. These costs are exacerbated by limitations on
the reuse of existing nests. Using repeated CT scans of nesting logs, I examined changes
in nest architecture over time and found that repeatedly inherited tunnels become
indefensible to intruders, and are subsequently abandoned. Together, these factors
underlie intense competition over available breeding space. The imaging analysis of
nesting logs additionally revealed strong seasonal effects on social strategy, with social

nesting dominating during winter. To test the hypothesis that winter social nesting arises



from intrinsic physiological advantages of grouping, I experimentally manipulated social
strategy in overwintering bees. I found that social bees conserve heat and body mass
better than solitary bees, suggesting fitness benefits to grouping in cold, resource-scarce
conditions. Together, these results suggest that grouping in X. sonorina arises from
dynamic strategies to maximize direct fitness in response to harsh and/or competitive
conditions. These studies provide empirical insights into the ecological conditions that
favor non-kin grouping, and emphasize the importance of ecology in shaping sociality at

its evolutionary origins.
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CHAPTER 1
INTRODUCTION: ECOLOGICAL DRIVERS OF NON-KIN COOPERATION IN THE
HYMENOPTERA

Introduction

Social animals represent some of the most ubiquitous and ecologically dominant
organisms globally (Holldobler & Wilson, 1990; Krause & Ruxton, 2002; Ward &
Webster, 2016). To date, our understanding of how social groups emerge has been
rooted overwhelmingly in the study of family groups. From these groups have emerged
useful theoretical frameworks for explaining cooperation in nature, especially kin
selection theory, which posits that indirect fitness benefits of helping kin can compensate
for direct fitness costs (Abbot et al., 2011; Bourke, 2014; Hamilton, 1964; Trivers & Hare,
1976; West-Eberhard, 1975). Nevertheless, many animals form groups with non-
relatives, and in these societies direct fitness gains are generally the major component of
inclusive fitness (Clements & Stephens, 1995; Clutton-Brock, 2009; Dugatkin, 2002;
Goodnight, 2005; Queller, 2011). These social groups, which exist across diverse animal
taxa (Bernasconi & Strassmann, 1999; Brask et al., 2019; Clutton-Brock, 2009; Riehl,
2013; Suarez & Goodisman, 2021; Wilkinson et al., 2016), demonstrate the value of
examining the diversity of selection contexts for understanding the evolution of sociality,
and provide useful models for examining ecological drivers of social evolution.

Kin selection has proven critically valuable for understanding the evolution of
eusociality, especially within the highly related colonies of the social insects (Abbot et al.,
2011; Bourke, 2011; Hughes et al., 2008; Linksvayer & Wade, 2011; Queller &
Strassmann, 1998; West-Eberhard, 1975). However, eusociality is rare; even among the
Hymenoptera; other forms of group living are considerably more common (Fewell &
Abbot, 2018; Heinze et al., 2017; Hunt & Toth, 2017; Wcislo & Fewell, 2017). Perhaps
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due to the prominence of kin selection as a framework for understanding insect sociality,
non-kin groups in insects have received relatively little attention, despite advances in our
understanding of non-kin vertebrate groups (Brask et al., 2019; Clutton-Brock, 2009;
Riehl, 2013; Wilkinson et al., 2016). Departures from a kin-centric framework for
understanding insect social evolution may enable valuable connections to other animal
groups, contributing to a broader body of evolutionary theory. Further, these systems
may be neglected because interactions among non-kin rarely (if ever) constitute
altruism—that is, behavior that reduces the direct fitness of the actor and increases the
fitness of the group—which has been a major focus of social evolutionary research in the
eusocial Hymenoptera (Foster et al., 2006; Hamilton, 1972; Kennedy et al., 2018; Simon,
1990). Rather, non-kin associations provide examples of cooperation based on mutual
benefits of grouping, with or without reproductive division of labor.

I review advances in our understanding of non-kin social groups in the
Hymenoptera, with a focus on patterns of diversity in social structure and ecological
context. I characterize variation in the organization of these groups and describe the
distribution of non-kin sociality across the bees, ants, and wasps. Across these groups, I
then highlight common ecological drivers of non-kin sociality, particularly
environmental challenges and intra- and inter-specific interactions. Finally, I synthesize
insights from the current body of research on non-kin sociality and highlight promising
directions for future research. In doing so, I emphasize the role of ecological context in

shaping sociality at its evolutionary origins.

Non-Kin Cooperation in the Hymenoptera

Non-kin sociality is found broadly among the social ants, wasps, and bees, and ranges in

complexity from simple, facultative nest sharing in primarily solitary populations to

2



cooperative founding of eusocial colonies (Figure 1.1). For the purposes of this review, I
define sociality as any long-term association between conspecifics characterized by
mutual tolerance and/or cooperation within shared nesting space (Costa, 2006; Fewell &
Abbot, 2018). By “long-term,” I refer to an extended or significant portion of an
individual’s lifespan, as opposed to more transient interactions like mating. Further, I
emphasize mutual tolerance as a minimum requirement in our definition of sociality for
the sake of including even groups characterized by limited cooperative behavior. Mutual
tolerance serves as a preadaptation for the evolution of cooperation, by enabling
individuals to share nest space and providing opportunities for more complex social
interactions (Michener, 1990; Michener, 1974).

Specifically, I examine social interactions in the context of breeding and offspring
care, because behavioral decisions in these contexts have important fitness impacts. I
emphasize nest sharing to exclude from our definition of sociality those animals living
within aggregations of spatially clustered nests, but otherwise living solitarily. Though
some Hymenoptera (such as army ants) are non-nesting, nests are used predominantly
by this taxon as an essential physical site for the prolonged interactions intrinsic to social
living. Additionally, I define sociality as distinct from intraspecific social parasitism, and
therefore exclude from our discussion those systems in which non-kin relationships arise
through parasitic behavior (Beekman & Oldroyd, 2008), including adoption of unrelated
offspring (Klahn, 1988; Nonacs & Reeve, 1993) and cleptoparasitism (Michener, 1974;
Rozen, 1991).

Non-kin associations vary considerably in the degree of cooperation, and thus
serve as an important counterpoint to vertebrate sociality. However, discussions of
cooperation for social insects and social vertebrates have historically been treated
separately. For example, cooperation in the social insects is often studied in the context
of task allocation and division of labor (Beshers & Fewell, 2001; Holldobler & Wilson,

3



1990; Seeley, 1996), while social vertebrate sociality is more often discussed in terms of
the costs and benefits of cooperative interactions (Hamilton 1964; Clutton-Brock, 20009;
Dugatkin, 2002). Defining cooperation itself has also presented challenges, with debate
surrounding the questions of whether cooperative interactions may incur differential
costs for actor and recipient, and whether cooperative sociality can be maintained under
such conditions without indirect fitness gains (Bergmiiller et al., 2009; Lehmann &
Keller, 2006; West et al., 2007; West et al., 2006). Within such discussions, however,
has emerged a central theme that cooperation broadly entails behaviors that benefit the

social group (Clutton-Brock, 2009).

Social evolution in the Hymenoptera

The evolution of cooperative behaviors is shaped by ecological context and by the
phylogenetic pathway that group has taken to sociality. The task of categorizing the
various forms of sociality and their evolutionary histories has been the subject of
considerable debate (Boomsma & Gawne, 2018; Crespi & Yanega, 1995; Michener, 1974;
Richards, 2019; Toth et al., 2016; Wilson, 1971). A well-established hypothesis has
proposed a stepwise evolutionary progression from simple forms of sociality to complex
eusociality (Evans, 1956; Evans & West-Eberhard, 1973; Rehan & Toth, 2015; Wilson,
1971). Recent, renewed discussion of this topic has challenged the theoretical
presumption of a “social ladder” in which less complex social forms represent
intermediate “levels” along an evolutionary trajectory toward eusociality (Holland &
Bloch, 2020; Linksvayer & Johnson, 2019). Accordingly, I consider the diversity of
cooperative systems in the social insects not as transitional forms in the evolution of
sociality, but instead in terms of their shared cooperative behavioral repertoires that are

adaptive in a given ecological context.



One of the simplest forms of sociality, known as communal living, refers to
societies in which multiple same-generation females (often unrelated) share nesting
space but independently forage and provision their own offspring (Michener, 1974).
Communal groups are characteristically casteless: group members are not distinguished
behaviorally or morphologically by their capacity for reproduction. Only a subset of
tasks—typically nest construction and nest defense—are shared cooperatively.
Communal groups often exist among otherwise solitary populations of bees and wasps,
and are characterized by behavioral repertoires similar to those of solitary females: they
mass-provision brood at the egg stage, and do not engage in further direct parental care
(Wcislo & Fewell, 2017; Wcislo & Tierney, 2009). In contrast to mass-provisioners, other
social insects, including ants, wasps, and some bee taxa, perform direct parental care in
which larvae are fed progressively (Field, 2005). The cooperative repertoire of these
groups is similarly expanded. These associations occur when related or unrelated
females found nests cooperatively (pleometrosis) by sharing or dividing such tasks as

provisioning, nest construction, and defense (Heinze et al., 2017; Ross & Matthews,

1991).

Social diversity in the Hymenoptera

Here I describe the diversity of non-kin sociality defined as long-term adult nest sharing,
with groups often characterized by cooperative behaviors and task sharing. Because
relatedness is a relative attribute (Pamilo, 1989), I do not strictly define kin vs. non-kin,
but rather focus on groups in which individuals may be no more related to their
nestmates than they are to non-nestmates. For some of the systems I discuss, non-
kinship in social groups has been evaluated with high confidence by inferring relatedness
from molecular markers. In many other cases, the presence of non-relatives in social
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groups has been inferred from observations of nest-joining behavior, often by individuals
from distant nests (in bees and wasps), or of cooperative nest founding by presumed
unrelated foundresses (in wasps and ants). Though these observations cannot confirm
the degree of relatedness between joiners and their nestmates, they provide suggestions
of potential flexibility in tolerance toward unrelated conspecifics. Because the data on
kinship in these groups is so incomplete, I highlight these uncertain cases as promising
avenues for future genetic investigation.

Within the Hymenoptera, I explore non-kin groups among wasps, bees, and ants,
finding limited evidence for true sociality among the sawflies (Hymenoptera: Symphyta),
which have short adult lifespans and are non-nesting (Kudo et al., 1998). For each group,
I describe patterns and diversity of non-kin social systems. I do not present an
exhaustive review of all known non-kin groups in the Hymenoptera, but instead

highlight common patterns of social organization across the major suborders.

Wasps: Communal societies and foundress associations

The wasps (Hymenoptera: Apocrita) comprise more than 37 families, among which only
three (Aculeata: Pompilidae, Sphecidae, and Vespidae) contain social species (Hunt &
Toth, 2017). Non-kin groups are found within all three of these families (Table 1).
Communal nesting has been described for several species, and among these, nest-joining
by non-relatives is possible, though unconfirmed, for the spider wasp Auplopus
semialatus (Pompilidae: Pepsinae); (Wcislo et al., 1988), the digger wasp Crabro
cribrellifer (Crabronidae: Crabroninae); (Wcislo et al., 1985), and the pollen wasp
Trimeria howardii (Vespidae: Masarinae); (Zucchi et al., 1976). Facultative nest sharing
is likewise known among the hover wasps (Vespidae: Stenogastrinae), where unrelated
females can join established foundresses (Strassmann et al., 1994; Turillazzi, 2012).

6



Similarly, among the primitively eusocial paper wasps (Vespidae: Polistinae), foundress
associations often form among sisters or other close relatives (Ross & Matthews, 1991;
West-Eberhard, 1969), but in many cases may be comprised of non-kin (Hunt, 2007;
Mora-Kepfer, 2014; Queller et al., 2000). For the paper wasp Polistes dominula, 15-35%
of foundress associations consist of unrelated females (Leadbeater et al., 2011; Queller et
al., 2000; Zanette & Field, 2008). Co-founding by non-relatives is also known, but
uncommon, in Polistes fuscatus (Klahn, 1979) and Polistes exclamans (MacCormack,
1982). Unlike communal groups, these societies are characterized by high reproductive
skew, so unrelated joiners often become subordinate helpers with limited reproductive

opportunities (Leadbeater et al., 2010; Mora-Kepfer, 2014; Queller et al., 2000).

Bees: Communal and parasocial societies

Communal nesting occurs across all six major bee families (Kukuk et al., 2005; Wcislo,
1993), and many of these communal groups are known or expected to consist of non-kin.
This social strategy is perhaps best known among the sweat bees (Halictidae), which are
known for their incredible diversity of social behaviors (Brady et al., 2006; Michener,
1974, 1990, 2007). Halictid communal nesting has been described within the subfamilies
Halictinae and Nomiinae; for most of these species, relatedness among communal
nestmates is unknown (Michener, 1969; Vogel & Kukuk, 1994; Wcislo, 1993; Wcislo &
Engel, 1996), but may be inferred to be low through observations of nest-joining
behavior (Abrams & Eickwort, 1981; Michener & Lange, 1958; Richards et al., 2003).
Kukuk and Sage analyzed two polymorphic genetic loci among colonies of the sweat bee
Lasioglossum hemichalceum (Halictidae: Halictinae) and found relatedness within
reproductively active nests to be indistinguishable from zero (1994). Communal nesting
is present but less common among the Colletid bees (Sakagami & Zucchi, 1978), with low
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relatedness ( = 0.26) confirmed among nestmates of Amphylaeus morosus (Colletidae:
Hylaeinae); (Spessa et al., 2000). Similarly, non-kin nesting is possible among the
communal Andrenidae (Danforth, 1991; Paxton et al., 1999), and has been confirmed for
two species: Andrena scotica (formerly jacobi); (Andrenidae: Andreninae); (Paxton et
al., 1996) and Macrotera (formerly Perdita) texana (Andrenidae: Panurginae);
(Danforth et al., 1996).

In other cases, the social organization of some non-kin bee groups is more aptly
described by the umbrella term “parasocial,” which includes all associations of same-
generation adults, which may be cooperative or non-cooperative, and which may exhibit
high or low reproductive skew (Michener, 1974). This is the case for many bees of the
family Apidae, which includes both solitary and highly social species. For example, bees
in the genus Exomalopsis (Apidae: Apinae) form multi-female nests, which may be
characterized by cooperative provisioning (Michener, 1966) and even reproductive skew
(Raw, 1977). Relatedness in this genus has not been formally investigated, but is likely to
be low for many species, considering the high number of females per nest (884 in one
nest of E. aureopilosa; Rozen, 1984). Non-kin associations could also be found among
pleometrotic foundresses of eusocial colonies, though this is rare within the bees. Low
relatedness has been described for co-foundresses of the primitively eusocial sweat bee
Halictus ligatus, likely arising from chance encounters among females emerging from
their winter hibernacula (Richards & Packer, 1998).

An interesting case of non-kin sociality exists among the large carpenter bees in
the genus Xylocopa (Apidae: Xylocopinae). Nest-joining behavior has been observed in
several species, in many cases by unrelated bees (Gerling, 1982; Gerling et al., 1983;
Hogendoorn & Leys, 1993; Michener, 1990; Peso & Richards, 2011; Velthuis, 1987).
However, low relatedness in social groups has only been demonstrated with molecular
evidence for two species, X. sonorina and X. virginica (Ostwald et al., 2021a; Vickruck &
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Richards, 2021). Sociality in these groups is not easily classified, given variation and
ambiguity in helping behavior, reproductive skew, and generational overlap (Gerling et
al., 1989; Hogendoorn & Velthuis, 1993; Michener, 1990). In most cases, a single
dominant female per social nest will monopolize egg laying and provisioning behavior,
with nestmates potentially contributing to nest guarding (Buchmann & Minckley, 2019;

Gerling et al., 1989; Gerling et al., 1983; Hogendoorn & Velthuis, 1999).

Ants: Foundress associations and primary polygyny

In the ants, non-kin sociality through pleometrosis is relatively commonplace in
incipient colonies, but usually ends with a queen culling event triggered by worker
emergence (Bernasconi & Strassmann, 1999). However, permanent non-kin social
groups can form when a pleometrotic queen association extends past worker emergence
and into colony maturity. This results in primary polygyny, a group of unrelated worker
lineages that share a nest, colony resources, and colony tasks. Importantly, workers in
polygynous colonies may be close kin if they were produced by the same queen.
Nevertheless, overall worker nestmate relatedness is often low in polygynous colonies
(DeHeer & Herbers, 2004; Kellner et al., 2007). More importantly, the queens
themselves represent prominent examples of non-kin cooperative behavior, analogous to
cooperative breeders in other taxa, regardless of offspring group relatedness. Primary
polygyny is generally found interspersed between monogynous colonies or as the
majority structure in discrete populations, but has never been documented as the only
social structure of an ant species.

Primary polygyny is represented in several ant subfamilies but is especially well
documented in the Myrmicinae. Moser & Lewis (1981) first observed multiple unrelated
queens in mature colonies of the Texas leaf-cutter ant Atta texana. Mintzer and Vinson
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subsequently found that these cooperative associations are stable and beneficial to A.
texana queen survival in the lab (Mintzer, 1987; Mintzer & Vinson, 1985). Shortly
afterwards, Rissing et al. (1989) utilized allozyme markers to directly show that
cohabiting Acromyrmex versicolor queens were not related and also reared stable multi-
queen colonies in the lab. There is also genetic evidence, using isoenzymes, that two
South American Acromyrmex species practice primary polygyny, A. striatus and A.
heyeri (Diehl & Cavalli-Molina, 2001). Multiple, unrelated queens were also found in
colonies of Myrmica gallienii using enzyme electrophoresis (Seppi, 1996), however
colony age was not reported in this study. Primary polygyny may also occur in the fungus
growing ant species, Cyphomyrmex transversus. Multiple queens were found in 37.7%
of colonies examined by Ramos-Lacau et al. (2012) but it is unknown if these queens
were related. Within the Myrmicinae, there are also several harvester ant species that
practice primary polygyny. Pogonomyrmex californicus displays primary polygyny in
southern California, as confirmed with field observation (Johnson, 2004), laboratory
colonies (Clark & Fewell, 2014; Overson et al., 2014), and microsatellite analysis
(Overson et al., 2016). Primary polygyny also occurs in a California population of the
seed harvester Veromessor pergandei, also confirmed using microsatellites (Helms &
Helms Cahan, 2012). Queens of another species in the same genus, Messor barbarous,
can be induced into stable cooperative associations in the lab, but no polygynous
colonies have been found in the field (Provost & Cerdan, 1990).

Within the subfamily Formicinae, the honeypot ant Myrmecosystus mimicus also
practices primary polygyny in an Arizona population as confirmed by microsatellite
analysis by Holldobler et al. (2011). The mound building ant Formica podzolica exhibits
primary polygyny in Colorado, as suggested by field excavation (Deslippe & Savolainen,
1995) and confirmed through microsatellite analysis (DeHeer & Herbers, 2004). Finally,
multiple unrelated queens have been found in mature colonies of the pleometrotic
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weaver ant Oecophylla smaragdina, strongly suggesting primary polygyny (Schliins et
al., 2009).

Some of the most detailed genetic and behavioral research has been performed
on species in the Ponerinae subfamily. Primary polygyny has been confirmed in
Neoponera inversa through behavioral observation in the field and lab (D’Ettorre et al.,
2005) as well as with multiple microsatellite analyses (Heinze et al., 2001; Kolmer et al.,
2002). In a closely related species, Neoponera villosa, queen cooperation has been
demonstrated in the lab (Trunzer et al., 1998) and unrelated queens have been
documented in field colonies (Kellner et al., 2007), strongly suggesting primary
polygyny. Mature Neoponera striata Smith colonies have also been found with multiple
queens, but more work is needed on queen relatedness to confirm primary polygyny
(Rodrigues et al., 2011). The arboreal trap jaw ant Odontomachus hastatus has been
found in colonies containing several queens and workers, but it is unknown if these
queens are related (P. S. Oliveira et al., 2011).

Primary polygyny has also been confirmed via microsatellite analysis in two species of
the Myrmeciinae: the Australian jumper ant Myrmicia pilosula (Qian et al., 2012) and
the red ant Myrmicia rubra (Pearson, 1982; Barrie Pearson, 1983; Seppa & Walin,
1996).

Finally, in the Dolichoderinae subfamily, Holldobler and Carlin (1985) found that
the Australian meat ant Iridomyrmex purpureus is oligogynous, i.e., multiple queens
share a nest but do not tolerate each other and relegate themselves to different areas of
the nest. Further genetic analysis confirmed that oligogynous I. purpureus queens are
unrelated and share a workforce (Carew et al., 1997). Oligogyny has also been
documented in the subfamily Formicidae (Camponotus ligniperdus, Gadau et al., 1998;

Camponotus herculeanus, Seppa & Gertsch, 1996).
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Figure 1.1. Examples of non-kin sociality are widespread across hymenopteran taxa. In
the ants, unrelated foundresses may cooperate to rear eusocial colonies, as in the
harvester ant Pogonomyrmex californicus (top left; photo by Elizabeth Cash). Similarly,
foundresses of some wasp species, like the paper wasp Polistes dominula (bottom; photo
by Meagan Simons), may cooperatively found eusocial nests with non-relatives. Non-kin
associations are also found among the communal bees, such as the sweat bee
Agapostemon virescens (top right; photo by Nicholas Dorian), which shares nest-

entrance guarding duties with unrelated nestmates.
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Ecological Drivers of Non-Kin Sociality

Group living may have its evolutionary origins across a particular set of ecological
conditions that favor nest sharing and/or cooperation (K. E. Arnold & Owens, 1997;
Krause & Ruxton, 2002; Rubenstein & Abbot, 2017). For non-kin groups especially, local
ecology may be a prominent driver of group formation in the absence of strong indirect
fitness benefits. Below, I discuss evidence for the evolution of non-kin sociality in the
Hymenoptera as driven by five major ecological conditions/constraints: (1) predator and
parasite pressures, (2) intraspecific competition, (3) physiological constraints, (4)
productivity constraints, and (5) climatic stressors. Importantly, the distinctions I make
between these five factors do not represent mutually exclusive conditions; rather, they
are highly interactive and may even represent flip sides of the same environmental
selective pressures (e.g., productivity constraints that arise from intense intraspecific
competition). Together, these conditions may give rise to fitness differentials between
solitary and social individuals when benefits of group living outweigh intrinsic costs of

resource sharing.

Predator and parasite pressures

The need for communal defense represents one prominent benefit of nesting with non-
kin. In particular, social defensive strategies often arise in contexts where brood is
vulnerable to predation or parasitism (Alexander, 1974; Krause & Ruxton, 2002; A.
Ward & Webster, 2016a). Importantly, social nest defense can be a passive, emergent
property of shared nesting rather than actively cooperative behavior. The presence of
multiple females (or even males; Kukuk & Schwarz, 1988) in the nest can deter invaders
by decreasing the daily time window in which the nest is unattended (Lin & Michener,
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1972; Wcislo & Tierney, 2009). In other cases, labor may be divided such that guarding is
a functional role of certain group members, often subordinates (Dunn & Richards, 2003;
Hogendoorn & Velthuis, 1995). Indeed, task specialization on guarding can even emerge
spontaneously among forced, unrelated associations of normally-solitary individuals,
suggesting that improved nest defense can arise in in communal nests from existing
behavioral repertoires. (Holbrook et al., 2013; Jeanson et al., 2005; Holbrook et al.,
20009).

Although predator/parasite pressures have been broadly implicated in social
evolutionary transitions (Krause & Ruxton, 2002; Lin & Michener, 1972; Michener &
Lange, 1958; Wilson & Hoélldobler, 2005), empirical demonstrations of the effectiveness
of group defense in non-kin systems are sparse. For the sweat bee Agapostemon
virescens, Abrams and Eickwort (1981) found that communal nests were more effectively
defended against the cleptoparasite Nomada articulata than were solitary nests. Indeed,
Lin and Michener (1972) consider parasite/predator pressures to be the major driver of
sociality in the Halictidae (see also Michener & Lange, 1958). Similarly, co-founding
wasps may experience reduced predation from birds and mammals relative to solitary
foundresses, likely due to more continuous nest guarding (Strassman et al., 1988; Tindo
et al., 2008). For other non-kin groups, guarding may function to repel conspecific
intruders, but may not be an effective defense against predation and parasitism. For the
facultatively social bees Xylocopa virginica and Halictus ligatus, rates of brood
parasitism by Bombyliid flies were found to be no different between solitary and social
nests, despite increased guard presence in social nests (Prager, 2014; Richards & Packer,
1998). Similarly, though multiple Polistes wasp foundresses may provide effective
protection against intraspecific usurpation (Gamboa, 1978; Gamboa et al., 1978; Klahn,
1988), they may be no more effective in guarding against predators (Gamboa, 1978;
Gamboa et al., 1978; Gibo, 1978) and parasites (Gamboa et al., 1978) than solitary
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foundresses, despite more continuous guard presence (Gamboa et al., 1978). However,
co-founding may provide important benefits during recovery from predation attempts

(Gibo, 1978; Strassman et al., 1988).

Intraspecific competition and resource limitation

Grouping may arise as a response to limiting resources, especially nesting sites and food
(Emlen, 1982; Hatchwell & Komdeur, 2000). Environments characterized by strong
intraspecific competition may favor cooperative strategies that allow groups to exploit
resources. In many cases grouping occurs in densely populated or saturated
environments. Indeed, pleometrosis and primary polygyny in ants have been associated
in several species with high population density (Bennet, 1987; Rissing & Pollock, 1991;
Trunzer et al., 1998; Tschinkel & Howard, 1983; Rissing & Pollock, 1986; Trunzer et al.,
1998). Likewise, for the facultatively polygynous harvester ant, Pogonomyrmex
californicus, sites dominated by polygyny have higher colony density than primarily
monogynous sites (Haney & Fewell, 2018). Further, colonies in the polygynous
population have lower reproductive output than colonies from the monogynous
population. Experimental food supplementation increased reproductive output of
polygynous colonies to that of colonies from the monogynous population, suggesting that
competitive, food-scarce conditions drive cooperation in this species (Haney & Fewell,
2018). Similarly, bees may adopt non-kin social strategies under food-scarce conditions,
even in the absence of productivity benefits of group living. For the facultatively social
carpenter bee X. pubescens, solitary nests typically outperform social nests in terms of
reproductive output, due to brood mortality that results from dominance competitions in

social nests (Hogendoorn, 1996; Hogendoorn, 1991). However, under conditions of food
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scarcity, social nesting can provide an important safeguard against pollen robbery,
outweighing costs of nest sharing (Hogendoorn, 1991; Hogendoorn & Velthuis, 1993).
Nest sites can also be major limiting resources, favoring social strategies that
enable nest sharing and/or increase the likelihood of nest inheritance. Carpenter bees
are strongly limited by access to nest sites, creating intense competition for constructed
nests that results in frequent supersedure and usurpation (Buchmann & Minckley, 2019;
Gerling et al., 1989). Social nesting could feasibly provide an important defense against
the threat of nest invasion, but empirical studies have demonstrated that guards of X.
pubescens, though potentially valuable in preventing pollen robbery, do not effectively
defend the nest from usurpers (Hogendoorn & Velthuis, 1995; Hogendoorn & Velthuis,
1993). Instead, subordinate joiners are likely hopeful reproductives that queue for
reproductive opportunities upon the death of the dominant bee and subsequent nest
inheritance (Hogendoorn & Velthuis, 1995; Richards & Course, 2015; Vickruck &
Richards, 2018). Nest inheritance is likewise important for co-founding wasps
(Leadbeater et al., 2011; Reeve, 1991), especially for species that reuse old nests (Queller
& Strassmann, 1988). Similarly, for many communal bees, group living enables shared
exploitation of valuable nest sites (Michener, 1974). In all these cases, intraspecific
competition for nests promotes group living and interacts with other ecological

constraints, especially energetic and labor constraints on nest construction.

Energetic and physiological constraints

Non-kin groups may also form in contexts that impose steep physiological costs on
independent breeders. For example, animals that invest in energetically costly nest
building behaviors may experience selection for strategies that reduce founding costs,
such as cooperative building and/or nest inheritance (Hansell, 1987). Cooperative nest
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building has been documented broadly across Hymenopteran non-kin groups (Bartz &
Holldobler, 1982; Bernasconi & Strassmann, 1999; Danforth, 1991; Hunt & Toth, 2017;
Peeters & Andersen, 1989; Rissing & Pollock, 1986; Tschinkel & Howard, 1983; West-
Eberhard, 1969). In some cases, these benefits have been linked to ecological conditions
and energetic constraints. The ground-nesting communal bee Perdita portalis excavates
nests through a dense, clay layer of soil, prompting Danforth (1991) to propose energetic
costs of nest construction as a major driver of sociality in this environment. Challenging
excavation through hard soil may likewise favor cooperative nest construction strategies
in the communal bee Macrotera texana (Danforth et al., 1996). Carpenter bees may also
face particularly high energetic costs of nest building, due to the tendency of many
Xylocopa species to nest in dense wood substrate. For the carpenter bee X. sonorina, the
energetic cost of new nest construction is higher on average than the cost of nest
inheritance, even accounting for the potential cost of renovating overused tunnels
(Ostwald et al., 2021b). In this group, and more broadly, high costs of nest building can
underlie intraspecific competition for existing nests. These costs may incentivize social
strategies such as reproductive queueing or communal nesting, even at the expense of
uncertain reproductive opportunities.

Beyond energetic costs, nest building behavior can impose physiological wear
and damage. In arid habitats, nest construction behaviors could be constrained more by
desiccation risk than by energetic costs. For many desert ants, nest excavation causes
cuticular abrasion that increases water loss rates (Johnson, 2000), exacerbating
desiccation risk, which is a major cause of foundress mortality (Johnson, 1998).
Cooperative nest excavation during founding poses an important possible solution to this
challenge. However, the physiological costs of excavation may not be shared equally
among co-foundresses (Fewell & Page, 1999). Cahan and Fewell (2004) measured
excavation task specialization in experimental pairs of the facultatively polygynous
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Pogonomyrmex californicus, with foundresses collected either from a typically group-
founding or typically solitary-founding population. For both populations, more than half
of foundress pairs divided excavation labor asymmetrically, with one foundress emerging
as an excavation specialist. However, pairs from the group-founding population showed
smaller asymmetries in excavation performance (Cahan & Fewell, 2004). These findings
suggest that while some foundresses may experience disproportionate costs of
excavation, cooperative strategies overall can reduce physiological costs of excavation for
a significant portion of the population. Cooperative nest excavation and maintenance
may likewise be important for some ground-nesting social bees (Danforth, 1991), but the
extent to which nest excavation behavior is physiologically constrained in these groups is

still unclear.

Productivity constraints

Cooperation among non-kin can also improve productivity under harsh or competitive
conditions. In particular, cooperative founding may provide competitive advantages in
conditions that favor rapid nest establishment via worker production. Group founding in
ants has been associated both with faster initial worker production and accelerated
colony growth (Deslippe & Savolainen, 1995; Eriksson et al., 2019; Ostwald et al., 2021c¢;
Rissing & Pollock, 1987; Tschinkel & Howard, 1983). Rapid production of a large
workforce may beneficially accelerate incipient groups through the vulnerable founding
period, providing a critical survival advantage for cooperatively founded colonies (Clark
& Fewell, 2013; Ostwald et al., 2021c). These advantages may be especially important for
colonies vulnerable to intraspecific brood raiding. Cooperative founding has been shown
to improve colony survival and success during brood raiding, likely due to the protective
effect of larger colony sizes (Bartz & Holldobler, 1982; Eriksson et al., 2019; Rissing &
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Pollock, 1991; Rissing & Pollock, 1987). Increased colony size in multi-foundress nests is
also associated with reduced colony failure rates for the paper wasp Polistes dominula
(Tibbetts & Reeve, 2003). Importantly, cooperative foundresses may experience
enhanced colony growth without increasing costly individual investment in sterile
worker production. Multi-queen colonies of the harvester ant P. californicus experience
faster colony growth than single queen colonies, but lower per-queen worker production
(Ostwald et al., 2021c). The ability to assemble a large workforce while minimizing
individual investment in non-reproductive offspring may represent an important
physiological benefit of cooperation with non-relatives.

Specifically, individuals may face productivity constraints associated with
resource exploitation. For example, the communal bee Macrotera texana faces severe
reproductive time constraints due to its foraging dependence on Opuntia flowers that
bloom for only 2-3 weeks per year (Danforth et al., 1996). Cooperative nest excavation
likely enables females to exploit this time-limited resource by accelerating nest founding
(Danforth et al., 1996). Similarly, increased colony activity levels in polygynous P.
californicus colonies suggests both increased worker production and corresponding
enhanced efforts to capitalize upon limiting food resources (Haney & Fewell, 2018). In
this way, productivity constraints interact strongly with resource limitation and
intraspecific competition.

Importantly, worker production benefits may not translate to enhanced
production of reproductives. For P. californicus as well as for the sweat bee, Halictus
ligatus, group-founding nests produce more workers but fewer reproductive offspring
than solitary-foundress nests (Haney & Fewell, 2018; Richards & Packer, 1998). Polistes
foundress associations are likewise associated with reduced per-capita reproductive
output (Queller & Strassmann, 1988; Reeve, 1991), despite increased worker production
in some species (Tibbetts & Reeve, 2003). These cases suggest that cooperation often
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functions not as a means to enhance reproductive output under ideal conditions, but
rather as a strategy to minimize losses under constraining or challenging environmental

conditions.

Climatic stressors

Climatic factors represent fundamental ecological drivers of group living across animal
taxa. In particular, cooperation may be favored in harsh or stochastic climates (K. E.
Arnold & Owens, 1997; Griesser et al., 2017; Jetz & Rubenstein, 2011; Kennedy et al.,
2018; Lukas & Clutton-Brock, 2017; Rubenstein, 2011). In insects, climate likewise
mediates the expression of social behavior, especially through impacts on development
time and seasonal activity windows, which affect the available time for rearing workers
and therefore the potential for colony life to emerge (Eickwort et al., 1996; Fucini et al.,
2009; Hirata & Higashi, 2008; Hunt & Amdam, 2005). These factors may be important
in the evolution of eusociality by promoting generation overlap in the nest. For non-kin
groups, however, that arise from stable cooperative relationships between unrelated
individuals, the effects of climate on group formation are relatively unexplored.
Nevertheless, several studies point to prominent roles for climatic conditions,
especially environmental temperatures, in facilitating non-kin cooperation. Among
Polistes paper wasps, which can found nests with non-relatives, cooperative nest
founding is associated with high temperature variability, perhaps due to buffering
cooperation of sociality in unpredictable environments (Sheehan et al., 2015). Polygyny
in ants has also been associated with harsh thermal environments (Heinze & Holldobler,
1994; Heinze & Riippel, 2014; Heinze, 1993) and with success of invasive species in their

introduced environments (Holway et al., 2002; Tsutsui & Suarez, 2003). Future work
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should clarify mechanisms underlying this link between cooperation and success in
harsh, variable, or novel thermal environments.

Precipitation can also influence the relative costs and benefits of grouping. Arid
environments and drought conditions can increase soil hardness, potentially increasing
excavation costs and exacerbating nest limitation for ground nesting bees, ants, and
wasps (Michener, 2007; Purcell, 2011; Wcislo, 1997). Under drought conditions, Bohart
and Youssef (1976) found that 30% of nests of the normally solitary sweat bee
Lasioglossum galpinsiae were provisioned by multiple females. In desert ants, group
founding may be a by-product of the tendency to seek refuge from desiccating conditions
in shared belowground spaces (Pfennig, 1995). Under desiccating conditions, group-
founding by the desert seed-harvester ant Veromessor pergandei enhanced queen
survival and water content relative to solitary queens, though the mechanism for this
advantage is unclear (Johnson, 2021). Shared foraging duties could feasibly reduce risk
of desiccation in desert habitats. Cahan and Fewell (2004) suggest that a group-founding
population of the harvester ant P. californicus occupies a habitat with lower and less
predictable summer precipitation than sites occupied by solitary founding populations,
suggesting possible desiccation constraints. In less arid habitats, extended periods of
rain can cause nest failure for ground-nesting species. For the sweat bee Halictus
ligatus, foundress cooperation may provide protection against rain-induced nest failure
through enhanced nest maintenance (Richards & Packer, 1998). As such, like
environmental temperature, precipitation can alternately promote or constrain

cooperative behavior among non-relatives.
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Discussion

Sociality can be understood as an adaptive response to ecological conditions. Non-kin
groups present valuable test cases for hypotheses about the ecological drivers of group
formation, in particular, because communal and co-founding strategies are nearly always
facultative at the individual or population level (Heinze et al., 2017; Michener, 2007;
Ross & Matthews, 1991). Studying non-kin groups usefully controls for indirect fitness
benefits, thus enhancing our understanding of other, relatively neglected drivers of
group formation. These systems have yielded important intraspecific demonstrations of
the role of ecology in determining the adaptive value of grouping behavior. Here, I have
explored five central ecological factors expected to interact with the expression of social
behavior: interspecific pressures from predators and parasites, intraspecific pressures
over limited resources, environmental constraints on individual physiology and
productivity, and stressors associated with climate. Evidence from across Hymenopteran
systems indicates that these conditions play a pivotal role in shaping non-kin social
strategies.

Importantly, these ecological drivers of sociality are highly interactive. Efforts to
understand sociality across a single environmental axis are limiting and often yield
contradictory results (e.g., sociality alternately increasing and decreasing with latitude;
Purcell, 2011). Instead, integrative approaches that accommodate these interactions can
provide important insights into the complex conditions underlying grouping responses.
Studies in Hymenopteran systems have emphasized interactions among intraspecific,
interspecific, and abiotic selective pressures. For example, sociality can be a response to
intraspecific competition for access to nests (Gerling et al., 1989; Leadbeater et al., 2011).
This competition is often a direct product of physiological constraints associated with
nest construction behavior (Johnson, 2000; Ostwald, et al. 2021b), which can be
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exacerbated by climatic stressors such as low precipitation (Purcell, 2011; Wcislo, 1997).
This particular nexus of challenges is an important driver of group formation among the
communal and parasocial bees and polygynous ants (Cahan & Fewell, 2004; Danforth,
1991; Danforth et al., 1996). Highly competitive environments can also give rise to
cooperative strategies that mitigate worker production constraints experienced by
solitary foundresses. Accelerated worker production is a major benefit of cooperation
among ant foundresses vulnerable to brood raiding in contexts dominated by
intraspecific competition (Bartz & Holldobler, 1982; Eriksson et al., 2019; Rissing &
Pollock, 1991; Rissing & Pollock, 1987). Productivity constraints may also be important
drivers of grouping in environments dominated by predation pressures; for group-
founding wasps, increased colony sizes can provide essential resilience following
predation attempts (Strassman et al., 1988). Together, these examples suggest shared
sets of ecological conditions that favor cooperative behavior even when relatedness is low
or absent among group members. Importantly, these conditions are not restricted
geographically but instead occur at intersections of particular selective pressures that
can occur across a wide variety of habitat types.

These findings in non-kin groups of ants, bees, and wasps parallel known drivers
of social evolution in non-insect social systems, both kin and non-kin. Ecological
constraints are prominent, known drivers of cooperative breeding in birds and mammals
(Arnold & Owens, 1997; Emlen, 1984; Emlen, 1982; Hatchwell & Komdeur, 2000; Shen
et al., 2017). Inheritance tactics in nest-limiting environments may favor delayed
dispersal and nest joining (Emlen, 1984; Woolfenden & Fitzpatrick, 1978). As with the
ground-nesting ants and bees, nesting constraints may be physiological, and can be
exacerbated by climatic conditions: nest excavation costs in arid conditions have been
proposed as a major driver of sociality in the African mole-rats (Faulkes et al., 1997;
Hansell, 2005; Jarvis et al., 1994). More broadly, low and unpredictable rainfall has been
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associated with the global biogeography of cooperatively breeding mammals (Lukas &
Clutton-Brock, 2017). Environmental stochasticity has also been implicated in the global
distribution of cooperative breeding in birds (Jetz & Rubenstein, 2011), suggesting
important links between cooperation and environmental uncertainty that parallel trends
described in Polistes foundress associations (Sheehan et al., 2015).

Strengthening the conceptual links among Hymenopteran and vertebrate
sociality has great potential for the development of broader evolutionary frameworks
explaining non-kin cooperation. Vertebrate research has benefited from a more
comprehensive understanding of the taxonomic distribution of kin and non-kin sociality,
especially among the cooperatively breeding birds. This knowledge base has enabled
valuable phylogenetic studies highlighting the roles of environmental and life history
factors in shaping social organization (Cornwallis et al., 2017; Downing et al., 2015,
2020; Riehl, 2013). The social Hymenoptera likewise present special opportunities to
study non-kin sociality because it occurs frequently across closely related lineages. To
our knowledge, this comparative approach has not yet been applied to the Hymenoptera
in the context of kin vs. non-kin social evolution, but may be feasible for those taxa in
which non-kin sociality is better documented, especially the polygynous ants.

Beyond this comparative framework, the literature on vertebrate social systems
can provide social insect researchers with valuable approaches for studying direct
benefits of cooperation. The social vertebrate literature is rich in explorations of the costs
and benefits of well-defined cooperative behaviors, from hunting and defending food
(Lucas & Brodeur, 2001; Packer & Ruttan, 1988) to detecting and repelling predators
(Foster & Treherne, 1981; Hamilton, 1971) or successfully rearing offspring (Ebensperger
et al., 2007; Hodge et al., 2009). Likewise, studies should investigate direct benefits of
cooperative behaviors in Hymenopteran societies, for example, the effectiveness of nest
defense in social vs. solitary bee nests (as in Hogendoorn & Velthuis, 1993; Prager,
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2014), or the consequences of shared foraging duties in ant and wasp foundress
associations (Cahan & Fewell, 2004). Importantly, the exchange of theories and ideas
between vertebrate and invertebrate sociality research should be bi-directional. Insights
from Hymenopteran systems have the potential to overcome many of the limitations of
work with vertebrate systems. Especially given their short generation times and
experimental tractability in lab settings, insect systems have the potential to fill gaps in
our broader understanding of the long-term direct fitness outcomes of cooperation over
multiple generations.

Current understanding of social evolution among unrelated individuals is
constrained by limited knowledge of the full diversity of Hymenopteran taxa that form
non-kin groups. The incidence of non-kin cooperation is likely to be greatly
underestimated due to the tendency of non-kin groups to occur within otherwise solitary
populations (Heinze et al., 2017; Michener, 2007; Ross & Matthews, 1991), and due to
limitations associated with quantifying relatedness in some species. This knowledge gap
can be addressed with simple behavioral techniques (e.g. mark-recapture or observations
of nest joining; Abrams & Eickwort, 1981; Peso & Richards, 2011) and inexpensive
genotyping methods (e.g. microsatellites; Moore & Kukuk, 2002). Other techniques, like
radio-frequency tracking (Kissling et al., 2014; Sumner et al., 2007), have the potential
to reveal nest switching patterns that maintain low relatedness in some insect groups. A
first priority in future research on non-kin sociality should be to expand our
understanding of the diversity of non-kin systems via integrated behavioral and
molecular research. Many of the species highlighted in Table 1 currently possess
incomplete evidence for non-kin sociality, especially among the wasps and bees. It is
likely that non-kin groups form among many other, related species for which kinship has
not yet been quantified. The same may be true for similarly structured social groups
outside the Hymenoptera, especially among the termites, which can form polygynous
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colonies through colony fusion (Deheer & Vargo, 2008; DeHeer & Vargo, 2004; Korb &
Roux, 2012).

Beyond characterizing the organization and formation of these groups, studies
that relate social founding strategies to ecological conditions or compare social and
solitary strategies in sympatry represent promising directions for future research.
Particularly illuminating would be controlled experimental studies relating social
condition to ecological conditions and, especially, to fitness outcomes. The abundance of
facultatively social non-kin groups provides diverse, experimentally tractable systems in
which social condition can be observed and even manipulated within a single species,
thus avoiding the pitfalls of comparisons across species with very different evolutionary
histories. Manipulative studies such as these could rigorously test hypotheses about
proposed drivers of sociality, providing insights into the ecological conditions at the

origins of group living.

Conclusions

The ecological drivers of non-kin cooperation represent a highly overlapping suite of
conditions that interact to constrain solitary reproductive opportunities. Integrative
research that accommodates these interactions has the potential to reveal common
principles underlying social evolution broadly across animal taxa and across kin and
non-kin groups. Our current understanding of the full diversity of non-kin sociality in
the Hymenoptera is highly limited, but existing analyses suggest that groups containing
non-relatives are more widespread than previously acknowledged. Future work should
quantify relatedness across a diversity of species, and leverage these systems as models
for evaluating the ecological conditions that favor group formation. Studies of known
non-kin groups in the Hymenoptera have emphasized the role of harsh, competitive
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environments in selecting for cooperative strategies even in the absence of indirect

fitness benefits. These findings parallel patterns more broadly across animal groups that

indicate a major role for ecological constraints in shaping diverse forms of sociality.

Table 1.1. Hymenopteran species with the strongest evidence for non-kin associations.

Where available, I report r values for comparisons among adult female nestmates, often

foundresses.
Taxon Social Evidence for Within-group r | References
Organization | Non-Kin
Sociality
Wasps | Vespidae
Stenogastrinae
Liostenogaster flavolineata Primitively Allozyme Not reported Strassman
eusocial analysis for foundresses | 1994
Polistinae
Mischocyttarus mexicanus Primitively Behavioral NA Mora-Kepfer
eusocial observations 2014
Polistes exclamans Primitively Behavioral NA MacCormack
eusocial observations 1981
Polistes fuscatus Primitively Behavioral NA Klahn 1979
eusocial observations
Polistes dominula Primitively Microsatellite ~0.1 (for 15% of | Queller et al.
eusocial analysis population) 2000,
Zanette and
Field 2008
Bees Andrenidae
Panurginae
Macrotera texana Communal DNA 0.008 Danforth
fingerprinting 1996
Andreninae
Andrena scotica Communal Microsatellite ~0 Paxton et al.
analysis 1996
Halictidae
Halictinae
Lasioglossum hemichalceum Communal Allozyme 0.07 Kukuk and
analysis Sage 1994
Halictus sexcinctus Communal Behavioral NA Richards et
or observations al. 2003
primitively
eusocial
Halictus ligatus Primitively Allozyme -0.18 Richards and
eusocial analysis Packer 1998
Agapostemon virescens Communal Behavioral NA Abrams and
observations Eickwort
1981
Pseudagapostemon Communal Behavioral NA Michener
divaricatus observations and Lange
1958
Colletidae
Hylaeinae
Amphylaeus morosus Communal Allozyme 0.26 Spessa et al.
analysis 2000
Apidae
Xylocopinae
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Xylocopa virginica Parasocial Microsatellite 0.09 — 0.30 Vickruck and
analysis Richards,
2021
Xylocopa sonorina Parasocial Microsatellite -0.09 — 0.35 Ostwald et
analysis al. 2021a
Xuylocopa sulcatipes Parasocial or | Behavioral NA Velthuis
semisocial observations 1987
Xuylocopa pubescens Parasocial or | Behavioral NA Gerling et al.
semisocial observations 1983,
Hogendoorn
and Leys
1993
Ants Formicidae
Myrmecinae
Atta texana Eusocial Behavioral NA Moser and
observations Lewis 1981
Acromyrmex versicolor Eusocial Allozyme -0.12 Rissing et al.
analysis 1989
Acromyrmex heyeri Eusocial Isozyme Not reported Diehl and
analysis Cavalli-
Molina 2001
Acromyrmex striati Eusocial Isozyme Not reported Diehl and
analysis Cavalli-
Molina 2001
Myrmica gallienii Eusocial Isozyme 0.01 Seppd 1996
analysis
Pogonomyrmex californicus Eusocial Microsatellite 0.059 Overson et
analysis al. 2016
Messor pergandet Eusocial Microsatellite ~0 Helms and
analysis Helms Cahan
2012
Camponotus ligniperdus Eusocial Microsatellite | Not reported Gadau et al.
analysis; DNA 1998
fingerprinting
Formicinae
Myrmecocystus mimicus Eusocial Microsatellite 0.03 — 0.11 Holldobler et
analysis al. 2012
Formica podzolica Eusocial Microsatellite 0.156 DeHeer and
analysis Herbers
2004
Oecophylla smaragdina Eusocial Microsatellite 0.08 Schliins et al.
analysis 2009
Ponerinae
Neoponera inversa Eusocial Microsatellite -0.036 (2007) Heinze et al.
analysis 2001;
Kolmer et al.
2002;
Kellner et al.
2007
Neoponera villosa Eusocial Microsatellite 0.024 Kellner et al.
analysis 2007
Myrmeciinae
Myrmicia pilosula Eusocial Microsatellite 0.088 Qian et al.
analysis 2012
Myrmicia rubra Eusocial Microsatellite 0.041 (1982) Pearson
analysis; 1982, 1983,
Isozyme Seppd and
analysis Walin 1996
Dolichonderinae
Iridomyrmex purpureus Eusocial mtDNA Not reported Carew et al.
analysis 1997
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CHAPTER 2
FLUID NEST MEMBERSHIP DILUTES RELATEDNESS IN CARPENTER BEE
GROUPS

Introduction

For many animal groups, kin selection theory has served as the central paradigm for
understanding the evolution of social behavior (Hamilton, 1964; Trivers & Hare, 1976;
West-Eberhard, 1975). Nevertheless, many animals form social groups with non-kin, and
gain little to no indirect fitness benefits from cooperation (Bernasconi & Strassmann,
1999; T. Clutton-Brock, 2009; Riehl, 2013). Particularly within the Hymenoptera, these
groups tend to be understudied relative to kin groups, but offer valuable opportunities to
test hypotheses about drivers of social evolution while controlling for indirect fitness
benefits. However, the extent to which animals form alliances with non-relatives and the
mechanisms by which these groups arise remain unknown for many social taxa.

Non-kin groups may arise through shared exploitation of limiting resources,
especially nesting sites. These conditions may prompt individuals to disperse and seek
reproductive opportunities by joining established groups or constructed nests. Nest
joining by non-relatives is common within the cooperatively breeding birds, which may
gain direct fitness benefits of cooperation even when relatedness is low (Baglione et al.,
2002; Piper et al., 1995; Riehl, 2011; Young, 1998). Likewise, among the communal and
polygynous wasps and bees, females may join nests established by non-relatives, where
they may benefit from reduced costs of guarding, provisioning, and/or nest construction
(Danforth et al., 1996; Johnson, 2004; Mora-Kepfer, 2014; Wcislo & Tierney, 2009;
Ostwald et al. 2022).

The large carpenter bees (genus Xylocopa) represent useful candidates for testing
hypotheses about social evolution, particularly in the context of non-kin sociality.
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Carpenter bees may be solitary or may form small, fluid societies in which a single
dominant female performs all or most of the egg laying, provisioning, and nest
construction/maintenance (Buchmann & Minckley, 2019; Gerling et al., 1989; Richards &
Course, 2015). Subordinate females may perform guarding duties but otherwise
contribute little to the productivity of the nest (Hogendoorn & Velthuis, 1993; Prager,
2014; Richards, 2011). Instead, subordinates are likely waiting for opportunities to inherit
existing nests (Richards, 2011; Schwarz et al., 2011; Velthuis & Gerling, 1983; Vickruck &
Richards, 2018), which can be less costly than new-nest construction (Ostwald et al.,
2021b).

Because nests are costly and valuable resources, most females will breed in existing
nests rather than undertaking new nest construction (Peso & Richards, 2011), which is
energetically expensive (Ostwald et al., 2021b). This limitation creates a shortage of
available breeding space that can give rise to intense intraspecific competition for
reproductive opportunities (Buchmann & Minckley, 2019; Gerling et al., 1989). Following
emergence, adult Xylocopa often (but not always—see Gerling, 1982; Velthuis, 1987)
overwinter with siblings in the natal nest in mutually tolerant pre-reproductive
assemblages (Michener, 1990a). These family groups become aggressive at the onset of
the reproductive season, prompting dispersal and the formation of dominance hierarchies
(Michener, 1990; Richards & Course, 2015; Velthuis, 1987). To secure reproductive
opportunities, females may compete for dominance in their natal nests or may attempt to
usurp reproductives in nearby nests (Hogendoorn, 1996; Hogendoorn & Leys, 1993;
Richards, 2011). Alternatively, females may disperse from their natal nests to join
neighboring nests, perhaps seeking to advance their position in a reproductive queue or
to minimize competition with close kin (Vickruck & Richards, 2018, 2021).

Nest joining behavior has been observed in several Xylocopa species and is
expected to create opportunities for association among non-relatives (Camilo & Garofalo,
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1989; Gerling, 1982; Peso & Richards, 2011; Velthuis, 1987). Peso and Richards (2010)
used mark-recapture techniques to examine the extent of nest joining in the eastern
carpenter bee, Xylocopa virginica, and found that roughly half of recaptured females were
found at a different nest from the one at which they were originally marked. The high rate
of relocation can explain low within group relatedness in social groups of this species
(Vickruck & Richards, 2021). Aside from this study, genetic relatedness of nesting groups
is unknown for any other species of carpenter bee, despite ample behavioral observations
indicating that carpenter bees tolerate non-relatives in their nests.

I examined nest joining behavior and relatedness in the facultatively social valley
carpenter bee, Xylocopa sonorina. Like most carpenter bees, this species is characterized
by high reproductive skew and intense nest-site competition (Gerling, 1982). Gerling
(1982) observed adult females joining active nests during the reproductive season, and
also found that some recently emerged offspring dispersed from their natal nests soon
after emergence. I predicted that dispersal and nest relocation may dilute relatedness
within nests, leading to mixed associations of kin and non-kin. Using complementary
behavioral and genetic approaches, I characterized the dynamic group membership of X.
sonorina and the consequences of these behaviors for relatedness within and among
nesting groups. In doing so, I aim to highlight mechanisms of group formation that can

evolve in the absence of helping behavior and indirect fitness returns.

Methods

Study design and X. sonorina seasonal activity

To characterize nest relocation and relatedness patterns in X. sonorina, I collected genetic

and behavioral data from a single nesting aggregation (an occupied log of Goodding’s
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willow, Salix goodingii, 206 cm length x 23 cm diameter) sourced from a riparian area in
Phoenix, AZ, USA (33.41988 N, -112.07062 W). In central/southern Arizona, winter
quiescence for X. sonorina typically ceases in March (Minckley, 1987). Mating activity
occurs in March and April (Minckley & Buchmann, 1990), and female reproductive
activities, including nest construction/renovation, egg laying, and offspring provisioning,
occur primarily in April and May (Minckley, 1987; Ostwald et al., 2020), and offspring
emerge in late May to June (Minckley, 1987; Ostwald et al., 2020). This species is
univoltine and produces an average of 11.5 brood per nest (Ostwald et al., 2020), laid by a
single reproductive female. Nests may be solitary or may contain as many as 9 adults
during the spring (Ostwald et al., 2020), though the distribution of group sizes is expected
to depend strongly on local factors such as nesting density.

To capture dynamic nest movement behavior across the reproductive season but
prior to offspring emergence, I conducted behavioral observations from mid-March to
early May of 2021. Likewise, to capture group relatedness at the onset of dispersal and
reproductive activity I collected genetic samples in late March to early April of 2019 and

2020.

Behavioral observations of dispersal and nest joining

I used mark-recapture techniques to examine dispersal and nest joining by female bees
over the course of the reproductive season. During spring 2021, I caught and/or observed
bees entering and departing nest entrances in our focal log (as in Peso & Richards, 2011;
Peso & Richards, 2010). Upon first capture of an individual, I recorded the nest of origin
and marked each bee with a unique two-color paint marking on the thorax and abdomen
using Testors enamel paint (Testors, Vernon Hills, IL). For all subsequent observations I
recorded the identity of the bee and the nest of departure or arrival. These nests may have
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been natal nests or non-natal nests to which they had dispersed. To estimate total
population size, I extrapolated from counts of the number of marked and unmarked
female bees entering and exiting the log over the course of one hour at the end of the
spring, after all focal bees had been marked.

I observed nest entry and departure activity for 17 days between March 18 and May
2, 2021. On each sampling day I observed bees for 1-4 hrs within the daily window of peak
flight activity, for a total observation period of 30 hrs 25 min over the course of the spring.
I observed all entries and exits during these observation periods, and recorded the nests
visited. Ambient temperatures at the time of observation ranged from approximately 20°C

to 34°C.

Genetic analysis

I collected genetic samples by capturing bees upon departure from their nests. I
anaesthetized all females on ice then removed the most distal tarsal segment from one
metathoracic leg using a sterile razor blade. Removal of this tarsal segment is not known
or expected to significantly impair mobility (Vickruck & Richards, 2017). Tarsal samples
were stored in ethanol at -20°C for later genetic analysis.

I extracted DNA from all tarsal samples using the DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA, USA). I amplified DNA at 6 microsatellite regions characterized for
the congener X. virginica (Vickruck, 2015: XV7, XVg, XV27, XV28, XV30, XV42), having
previously confirmed the presence of these loci in X. sonorina using gel electrophoresis of
amplified PCR products. Loci were amplified in three 12.5 pl PCR multiplex reactions of
two or three primers per multiplex. Forward primers were tagged with a fluorescent probe

(6FAM, TET, PET, HEX, or VIC) for fragment identification (Table 2.1). Genotypes were

33



analyzed by fragment analysis and scored by visual inspection of the tracefiles using

Geneious R8 (Kearse et al., 2012).

Relatedness calculation and statistical analysis

I estimated relative relatedness of sampled individuals using methods developed by
Queller & Goodnight (1989), using the R package related (Pew et al., 2015). Data are
presented as pairwise comparisons of the relative relatedness of all possible pairs of
individual female bees in the sample. I used Wilcoxon tests to compare relative relatedness
of nestmates (within nest comparison) versus non-nestmates (between nest comparison)
within each year of collection. I excluded from analysis any individuals that were missing
genotype information at two or more loci (N = 6). In addition, I tested for adherence to
Hardy-Weinberg equilibrium at all loci, and estimated Fsr and Fis between collection
years, using the genepop package (Rousset, 2008). All statistical analyses were conducted

in R 4.1.9 using the base and stats packages (R Core Team, 2021).

Results

Fluid group membership

Over the course of spring 2021, I marked a total of 75 unique female bees at 25 focal nests.
I estimate that there were approximately 147 female bees residing in the log at this time
based on the estimated ratio of marked to unmarked bees. Further, I estimate that there
were approximately 40 active nests over the spring observation period. Of the 75 marked
female bees, I observed 47 bees on more than one occasion, with an average of 2.57 + 0.22
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(range: 1—12) observations per individual. The bees that were only observed once may have
dispersed to nests other than our 25 focal nests (including nests in other, distant
aggregations) or may not have left the nest during our chosen sampling times. Of the 47
bees observed more than once, 16 (34.04%) were observed only at a single nest. The
remaining 31 bees (66.96%) were observed at multiple nests: 19 bees (40.43%) were
observed at 2 different nests, 7 bees (14.89%) were observed at 3 different nests, 3 were
bees (6.38%) observed at 4 different nests, and 2 bees (4.26%) were observed at 5 different
nests (Figure 2.1). No bee was observed re-visiting a nest she had previously occupied.
Importantly, the number of nests visited by each bee is likely to be greater than
what I was able to observe during this limited observation period. Many of the 28 bees I
marked but did not recapture may have relocated to non-focal nests. For all bees observed
more than once, I observed a significant correlation between number of observations of
each bee and the observed number of nests visited (r = 0.49; df = 44, P < 0.001). This

correlation suggests that more intensive sampling would reveal even lower nest fidelity.

Relatedness within and between groups

I sampled genetic material from 68 adult females in spring 2019 and 2020. In 2019 I
sampled 29 females from 12 nests and in 2020 I sampled 39 females from 18 nests. I
sampled between 1 and 7 females per nest (mean = 2.27, S.E. = 0.28). Population genetic
analyses showed little genetic differentiation between years (across loci Fsr = 0.0488;
Table 2.2). Hardy-Weinberg equilibrium was verified for all but two loci (XS7 and XS30;
Table 2.2). In XS7 Fisanalysis showed an extreme overabundance of heterozygotes (Fis =
-0.97). I calculated the relative relatedness of all pairwise comparisons of individuals
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sampled (Queller & Goodnight, 1989). In this metric of relatedness, a value of o refers to
the average relatedness of all individuals sampled. Positive values refer to above-average
relatedness and negative values refer to below-average relatedness. A relative relatedness
value of 1 indicates that the two individuals share alleles at all six loci tested. In 2019, the
estimated relatedness (r) of nestmates (mean = -0.09, SE = 0.15, median = 0.10) was
indistinguishable from the relatedness of non-nestmates (mean = 0.10, S.E. = 0.03,
median = -0.023; Wilcoxon test: P = 0.500); (Figure 2.2). In 2020, the relatedness of
nestmates (mean = 0.35, S.E. = 0.07, median = 0.336) was significantly higher than the

relatedness of non-nestmates (mean = -0.05, S.E. = 0.02, median = -0.01; Wilcoxon test:

1 l\iest 2 Nésts 3 N;asts 4+ l\iests
Number of Nests Visited

P < 0.001); (Figure 2.2).

15

10

Number of Bees

Figure 2.1. Counts of uniquely identified bees observed at 1, 2, 3, or > 4 nests over the

course of the 2021 reproductive season.
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Figure 2.2. Estimated relative relatedness (r) of nestmate vs. non-nestmate females in a
single nesting aggregation. Each point represents a single pairwise comparison between
two unique individuals in the sample. In 2019 (left), nestmates were no more related than
non-nestmates (Wilcoxon test: P = 0.500). In 2020, nestmates were significantly more
related than non-nestmates (Wilcoxon test: P < 0.001). Shaded areas indicate probability

density.

Discussion

Choosing whom to live with is one of the most consequential social decisions animals
make. Kinship can factor strongly into this decision when individuals receive indirect
fitness benefits from helping relatives reproduce. When helping behavior is limited, as for
many carpenter bees (Gerling et al., 1989; Prager, 2014; Richards, 2011), incentives for
nesting with kin may be likewise minimal. I explored nesting decisions in the valley
carpenter bee (X. sonorina), which face severe intraspecific competition over nesting
opportunities (Gerling, 1982; Ostwald et al., 2021b). I demonstrated that nest joining is

common throughout the reproductive season in this species. Joining behavior may prompt
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associations between non-relatives. Indeed, I present genetic evidence suggesting a mix of
kin and non-kin in nesting groups, with many close relatives nesting apart, and many
unrelated individuals nesting together. These highly dynamic social groups raise
important questions about the costs and benefits of group living in different social
contexts.

Inter-nest migration creates opportunities for individuals to associate with non-
relatives. Often, these movements reflect adaptive strategies to access limited reproductive
opportunities through resource sharing or cooperation, as in many communal birds and
insects (Abrams & Eickwort, 1981; Riehl, 2011; Vehrencamp, 2000; W. Wcislo, 1993; W.
Weislo & Tierney, 2009). In other cases, relocation may reflect usurpation (Hogendoorn
& Leys, 1993; Klahn, 1988). In our study, a majority of bees (67%) relocated from the nests
at which they were originally captured (similar to rates observed in other Hymenopteran
species; (Megachile rotundata, Goerzen et al., 1995; X. virginica, Peso & Richards, 2011;
Polistes canadensis, Sumner et al., 2007), and 27% relocated more than once. These
moves may be temporary or permanent, reflecting both relocation and perhaps inspection
of possible nesting sites. Notably, however, I never observed a bee relocate and then return
to her previous nest, suggesting that relocations are often long-term.

The high rates of nest relocation in our study likely represent attempts to seek out
reproductive opportunities within saturated nesting space. Bees that relocate may be
attempting to usurp dominant reproductives in nearby nests (Hogendoorn, 1996;
Hogendoorn & Leys, 1993; Richards, 2011). Alternatively, they may join existing groups as
subordinates, but perhaps with a greater chance of nest inheritance than they had in their
natal nests (Richards & Course, 2015). Notably, nest relocation was common despite the
fact that intruders are usually treated aggressively by resident bees (Hogendoorn &

Velthuis, 1995; Velthuis & Gerling, 1983), suggesting that the potential benefits of
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relocation can outweigh the costs of physical conflict. The fitness outcomes of the
relocation strategy compared with remaining in the natal nest remain to be investigated.
Often termed “drifting,” nest relocation behavior should not be conflated with
navigational errors. For example, navigational errors are a well-documented apicultural
phenomenon in which honey bees enter unfamiliar hives in crowded apiaries (Free, 1958;
R. C. Oliveira et al., 2021; Pfeiffer & Crailsheim, 1998). Studies of inter-nest movements
in the paper wasp Polistes canadensis and the eastern carpenter bee X. virginica found
evidence that nest relocation in these species was not merely the result of navigational
errors (Peso & Richards, 2011; Sumner et al., 2007). In a study of the navigational abilities
of X. sonorina, females made very few navigational errors, even in treatments designed to
disrupt homing cues (Ostwald et al., 2019). These observations, coupled with the high
incidence (67%) of nest relocation in our study, suggest that nest relocation here
represents an active strategy rather than simply a consequence of navigational errors.
Our behavioral data support the results of our genetic analysis, which suggests that
nestmates are not always close relatives. In 2019, I found that nestmates were no more
related to one another than they were to non-nestmates. Frequent inter-nest migration, as
observed in our mark-recapture data, was likely to be the mechanism diluting relatedness
in these nestmate groups. In 2020, however, I found nestmates to be significantly more
related than non-nestmates, despite sampling at the same time of year across sampling
years. This suggests that levels of relatedness vary, across years and likely seasonally. If
females overwinter with siblings, then I would expect relatedness to progressively
decrease over the reproductive season, as bees disperse and are driven from the nest by
dominant bees (Richards & Course, 2015; Velthuis, 1987 Vickruck and Richards in review,
this issue). Also, annual variation in the timing of environmental cues regulating carpenter

bee social phenology (Minckley, 1987; Ostwald et al., 2020) could account for observed
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differences across years if, for example, bees began foraging and dispersing later in 2020
than in 2019.

Alternatively, the extent of dispersal and nest relocation across years may depend
on factors such as population density and the degree of intraspecific competition. Further
sampling throughout the year and across years would usefully clarify the extent to which
relatedness changes over time and how these patterns are shaped by environmental
factors. Our observed differences in relatedness may be, in part, an issue of limitations on
genetic markers. I examined genetic loci characterized for another species, X. virginica
(Vickruck, 2015), which I demonstrated to be present and variable in X. sonorina.
However, developing species-specific genetic markers will enable greater resolution of
relatedness estimates in future studies.

Why might bees leave their natal nests to join individuals to which they are not
closely related? Many non-kin groups benefit from task sharing that improves survival or
fitness by reducing the individual labor burden (Bernasconi & Strassmann, 1999; Cahan
& Fewell, 2004; Tibbetts & Reeve, 2003; Wilkinson et al., 2016). Carpenter bees, however,
do not share the labor costs of reproduction, with only the reproductively active female
contributing meaningfully to foraging and nest construction (Richards & Course, 2015;
Richards, 2011). As such, additional group members may not improve the productivity of
the nest (Buchmann & Minckley, 2019; Prager, 2014). In the absence of helping behavior,
the indirect fitness benefits of remaining in the natal nest with relatives are likely to be low
or absent. Instead, females may prioritize seeking direct fitness opportunities wherever
they may be available, with kin or non-kin.

At the same time, social decisions may not necessarily be made irrespective of
kinship. Temporary matrifilial societies may arise from generation overlap between
mothers and recently emerged offspring, in which offspring may guard the nest and
receive food from their mother (Gerling, 1982; Gerling et al., 1983; Velthuis & Gerling,

40



1983). Conversely, non-kin nesting may actually represent a strategy to maximize
reproductive opportunities among kin. Data from X. virginica even suggest that females
may actively avoid nesting with relatives during the reproductive season to reduce kin
competition (Vickruck and Richards in review, this issue). Indeed, our data show many
instances of closely related non-nestmates. Further study is needed to determine whether
females can benefit from associating with relatives, and if so, what conditions and life
history stages favor these associations.

In conclusion, I found evidence for variable relatedness within carpenter bee
nesting groups, suggesting that groups can consist of a dynamic mix of kin and non-kin
nestmates. This study represents one of only two to quantify genetic relatedness in
Xylocopa groups (Vickruck and Richards in review, this issue). Observations of nest
relocation in an additional two Xylocopa species suggests that low relatedness may be
common among the social species in the genus (X. pubescens, Gerling et al., 1983; X.
sulcatipes, Velthuis, 1987). Nest membership in our study was highly fluid, with most
females spending time in multiple nests over the course of the reproductive season. This
nest relocation strategy likely reflects attempts to secure reproductive opportunities
among strongly limited nest sites. Changes in nest membership demonstrate that
relatedness is not a fixed condition, but rather may shift with seasonal and social variables.
Instances of low relatedness among our sampled bees suggest limited indirect fitness
benefits for nestmates, and instead emphasize the importance of ecological factors,
especially nesting constraints, in facilitating sociality in X. sonorina (Ostwald et al., 2020;
Ostwald et al., 2021b). Though sociality is often interpreted through the lens of kin
selection, systems such as these with low and dynamic relatedness highlight the

complexity of social decisions beyond the role of kinship.
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Table 2.1. Amplified microsatellite loci with sequence, dye, and multiplex information.
Loci were characterized for X. virginica in Vickruck, 2015.

Locus Primer sequence 5-3’ Dye Multiplex

F: GCTCGACGTACCCTTGCG
XV7 | R: GIGGCAGTGACGTGGTGG Sl =

v F: ACTCTATTATTCTACATTAGTACGGTTCGC vIC A
9 | R: TTCGATTTCTGGCCTCTTCG

F: GAACAAGAGGACGGCAGAGG

XV27 | R. CCAGCACTGCAGACAGTGTACC AL =
F: CCGAGCTTCTGCTCTTCTGC

XV28 | R. CCTACCACCGTCCGATCTCC 6-FAM B

xvso | F: TIGATATAGCGCCGACCTCC bET 5

R: TCCTCTCGCCAAGTCTCCC

F: CAACGAATACAAACACCAGGTAGG
XV42 | R. AACCTGCATTCCTTGATACGG HEX C

Table 2.2. Summarized population genetic information across microsatellite loci,

including Fsr, Fis, X2 test for Hardy-Weinberg Equilibrium with associated DF and P-

values.
X2 DF P

Locus Fsr Fis

xvy 0000178 -o.977047 2190 6 <0.0001
XV9 0.042062  -0.240289 5:1609 6 0.5233
XV27 0.039322  -0.044913 56141 6 0.4678
XV28 0.041916 0.059614 47835 6 0.5719
XV30 0.016704 0.225506 15.4552 6 0.0170
XVq2 0.028394 0115763 10.2598 6 0.1141

42



CHAPTER 3
SEASONAL AND NEST ARCHITECTURAL FACTORS INFLUENCE SOCIAL
STRATEGY

Introduction

The initial transitions from solitary to group living are likely facultative, with some
individuals in a solitary population adopting a social lifestyle (W. Wcislo & Fewell, 2017;
West-Eberhard, 1987). As such, facultatively social species, found among diverse taxa
including birds, mammals, and insects, provide valuable insights into the conditions
promoting the evolution of social behavior. Studies of the drivers of flexible sociality have
variously highlighted ecological factors (Field et al., 2010; Haney & Fewell, 2018), social
factors (Kapheim et al., 2015; Lawson et al., 2016), and indirect fitness effects (Reyer,
1984; Yagi & Hasegawa, 2012). Within these broader contexts, individuals must weigh the
fundamental considerations of when and where it is adaptive to be social. In this study, I
use CT imaging to characterize a facultative social organization in the carpenter bee
Xylocopa sonorina, for which both seasonal and spatial selective pressures likely play
roles in the formation of social groups.

Complex social behavior often has its evolutionary origins in ecological and spatial
constraints that compel organisms to forego independent reproductive opportunities. In
particular, environmental factors that change seasonally can drive cyclical variation in
social behavior. For example, temporary grouping behavior can maximize seasonal
opportunities for resource exploitation (Bos et al., 2004; A. Smith et al., 2019; Watanuki
et al.,, 2004). Additionally, climatic stressors can drive periods of mutual tolerance
between conspecifics seeking shared refugia. This is especially the case for temperate
species with limited ability to withstand winter conditions outside of hibernacula or
aggregations (W. Arnold, 1988; Dapporto & Palagi, 2006).
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Habitat saturation and costly nest founding can also encourage social nesting
(Barve et al., 2019; Emlen, 1982; Hatchwell & Komdeur, 2000). Inheritance of nesting
structures by descendants is a common adaptation to environments lacking in opportunity
for dispersers (M. A. Harris & Murie, 1984; Leadbeater et al., 2011; Myles, 1988). Extended
multi-generational use of inherited nests may have implicit limitations, however, when
nest structures decline in quality over time (Holmes et al., 2003; Moller & Erritzoe, 2006).
Furthermore, these changes in nest architecture can shape interactions within societies.
Effects of the built environment on social behavior are well established in human societies
(Allen, 2000; Baum & Valins, 1977; J. Williams, 2005) and increasingly in the eusocial
insects (Pinter-Wollman, 2015; Pinter-Wollman et al., 2017), but spatial determinants of
social complexity are underexplored in discussions of social evolution (He et al., 2019).

Here I explore the nest as the interface at which organisms shape their
environment and which in turn shapes the social interactions of its inhabitants. To
examine interactions among sociality, ecological factors, and the built environment, I
observed seasonal changes in the social behavior of the carpenter bee X. sonorina and
correlated impacts on nest architecture. Carpenter bees are known for their diversity of
social behaviors (Michener, 1990a; Rehan et al., 2012), with a number of species
expressing intra-population social polymorphism (Gerling et al., 1981; Gerling &
Hermann, 1978). Nest site limitation has often been invoked as a primary ecological driver
of carpenter bee social nesting (Gerling et al., 1989; Gerling & Hermann, 1978). Likely due
to this limitation, carpenter bees are strongly philopatric, inheriting and renovating nests
from older generations (Michener, 1990a). The ultimate abandonment of these nesting
tunnels, however, suggests an eventual functional expiration of inherited nests. One
possible mechanism by which nest quality may decline over time is through tunnel
widening that accompanies brood rearing activities (Gerling et al., 1981). Wider tunnels
require the construction of larger-diameter nest partitions, which may increase the cost of

44



constructing these partitions. More importantly, however, the diameter of nest tunnels
has important implications for within-nest behaviors, particularly dominance
interactions, which often involve physically blocking a rival’s passage through the nest
(Gerling et al., 1981; Hogendoorn & Velthuis, 1993; M. Richards & Course, 2015)/ As such,
important behaviors mediating social organization would be compromised by tunnels that
are wide enough to permit non-consensual passing.

I conducted a year-long series of CT scans of carpenter bee (X. sonorina) nesting
logs to test the hypothesis that social organization responds dynamically to seasonal and
architectural changes. The destructive nest surveys that are typically used to characterize
insect social structure fail to capture important structural changes caused by long-term
interactions between the social group and its extended phenotype, the nest. For many taxa,
the nest is the site of interactions that are essential for understanding group dynamics;
however, it is often inaccessible to non-destructive observation. Recent work has made use
of imaging technology to visualize ant and termite nests (Fuchs et al., 2004; Halley et al.,
2005; Perna et al., 2008; Varoudis et al., 2018), but these studies have focused on
characterizing nest construction by large eusocial colonies rather than examining the ways
in which the use of space may shape sociality at its evolutionary origins. Some of the
foundational work on carpenter bee sociality has made use of two-dimensional, field X-
ray views of nest structures in thin wooden boards (Gerling et al., 1981; Gerling &
Hermann, 1978; Hogendoorn & Velthuis, 1993). Our study builds on this foundation by
using CT techniques to produce a three-dimensional view of nest architecture and social
strategies in natural nesting logs. This approach allows visualization of social structure
over time and demonstrates flexible matching of social strategy with seasonal and spatial

conditions.
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Methods

Population, nesting logs, and X. sonorina life history

To track the social dynamics of naturally nesting carpenter bees, I established a population
of X. sonorina in a desert riparian research area at Arizona State University (33.42°N, -
111.93°W). I collected and relocated two logs (Log A: Prosopis sp. wood, 51 cm long, and
Log B: Salix gooddingi wood, 107 cm long) containing multiple X. sonorina nests from
local residential and park areas in December 2017. A third log, Log C (Prosopis sp. wood,
135 cm long), was used for dissection in February 2018 immediately after it was removed
from its original location in a nearby residential area. Each log contained over a dozen
previously constructed nest structures in varying stages of decay, only a fraction of which
were occupied at a given time. Logs in the courtyard experienced ambient temperature
and humidity, and received morning shade.

In the desert Southwest, X. sonorina spend the winter inactive in their nests,
before emerging in early March (Minckley, 1987). Mating activity generally occurs
between March and May (Alcock & Johnson, 1990). Beginning in March, females
provision brood and perform any necessary excavation of nesting tunnels (Minckley,
1987). Emergence of adult offspring generally begins in June, after which activity levels
taper through the fall into November and December, by which time adults enter winter-

quiescence (Robert Lynn Minckley, 1987; personal obs.).

CT scanning

To estimate frequencies of social and solitary nesting strategies, nesting logs were scanned

once every two months between January 2018 and March 2019, for a total of eight scans

46



per log, using a CT machine (General Electric, LightSpeed VCT) at St. Joseph’s Hospital
in Phoenix, AZ. In January 2018 only Log B was scanned, and in March 2018 only Log A
was scanned; for all subsequent scan dates, both logs were scanned together. Scans took
place between 1:00AM and 6:00AM to ensure that all bees were inactive inside their nests
during scanning. To prevent escape, nest entrances were plugged with cotton prior to
transport to the hospital. Scan image slices were 2.5 mm thick and provided in sagittal and
coronal views relative to the long axis of the log. Following scanning, logs were placed in

their original locations at the research site.

3D reconstructions: Social organization and nest architecture analysis

To assign bees in scan images to their particular nests, I manually reconstructed the 3D
structure of nests and visually identified all bees, brood, and pollen inside the nest tunnels
(Figure 3.1). 3D images were constructed from scans using Avizo™ version 9.0 (Thermo
Scientific™); (Figure 3.2). For each 3D nest structure, I counted the number of unique
tunnel branches per nest.

To determine the effect of brood cell construction on tunnel diameter, I measured
the diameter of tunnels at their widest point within three brood-cell lengths of the terminal
end, in spaces where brood cells had been or would be constructed. I measured diameters
of tunnels occupied by brood in the May 2018 scans (for both logs) and compared them to
the diameter of these same tunnels before the brood cells were constructed (Log A: March
2018 scan; Log B: January 2018 scan). I also measured tunnel diameter of abandoned
nests in both logs in the May 2018 scans. Tunnel diameter was measured using ImageJ
version 2.0.0 (National Institutes of Health).

The 3D reconstructions of nests and bees in scan images allowed us to estimate the
prevalence of social (multi-female) and solitary (single female) nesting at different times
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throughout the year. It is important to note that I was unable to distinguish female from
male bees on the CT images. Due to this limitation, any nests that may have been
comprised of a single female and one or more males would have been counted as a possible
multi-female nest, causing us to underestimate the number of solitary nests. Conversely,
any nests consisting of a single male would have been counted as a possible solitary female
nest, causing us to overestimate the number of solitary nests. However, I do not expect
these counterbalancing potentials for over- and underestimation to affect observed ratios
of solitary to social nests throughout the year. Males are active in the spring through May,
when defending mating territories (Alcock & Johnson, 1990; Minckley & Buchmann,
1990), before dying and being replaced by the new generation of males in June (personal
obs.). Due to this relative continuity of male presence in nests, I do not expect significant
seasonal shifts in sex ratio that would impact our social nest frequency estimates.

To additionally overcome the limitation associated with not distinguishing males
and females in scan images, I dissected nesting logs and censused occupied nests near the
beginning and the end of the 14-month study. In February 2018, a month after the first
scan, I dissected Log C, which was not used for any scans. In March 2019, after all scans
Ire completed, I dissected Logs A and B, the subjects of our series of eight scans. During
log dissection, I exposed nesting tunnels with a hammer and chisel, and censused bees in
each nest to categorize it as social or solitary. I also measured head widths of females using

digital calipers to contextualize our measurements of tunnel diameter.

Statistical analysis

I evaluated the effect of season on social strategy (solitary or social) with a Fisher’s exact
test. I used Pearson’s correlation analysis to test for a relationship between the number of
tunnel branches in a nest and the number of adults per nest in July 2018. For our analysis
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of nest tunnel diameter, I confirmed normality and homoscedasticity of data with Shapiro
tests and Levene’s tests, respectively. To determine the effect of brood cell construction on
tunnel diameter, I compared tunnel diameter measurements before and after brood cells
had been constructed, using a paired t-test with a Bonferroni correction for multiple
pairwise comparisons. To compare these data to the diameters of tunnels in abandoned
nests as well as to the doubled head width of females (a measure of the ease of passing
other adults in the nest), I conducted t-tests as appropriate and Mann-Whitney U tests
when assumptions were violated. P-values are reported with Bonferroni corrections for
multiple pairwise comparisons. Results are presented as mean + standard error. All

statistical analyses were performed in R version 3.4.2 (R Development Core Team, 2017).

Results

Phenology of social organization

The total population (Logs A & B) numbered 29 bees when logs were CT scanned in May
2018, during early brood provisioning and before the emergence of the first brood (Figure
3.3). The adult population more than quadrupled to 129 bees after the emergence of brood
in the July 2018 CT scans. However, this increase was still less than half the potential
population increase suggested by the emergence of 245 brood between May and July. By
September 2018, the within-log population had fallen to below 40 adults, probably due to
a combination of mortality and dispersal, where it remained until the following year.
Overwintering mortality, estimated as the decrease in the number of adults present in
scans between November and January, was relatively minimal at 13% (4 bees).

Social and solitary nests co-occurred throughout the year, demonstrating
facultative sociality. The number of active nests in the two nests fluctuated throughout the
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year between a minimum of 7 and a maximum of 13, due to migration, new nest
construction, and nest abandonment. There was a significant effect of time of year on the
frequency of social nesting in this population (Fisher’s exact: P < 0.001); (Figure 3.3.
Specifically, social nesting was common (50% of nests or more) throughout the year,
except when solitary nesting predominated in May (10 of 11 nests), when females were
provisioning their first brood. In July 10 of 13 nests were social, likely because young
adults remained in the nest after emergence. Social nests at this time contained 6.50 + 1.12
adults. In September, nests were split evenly between solitary and social strategies, and
social nesting predominated through the winter (Figure 3.3).

Nest censuses from our log dissections indicated that our estimates of social and
solitary nesting frequencies were roughly consistent with actual proportions of social and
solitary nests, and that error resulting from ambiguous social states was minimal. Of 18
total nests dissected, four contained a solitary female and one or more males (which would
have caused an underestimate of the number of solitary nests) and two contained a single
male (which would have caused an overestimate of the number of solitary nests). The
counterbalancing effects of these two types of potential error help mitigate the effects of

ambiguity in social strategy assignment using CT scans.

Nest architecture

Our 3D reconstructions of nests revealed a diversity of nest structures (Figure 3.4),
ranging from a single linear tunnel to large tunnel networks with more than fifteen
branches. Additionally, the reconstructions suggested that multiple nests had become
connected such that a continuous tunnel structure contained multiple adjacent entrances,
probably from formerly independent nests (see blue tunnel network, Log B, Figure 3.2).
For those nests occupied when the population reached its peak size in July, I found no
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relationship between the number of adults in a nest and the number of branches (r < 0.01,
n =12, P =0.98).

The construction of brood cells significantly increased tunnel diameter, from 15.06
+ 0.16 mm before brood to 16.80 + 0.24 after brood cell construction (Paired t-test: t = -
7.43, n = 24, Bonferroni-adjusted P < 10¢); (Figure 3.5). Abandoned tunnels (16.87 + 0.23
mm, n = 24) were also significantly wider than tunnels before brood cell construction
(Welch’s t-test: Bonferroni-adjusted P < 10°), and similar to those after brood cell
construction (Welch’s t-test: Bonferroni-adjusted P = 1); (Figure 3.5). Because
measurements of tunnel diameter before brood laying were taken before nest excavation
activity had begun, I assume that these tunnels had been constructed the prior season
(spring 2017) or earlier. Therefore, it is likely that the tunnels measured in this study had
housed brood for at least two consecutive seasons.

The doubled head width of females (a measure of ease of passing in tunnels) (15.27
+ 0.03 mm; n = 141) was significantly less than the diameter of abandoned tunnels (Mann-
Whitney U test: Bonferroni-adjusted P < 107) and the diameter of tunnels after brood cell
construction (Mann-Whitney U test: Bonferroni-adjusted P < 107), but no different from
the diameter of tunnels before brood cell construction (Mann-Whitney U test: Bonferroni-

adjusted P = 0.93); (Figure 3.5).
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Figure 3.1. Scan images showing nesting tunnels with (a) adult bees, (b) a full pollen
provision and a “pollen slant” or in-progress pollen provision tended by an adult bee, (c)

brood cells containing larvae, and (d) brood cells containing pupae.
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Figure 3.2. Images showing nesting logs, CT scan image slices (July 2018), and 3D
reconstructions of logs and nest tunnels. Tunnels and nest entrances shown in different
colors represent separate, unconnected nests. The blue tunnel network in Log B consists

most likely of a series of passively merged nests.
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Figure 3.3. Phenology of carpenter bee sociality, represented as (a) total counts across both
logs of brood cells including eggs, larvae, or pupae, and “pollen slants” representing the
early stage of provisioning future brood. Times shaded orange represent the general
period of activity devoted to reproductive activities such as mating, nest construction, and
brood provisioning. Times shaded blue represent the period of winter quiescence. (b)

Frequencies of solitary and social nests in Logs A and B combined, between May 2018 and
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March 2019. Numbers in white bars represent mean numbers of adult bees in social nests.
Total nest number changed throughout the year as nests were variously occupied and
abandoned. Time of year had a significant effect on the frequency of social nesting (P <

0.001).

Figure 3.4. Sample of 3D nest reconstructions with number of branches per nest (top left

of boxes). Yellow dots indicate the position of nest entrances.
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Figure 3.5. Comparison of tunnel diameters before and after brood cell construction (N =
24), diameters of abandoned tunnels (IV = 24), and the doubled head width of females (INV

= 141, from Log C) as a contextualizing measure of ease of passing in tunnels.

Discussion

Plasticity in social behavior allows animals to adaptively match life history strategy to
changing environmental conditions. In this study, I used non-invasive, repeated CT
imaging of carpenter bee nesting logs to demonstrate flexible sociality strongly influenced
by seasonal effects. I also examined the interplay between nest use and nest architecture,
and found that reused nests change in a way that has implications for within-nest social
interactions. Our results suggest important effects of phenology and nest site limitation
on the incidence of social nesting, and capture the fluidity of social behavior in a

facultatively social species.
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Facultative sociality and social phenology

Alternative social strategies within populations often arise from complex interactions
between organisms and their environment. Plastic responses to environmental variables
are likely to underlie the evolutionary transition from solitary to group living (Michener,
1974; W. Wcislo & Fewell, 2017; West-Eberhard, 1987). Social organization may shift
according to seasonal changes in ecological and behavioral variables, particularly those
affecting resource availability, social competition, and climatic challenges. Our results
reveal a dynamic social organization likely driven by seasonally fluctuating costs and
benefits of group nesting.

Seasonal periods of increased competition can constrain sociality, as in red deer
stags, which form bachelor groups for 10 months of the year that break up during the
mating season (Cervus elphaus; Lincoln et al., 1972), or in female wild sheep, which group
when food resources are plentiful and disperse in summer when meadows are
impoverished (Ovis orientalis; Bon et al., 1990). Social groups of carpenter bees likewise
disband when within-group competition increases, as mutually tolerant overwintering
groups become competitive and produce dispersers in the spring (Gerling et al., 19809;
Hogendoorn & Velthuis, 1993). Our results are consistent with this typical behavioral
pattern, with a high incidence of social nests found in winter and predominantly solitary
nests found in spring. Seasonal factors are likely to impact important differences in the
nature of group living, whether as family-based pre-reproductive assemblages or as
female-based reproductive social groups. Because subordinate females in Xylocopa nests
contribute only minimally, if at all, to brood provisioning (Gerling et al., 1989; M. Richards
& Course, 2015), females may prefer to nest solitarily in the spring to minimize

reproductive competition and resource sharing.
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Social groups may also form according to the seasonality of certain adaptive
benefits of sociality. Adaptive group thermoregulation, for example, explains temporary
social behavior in winter groups of taiga voles (Microtus xanthognathus; Wolff & Lidicker,
1981), sea snails (Nerita atramentosa; Chapperon & Seuront, 2012), and night lizards
(Xantusia vigilis; Rabosky et al., 2012). For the facultatively eusocial sweat bee,
Megalopta genalis, tropical seasonal variation drives fitness effects of alternative social
strategies: social nests reap productivity benefits in the dry season, when resources are
abundant, and survival benefits in the wet season, when risk of nest failure is high (A.
Smith et al., 2019). Likewise, it may be that seasonal physiological demands encourage
group nesting by carpenter bees. In our study, socially nesting bees in the January CT
scans appeared in densely packed groups at the terminal ends of tunnels, suggesting
potential thermoregulatory grouping. Future studies should examine the effect of social
strategy on potential adaptive winter behaviors such as thermoregulation and water
conservation. Additionally, in some species, subordinate females play an important role
in guarding the nest against pollen robbers when floral resources are limiting
(Hogendoorn & Velthuis, 1993). As such, the benefits of tolerating potential rivals in the
nest vary with season.

Importantly, a persistent minority of individuals nested socially in the spring and
solitarily in the winter. This evidence of persistently facultative sociality indicates that
season alone does not govern social behavior. Within-population variation in social
behavior has been broadly interpreted as a plastic behavioral response to environmental
and social cues (Field et al., 2010; Schradin et al., 2012; Shell & Rehan, 2017b). Flexible
social behavior in carpenter bees could allow for matching of life history strategy with
variable ecological and social conditions. Furthermore, the mechanisms underlying this

plasticity may be central to the evolution of more complex forms of sociality.
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Nest architecture and implications for social behavior

Across taxa, passive architectural features of nesting structures are known to influence
behavior (Collias & Collias, 1984; Dawkins, 1982; Pinter-Wollman et al., 2017). Human
social behavior is often shaped by architecture; connectivity in workspace layouts can
influence levels of innovation (Wineman & Davis, 2009) and scientific collaboration (Kabo
et al., 2014). More fundamentally, dwelling structural complexity may have been an
important precursor to the development of complex hominid societies (Jaubert et al.,
2016). Likewise, the relationship between structural and social complexity in insects is
becoming increasingly clear (Pinter-Wollman, 2015; Pinter-Wollman et al., 2017;
Theraulaz et al., 1998). Our study situates this discussion at the evolutionary origins of
sociality.

Our use of non-destructive CT imaging techniques allowed us to track dynamic
architectural features and their associated social effects. Like many animals, carpenter
bees construct nests that can be inherited and modified by subsequent generations
(Laland et al., 2003; Prager & Hunter, 2011; Rau, 1933). As such, I did not observe a
relationship between the number of adults in a nest and the number of tunnel branches
per nest, since only a fraction of tunnels in large nests is actively used for provisioning
brood at a given time. Conversely, Prager and Hunter (2011) found a positive association
between foundress number and number of tunnel branches in X. virginica, but this
species generally constructs smaller, less branched nests than X. sonorina (Gerling &
Hermann, 1978). Our results suggest that tunnels, and even whole nests, may become
abandoned when their over-use leads to tunnel widening. Carpenter bees lay eggs in linear
sequence along tunnels, with each egg separated by partitions made of wood pulp. Females
gather raw materials for this pulp by chewing wood from the sides of the tunnel (Gerling
et al., 1981), such that the annual need for new partition material may cause tunnels to
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progressively widen over years of reuse (Gerling et al., 1983). The preference for newer,
narrower tunnels likely motivates nest renovation and produces larger nest structures
with many branches.

The width of tunnels shapes social interactions because it determines bees’ ability
to effectively defend valuable food provisions and vulnerable offspring, both from invaders
and from rival nestmates. When a pair of bees meet in a nest tunnel and one attempts to
pass by, the other has the option to either block her, back up, or man oeuvre her body such
that both can move past one another, ventral side to ventral side (Brothers & Michener,
1974). As such, successful passing is usually interpreted as a tolerant behavior, because it
entails mutual maneuvering in a position that exposes each bee to the other’s mandibles
and stinger (Arneson & Wecislo, 2003; Breed et al., 1978; Peso & Richards, 2010). Spatial
effects on the ease of passing nestmates thus can influence within- and between-group
social dynamics (Jeanson et al., 2005).

Prevention of passing is associated with social dominance in Xylocopine bees
(Michener, 1990a). Dominant X. pubescens females prevent subordinates from entering
nest tunnels used for provisioning brood, both because adults may consume pollen from
growing “pollen slants” intended for larvae, and because usurpation events involve
destruction of the dominant’s brood (Hogendoorn & Velthuis, 1993). Females are likely
reluctant to lay brood in wide tunnels that they are unable to defend. Furthermore, tunnel
blocking is an important behavior mediating food sharing. Mother bees of X. pubescens
are accosted by hungry progeny upon return from foraging trips and are prevented from
passing until they offer a food concession to their offspring, who jockey for positions
nearest the nest entrance in order to receive the largest share of food (Gerling et al., 1981,
1989). Wider than average tunnels would permit non-consensual passing that would
neutralize the effectiveness of behaviors maintaining dominance hierarchies and nest
defense. Thus, the architecture of nest tunnels and their progressive restructuring via
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repeated use may impact nest utility over time, intensifying the competition over already

scarce nesting resources.

Conclusions

Environmental factors are known to shape social behavior (Emlen, 1982; Lion & Gandon,
2009), and, conversely, social interactions can dictate the spatial use of the environment
(Pinter-Wollman et al., 2017; M. L. Smith et al., 2015; Theraulaz et al., 1998). Our study
provides evidence for the reciprocity of these effects by characterizing a seasonal effect on
social behavior and an effect of nest reuse that may influence social interactions. I found
that group nesting is common throughout the year, but disfavored during brood
provisioning when reproductive competition encourages dispersal from the natal nest.
Furthermore, the functional deterioration of nests caused by multi-generational reuse
leads to nest abandonment and exacerbates nest site competition. These interactions
between spatial constraints and social competition are likely to underlie plasticity in social

behavior more broadly.
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CHAPTER 4
ENERGETICALLY COSTLY NEST CONSTRUCTION DISINCENTIVIZES SOLITARY
NESTING

Introduction

Sociality can arise as an adaptive strategy to mitigate the costs of independent breeding
[1,2]. Especially in risky, unpredictable, or harsh environments, individuals may have little
chance of success without the buffering advantages supplied by the social group (Cahan &
Julian, 1999; Kennedy et al., 2018). In particular, group living can provide shared access
to limiting resources, especially habitat space (Koenig et al., 1992; Lion & Gandon, 2009).
As such, environments lacking in opportunities for dispersers can provide fitness
incentives for offspring to remain at the natal nest (Hansell, 1987; Myles, 1988), or for
individuals to form cooperative alliances (Barve et al., 2019; Haney & Fewell, 2018). Thus,
evolutionary transitions from solitary to group living may be facilitated by adaptive
avoidance of costly life histories.

These costs of independent breeding may be energetic in nature. Relative to group-
living animals, independent breeders may make greater personal investments in
energetically costly behaviors such as dispersal, foraging, and nest founding (Benoit et al.,
2019; Cahan & Fewell, 2004; Slobodcichkoff, 1984). Nest building behavior in particular
has been implicated as a context favoring the evolution of sociality (Hansell, 2005).
Animals living and breeding in complex nests often need to expend considerable energy
gathering building materials and then constructing and maintaining these structures. The
substantial energetic expense associated with nest construction has given rise to various
strategies that circumvent or minimize such costs. Nest inheritance is one such tactic
common across diverse cooperative taxa (Emlen, 1984; Myles, 1988; Woolfenden &
Fitzpatrick, 1978). Inheritance strategies can result in group living if offspring delay
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dispersal or fail to disperse from the natal nest (M. A. Harris & Murie, 1984; Koenig et al.,
1992; Schwarz et al., 2011). Alternatively, social groups may form when individuals seek
access to non-natal nests via usurpation or nest joining, often delaying reproduction until
inheriting the nest (Hogendoorn & Leys, 1993; Keller & Reeve, 1994; Young, 1998). High
nest building costs thus favor sociality as competitors saturate low-cost nesting
opportunities.

The social implications of founding costs are particularly observable in
facultatively social animals, which plastically express social behavior in response to
ecological and social variables. Because initial transitions to group living are likely to be
facultative (W. Wcislo & Fewell, 2017), these systems provide important insights into
conditions shaping sociality at its evolutionary origins. Studies of facultatively social
animals have emphasized the roles of genetic, ecological, and social factors in shaping
sociality (Kapheim, 2017; Montero et al., 2020; Schradin et al., 2012; Shell & Rehan,
2017a, 2019). However, the evolution of sociality in these groups has rarely been explored
from an energetic perspective. Energetic considerations are likely to factor strongly into
the context-dependent behavioral decisions underlying facultative sociality.

With their flexible sociality and impressive nest construction behaviors
(Buchmann & Minckley, 2019; Gerling et al., 1983, 1989; M. H. Richards, 2011), the large
carpenter bees (genus Xylocopa) represent ideal candidates for examining the influence
of energetic costs on social evolution. Unlike bees that nest in hollow cavities or soft piths
(Michener, 1974), many carpenter bees construct their nests by boring tunnels into wood
with their mandibles, a process that is predicted to entail significant time and energetic
costs (Gerling et al., 1989; Louw & Nicolson, 1983). Perhaps due to these costs, some
carpenter bees seek reproductive opportunities in already-constructed nests rather than
undertaking the construction of a new nest (Hogendoorn & Velthuis, 1993; M. H.
Richards, 2011; Vickruck & Richards, 2018). This nest inheritance strategy leads to the
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formation of fluid, often ephemeral nesting groups comprised of kin and/or non-kin, often
with overlapping generations (Gerling et al., 1989; Hogendoorn & Velthuis, 1993). The
carpenter bee X. sonorina nests either solitarily or in small groups, in which only a single
female dominates egg laying, foraging, and excavating behaviors at a given time [35,36;
note that X. varipuncta has been synonymized with X. sonorina, 37]. As such, additional
group members do not strongly reduce the individual labor burden for dominant bees,
aside from potential shared nest guarding [36, but see 34,39]. In the absence of strong
helping behavior, sociality may be influenced more strongly by nesting constraints
(Gerling et al., 1989; Michener, 1990a). While nesting substrate is not expected to be
limiting in our study population, costs of exploiting available substrate may constrain
founding behavior. Nest inheritors could reap substantial energetic savings if metabolic
costs of construction are high. These savings are not guaranteed, however, and benefits
could vary considerably across nests when inheritance entails addition or expansion of
tunnels to replace over-used structures (Ostwald et al., 2020).

In this study, I investigate the energetic costs underlying social and life history
strategies in X. sonorina. As with many nest-building species, sociality in carpenter bees
has been widely attributed to the costs of new nest construction (Gerling et al., 1989; Louw
& Nicolson, 1983; Michener, 1990a); however, the energetic costs of constructing a nest
have been difficult to quantify empirically. Using respirometric techniques coupled with
3D structural analysis enabled by computerized tomography (CT) imaging, I directly
measured metabolic costs during nest construction. From these data, I estimate the
metabolic cost of nest excavation per offspring provisioned, providing a fitness-relevant
estimate of this neglected component of offspring production costs. In doing so, I provide
quantitative support for the claim that high excavation costs underlie nest limitation.

Further, I quantify costs of nest renovation behavior to understand the range of costs
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incurred by nest inheritors. Our results demonstrate that avoidance of costly nest building

may provide an important fitness benefit of sociality.

Methods

To assess metabolic costs of various behaviors associated with reproduction, I measured
the metabolic rates of female X. sonorina during excavation, flight, and resting behaviors.
Experiments were conducted between March and July 2019 (the season of peak nest
excavation activity) using free-living bees nesting at Arizona State University in Tempe,
Arizona (33°25'12” N, 111°55'48” W). Bees were captured at dawn upon their first
departure from the nest to ensure that none had fed that day, because feeding status
influences metabolic rate (Gmeinbauer & Crailsheim, 1993). Bees were weighed upon

capture (A&D GR-200; repeatability 0.0001 g).

Respirometry

To measure metabolic rates of excavating bees (Xylocopa sonorina, female mass = 0.95 +
0.02 g), I passed dry, CO,-free air through a 15 mL syringe containing a bee and a small (8
cms3) cube of wood. Dry, CO,-free air was supplied at 500 mL/min by a FTIR Purge Gas
Generator (Parker-Balston, Palmer, MD) connected to 1-L columns of cobalt-doped
copper (II) sulfate (Drierite, W.A. Hammond Drierite Co Ltd, Xenia, OH, USA) and NaOH
(Ascarite II, Sigma-Aldrich, St. Louis, MO, USA). Each bee was given either balsa
(Ochroma pyramidale), a soft wood (density = 0.089 g/cms3, N = 18) or Goodding’s willow
(Salix gooddingii), a hard wood species (density = 0.539 g/cms3, N = 15) that I sampled
from a log occupied by nesting X. sonorina. These wood species are both known to be used
by X. sonorina, and span much of the range of densities of known nesting substrates for
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this species (Hurd, 1978; Ostwald et al., 2020). The respirometry traces were closely
matched to behaviors; I only reported CO. emission rates for bouts of digging behavior
that were longer than 5 s, which is greater than the 95% washout time for our system (time
constant 0.03 min, 2.5 s for 95% washout).

For comparison to excavation metabolic rate, I measured metabolic rates of resting
bees and bees in flight, using flow-through respirometry as above. For quantification of
resting metabolic rate, I only used bees that exhibited no locomotion or activity during
measurement (N = 10). For flight metabolic measurements, I only included bees that
achieved sustained hovering behavior for a minimum of 10 s and recorded steady-state
CO, emission during this flight period (IV = 17). Bees were motivated to fly by agitation of
the chamber prior to the 10 s hovering period and orientation of the chamber toward a lit
window in a darkened room. Resting bees were measured in 15 mL syringes with air
supplied at 500 mL/min, and flying bees were measured in a 465 mL glass chamber with
air supplied at 1850 mL/min.

Flow rate (STP) was regulated using a Flowbar-8 Mass Flow Meter System (Sable
Systems International, Las Vegas, NV). Excurrent CO, was measured using a Li-Cor 6252
CO. infrared gas analyzer (Li-Cor, Lincoln, NE, USA). Measurements were digitized (UI-
2, SSI) then recorded and analyzed using the ExpeData data acquisition software, version
1.9.13 (SSI). Mean VCO, (mL/min) was calculated using the equation:

VCO. = FCO, » STP Flow ratemt/min
where FCO. represents the fractional content of CO. in the excurrent stream (Lighton,
2008). Conversions from VCO. to watts assumed a respiratory quotient (RQ) of one for
metabolism of simple carbohydrates (Gdde & Auerswald, 1999). All measurements were
taken at 25 + 1°C to control for temperature effects on metabolic rate; further, I observed
that bees initiated daily flight activity at ambient temperatures roughly near this
temperature range.
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Behavioral analysis

I continuously observed each bee in the respirometry chamber for 30 minutes and
recorded the time periods spent excavating. To calculate average excavation rate, I
weighed wood cubes before and after the sampling period to measure total mass of wood

excavated, and divided by the total time spent excavating.

CT scans and nest volume reconstructions

To measure nest structure volumes and assess the amount of nest excavation that occurs
within a single breeding season, I CT (computerized tomography) scanned a nesting log
occupied by X. sonorina at three different time points: 1) during winter quiescence, prior
to the breeding season (Jan 2018), 2) during peak brood production activity (May 2018),
and 3) after the end of the breeding season, by which time nest excavation activity has
ceased (Sept 2018). The scanned log also provided the hard willow wood used in the
respirometry trials, to ensure equivalent wood density in our estimations. Scans were
conducted using a CT machine (General Electric, LightSpeed VCT) at St. Joseph’s Hospital
in Phoenix, AZ, with 2.5 mm-thick scan image slices provided in sagittal and coronal views
relative to the long axis of the log. I manually reconstructed the 3D structure of nests in
scans and calculated their volumes using the imaging software Avizo™ version 9.0
(Thermo Scientific™); (Ostwald et al., 2020). Additionally, I measured brood production
rates by counting the number of occupied brood cells per nest on the May scans. This
population of X. sonorina is primarily univoltine, with most brood emerging between late

May and early June (Ostwald et al., 2020).
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Estimations of energetic costs of nest construction and renovation

I used nest volume measurements and metabolic data to calculate 1) costs of nest
excavation per offspring, and 2) costs of nest renovation. I chose eight focal nests that were
occupied during the period of active brood production (May), and measured their volumes
prior to (Jan), during (May), and after (Sept) the breeding season. The change in nest
volume over the course of the entire breeding season (Jan — Sept) provided us with an
estimate of the potential renovations necessary for a female breeding in an existing nest.
Additionally, I measured the volume of the tunnel space used to house a single developing
offspring (a “brood cell”); (IN = 30). The majority of occupied nest volumes consist of brood
cells, but additional space is constructed at entrances, to join adjacent nest tunnels, and
to house adult bees. As such, brood cells represent only a portion of of total excavation
costs, and a conservative estimate of per-offspring excavation costs.

These measured volumes, the average metabolic rate of hard wood excavation, and
the rate of hard wood excavation were used to calculate the total energetic expenditure
associated with excavation of different nest volumes, according to the following equation:
energetic cost (J) = metabolic rate (W = J/s) x volume excavated (cm3) + rate of excavation
(cms3/s). I used hard rather than soft wood metabolic rate in this calculation because the
wood excavated in hard wood trials was sourced from the same log I CT scanned for nest
volume analysis. In this way, I controlled for potential interactions between wood
hardness and nest volume. Finally, to contextualize the measurements of metabolic costs,
I calculated a flight-time equivalent of these energy costs using the measurements of flight
metabolic rate. Flight provides relevant energetic context as it is a necessary provisioning
behavior for reproductive Xylocopa (Gerling, 1982; Gerling et al., 1989; M. H. Richards,
2011), and because insect flight is among the costliest animal behaviors (Feuerbacher et
al., 2003; R. K. Suarez, 2000).
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Statistical analysis

To assess differences in mass-specific metabolic rate among resting, flying, and excavating
bees, I used a Kruskal-Wallis test. I ruled out analysis of variance due to departures from
normality and homoscedasticity revealed by Shapiro’s tests and Levene’s tests,
respectively. I performed pairwise Wilcoxon tests on treatment pairs for post-hoc analysis,
because individual bees were measured in all three behavioral activities: excavating, flying,
and resting. Similarly, I used Mann-Whitney U-tests to assess differences in excavation
rate and excavation rate-adjusted metabolic rates. I used linear regression to examine the
relationship between metabolic rate and excavation rate, and analysis of covariance
(ANCOVA) to assess the nature of this relationship with respect to wood hardness.
Samples for this analysis were independent; individual bees were either measured
excavating hard wood or excavating soft wood, but not both. Results are presented as
mean * standard error. All statistical analyses were performed in R v 3.4.2 (R

Development Core Team, 2017).

Results

Metabolic rate during nest excavation, resting, and flight

Metabolic rate during nest excavation (0.016 + 0.002 W, N = 33) was significantly higher
than the metabolic rate of resting bees (0.005 + 0.001 W N = 10, Wilcoxon rank sum test:
P < 0.001), but significantly lower than the metabolic rate of bees in flight (0.179 + 0.008
W, N = 17, Wilcoxon rank sum test: P < 0.001); (Figure 4.1). This flight metabolic rate was
lower than previous estimates for Xylocopa (Chappell, 1982; Gide & Auerswald, 1999;
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Nicolson & Louw, 1982; Roberts et al., 2004), such that the estimates of flight-time
equivalents for excavation behavior may be conservative. Resting metabolic rate was
similar to that recorded for X. capitata (Gade & Auerswald, 1999). My results indicated a
significant positive linear relationship between metabolic rate and excavation rate both
for the soft wood (P = 0.037, N = 18, adjusted R2 = 0.196) and the hard wood (P = 0.008,
adjusted R2 = 0.391, N =15) Regression lines did not differ in slope (ANCOVA: P = 0.750)
or intercept (ANCOVA: P = 0.245).Wood hardness did not significantly affect metabolic
rates of excavators (Mann-Whitney U-test, P = 0.34), but bees excavating soft wood
excavated at a significantly faster rate (soft wood: 1.62 + 0.12 cm3/hr, hard wood: 0.12 +
0.02 cm3/hr, Mann-Whitney U-test : P < 0.001). As such, when mass-specific metabolic
rate is adjusted for excavation rate, excavation of hard wood (621 + 181 J cm3) is
significantly more energetically costly than excavation of soft wood (42.1 + 3.96 J cm3;

Mann-Whitney U-test: P < 0.001); (Figure 4.1).

Energetic costs of nest construction and renovation

To estimate the energetic costs of nest construction and renovation, I repeatedly measured
the volumes of nest structures across a single breeding season (Figure 4.2). Whole nest
structures measured prior to the breeding season (Jan) averaged 257 + 41.2 cms3. By the
time brood production was underway (May), these nests had increased in volume by 47.7
+ 23.8% to a total volume of 353 + 57.3 cm3. Between May and the end of the season (Sept),
nests were further expanded by 10.2 + 4.52% to a final average volume of 380 + 53.5 cm3,
for a total expansion of 63.1 + 28.2% or 122 + 32.8 cm3 across the entire breeding season.
The age and full history of these nests prior to this year of observation is unknown. As
such, nest measurements taken in January may include older nests that had undergone
some expansion in previous years.
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I used these volume measurements to estimate energy investment associated with
brood production and nest renovation (Figure 4.2). Spring CT scans indicated that bees in
this population provisioned 11.5 + 1.81 offspring per nest (therefore, per reproductive
female) over the reproductive season. To excavate the space necessary to rear a single
offspring (a brood cell; 11.9 + 0.21 cm3) within a nest would require 4.3 + 0.1 kJ of energy.
A female bee using an existing nest and undertaking nest renovations of the average

volume observed in this study would require 44.8 + 1.2 kJ of energy, (range: 7.08 kJ — 89.1

kJ).
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Figure 4.1. (a) Metabolic rates (W) of bees during resting, excavation, and flight. The
metabolic rate of bees during wood excavation was significantly higher than that of
resting bees (P < 0.001), but lower than that of flying bees (P < 0.001). (b) Cost of
excavation (J cm-3) is significantly higher for excavation of hard wood than for soft wood

(P < 0.001).
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Figure 4.2. (a) CT scan image slice of an occupied nesting log, showing one focal nest,
highlighted blue, and one brood cell, highlighted orange. (b) Three-dimensional
reconstruction of focal nest prior to the breeding season (January) (c) Three-
dimensional reconstruction of the same focal nest after the breeding season

(September). The change in tunnel volume from (b) to (c) represents the renovation
volume excavated by the female who inherited this nest. Yellow dots indicate the position
of nest entrances. (d) Estimates of energy costs (J) to renovate a nest (left axis; n = 8
nests). The axis on the right corresponds to estimated energy costs associated with
excavating brood cells (i.e., one brood cell = space to provision a single offspring). The
horizontal line and grey region represent the observed mean + s.e. number of offspring

provisioned per nest in this population.
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Discussion

Group living can provide immediate opportunities for individuals to increase fitness by
minimizing energetic costs. For animals that build costly nests, group living can arise
when individuals compete for access to existing nest space (Hansell, 2005; Myles, 1988;
Woolfenden & Fitzpatrick, 1978). These findings support the assertion that high energetic
savings of nest inheritance can favor group living even in the absence of strong cooperative
behavior among group members. For the carpenter bee X. sonorina, females that opt out
of nest excavation activity by joining an existing nest, often with other females (Gerling,
1982), may bypass significant energetic costs if they inherit the nest. I used metabolic rate
measurements in combination with CT imaging to demonstrate high costs of nest
excavation by the carpenter bee X. sonorina. These costs favor the reuse of existing nests,
perhaps even at the expense of delayed or uncertain reproduction. The effects of this
energetic investment represent a significant but neglected component of reproductive

fitness, and one with important implications for the formation of social groups.

Nest construction as a context for the evolution of sociality

Life histories involving costly building behaviors may facilitate social evolution by placing
a premium on constructed nest habitats (Hansell, 2005). In these cases, the risks and/or
costs associated with nest founding can outweigh the potential benefits of independent
breeding, encouraging offspring to remain in the natal nest. Nest inheritance has been
implicated as an important selective pressure in the evolution of sociality in the
Hymenoptera (Hansell, 1987; Leadbeater et al., 2011), colonial rodents (M. A. Harris &
Murie, 1984; Jarvis et al., 1994; Wallace & Bennett, 1998), and cooperatively breeding
birds (Cockburn, 1998; Emlen, 1984; Woolfenden & Fitzpatrick, 1978). Fewer studies,
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however, have directly quantified the energetic costs of nest building (Collias & Collias,
1984; Mainwaring & Hartley, 2013). This evidence can provide essential empirical support
for hypotheses that seek to explain the origins of social nesting strategies.

In X. sonorina, as in many Xylocopa, only a single female per nest reproduces at a
given time, though females may join established, occupied nests throughout the
reproductive season [26, personal obs.]. In addition to monopolizing reproduction,
dominant bees perform most or all of the foraging and nest excavation, such that non-
reproductive subordinates contribute little, if at all, to the productivity of the nest, aside
from possible nest guarding duties (Gerling, 1982; Gerling et al., 1989). Why, then, do
females join or invade nests rather than constructing their own? Nest limitation has been
widely proposed as the major driving force in the evolution of carpenter bee sociality, but
this hypothesis rests on the assumption that nest construction is challenging, costly, or
otherwise prohibitive (Gerling et al., 1989; Gerling & Hermann, 1978; Michener, 1990a).

These results validate the assertion that nest construction entails high metabolic
costs. Per offspring produced, I conservatively equate this expense to that of
approximately 7 hours of bee flight, one of the most energetically demanding behaviors
that animals perform (Feuerbacher et al., 2003; R. K. Suarez, 2000). For context, the
carpenter bee X. capitata spends 3.5 hours flying among flowers to provision a single
offspring ((Louw & Nicolson, 1983); note that this estimate includes flower handling time
and excludes commuting time), suggesting that nest building ranks among the principal
energetic investments associated with offspring production. A female excavating the
volume necessary to rear the average brood size (11.5) in this population would expend
just under 50 kJ of energy, which is equivalent to nearly 80 hours of flight. Further,
foundresses must expend additional energy to excavate non-brood rearing space in the
nest. Together, this amounts to an expense exceeding the average cost of nest renovation
(about 45 kJ). Importantly, the large variation in renovation costs observed in this study,
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ranging more than twelve-fold from about 7 to 9o kJ, suggests that nests inherited in good
condition (requiring little renovation) provide even greater savings. In other scenarios,
inheriting females may invest as much in renovation as they may have in new nest
construction. As such, the advantages of nest inheritance can vary widely, likely depending
strongly on inherited nest quality. On average, however, the high energetic cost of
excavation in this species should incentivize social strategies that rely on nest inheritance.

With finite energy budgets, nest inheritors could feasibly reinvest energy savings
into other reproductive efforts, such as egg production and foraging, to produce more or
higher-quality offspring than they might following new-nest excavation. For Xylocopa,
which lay massive eggs relative to their body size (Iwata, 1964; Iwata & Sakagami, 1966),
egg production is a high but unavoidable cost of reproduction; potentially avoidable
reproductive behaviors such as nest construction may therefore provide important
opportunities for reproductive energy savings. Nest inheritance may also provide
important time savings. Gerling (Gerling, 1982) observed one X. sonorina female spend
14 days excavating a single tunnel, of which there can be several per nest. Avoidance of
this considerable time investment could therefore have important fitness implications by
increasing available time for provisioning. The average time spent waiting for nest
inheritance in this species is unknown, but is likely to vary widely based on local
conditions, the degree of competition, and individual competitive ability, among other
factors. Females may acquire nests immediately through usurpation, or may delay
reproduction until a nest becomes available; subordinates of the carpenter bee X.
virginica may even postpone reproduction for as long as a year (Vickruck & Richards,
2018). Future studies should aim to clarify fitness consequences of nest inheritance,
quantifying both time and energetic costs of all reproductive behaviors to more thoroughly

contextualize the energetic trade-offs underlying patterns of social nesting.
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Interactions between nest properties and social strategies

Social strategy decisions involving nest inheritance are likely made in consideration of the
quality of existing nest structures. For most animals, nest sites are a finitely renewable
resource. Many birds, for example, experience a trade-off between the advantages of nest
inheritance and the potential for exposure to parasites in older nests (Martin, 1995; Tomas
et al., 2007). Carpenter bees, likewise, tend to cease reuse of nest tunnels once they have
grown past a certain threshold diameter (Ostwald et al., 2020). With each successive
season of nest reuse, the re-construction of brood cell partitions progressively widens
tunnels to the point where they may be indefensible to usurpers (Ostwald et al., 2020). As
nest tunnels decline in quality, bees may construct additional, new tunnels off of existing
nest structures. In this way, even bees that acquire nests through inheritance may be
forced to undertake some degree of nest excavation, depending on the state of the nest at
the time of inheritance. The extent of necessary renovation can vary substantially, ranging
in this study by a factor of more than ten. This wide variation implies that some inheritors
may experience significant energetic savings relative to foundresses, while others invest
substantially in renovation, perhaps losing this advantage.

The properties of available nesting substrate likewise may influence nesting
decisions. I measured excavation costs for bees using two wood species spanning much of
the range of wood hardness available to X. sonorina (Hurd, 1978), and measured lower
metabolic rates for bees excavating softer wood, when adjusted for excavation rate.
However, these immediate energy savings may be counter-balanced by long-term
disadvantages of nesting in soft wood, such as reduced durability and vulnerability to
weathering and predators. Several species are known to be vulnerable to predation by
woodpeckers (Buchmann & Minckley, 2019; Gerling et al., 1989; Watmough, 1983), and
may benefit from nesting in more protective, harder wood, despite initial time costs
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associated with nest excavation. Furthermore, nesting in hard wood could increase the
longevity of the nesting log, which may be continuously occupied for as long as fifteen
years (S.L. Buchmann, pers. comm.). If the aggregation occupying the log is closely
related, long-term success of descendants may be important. X. sonorina may invest more
in nest excavation than carpenter bee species that nest principally in stalks or culms,
taking advantage of the plant material’s soft pith or hollow interior to minimize
construction costs (Gerling et al., 1989; Hurd, 1978). Indeed, of the eight social Xylocopa
species noted in Gerling et al.’s review of the genus (Gerling et al., 1989), seven species
nest in solid wood (Ben Mordechai et al., 1978; Bonelli, 1976; Camillo et al., 1986; Camilo
& Garofalo, 1982; Gerling, 1982; Gerling & Hermann, 1978) and just one nests in stems
(Stark, 1992). Variation in nesting ecologies may therefore represent an important

determinant of social organization within and across species.

Conclusions

Energetic considerations underlie life history trade-offs across taxa (Schwenke et al., 2016;
Stearns, 1989), yet have remained underexplored in the context of social evolution. Efforts
to describe comprehensive energy budgets encompassing a range of relevant behaviors
could provide important insights into the fitness outcomes of alternative social strategies.
These findings support a critical role for energetically costly nest excavation as a driver of
carpenter bee sociality, providing quantitative support for a widely cited hypothesis
(Gerling & Hermann, 1978; Hogendoorn & Velthuis, 1993). These results form an
important mechanistic link between behavioral decisions and ecological conditions, and

emphasize the significance of energetic trade-offs at the origins of group living.
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CHAPTER 5
WINTER CONDITIONS FAVOR GROUP LIVING THROUGH IMPROVED

CONSERVATION OF HEAT AND BODY MASS

Introduction

Social animals are often abundant in harsh or unpredictable environments, suggesting a
role for sociality in coping with environmental stressors (Emlen, 1982; Faulkes et al.,
1997; Hatchwell & Komdeur, 2000; Jetz & Rubenstein, 2011; Kennedy et al., 2018; Lukas
& Clutton-Brock, 2017; Rubenstein, 2011). However, evidence for this relationship
between sociality and harsh environments is typically correlative and/or relies on
potentially problematic comparisons across species with different evolutionary histories.
Facultatively social species offer solutions to these limitations, by allowing for direct
comparison of sympatric solitary and social individuals within a single species (Kapheim
et al., 2012; Montero et al., 2020; Randall et al., 2005; Shell & Rehan, 2017b). Here, 1
manipulate social strategy in a facultatively social carpenter bee and measure effects of
sociality on survival, nest temperature, and body condition in winter to assess potential
advantages of sociality under environmental challenges.

Challenging environmental conditions may arise during seasonal periods of
extreme temperatures and resource scarcity. Winter conditions, especially, can compel
individuals to seek shared refugia for insulation against low temperatures (W. Arnold,
1990; Dapporto & Palagi, 2006; Wang et al., 2011). Facultative grouping or huddling
behavior can elevate individual body temperatures, and has been documented across
many taxa, famously in penguins (Gilbert et al., 2006) and small mammals (Nowack &
Geiser, 2016; Sukhchuluun et al., 2018; Yahav & Buffenstein, 1991), but also in reptiles
(Shah et al., 2003; White & Lasiewski, 1971) and insects (Dapporto & Palagi, 2006;
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Fahrenholz et al., 1989; Wang et al., 2011). In both endotherms and ectotherms, social
thermoregulatory strategies often function principally through the reduction of the
group’s surface area-to-volume ratio, which minimizes heat lost to the environment
(Canals et al., 1997; Contreras, 1984; Gilbert et al., 2008). Winter grouping strategies such
as these may provide critical protection against the lethal and sub-lethal effects of cold
exposure.

These same grouping strategies may additionally help conserve body mass during
seasonal periods of resource scarcity, during which animals can be deprived of food and
water for months at a time. Group living may mitigate these challenges by providing novel
or enhanced strategies for management of energetic and water reserves. For example,
collective thermoregulation may reduce individual investment in energetically costly self-
warming behaviors (Andrews & Belknap, 1986; Gilbert et al., 2008; Nunez-Villegas et al.,
2014; Perret, 1998). Grouping can also facilitate water conservation through increased
local humidity and/or reduced surface area-to-volume ratios, as described in aggregations
of bats (Boratynski et al., 2015), slugs (Cook, 1981), and caterpillars (Klok & Chown, 1999).
Together, these benefits of sociality may improve winter survival by reducing the depletion
of important resources. Further, social strategies that reduce body mass loss in the winter
may translate to fitness gains in the reproductive season if larger animals have greater
reproductive output, via social dominance or enhanced fecundity (Honek, 1993; Thornhill
& Alcock, 1983)

Animals that group facultatively in winter provide useful test cases for
understanding the role of sociality in mitigating seasonal challenges. One such species, the
large carpenter bee Xylocopa sonorina Smith (formerly X. varipuncta; Sheffield et al.,
2020), nests either solitarily or in small social groups, with strong seasonal effects on
social strategy (Ostwald et al., 2020). In the winter, social nesting is predominant: adult
bees remain inactive in tight huddles at the terminal ends of their nests in tunneled logs
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(Ostwald et al., 2020). Social overwintering is standard among temperate Xylocopa.
Typically, same-generation adults spend the winter months in mutually tolerant pre-
reproductive assemblages. These groups become antagonistic at the onset of the
reproductive season, when bees compete for dominance of the natal nest and/or disperse
to seek alternative nesting opportunities (Gerling et al., 1989; Michener, 1990; Richards
& Course, 2015; Velthuis, 1987). In social Xylocopa nests, a single female monopolizes
reproduction at a given time, while subordinate non-reproductives perform little, if any,
foraging and nest construction (Hogendoorn & Velthuis, 1993; Richards, 2011). Because
subordinates take on minimal labor, social nests may be no more productive than solitary
ones (Prager, 2014). Rather, groups may form in the reproductive season due to nesting
limitations that arise from the high cost of nest construction (Ostwald et al., 2021a). The
drivers of group living in winter, however, remain unexplored, and are likely to differ from
those driving group formation during the reproductive season.

I investigated the role of environmental challenges as drivers of group living in
winter nests of X. sonorina. Bees in this study population experience Sonoran Desert
winter conditions, where freezing and below-freezing night-time temperatures are
possible but not common. Compared to higher-latitude Xylocopa populations which
experience regular extreme cold conditions, this population presents interesting
opportunities to ask whether even mild environmental challenges are sufficient to favor
sociality in this flexibly social species. By experimentally manipulating social condition, I
tested the hypothesis that social bees experience physiological advantages over solitary
bees in winter. I housed bees in the field in ambient desert winter conditions, and
measured nest temperatures, survival, and changes in body mass. In doing so, I compared
the body condition of social and solitary bees to assess effects of social strategy on
overwintering success. Manipulative studies such as these provide some of the most robust
evidence for environmental drivers of the transition from solitary to group living.
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Methods

Field site, observation nests, and social condition manipulations

To examine the effects of social strategy on the physiological condition of bees in winter, I
artificially manipulated the social condition (social vs. solitary) of bees housed at ambient
winter temperatures, then assessed their conservation of heat, water, and energy. I
removed female and male adult bees from their winter nests by splitting occupied nesting
logs in the early morning January 2, 2020. Working in a 4°C environmental chamber to
approximate early morning outdoor temperatures, I measured live mass (A&D GR-200;
repeatability 0.0001 g) and tagged all bees with unique numbered plastic discs, glued to
the thorax, for individual identification. Bees were then assigned to one of three
conditions: 1) a solitary condition, with single bees housed individually (N = 30 bees in 30
nests), 2) a social condition, with bees housed in groups of five individuals (N = 30 bees in
6 nests), or 3) a baseline condition with which I assessed physiological condition of bees
just prior to the start of the experimental period (IV = 38 bees). The experimental social
condition was set to five bees to approximate the average number of adults in naturally
occurring social nests in January in this region (Ostwald et al., 2020). Bees were assigned
to conditions haphazardly with respect to nest of origin to control for potential genetic
effects on physiological status. X. sonorina is known tolerate non-relatives as nestmates
(Ostwald et al., 2021b). Additionally, I preserved the approximate observed sex ratio
(7F:3M) across treatments. Baseline bees were immediately freeze-killed after weighing
and tagging and stored at -80°C for future analysis.

Social and solitary bees were installed into artificial wooden observation nests
covered with clear plastic viewing windows (for observation nest design, see Vickruck &
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Richards, 2017). I placed these nests into a protected outdoor research area at Arizona
State University in Tempe, AZ (33.420°, -111.933°) where they were exposed to ambient
conditions. All nests were covered with plywood to reduce heat loss through the plastic
observation window. Nest entrances were plugged with cotton to enable air flow but
restrict movement of bees between nests. We left nests undisturbed in these conditions for
four weeks (28 days) of the coldest month of the year. On January 30, 2020, we removed
nests from the field site and assessed survival and final live mass in the 4°C environmental
chamber. All social and solitary bees were then freeze-killed and stored at -80°C for future

analysis.

Temperature measurements

To assess potential effects of group living on conservation of heat during the winter, I
recorded nest temperatures for social and solitary nesting conditions (N = 6 focal social
and 6 focal solitary nests). Between 5:30 and 6:30 AM (approximately the coldest time of
day) I removed the plywood nest covering and inserted a wire thermocouple under the
nests’ plastic observation window to record the temperature in two locations: 1) the air
immediately surrounding the bee (within 2 mm of the thorax), and 2) the air in the empty,
distal tunnel area away from the bees. For social nests, I recorded the air temperature
surrounding the central bee in the linear cluster. I conducted these measurements
sparingly, on January 6, 8, and 13, 2020, to minimize disruption of winter quiescence.
Simultaneously, I continuously recorded ambient temperature and humidity at the nest

site using an iButton® temperature/humidity logger (DS1923).
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Water storage assay

To examine potential effects of social condition on conservation of water stores, I
measured whole-body water content of social, solitary, and baseline bees. All frozen bee
samples were removed from -80°C storage exactly 32 days after their initial sampling date,
to control for potential dehydrating effects of long-term cold storage. Frozen bees were re-
weighed then placed in a drying oven set to 55°C for 4 days, then weighed once dry.
Preliminary analysis confirmed that this protocol is sufficient to dehydrate bees. The

difference in pre- and post-drying mass provided the estimate of stored water mass.

Lipid storage assay

Similarly, to assess effects of social condition on conservation of lipid stores, I measured
whole-body neutral lipid content of social, solitary, and baseline bees, as this typically
represents the principal form of energy storage in diapausing insects (Hahn & Denlinger,
2011; C. M. Williams et al., 2011). I used a gravimetric lipid assay with a diethyl ether
solvent on dried, homogenized whole-body bee tissue (C. M. Williams et al., 2011). I
conducted a series of 4 24-hour washes in diethyl ether. Preliminary analysis confirmed
that 4 washes are sufficient to dissolve triacylglycerides in X. sonorina. The difference in

pre- and post-assay mass provided the estimate of stored lipid mass.

Metabolic rate measurements

I measured metabolic rates of overwintering bees (N = 14) using stop-flow respirometry.
In January 2021 I extracted adult females from their nesting logs at dawn and weighed
them (A&D GR-200; repeatability 0.0001 g). Bees were placed in 20-mL syringes and
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acclimated for one hour in the dark at 3.2°C, a temperature that represents an extreme but
realistic winter low temperature for this population. At this temperature, bees showed no
activity and so I was confident that measured metabolic rates reflected a resting state. I
flushed syringes with dry, CO.-free air supplied at 500 mL min™ by a FTIR Purge Gas
Generator (Parker-Balston, Palmer, MD, USA) connected to 1 L columns of cobalt-doped
copper (II) sulphate (Drierite, W.A. Hammond Drierite Co Ltd, Xenia, OH, USA) and
NaOH (Ascarite II, Sigma-Aldrich, St Louis, MO, USA). I sealed flushed syringes for one
hour and then injected 2 mL air from the chamber into a Li-Cor 6252 CO, infrared gas
analyzer (Li-Cor, Lincoln, NE, USA). I regulated flow rate using a Flowbar-8 Mass Flow
Meter System (Sable Systems International, Las Vegas, NV, USA). I digitized
measurements (UI-2, SSI) and recorded and analyzed data using the ExpeData data
acquisition software, v. 1.9.13 (SSI). I calculated VCO. by integrating baseline-corrected
CO. concentration readings and adjusting for flow rate (500 mL min™), sealing time (60
min), and the fraction of chamber air analyzed (2 mL of 20 mL syringe occupied by 1 mL
bee). I also calculated the temperature coefficient (Q.o) value according to the following
equation,
Qio = (MR: / MR;)00/T,T)

where MR, represents the measured resting metabolic rates at T, = 3.2°C and MR.
represents the resting metabolic rate of female X. sonorina at T. = 25°C (previously

measured in Ostwald et al., 2021a).

Statistical analysis

To compare temperatures experienced by social and solitary bees I used a t-test after
confirming normality and homoscedasticity of data with Shapiro tests and Levene’s tests,
respectively. Adding sampling date as a random effect to this analysis did not significantly
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affect the model, so I removed the random term and performed the t-test. To compare
temperatures experienced by social and solitary bees to the temperatures of the empty
regions of their nests, I used a paired Wilcoxon test, as data did not meet assumptions of
normality and homoscedasticity. I used a chi-square test to assess differences in survival
across social conditions. To evaluate changes in mass at the beginning and end of the
experiment I used a paired Wilcoxon signed rank test. To compare proportions of body
water and lipid across baseline, solitary, and social treatments, I used Kruskal-Wallis tests
followed by pairwise Wilcoxon post-hoc tests. Similar to the analysis of temperature, this
analysis was enabled by the fact that including nest identity as a random effect did not
significantly affect the models. I further used a Wilcoxon test to assess a possible effect of

sex on body mass loss. All results are presented as mean + standard error.

Results

Thermal differences between social and solitary nesting contexts

Throughout the four-week experiment, bees experienced typical ambient winter
conditions for this site: temperatures ranged from 6.6°C to 23.6°C, with daily mean high
temperatures of 19.7 + 0.0 4°C and low temperatures of 10.0 + 0.04°C, and relative
humidity of 40.5 + 0.1%. When we conducted early-morning thermocouple measurements
of in-nest temperatures, ambient temperatures measured 7.5 + 0.5°C. Social bees
experienced significantly warmer body surface temperatures than did solitary bees
(10.4°C vs. 9.0°C, respectively; t-test: P < 0.001); (Figure 5.1) as measured by air
temperature 2 mm away from the bee. Furthermore, social bees experienced temperatures

significantly warmer than those of the empty regions of their nest (+1.3°C; Paired
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Wilcoxon test: P < 0.001), while solitary bees were no different in temperature from their

empty nest tunnels (Paired Wilcoxon test: P = 0.575); (Figure 5.1).

Winter survival and body mass loss

Thirteen of 60 bees (21.6%) did not survive the duration of the 28-day experimental
period, including 7 solitary bees and 6 social bees. Survival was no different between social
and solitary nests (Chi-Square test: X2 = 0.098, P = 0.754). Two dead bees in social nests
had visible injuries, suggesting possible physical conflict when winter quiescence paused
on warm days toward the end of January (Vickruck and Richards, 2017). Surviving bees
across both social and solitary treatments experienced significant reductions in body
mass, losing 0.164 g (12.34% of initial body mass; Paired Wilcoxon test: P < 0.001).
However, social bees experienced a lower reduction in whole-body mass than did solitary
bees. Solitary bees lost 0.188 + 0.016 g over the course of the experiment, or 14.04% of
initial body mass, while social bees lost only 0.139 + 0.016 g, or 10.60% of initial body
mass (Wilcoxon test: P = 0.009); (Figure 5.2). Mass loss did not differ by sex (Wilcoxon

test: P = 0.523).

Metabolic rate, lipid storage, and water storage

I measured the metabolic rate of overwintering bees at 3.2°C as 44.7 + 5.7 uL/hr g. At
25°C, the metabolic rate of X. sonorina has been measured as 368.3 + 59.4 uL/hr g
(Ostwald et al., 2021b). From these two measurements, I calculate the temperature
coefficient (Q,o) as 2.6.

Bees sampled at the beginning of the experimental period (baseline bees)
contained 0.612 + 0.015 g of water, or 50.48 + 0.65% of body mass. I found no significant
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difference in proportional water content among baseline bees and social and solitary bees
at the end of the experiment (Kruskal-Wallis test: P = 0.499); (Figure 5.3), nor between
baseline bees and pooled social and solitary bees (Wilcoxon test: P = 0.303). Social bees
sampled at the end of the experiment contained 0.565 + 0.021 g of water (50.70 + 0.37%
of body mass), and solitary bees contained 0.557 + 0.019 g of water (51.26 + 0.61% of body
mass).

The lipid assays indicated that baseline bees sampled at the beginning of the
experiment contained 0.174 + 0.010 g of triacylglycerides, or 28.14 + 1.23% of body mass.
Similar to water content, the proportional content of lipids did not differ between bees
sampled before and after the experiment (Wilcoxon test: P = 0.159), nor between social,
solitary, and baseline bees (Kruskal-Wallis test: P = 0.280); (Figure 5.3). Social bees
sampled at the end of the experiment contained 0.142 + 0.011 g lipid (25.76 + 1.61% of
body mass), while solitary bees contained 0.141 + 0.010 g lipid (26.12 + 1.28% of body

mass).
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Figure 5.1. (a) Temperatures experienced by social bees during winter are significantly

greater than those experienced by social bees (t-test: P < 0.001) during the coldest time of
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day (ambient temp: 7.5 + 0.5°C). “Bee Surface Temps” represent boundary air
temperatures within 2 mm of the thorax. (b) Social bees experience temperatures
significantly warmer than the unoccupied tunnels of their nests (Paired Wilcoxon test: P
< 0.001), whereas solitary bees experience temperatures no different from the empty

regions of their nests (Paired Wilcoxon test: P = 0.5752).
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Figure 5.2. Social bees lost a significantly lower proportion of their total body mass over
the course of the 28-day experiment than did solitary bees (Paired Wilcoxon test: P =

0.009).
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Figure 5.3. I detected no differences among baseline, social, and solitary bees in the
proportion of total body mass represented by a) water (Kruskal-Wallis test: P = 0.530) or

b) triacylglycerides (Kruskal-Wallis test: P = 0.475).

Discussion

Evolutionary transitions from solitary to group living may arise under environmental
challenges that favor cooperative or tolerant behavior. However, understanding
environmental conditions at the origins of sociality can be challenging, especially for taxa
in which sociality evolved millions of years ago. Facultatively social animals provide
tractable empirical test cases for exploring the drivers of this social evolutionary transition
(Kapheim et al., 2012; Montero et al., 2020; Randall et al., 2005; Shell & Rehan, 2017b).
In this study, I experimentally manipulated social condition and demonstrated significant
physiological advantages of winter group living for the facultatively social carpenter bee,
X. sonorina. These advantages of grouping behavior emphasize the utility of group living

as a strategy for coping with environmental stressors.
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Effects of winter group living on survival and body condition

Mutual tolerance among individuals sharing nesting or hibernating space can provide
important benefits by buffering against extreme or variable environments (Dapporto &
Palagi, 2006; Morton, 1978; Wolff & Lidicker, 1981). During the reproductive season,
carpenter bee social groups likely arise in large part from constraints on independent
nesting opportunities (Ostwald et al., 2021a). In winter, however, alternative selective
pressures may favor sociality. Carpenter bees in temperate climates typically spend the
winter months in pre-reproductive assemblages of adult relatives and/or non-relatives
(Gerling et al., 1989; Michener, 1990; Mikat & Straka, 2021). In this study population,
solitary nesting was most common in the early reproductive season, but in winter, nearly
all nests were social (Ostwald et al., 2020). The results of this present study suggest that
social advantages may explain the prevalence of winter group living in this species.

Overwintering bees face survival challenges associated with low temperatures and
food and water deprivation (T. Seeley, 1985; Vesterlund et al., 2014). Over the 28-day
experimental period in this study, I observed a mortality rate of approximately 20% for
both social and solitary bees. Importantly, I expect mortality in this study to be higher
than mortality of bees left undisturbed in natural nests (estimated 13% in Ostwald et al.,
2020), due to stress associated with transplant into artificial nests. Regardless, I observed
no differences in mortality across social and solitary treatments. Solitary winter nesting
appears to be a viable strategy in this population, which experiences relatively mild
Sonoran Desert winters. In other populations or species that experience harsher, longer
winters, social overwintering may be more common or even obligate (Peso & Richards,
2011; Vickruck & Richards, 2021). Future studies manipulating social condition in these
populations could reveal a strong relationship between social strategy and overwintering
survival.
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Even if social and solitary X. sonorina have similar survival outcomes in winter,
social nesting may still confer important fitness benefits through improved body
condition. Conservation of body mass is a critical challenge of overwintering with
implications for body condition in the reproductive season (Hahn & Denlinger, 2011;
Hodges et al., 2006; Lyman et al., 1982). In this study, bees lost about 12% of their body
mass in just four weeks. A study of the eastern carpenter bee, X. virginica, found that bees
collected in winter were anywhere from 4 to 40% heavier than bees collected in summer,
though this study did not measure mass losses of individuals (Skandalis et al., 2009).
Solitary bees experienced the most substantial mass losses: about 35% greater than the
average mass loss of bees in the social treatment. Among social bees, female body mass
and/or body size are associated with reproductive dominance, where it may aid in physical
dominance interactions (Michener & Brothers, 1974; Richards & Packer, 1998; Richards,
2011; Smith et al., 2008, 2009; Vickruck & Richards, 2018). Likewise, social nesting could
confer fitness gains if there is a relationship between body mass and fecundity (Alcock,
1979; Freeman, 1981; Leather, 1988; Sugiura & Maeta, 1989). Females that overwinter in
groups and experience lower reductions in body mass may be better able to establish
dominance and reproduce in the spring. Likewise for males, which perform extensive
hovering flight behavior at mating territories (Alcock & Johnson, 1990; Marshall & Alcock,
1981; Minckley & Buchmann, 1990), social overwintering may be favored if larger
individuals have better flight endurance or improved territory defense (Alcock & Kemp,
2006; Coelho & Holliday, 2001; Kenna et al., 2021; Thornhill & Alcock, 1983). These
prolonged consequences of winter behavioral decisions suggest important fitness benefits
of social overwintering.

The physiological mechanisms underlying overwintering mass loss in X. sonorina
remain to be explored. In this study I observed no significant changes in lipid or water
content that could sufficiently explain observed body mass losses. Based on the measured
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metabolic rate and Q,, estimates, at the average temperature observed in this study, I
estimate that bees would burn 0.097 g of lipid over a 28-day period, under the assumption
that bees are metabolizing primarily lipids (respiratory quotient = 0.7). This estimate is
many times the measured non-significant difference in lipid mass between baseline bees
and bees at the end of the experiment (0.001 g). It could be that metabolic rates of bees in
nests are even lower than what I measured in the lab, due to the stress of nest extraction.
Further, the diethyl ether assay I used has accuracy limitations when differences between
treatment groups are small (Williams et al., 2011). Alternatively—or additionally—this
discrepancy could suggest that overwintering X. sonorina are metabolizing other
macromolecules, such as carbohydrates and protein. Carbohydrates, especially, play
important roles in energy metabolism of diapausing insects (Adedokun & Denlinger, 1985;
Marron et al., 2003; Yocum et al., 2005). It may also be that lipid and water losses were
minor and not detectable in this study over this short time frame (28 days) in mild winter
conditions. Importantly, unlike the mass measurements, the destructive nature of these
lipid and water assays precludes repeated measures of the same individuals, decreasing
my ability to detect small changes. Future studies observing longer overwintering periods,
or in cooler climates, could provide further insights into the mechanisms underlying
changes in body mass in overwintering bees. Regardless of mechanism, improved mass
conservation by social bees in winter may translate to later fitness advantages during the

reproductive season.

Thermal benefits of group living in winter

Survival and body condition during winter are strongly linked to thermal conditions
(Hahn & Denlinger, 2011; Humphries et al., 2002; Storey & Storey, 1988). By grouping,
bees may increase their collective thermal inertia (Chapperon & Seuront, 2012; Helmuth,
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1998; Reiserer et al., 2008; Shah et al., 2003), such that they reduce heat loss as ambient
temperatures drop. At the coldest time of day, solitary bees in this study experienced
temperatures no higher than their nest temperatures, whereas social bees were 1.4°C
warmer than their nests. Though these observation nests were designed to approximate
natural nests (Vickruck & Richards, 2017), there may be important differences in their
insulating properties, especially for X. sonorina, which excavate elaborate nests deep into
logs (Ostwald et al., 2020). Further, I expect the quality of insulation to vary substantially
with nest properties such as wood substrate, nest architecture, and nesting site.
Importantly, I standardized the artificial nests to remove this source of variation from the
measurements. Therefore, though nest temperatures in this study may differ from natural
nest temperatures, the controlled design allows us to attribute any differences in nest
temperatures to social condition alone. This observed 1.4°C difference could have
important survival and fitness implications on nights that fall below freezing, which are
not uncommon in this and other parts of X. sonorina’s range. Improved avoidance of the
lethal and sub-lethal effects of cold exposure (Lee & Denlinger, 1991; Marshall & Sinclair,
2011, 2018; Sinclair et al., 2003) could thus favor group living strategies in this species.
Temperature during overwintering also has important implications for
consumption of energetic stores (Andrews & Belknap, 1986; Gilbert et al., 2008; Hahn &
Denlinger, 2011). For overwintering poikilotherms, whose body temperatures vary with
environmental temperatures, warmer temperatures increase metabolic rates and
therefore increase energy drain (Williams et al., 2015). Why, then, did social bees in this
study experience both warmer temperatures and reduced losses in body mass? It could be
that the higher thermal inertia of bee groups buffered against temperature variability,
which is known to exacerbate energy drain (Ruel & Ayres, 1999; C. M. Williams et al., 2012,
2015). Further, improved heat conservation in social nests could reduce the demand for
energetically costly self-warming behaviors such as shivering thermogenesis (Harrison,
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1987; Stabentheiner et al., 2003). It is unknown whether thermogenic behaviors occur in
overwintering carpenter bees, though it seems plausible that these could occur on warm
afternoons that stimulate activity, leading to energy drain.

To minimize disruption of winter quiescence, I measured nest temperatures only
at the coldest time of day; future work that continuously tracks nest and body
temperatures throughout winter would inform a more comprehensive understanding of
the thermal experiences of overwintering social and solitary bees. Similarly, to minimize
disturbance, this study focused solely on temperatures at the center of the bee cluster. How
temperature is distributed throughout the cluster and whether bees shift positions within
the cluster (as in honeybees, Heinrich, 1981; Seeley, 1985) are important questions for
future study that could reveal whether thermal and energetic benefits of group living are
experienced equally or asymmetrically. These results also raise important, unanswered
questions about the effects of winter climate change on social strategy decisions. I
demonstrated that social nesting improves heat conservation for X. sonorina; as such,
warmer winters could feasibly relax selective pressures favoring winter group living.
Alternatively, social strategies could be favored under more extreme/variable winter
conditions, if these strategies more effectively buffer against extreme temperatures.
Future studies should investigate the relationship between winter conditions and the ratio
of solitary to social nesting over time, with the aim of clarifying the extent to which this
behavioral plasticity could mitigate range shifts and other consequences of winter climate

change.

Conclusions

Abiotic conditions represent key selective pressures in the evolution of social behavior. In

this study, I demonstrated physiological benefits of group living in X. sonorina
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overwintering groups. These seasonal benefits may additionally translate to improved
fitness outcomes for during the reproductive season. Importantly, I used a flexibly social
system situated in mild winter conditions that could favor but not require group living, to
gain unique insights into the conditions that can promote cooperative behaviors in
typically solitary animals. Furthermore, these benefits occurred independently of kinship,
highlighting a possible environmental driver of grouping among non-kin. Social
advantages in these contexts provide compelling support for the role of environmental

challenges in shaping the evolutionary origins of group living.
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CHAPTER 6
MULTIMODAL CUES FACILITATE NEST RECOGNITION WITHIN NESTING

AGGREGATIONS

Introduction

Social organisms experience a trade-off between benefits of group living and the
potential fitness costs generated by spatial crowding. To mitigate these costs, individuals
must adaptively respond to the cognitive challenges imposed by frequent social contacts.
Group-living organisms must navigate densely occupied social landscapes and minimize
within-group conflict by maintaining social boundaries. Densely-nesting individuals also
face the particular challenge of reliably recognizing their nest and distinguishing it from
those in the immediate vicinity. The potential consequences of inaccurate nest
identification can be significant. These repercussions include robbery or aggressive
interactions for the resident individual (Hogendoorn & Velthuis, 1995), loss of contact
with vulnerable offspring for the drifting individual (Hogendoorn & Velthuis, 1993), and
potential pathogen spread for both individuals (Forfert et al., 2015). Given these costs,
aggregative nesting is likely maintained by effective nest recognition mechanisms.

The sensory cues animals rely on for nest localization vary with environmental
conditions and with the sensory capabilities of the animal. Acoustic communication, for
example, is particularly important for nest recognition in birds, and can facilitate
breeding-site localization when the use of olfactory and visual cues is impractical, as in
colonial penguins (Jouventin, 1982). Similarly, nocturnal activity of bats precludes
meaningful use of visual cues, so Mexican free-tailed bats use acoustic cues to locate
their pups within colonies that can contain millions of individuals (Balcombe, 1990).
Most insects, however, do not possess hearing, and therefore rely on alternative cues for
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nest localization (Gopfert & Hennig, 2016). Niko Tinbergen’s landmark study of the
homing behavior of the digger wasp Philanthus triangulum elegantly demonstrated the
importance of visual cues for nest localization (1972). Other studies have likewise
emphasized the significance of visual cues for insect navigation, particularly landmark
cues and cues associated with the panoramic view associated with the nest (M. Collett et
al., 2013; T. S. Collett et al., 2006; R. A. Harris et al., 2007; Hoinville & Wehner, 2018;
Mandal, 2018; von Frisch, 1967; Wehner & Raber, 1979). Beyond the use of visual cues,
insects are known to recognize nests at close range using olfactory cues (Buehlmann &
Hansson, 2012; Butler et al., 1969; Huber & Knaden, 2018; Steck et al., 2009). Bees, in
particular, have been shown to orient to specific chemical cues associated with nest
entrances (R. L. Foster & Gamboa, 1989; Guédot et al., 2007; W. Wecislo, 1992).

To provide redundancy and aid recognition under a variety of conditions, nest
recognition mechanisms may integrate cues across multiple sensory modalities. Several
hypotheses have emerged to explain the complexity of signals and cues, which may vary
in their intensity or persistence in the environment, in their ease of detection, or in the
information contained. First, the use of multiple modalities may provide “back-ups” that
either reinforce or conflict with the original message (Johnstone, 1996). This redundancy
can improve accuracy in decision making. Mosquitofish, for example, are better able to
locate conspecifics and avoid predators when provided with visual and chemical cues in
tandem, rather than either cue separately (A. J. W. Ward & Mehner, 2010). Second,
different modalities can convey different types of information, or have modulatory
effects on the primary message, as in human speech perception, which is modulated by
visual cues (McGurk & MacDonald, 1976; Partan & Marler, 2005). Furthermore, the use
of multiple cues or signals can specify context. Female red-winged blackbirds and Cuban
grassquits sing different songs to clarify the meaning of a single visual display that can
signal either aggression or courtship (Baptista, 1978; Beletsky, 1983). Due to this
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functional variation, the weights accorded to different cues may vary, depending on their
information content in a given context.

I investigated the importance of visual and olfactory cues in the nest recognition
ability of an aggregating carpenter bee, Xylocopa sonorina. This species nests primarily
in decaying stumps and logs, forming aggregations of up to several dozen nests. To
maximize use of this nesting substrate, which is rare in their desert habitat, X. sonorina
nest densely, with nest entrances often only centimeters apart. As such, X. sonorina
likely process multiple cues at long- and short-range to avoid entering a neighbor’s nest.
Previous studies have found evidence for visual and olfactory nest localization in African
Xylocopa species, but differ in their interpretation of the relative importance of these
cues. Anzenberger (1986) suggested that olfactory but not visual cues are important for
homing, while Hefetz (1992) found that both play a role, with olfactory cues useful at
very close range. Wcislo (1992) demonstrated the importance of olfactory cues for nest
localization in the tropical sweat bee Lasioglossum figuresi by removing chemical cues
at nest entrances as well as supplementing with odor cues from foreign conspecific bees,
both of which delayed nest entry by returning foragers. In the present study, I
distinguish between the effects of proximal and distal visual landmarks in visual homing,
and between the presence and absence of scent cues in olfactory homing. This
experimental design allows us to explore the relevant sensory cues X. sonorina uses to

function in a high-density nest site.

Methods

Experiments were performed from June 2018 through August 2018 at Arizona State
University in Tempe, AZ (33.42°N, -111.93°W). Four logs, each containing approximately
5 to 20 active nests of X. sonorina, were transferred to the university campus from
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nearby park and residential areas in the spring of 2018. Over the course of the
experiment, bees abandoned certain nests and colonized others. The number of active
nests—and therefore the number of replicates per treatment—varied over the course of
the season as bees emerged, dispersed, and experienced mortality and usurpation.

I performed four treatments that manipulated visual or olfactory cues at nest
entrances: (1) rotating the log 180° about its vertical axis, (2) moving colored shapes
placed next to nest entrances, (3) rinsing entrances with hexane to remove olfactory
cues, and (4) applying cuticular hydrocarbon (CHC) extracts from non-resident bees to
nest entrances. I compared the results of these treatments to an unmanipulated baseline
condition. A period of at least one week was allowed between each treatment to allow
bees to adjust to the changing conditions.

To determine the effect of each treatment on a returning forager’s ability to find
her nest, I measured search time and search error rate during peak foraging time
(5:30AM-8:30AM). To standardize measurements of search time, logs were surrounded
by 3 to 6 curved rebar poles, 85 cm in height, that were placed 90 cm from the central
axis of the log (see Figure 6.1). The population was given five days to adjust to the
presence of the rebar poles before measurement began, and did not appear to be
disturbed by their introduction.

Measurement of search time began when a returning bee passed into the region
defined by the poles, and ended when she entered her home nest. Nest recognition errors
were quantified as the number of nests a bee entered and exited before returning to her
home nest. Bees were unmarked, so I did not determine nest ownership through
monitoring of individually marked bees. Rather, I defined search success as entering a
nest and remaining there for at least 30 s without leaving to search nearby nests. Any
time spent in the wrong nest was not included in search time. Orientation flights,

characterized by slow, nestward-facing circling of the logs (Zeil et al., 1996), were
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observed across treatments, but rarely. I collected data from one foraging female per
nest, and I used each nest a maximum of once per treatment. Because male Xylocopa
have been shown to have lower nest fidelity than females, only female bees were included
in this study (Peso & Richards, 2011). Females were distinguished by their coloration
(black integument, whereas males have yellow integument).

For each log, I chose focal nests that existed in the same face of the log,
considering that these nests could reasonably be confused with neighboring nests in that
same region. Nests on the ends of the logs, or on opposite faces of the log, were excluded

from the study because I expected that bees orient to these major features of the log.

Log rotation: To determine whether bees use distal visual cues to orient to their nests, I
rotated logs 180° around their vertical axes and measured search time and the number of
errors made. This manipulation altered in tandem various distal cues known to be used
in insect navigation, including both celestial and terrestrial cues, notably the position of
the sun relative to the nest and the panoramic view associated with it, respectively
(Mandal, 2018; Wystrach et al., 2011). These measurements were compared to baseline
search times and error counts for unmanipulated logs. If bees make use of distal cues, I
reasoned that rotation would increase search times and errors, by altering the apparent
relationship between visual cues and nest location. Logs were rotated a single time on
the morning of August 14. Observations took place that morning and the following
morning during periods of peak foraging activity, in an attempt to observe each bee’s
first return trip following the manipulation. It is possible that some bees observed on the
second day had foraged the previous day after the end of the observation period. In this
case, the measurement of search time would be conservative, given the additional
opportunity for the observed bee to learn the new orientation of the log. However,

foraging activity past early morning is extremely low at this time of year, and it is likely

99



that most, if not all bees spent the hottest part of the day inside the nest. Additionally,
some bees in this treatment had an opportunity to learn the new orientation of the log
when they departed it, potentially through orientation flights. As such, my measurement

of search time is a conservative estimate of the effect of the disturbance on homing.

Movement of visual symbols peripheral to the nest entrance: I also assessed the
importance for nest localization of close-range visual features in the periphery of nest
entrances. One week before data collection, I placed artificial visual symbols (colored
geometric shapes) approximately 1-2 cm from each nest entrance on the focal side of the
log. There is strong evidence for color and shape learning in honey bees (Gould, 1984;
Leonard & Masek, 2014). Colors chosen for the shapes were within the visual spectrum
for bees (Chittka & Waser, 1997; von Frisch, 1956). Immediately before recording search
times and error rate, I laterally shifted the symbols, moving each marker to the periphery
of a neighboring nest entrance (see Figure 6.2). Because data collection occurred over
multiple days during peak foraging time, I returned the symbols to their original position
after each observation period, then shifted them identically before the next data
collection bout. In this way, any bees I had not observed that day had not left the nest

during the observation period, and remained naive to the new symbol configuration.

Removal of chemical cues: To determine whether chemical cues on the inside of the nest
entrance influence a forager’s ability to find her nest, I washed the inside of the nest
entrance with hexane immediately after a bee left, and recorded search time and
accuracy upon her return. I did this by applying approximately 2 mL hexane with a
cotton swab on the walls of the nest gallery, a short 1-2 cm entrance tunnel that leads

into the main nesting tunnels. Protocols for the chemical removal treatment and the
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chemical addition treatment (below) followed those of Wecislo (1992), which produced

positive behavioral results for nest localization in L. figueresi.

Addition of foreign-bee chemical cues: To determine whether the presence of chemical
cues from a foreign bee influences a bee’s homing ability, I collected bees from a distant
(2.54 km) aggregation of X. sonorina and extracted cuticular hydrocarbons by rinsing
chilled bees in 10 mL hexane for 60 s each. After the departure of each forager, I applied
these extracts to the inner wall of nest galleries in the same manner as in the chemical

removal treatment, recording search time and accuracy upon return.

Olfactory control: Hexane is highly volatile, with 2 mL spread over the area of the nest
gallery fully evaporating in under 7 minutes (Braun & Caplan, 1989). Average summer
foraging durations are highly variable but have been recorded as 47.2 min in Xylocopa
virginica (M. Richards & Course, 2015), and in this study were no shorter than
approximately 15 minutes. As such, the hexane likely had sufficient time to evaporate
fully by the time foragers returned to the nest. Nevertheless, to additionally control for
any potential deterrent effects of the hexane itself, I applied hexane in a ring around the
outside of the nest entrance, where I did not expect there to be any chemical cues
deposited (as in Wcislo 1992). I then recorded search time and error rate and compared

these to the results from both olfactory treatments.

Statistical analysis: I used a Kruskal-Wallis test to detect differences in search time
among the four treatments, the baseline, and the olfactory control. I ruled out analysis of
variance due to departures from normality and equal variance shown by normal QQ
plots and Levene’s tests for untransformed data as well as log-transformed data. For
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post-hoc tests I performed Wilcoxon tests on treatment pairs. Results are reported as
mean * standard error. To assess differences across treatments in the tendency of bees to
make nest recognition errors, I performed Fisher’s exact tests on the number of bees

making one or more errors across treatment pairs. All statistical analyses were

performed in R version 3.4.2 (R Development Core Team, 2017).

Figure 6.1. Example of experimental set-up including rebar poles surrounding a nesting
log to create a standard space in which to measure search time. Circular holes are nest

entrances.
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Figure 6.2. Nesting log with a symbol configuration to which bees had been trained for
one week (top), and shifted symbol configuration (bottom) used to determine the effect

of proximal visual landmarks on nest localization. Circular holes are nest entrances.

Results

I performed four treatments that assessed the effects on nest localization of (1) distal
visual cues, (2) proximal visual cues, (3) the removal of olfactory cues, and (4) the
addition of unfamiliar conspecific odors. I found a significant effect of treatment on

search time (Kruskal-Wallis test: H;=43.72, P=2.6 x 10-8), with both visual treatments
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increasing search time, the removal of odors having no significant effect, and the

addition of foreign odors decreasing search time (Fig. 3).

Log rotation: Foragers returning to an unmanipulated log found their nests quickly and
accurately, searching for an average of 8.7 + 1.3 s, with no errors observed (n=22). Search
time was significantly increased following the 180° log rotation, with foragers searching
for approximately eight times as long as they had during baseline, where no errors were
seen (70.5 + 14.3 s, n=16, P=2.5 x 10°5); (Fig. 3). Bees were significantly more likely to
make nest recognition errors in this treatment when compared to baseline (Fisher’s
exact, P=0.02); (Table 1). In this treatment, four of sixteen bees inaccurately identified
their nests, with one bee entering four other nests before locating her own.

Movement of visual symbols peripheral to the nest entrance: Shifting the geometric
symbols near nest entrances significantly increased search time relative to baseline,
more than doubling it on average (20.4 + 3.4 s, n=28, P=0.05); (Fig. 3). However, there
was no difference in the number of bees making nest recognition errors in this treatment
versus baseline (3 errors, Fisher’s exact, P=0.25); (Table 1).

Remouval of chemical cues: Treating the outside of the nest with hexane to control for
intrinsic deterrent effects of the olfactory treatments produced a mean search time of
12.7 + 2.5 s (n=18). Compared to this control, removing chemical cues from the inside of
the nest entrance through application of hexane did not significantly change search time
(7.9 £ 1.2, n=18, P=0.18); (Fig. 3). Likewise, the olfactory removal treatment had no
effect on search time when compared to baseline values (P=0.92). There was no
difference in the number of bees making nest recognition errors in the olfactory removal
treatment (2 errors) versus the baseline (Fisher’s exact, P=0.23), or in the olfactory

removal treatment versus the olfactory control (1 error, Fisher’s exact, P=1); (Table 1).
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Addition of foreign-bee chemical cues: The addition of cuticular hydrocarbon extract
from foreign bees significantly decreased search time relative to the olfactory control
(5.0 £ 0.6, n=16, P=0.006) and to the baseline (P=0.05). No bee made a nest recognition

error in this treatment.
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Figure 6.3. Time spent searching for the home nest in the baseline condition (left), visual
treatments (center), and olfactory treatments and control (right). Both the symbol shift
and log rotation treatments significantly increased search times relative to baseline
(P=2.5 x 105 and P=0.04, respectively). The CHC addition significantly decreased search
time relative to the olfactory control (P=0.006), and when compared to the baseline

(P=0.05). Letters indicate significant differences and open circles represent outliers.

Table 6.1. Counts of returning foragers that made one or more nest recognition errors
versus those that made no errors. Bees made significantly more errors in the log rotation
treatment (in bold) than in the baseline (P=0.02). No other treatment comparison was

significant.
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Baseline Log Symbol Olfactory Olfactory Olfactory
Rotation | Shift Control Removal Addition
Made
Errors | O 4 3 1 2 o
No
Error 22 12 25 17 16 16
Discussion

The evolution of group living is likely facilitated by adaptive cognitive processes that
maintain social boundaries. These mechanisms are particularly relevant for aggregative
or colonial species, in which individuals maintain separate nests within the group, and
for which the social group presents a spatially complex environment to navigate. Many
bees, particularly ground-nesting species, are known to aggregate in large groups
sometimes exceeding 100,000 nesting females (Hanson & Ascher, 2018). Some
carpenter bees also form dense aggregations, likely because they have strong preferences
for a nesting substrate that can be limiting in their environment (Gerling et al., 1989). In
these aggregations, several hundred individuals can occupy a single log, creating a
complex three-dimensional nesting landscape. The ability to distinguish among nests at
close range allows X. sonorina to capitalize efficiently on a rare but valuable nesting
substrate while minimizing conflict with neighbors. Furthermore, nest recognition
ability functions in predator avoidance. For bees, bird predation is a significant cost of
prolonged hovering outside of nests (Alcock, 1995, 1996), and in the study treatments
that delayed nest entry resulted in attempts at prey capture by birds. This study
demonstrates that nest recognition in this species may be facilitated by information from

multiple sensory modalities.
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The utility of multimodality in nest recognition

Interest in the evolution of multimodal information processing is increasing, both in
terms of animal communication and cognition, particularly navigation (Buehlmann et
al., 2013; Dovey et al., 2013; Higham & Hebets, 2013; Partan & Marler, 2005). Nest
recognition provides a suitable context for the evolution of multimodal cue processing
due to its importance in maintaining social boundaries (von Frisch, 1956). I manipulated
visual and olfactory cues independently and observed significant delays in nest
localization following visual manipulation. However, the fact that foragers ultimately did
locate their nests under each of the experimental conditions suggests that their nest
recognition system is generally robust to disruptions of individual cues.

In animal communication, multimodality increases signal detectability, provides
redundancy, and conveys complex messages (Johnstone, 1996; Rowe, 1999). Multimodal
communication strategies can also facilitate spatial localization. Female tingara frogs
(Physalaemus pustulosus), for example, are better able to locate calling males when
presented visually with vocal sac inflation, along with acoustic signals (Rosenthal et al.,
2004). Multimodality in nest localization may confer similar benefits. For homing bees,
chemical cues may have a shorter range of detection, greater specificity, and less
persistence than visual cues. As discussed above, chemical cues provide important
individual- or colony-specific information when nests have only subtle visual
distinctions, as in ground-nesting bee aggregations. However, chemical cues can
sometimes be unreliable if they are not a suitable temporal match to behavior patterns.
For example, chemical cues may not always keep pace with frequent emigration or
usurpation, which is common among Xylocopa throughout the reproductive season
(Hogendoorn & Leys, 1993; Peso & Richards, 2011). In X. sonorina, general conspecific
odors appear to play a minor role in supplementing more temporally reliable visual cues.
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It appears that unimodal (visual) processing is sufficient for nest localization in this
species, but that multimodal processing can be advantageous, potentially in assessing
logs as nesting sites. A potentially weighted organization of cue use may allow for

prioritization of cues in order of stability and reliability.

The use of visual cues in nest recognition

The importance of vision in nest localization by group living and social Hymenoptera is
well established (Butler et al., 1970; T. Collett et al., 1992; von Frisch, 1967; Wehner et
al., 1996). Tinbergen (1972) demonstrated the importance of proximal visual landmarks
for digger wasps, which nest in soil aggregations. Use of more distant landscape cues can
precede this local landmark recognition, as in bumble bees, which orient first to distal
cues as they approach the nest, and then to proximal cues around the nest entrance
(Plowright et al., 1995; Robert et al., 2018). Proximal and distal cues may also be
integrated continuously but at different weights at different distances from the nest in
order to dynamically optimize the utility of multiple information sources (Hoinville &
Wehner, 2018). This navigation scheme could conceivably account for the differences in
the magnitude of search time between the two visual treatments, with rotation of the log
delaying nest entry significantly more than the manipulation of proximal cues. The
rotation of nesting logs disrupted long-range cues potentially including panorama cues,
celestial cues, or magnetic cues, all of which may be heavily weighted at relatively greater
distances from the log. Simultaneously, proximal cues are likely more important at short
distances from the log, and their manipulation consequently has a smaller effect on
search time. Together, these results suggest that carpenter bees may integrate visual

information related to panorama and positional cues associated with the nest as well as

108



fine-scale cues in the immediate proximity of the nest entrance, and that the relative

weight afforded to these cues may depend on distance from the nest.

The use of olfactory cues in nest recognition

Holldobler and Michener (1980) hypothesized that olfactory nest recognition is an
important pre-adaptation for olfactory nestmate recognition in the social insects; as
such, it should occur frequently in solitary and subsocial bees (W. Wcislo, 1992). Indeed,
the importance of olfaction in nest localization has been demonstrated widely across the
Apoidea (R. L. Foster & Gamboa, 1989; Guédot et al., 2006; W. Wcislo, 1992). The
results of the olfactory manipulations suggest that olfactory cues can influence a bee’s
ability to find her nest, but that the absence of these cues can be overcome by other cues,
likely visual. The removal of olfactory cues at nest entrances impeded nest search efforts
in the ground-nesting solitary sweat bee Lasioglossum figueresi (W. Wcislo, 1992). In
this study, by contrast, removal of intrinsic olfactory cues by the same methods did not
present any significant obstacle to carpenter bee nest localization. It may be that wood
nesting substrate provides more visual heterogeneity than does soil, making visual
navigation more reliable for wood-nesters like carpenter bees. Conversely, Lasioglossum
may be more likely to rely on supplemental olfactory cues to navigate their visually
homogenous soil habitat. The variation in cue use by species with different nesting
ecologies highlights that nesting substrate presents particular recognition challenges,
and that these challenges may drive interspecific variation in hierarchical cue use.
Interestingly, I found that the addition of scent cues from foreign bees to the nest
entrance helped bees find their nests more quickly, rather than hindering their search.
Conversely, a similar treatment significantly delayed nest entry for L. figueresi (W.
Weislo, 1992). This result suggests that carpenter bees may not respond to nest scent
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cues on the level of an individual bee, but rather that a generic “bee odor” can be
sufficient to indicate nest occupation and aid nest localization. As nesting logs age, X.
sonorina preferentially inhabit newer nests, leaving older nests unoccupied. To navigate
logs riddled with nesting holes, only a fraction of which are occupied, X. sonorina may
use species- but not individual-specific odors to filter out empty nests and find their
occupied nest faster. Similarly, house-hunting wild honey bees probably use general odor
cues to locate tree cavities that have been previously occupied by bees, which they prefer
(Visscher et al., 1985). Other insects, especially beetles, use non-specific odors as
aggregation pheromones to orient to a single nesting site (Francke & Dettner, 2004),
suggesting that species odor cues can provide information that facilitates nest selection
for group living species. Alternatively, the common threat of nest invasion may make
carpenter bees sensitive to foreign odors at the home nest, potentially speeding their
flight to defend the nest.

In contrast to X. sonorina, Hefetz (1992) found that returning foragers of X.
pubescens delayed entry when their nest entrance was swapped with a neighbor’s, which
was identical visually but presumably not chemically. In this case, unfamiliar odor cues
acted as a deterrent. It is not clear why these two species respond so differently to
unfamiliar nest entrance odors. X. pubescens appears to localize to an individual nest-
specific odor, whereas X. sonorina uses non-specific odor information. This study
examined the role of CHCs in nest recognition, but it is likely that other compounds,
especially glandular secretions, are also relevant for creating a characteristic nest odor

(Gerling et al., 1989).
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Conclusions

These results support the roles of both vision and olfaction in nest recognition, but
suggest that visual cues may be sufficient in the absence of olfactory information.
General scent cues may play a role in facilitating quick nest recognition, however.
Furthermore, accuracy in nest localization likely preserves important boundaries
between social groups. The generally low recognition error rates observed in this study
suggest that bees avoid entering a nest until they have processed sufficient information
to confirm they have identified it correctly, likely to avoid aggressive interactions with
guards. At the same time, these aggressive interactions are not often fatal. As such, there
may not be a significant cost to inaccurate nest entry nor a strong selective pressure for
identification of individual-specific odors. The overall resilience of bees’ homing
behavior to the manipulations in this study likely reflects the adaptive value of a robust

nest recognition system in this social context.
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fitness benefts “rom ccoperating with nestmates. In this study, we characterized
Ihe relaladness and inler-neal migralicn behavier of Lhe lacullaive y sacial carpenler
bee, Xylocopa sonorina. Nesting constraints due to costy nest construction in this
species gve rige 1o inlense inlraspecilic. cormpelilion over access 16 axslirg resls.
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OPEN ACCESS

bees, Xyk I liite, dispersal, soclal evolution, non-kin, relocaton, drifting

Specisity section:

s aelicks we ”d'f‘ w INTRODUCTION

For muny unima groups, A sclectivn theory hus served as the cenlrd parudigin for understanding
e evolution of secial behavier (| lamillon, 1964; Wesl-Lberhard, 1975, Luivers and Llare, 1976).
Nevertheless, many animals torm social groups with non-kin, and gain little to neo indirect
fitness henefits fram coaperation (Bernasconi and Srrassmann, 1999; Clutton-Rrack, 2009; Riehl,
2013). Particularly within the Hwmenoptera, these groups tend to be understudied relative to kin
Citation:  aroups, but offer valuable opportunities to test hypotheses about drivers of social evolution while
 Dutizzr, B, conlrolling for imdirect filness benelils (Osbwald cLal, in review, this issuc). However, the exlenl o
which animals fonn alliances with nou-relalives and the mechanisms by which these groups arise
remain vnbhown for many social laxa,
Non-kin graups may arise thraugh shared esplnitation af limiting resources, especially nesting
sites. These canditions may prompt individuals to disperse and seek reproductive apportunities by
joining established groups or constructed nests. Nest joining by non relatives is common within
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the cooperatively breeding birds, which may gain divect fitness
henefits of cooperation even when relatedness is Jow (Piper et al .
1995; Young, 1998; Buglione et al., 2002; Richl. 2011). Likewise.
amony the cosnmunul and polygenous wasps and bees, feinales
may join hests established by non-redatives, where they may
benefit from reduced costs of guarding, provisioning, andfor nest
construction (Danforth et al, 1996; Johnsan, 2004; Weislo and
Tiemey, 2009; Mora Kepter, 2014; Ostwald et al,, in veview, this
issue).

‘Lhe large carpenter bees (genus Xylocopa) represenl usclul
candidales for Lesling  hypotheses aboul social  evolulion,
particularly in the context of non-kin sociality. Carpenter bees
may be .solital'y o may farm small, fluid societies in which a
single dominant temale pertorms all ar most af the egm laying,
provisioning, and nest canstructionmaintenance (Gerling et al,,
1989; Richards and Course, 2015; Buchmann and Minckley.
2019). Subordinate [emales may perform guarding dutics but
atherwise contribute litlle o the productivity of the nest
(Llogendoorn and Velthuis, 1993; Richards, 2011; Prager, 2014),
Tnstead, subordinates are likely waiting for oppartunities to
inherit existing nests (Velthuis and Gerling, 1983; Richards, 2011,
Schwarz et al., 201 1; Vickuck and Richards, 201 8), which can be
less costly than new nest constraction (Ostwald et al, 2021).

Because nests are costy and valuable resources, most females
will breed in existing wests rather U uudertaking new nest
conslruction {Feso and Hichards, 2011), which is ¢nergelically
expensive (Ostwald et al. 2021} This Jimitation creates a
shortage of awailahle breeding space thar can give rise to
intense ntraspecific competition for reproductive opportunities
(Gerling et al,, 1989: Buchmann and Minckley, 2019). Following
emerpence, adull Xyfecopa olten (but nol alw:
19825 Vellhuis, L987) overwinler with siblings in the oatal nest
in matually tolerant pre-reproductive assemblages that become
aggressive and break up at the onset of the repraductive season
(Michener, 1990). These famil}-‘ groups become aggressive at the
onset of the reproductive season, prompting dispersal and the
formation of dominance hievarchies {Velthuis, 1987 Michener,
1990; Richards und Course. 2015 To sceure reproduclive
opporlunilics, [cmales may compele Tor dominance in their
natal nesls or may altempl o usutp repraduclives in nearby
nests (Hogendoarn and Teys, 1993; Hogendaarn, 1996; Richards,
2011). Alternatively, females may disperse from their natal nests
to join neighhm‘ing nests, perhaps seeking to advance their
position in a reproductive quene or to minimize competition with
close kin (Vickruck and Richards, 2018, 20217,

Nest juining behavior has been vbserved in several Xylocopa
species and s expected o creale opporlunilics lor associalion
among non-relatives (Gerling, 1982; Velthois. 1987 Camilo
and Garofalo, 1989; Peso and Richards, 2011). Peso and
Richards (2010) used mark recapmure techniques to examine the
extent of nest joining in the eastern carpenter bee, Xylocopa
virginice, and found thal voughly hall of recaplured females
were found al w different nest from e ome ul which they
were originally marked, The high rale of relocalion can
explain low within group relatedness in social groups of
this species (Vickrucl and Richards, 2021). Aside fram this
smdy, genetic relatedness of nesting aroups is unknown for

—sce Gerling,

any other species of capenter hee, despite ample behavioral
observations  indicating that capenter bees  tolerate non-
relalives in Uieir nesls.

We examined nest joining behavior wnd relatedoess i the
facultatively social walley carpenter bee, Xplocopr sonoritd.
Tilce most carpeater bees, this species is characterized by high
repmductive skew and intense nest-site competition (Gerling,
19832). Gerling (1982) observed adult females joining active
nesls during Lhe reproduclive season, and also found thal
some recenlly emerged oilspring dispersed Trom their natal
nesls soon aller crergence, We predicled that dispersal and
nest relocation may didute relatedness within nests, leading to
mixed assnciations of kin and nan-kin, Using complementary
hehavioral and genetic approaches, we characterized the dynamic
group membership of X. sonorinag and the consequences of these
behaviors for relatedness within and among nesting groups. In
doing so, we aim o highlight mechanisms of group furmalion
thal can ¢volve in the absence of helping behavior and indirect
[itness returns,

MATERIALS AND METHODS

Study Design and X. sonorina Seasonal
Activity

To characterize nest relocation and relatedness patterns In
X. sonorina, we collected genetic and behavioral data fram
a single nesting agaregation (an occupied log of Goodding’s
willow, Salix goodingii, 206 cm length x 23 cm diameter}
sourced [rom a riparian area in Phoenix, A%, Uniled Slales
(3311988 N, —112.07062 W) lu cenlralisouthern Arizony,
winlee quicscence for X senering lypically ccases in March
(Mincklev, 1987). Mating activity occurs in March and April
(Minckley and Buchmann, 1990, and temale repl'odm:rive
activities, in:luding nest construction/renovation, egg ]a}-‘ing,
and offspring provisioning, occar primarily in April and May
(vlincklev, 1987 Ostwald el al. 2020, and ollspring vmerpe n
lule May o June (Mindkdey, 1987 Ostwuld ol ul, 2020} 'Lhis
species is univolline and prodvces an average ol 115 brood per
nest (Ostwald et al,, 20200, laid by a single repraductive female,
Nests may be solitary or tmay contain as many as 9 adults during
the spring (Ostwald etal,, 20204, though the distribution of group
sizes is expected to depend strongly on local factors such as
nesling densily.

To cuplure dypanic uesl movemenl behavior across Uie
reproductive season bul prior o ollspring amergense, we
<canducted behaviogal observations from mid-Macch to early May
of 2021, Likewise, to capture group relatedness at the onset of
dispersal and reproductive activity we collected genetic samples
in late March to early April of 2019 and 2020,

Behavioral Observations of Dispersal

and Nest Joining

We used mark-recapture techniques to evamine dispersal and
nest jnining by famale hees over the course of the reproductive
season. During spring 2021, we caught andior observed hees
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entering and departing nest entrances in our focal log {as in Teso
and Richards, 20105 Pexo and Richards, 20117, Cpon first capture
ol an mdividual, we recorded the nest of vrigin and marked cach
bee with a unique Iwo-colur painl murking on the thoras wd
abdomen vsing L'estors cnatel paint (l'estors, ¥erhon Hills, 1L).
Tor all subsequent abservations we recorded the identity af the
hee and the nest of deparmure or arrival. These nests may have
heen natal nests or nan natal nests to which they had dispersed.
‘' eslimate tolal populalion size, we extrapolated rom counls of
the number of murked and unmarked fmale bees enlering and
exiling the log over the course of 1 hvat tw end of the spring, aller
all focal bees had been marked.

We abserved nest entry and departure activity for 17 days
hetsween March 18 and May 2, 2021. On each sampling day
we observed bees for | 4 h within the daily window of peak
flight activity, for a total observation period of 30 h 25 min
over Lhe course of the spring, We observed all enlrdes und exils
during these observalion periods, and recorded the nests visited,
Ambient lemperalures al the lime of observalion ranged [rom
approximately 20-34°C,

Genetic Analysis

we collected genelic satmples by capluring bees upon departure
fram their nests. We anesthetized all females on ice then removed
the most distal tarsal segment from one metathoracic leg using a
sterile vazor hlade. Remaval of this tarsal seqment. is not known ar
expected to significantly impair mobility (Vickiucl and Richards,
2017). Tarsal samples were stored in ethanol at =207C for Tater
genelic anulysis,

We extracted DNA [rom all tarsal samples using the IINcasy
Blood & Tissue Kit {Qiagen, Valencia, CA, United States). We
amplified DNA ar 6 microsatellite regions characrerized for the
congener X. virgliica {Vickruck, 20015 XV7, XV, XV27, XV28,
XV30, X¥42), having previously confirmed the presence of these
loci in X, sonovina using gel clectrophoresis of amplificd PCR
products. Lot were wmplified in three 12,3 pl PCR mulliplex
reaclions of lwo or three primers per mulliplex, Lorward
primers were tagged with a tluorescent probe (6TAM, TTT,
PET, HEX, or VIC) far fragment identification (Supplementary
Table 1). Genotypes were analyzed by fragment analysis and
scored by visual inspection of the tracefiles using Geneious R&
(Kearse ctal, 2012).

Relatedness Calculation and Statistical
Analysis

W estimaled raatlve relatedness of sampled individuals using
methods developed by Queller and Goodnight (1989}, using
the R paclkage velated (Pew et al, 2015). Dara are presented as
pairwise comparisons of the relative relatedness of all possible
pairs of individual femnale bees in the sample. We used Wilcoxon
lests W compare relalive relaledness of nestmates  (within

1nest compurison) vs. non-nestmales (belween nest compurisun]
within each vear of collection, We excluded [rom analysis any
individuals that were missing genatype informatian at two or
more laci (W — 6). Tn addition, we tested far adherence to
Hardy Weinherg equilibrium at all loci, and estimated Fgr and

Fz between collection years, using the ganepop package (Rousset,
2008). All statistical analyses were conducted in R 4.1.9 using the
bese and stais packages (R Core Team, 2021).

RESULTS
Fluid Group Membership

Over Lhe course ol spring 2021, we marked a Lotal of 73 unigue
Lemale bees al 25 focal nests. We eslimale thal there were
approximately 147 female bees residing in the log at this time
based on the estimated ratio of marked to unmarked bees.
Further, we estimate that there were appraximately 40 active
nests over the spring ohservation period. Of the 75 marked
female bees, we observed 47 bees on more than one occasion,
with an average of 2.57 £ 0.22 (range: 1-12) observaions per
individual. The bees hal were vnly ubserved ouce muy have
dispersed 1o nests other than vur 23 focal nests {including nests
in ather. distant aggregations) o may nat have lett the nest
during nur chasen sampling times, Of the 47 hees observed more
than once. 16 (34.04%) were observed only at a single nest. The
remaining 31 hees (66.96%) were observed at multiple nests: 19
Dees (10.43%) were vbserved al 2 differenl nosls, 7 bees (1:1.89%)
werce ubserved at 3 dillerenl nests, 2 were bees (6.38%) vbserved ul
4 dillerent nests, and 2 bees (1.26%) were observed al 3 difTerenlt
nests (Figore 1), Na bee was observed re-visiting a nest she had
previously ocenpied.

Tmportantly, the number of nests visited by each hee is likely to
be greater than what we were able to observe during this limited
observalion period. Many of the 28 bees we marked but did nol
recaplure may lave edocated o von-focal nests, Lor all bees
abserved more than once, we abserved a significant correlalion
hetiween number af abservations nf gach bee and the observed
number of nests visited {r — 0.49; af — 44, P < 0.001). This
correlation suggests that more intensive sampling would reveal
even lower nest fidelity.

Relatedness Within and Between Groups

We sampled genelic malerial from 68 adult [emales in spring
2019 and 2020 In 2019 we sampled 29 females rom 12 nests
and in 2020 we sampled 39 temales from 18 nests, We sampled
hetiseen 1 and 7 females per nest {mean — 227, SE. — 0.28).
Topulation genetic analyses showed little genetic ditferentiation
between vears facross loci Fey = 0.0488; Supplementary Table 2).
lardy-Weinberg  equilibrium was verihed for all bul Lwo
loci {X87 und XS8530; Supplementary Table 23 o X87 Fig
analysis showed an extreme overabundance o helerozygoles
Iy = 0971 We calkoulated the relative relatedness of all
pairwise camparizans of individuals sampled {(Oueller and
Goadnight, 1989). Tn this metric of relatedness, a vahie of (¢ refers
to the average relatedness of all individuals sampled. Positive
values refer

ove-average relatedness and negative values
refer o bow-uverage reluledness, & relative relaledness value
of 1 indicates thal the two individuals share alleles at all six
loci tested. Tn 2019, the estimated relatedness () of nestmates
(mean — —0.09, SE = (.15, median — 0.10) was indistingnishahle
from the relatedness of non nestmates (mean — 0.1, S.F. — 003,
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median = —0.023% Wilcoxon test: P = 0.500: Figure 2). In
2020, the relateduess of nestmates {mean — (035, S.E - Q.07
muedian — 0.336) was signilicanlly higher than the relatedness
ol non-nestmales (mean = —0,05, S.L. = 0.02. median = —0.01;
Wilcoxon test: # = 0L001; Ligore 21,

DISCUSSION

Choosing whom to live with is nne af the most consequential
social decisions animals make. Kinship can factor strongly intor
this decision when individuals receive indirect fitness henefits
from helping relatives reproduce. When helping behavior iy
limited, as for many carpenter bees (Gerling ol al, 198%:
Richards, 20113 Prager, 2014), incenlives for nesling with kin
may be likewise minimal. We explored nesling decisions in
the valley carpenter bee (X, sonorine), which face severe
intraspecific competition aver nesting apportunities (Gerling,
19525 Ostwald et al, 2021). We demanstrated that nest joining
is conunon throughout the reproductive season in this species.
Joining behavior inay promplassociations bely
Indeed, we present genelic evidence suggesling a nix of Kin
and non-kin In nesting groups. with many close relalives
nesting apart, and many unrelated individvals nesting together.
These highly dynamic social groups raise important questions
about tie costs and henefits of group living in different
social contexts.

[nler-nest migration creales opportunities for individuals Lo
associale with non-rdalives, Ollen, these movernenls reflect
adaplive stralegies o aceess limited reproduclive opportonilics
th rough IRSRUTCE sharing ar cooperation, as in many communal
hirds and insects {Abrams and Fickwart, 1981; Weisla, 1993;
Vehrencamp, 2000; Wreislo and Tierney, 200¢; Riehl, 2011} Tn

n non-relalives,

other cases, relocation may reflect uswepation {(Klahn, 1988;
Hogendaorn and Leys, 19931 In our study, a majority of beex
(67%) relocaled from the nests wl which ey were originaly
caplured (sinilar Lo rales observed in other 1lyinenupleran
specivs; Mepachile rotundnia, Goerzen ot al, 1995; X vigrnica,
Pesa and Richards, 2011; Pofistes canadensss, Sumner et al,,
2007, and 27% relocared mare than once. These maves may be
temporary or permanent. reflecting both relocation and perhaps
inspection of possible nesting siles. Notably, however,
abserved a bee relocule and then return o her previous nest,
suggesling thal relocations arc often long-lerm.

The high rates of nest relocation in our study likely ropresent
attempts to seek out repraductive opportunities within saturated
nesting space. Bees that relocare may he attempting to usurp
dominant reproductives n nearby nests (Hogendoom and
L 1993; Hogendoom, 1996 Richards, 2011}, Alternatively,
they may join existing groups us subordinales. bul perhaps
with a greater chance of nest inherivance than they had in
their matal nests {Richards and Course, 2015). Ntably, nest
relocation was coummon desprite the fact that intruders are usually
rreated aggressively by resident bees (Velthuis and Gerling, 1983;
Hogendoom and Velthuis, 1995}, sugeesting that the potential
benefits of relocation can outweigh the costs of physical conflict.
The filness eutcomes ol e relocalion siralegy compared wilh
reindining in the matal nest remain W be investigated.

Otlen termed “drifling” nest eelocation behavior should not
be conflated swith navigational errors, Tor example, navigational
errons are a well-documented apicultural phenomenan in which
honey hees enter unfamiliar hives in crowded apiaries (Free,
1958; Pfeiffer and Crailsheim, 19930 Oliveira ot al, 20217
Studies of inter-nest movements in the paper wasp Polistes
cinadinsts and the castern carpenter bee X virgivicn Tound
evidence that pest relocation in these species was not merely
the resnlt of navigational errars (Sumner et al, 2007 Peso
and Richards, 2011). Tn a study of the navigrational abilities of
X. sonorina. females made very few navigational ervors, even
in treatments desigued to disrupt homing cues {Ostwald et al,
2019). These observations. coupled with the high incidence (67%)
of pest relocalion in our study. suggest thal nest relocalion here
represents an aclive stralegy rather than simply a consequence of
navigational errors,

Qur behaviaral data support the results of our genetic analysis,
which suggests that nestmates are not akways close relatives. Tn
2019, we found that nestmates were no more related to one
another than they were o non-nestmales, Frequent inker-nesl
nigralion, 45 observed in our murk-recaplure dalu. was likely
1 be the mechanism diluting relaledness in these nestmale
groups, In 2020, hawevey, we found nestmates to be signiticantly
more related than nom-nestmates, despite sampling at the same
time of vear across sampling vears. This suggests that levels of
velatedness vary. across years and likel sonally. [f females
overwinler with siblings, then we would expecl relatedness w
progressively decreuse over the reproductive scuson, as bees
disperse and are driven [rom the pest by doninanl bees (v elihuis.
1987; Richards and Course, 2013; Vickruck and Richards, 2021),
Also, annmal variation in the timing of envirnnmental rues
reaulating carpenter hee social phenology (Minckley, 1987
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Ostwald ¢l al, 2020) could accounl [ur observed differences
across years il for example, bees began [oraging and dispersing
Tater in 2020 than in 2019,

Alrernatively, the extent of dispersal and nest relocation across
years may depend on factors such as population density and the
degree of inlraspecific compelilion. Farther sampling throughout
the year and across years would wselully clarify the exlenl Lo
which relaledness changes over lime and how (hese pallerns are
shaped by environmental factors, Oue vbserved ditferences in
relatedness may be, in part, an issue af limitations on genetic
markers. We examined genetic loci characterized far another
species, X. virginica (Vicluck. 2015), swhich we demonstrated
to he present and variable in X. sonorine. However, developing
spucivs-spucific genctic markers will enable greater resolulion of
relatledness estimales in future studies,

Why might bees leave their natal nests o join individuals o
which they are not closely related? Many non-kin groups henefit
tram task sharing that improves survival ar fitness by reducing
the individual labor burden (Bernasconi and Strassmann, 1999;
lbbetts and Reeve, 20033 Cahan and Fewell, 2004 Willinson
¢l al, 2016). Carpenler bees, however, do nol share the labor
cosls of reproduction, wilh only tie reproductively uclive [emale
contribuling meaninglully lo [oraging and nesl consleuclion
[Richards, 20171; Richards and Course, 2013), As such, additianal
gronp members may nat improve the praductivity of the nest
(Prager, 2014; Buchmann and Minckley, 2019). Tn the absence of
helping behavion the indirect fitness benetits of remaining in the
nulal nest with velalives are likely Lo be low or absenl. Instead.
[emales may  priorilize seeking dirvel filness  vpportunilics
wherever they may be available, with kin or non-kin,

At the same time, social decisions may not necessarily be
made irrespective of kinship. Temporary marrifilial societies may

arise rom gencralion overdap belween molhers and recently
emerged ollspring, in which oflspring mayv guard the nest and
receive faod fram their mother (Gerling, 1982, Gerling et al,,
1983 Velthuis and Gerling, 1983). Conversely, non-kin nesting
may actually represent a strategy to maximize reproductive
opporlunilies among kin. Data from X. virgiica even saggesl
that fernales may aclively wvoid nesting with relatives during
the reproductive season lo reduce kin compelition (Vickeuck
and Richards, 2021). Indeed, our data show many instances
af closely related non-nestmates, Turther study is needed to
determine whether females can benefit from assaciating with
relatives, and if so, what conditions and life history stages favor
these associations.

In conclusion. we found evidence for variable relatedness
within carpenter bee nesling groups, suggesting that groups
can consisl of a dynamic mix of kin and non-Kin nestmales.
This study represents one of aoly two to quantify genetic
relatedness in Xyloeopa groups (Vickruck and Richards, 20027).
Observations of nest relocation i an additional two Xyfocopa
species sugpests that low relatedness may be common amaong
the social species o the genus (X pubescens, Gerling el al.,
1983 X swleetipes, Volthuis, 1987), Nest inelbership in our
study was highly [oid, with most females spending lime in
multiple nests aver the course of the reproductive season.
This nest relocation strategy likely reflects artempts to secure
reproductive opportunities among strongly limited nest sites.
Changes in nest membership demonstrate that relatedness is
nol a Lxed condilion, bul vather muy shill with seasonal and
suddal variubles, Instances of low relaledoess urnong our saunpled
bees suggest limited indivect fitness boenefits for nestmates, and
instead emphasize the importance of ecalogical factors, especially
nesting constraints, in facilitating sociality in X, sonrorina

Feantisrs ir Scooqy are Sealutior sevecfontizrsic.cng

S5 “ecenber W21

Voore @ Sricz 7

A

150



Ostezoz ctal

emlzcezaip and T2 atednses

[Ostwald et al, 2020, 2021} Though sociality is often interpreted
through the lens of kin selection, systems such as these with
low and dynamic relatedness highlight the complexily of social
decisions beyond the role ol kinship.
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Abstract

Facultatively social amimaly adaplively mideh social sirategy 1o envirenmental context; as sueh, they offer unigue insights
into he ecological factors Lacililuting social evolution, We investigiled temporal (seasonal) und spatial (nest architectural)
tactors governing flexible social behavior in the carpenter bee Xvlocopa raripuncia Patton using repeated, non-destructive
computerized tomography seans of nesting logs. We wested the hypothesis that growp liviog is mediated by envicommental
1 ally ceological consirging and phenological parameters. These imaging data support @ Faculiative soeial
organization strongly influenced by seasonal shifts in Life-history strategy, Ovr results also illuminate patterns of structural
change associated with nest inheritance and eventual nest abandonment. This dynamic nse of space mediates the within-nest
wnteretions that determine social ovgamization. Furthermene, constraiuts on the usclfuluess of inhierited nest strsctures com

Pound dp cxising limiladion on pest sites thal may vnderlic the origins of this lexible social srategy., These lindings empha-
size the importance of including spatial dynamics in considerations of the ecological contexts in which sociality evolved.

Keywords Carpenier bees - Nest architeeture - Phenology - Sociul palyumorphizm

Introduction

The initial lransitions [rom solitary (o group living are likely
tacultative. with some individuals in a solitary population
acdopting a social lifestyle (West-Therhard 1987 Weislo and
Fewell 2017). Ay such, Tacultalively social species Tound
among diverse taxa including birds, mammals, and insects,
provide valuable insights into the conditions promoting the
cvolution ol social behavior. Swdies of the drivers of e

ible sociality have variously highlichted ceological Lactors
(Field et al. 2010; [Taney and Fewell 2018), social factors
(Kapheim et al. 2015: Lawson et al. 2016). and indirect
filness effecls {(Rever 1984 Yugi and Hascgiwa 201 2).
Within these broader contexts, individuals must weigh the

Electronic supplementary material ‘I'hc orline version of this
arlicle (hlgs:fdni.ong/ 1O 10078000 9-020-D076 | -e ) cortainy
supplementary material, which is available o anthorized usees.

2K M. M. {xtwald
mustwuld @ asu.edu

School of Lite Sciences, Arizona State University. ‘lempe,
AZ. USA

= School of Medicine, Duke Tniversity, Durhum, NC, USA

fundamental considerations of when and where itis adaptive
(o he social, [n this study, we use C'imaging 1 charac
terize a [ucultalive sociul orgunization in the carpenter hee
Xylocope varipancia Patton, for which both seasonal and
spadial seleetive pressuces lihely play coles in the formation
of soeil groups.,

Complex social behavior often hay ity evolutionary ori-
eins in ecolngical and spatial constraints that compel orean-

s Lo forego independent reproductive apportunities. In
particular. enyvirommental acwors that chunge scusonally can

drive cyclical variation in social behavior. For example. tem-
povary grouping hehavior can maximize scasonal opporti-
nities for resowrce cxplaitation (Bos et al. 2006 Widianuki
ctal. 2004 Smith ct ul. 2019). Additionully. climatic stress-
ors can drive periods of mutual tolerance between conspe-
cifies secking shared refugia. ‘This is capecially the case for
temperate specics with limited ability (o withstand winter
conditions outside of hibernacula or aggregutions (Arnold
19838: Dapporto and Palagi 2006).

Habitat saturation and costly nest. founding can also
cneoutgge social nesting (Emlen 1982 Hatchwell and
Komdeur 2000; Burve et al. 2019y, Inheritance of nesting
structuces by descendants is a common adaptation to envi-
Tonmunts lacking in opportunity for dispersers (Harmis and

X -
& Springer
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Muric 1934, Myles 1933 Teadbealer clal. 2001 1), Exlended
mula-genscational use or inheited nests may have unplicit
limitations, however, when nest structwes decling in quality
avar e {(Holmez aval 2003 Moller and Frrilzge 2008)
Furthermyaee, these changes in nest acchiteclure can shaps
interacnions within sovigues. Effects of the bult enviconiment
on cocial behavior are well escablithed in haman societies
{Baum and ¥alins 1977 Allen 2000; Williams 2003) and
incteasingly in the cusocial inscels (PMow-Wollman 2015;
Punter-Wollman et al. 2007, but spateal deternmnants of
social complexity are underexplored in discussions of sacial
syolulion He ¢t al 201%)

Here we explate the nest as the interface ar which organ-
13ms shape thew envoonment and which in tirn shapes the
soeial interacuions o0 il inhabilants. T exanting intgractions

among socialiy. ccological faclors and the buill envicon-
ment. we observed seasonal changes in the social behavios
of the carpenter bes X varipancia and covrelated impacts on
nest avehitecure. Carpender hees are knowm far iheir diver
sily of social behaviors (Michenee 1990, Rehan el al, 2012,
with a nuimber of species expressing inua-populanon owial
polymorphism ({erling and [Termann 1973; Gerling o al.
IH8 1% Nest site Himidtadion has ofien been invoked as a pri-
macy ceological driver ol carpenict bee social nesung (-
hing and TTermann 1978; Gerling et al. 1480, Likely due to
this Timiladdon, cavpenter hees are stromgly philopadric, inher-
iting and rensvating nests fonn older generalions (Michener
12904, The ultimare abandonment of these nesting tunnels,
however, suggests an eventual functonal expuaton of inher-
ited nastz. One possihle mechanism by whiclh nest qualivy
wmay decling over time s through tnmel widening (hal
accompanies brood-rearing acuvities iGeding et al. 1981,
Wider minnels require the consoruction of larger-diamerer
nest parlitons which may increase the cost of conslrcting
these parlitions. More impoclantly, however, Lhe diametsc
ot nest tunnels has unpoctant unplations for within-nest
behaviors, particnlaly dominance interactions, wWhich often
nvolvz phivsieally blacking a vival’s passage rough the nest
{tretling e al. 198 1: Hogendootn and Velthuis 1493: Rich-
ards and Course 2135 As such. naportant hehaviors medi-
aling social organizadom would e compromized by imnnels
that are wide enangh Lo permil nan-cons
We conducred a year-long series o1 OT scans of catpenter
bee (X0 varipune e nesung logs to test the hypothesis thar
social organization responds dynamically 1 seasonal and
archileclural changes. The destructive nest surveys (hal are
rvpically used to charactenze insect social suuctiuee rad to
capture important strucural changes caused by long-term
interactions hebwean the sacial group and its extemded pha
nolype. the nest. For many Laxa, the nest is the site of inler-
acnons that are essential tor understanding geoup dvnamies:
however, icis often inaceessible o non-destructive oberva-
tion Recenl waork has made use ol imaging teehnology o

’il Spanger

visualize ant and (comite nesls (Fuehs ot al. 2004, Halley
eral. 2005: Terna et al. 2008: Varoudis et al. 20180, bur these
studies have tocused on characterizing nest eonstruction by
lars wwcial colonies rather than examining the ways in
which Lthe use ol space may shape sovality al its cvolution-
aty ougins. Some of the toundanonal work on Lapente
hee gocialicy has made uge of taa-dimensional, field Xaay
vicws of nesl aractures in tin woaden boards (Gerling
and Hermann 1978; Gerling oual 1981; Hogendoorn and
Velthuts 14493 ) Cr smdy budlds on thes toundauon by using
T weehiniques 1o produce a diree-dimensisnal view of nest
architecture and social shategies innainral nestiing logs ‘s
approach allows visualizauon of social suucmure oves tine
and demonsorates flexible machng of souial strateay with
seasonal and spatial sonditions.

Methods

Population, nesting logs, and X, varipuncia life
history

T track ihe social dynamics of nalnrally nesting carpen-
ler bees, we cstablished a population ol X varipancia in
a desert riparian research area at Anizona State Uneversity
AF42°N] — L1193 W) W collecled and relocated two
logs {T.og A Prazepissp waod. 51 aw long, and Tog B
Salix gooddingi wood, 107 <in long) containing imuluple
X. varinun: fa nesiz from local residential and park areas
in Txeeenther 2017, A hitd Tog. T.og 7 (P
135 em Tong) was uscd foc dissection in Februacy 20108
inmediarely aftec 11 was removed from it otiginal location
in anearhy residential area. Bach log tontained over a dozen
sirnclures in varying sdasges of

sapis 8. wod.

previously consbusted ne
decay. only a (raction of which were socupied al a given
trme. Logs in the couttyard expenenced ambient winpera-
e and humidicy. and received morning shade.

Inihe desert Sowhweest X pazipureta spend he win-
ler inaclive in their nests, betore smetging in saly Match
{MineKley 1987). Maung activiey generally ocours hetween
March and May (Akeock and Tolmson 1990) Beginning in
March, famales provision broud and perlomm any nccessary
excavauon of nestung tunnels {Mincklev 1987). Einetgence
ot adult offipring generally beging i June. after which acuv-
ity levels taper through the Tall inw November and Desem-
bee, by whieh time adulls snier witer-quicsconce (Minckley
1987: personal obs

€T szanning
To estunite tregquencies of sovtal and solhitary nesting strat-

egics, nesting logs were saanned onde every two manths
heiween fanuary 20(R and March 2019 Tov a dalal of cight

155



Temporal and spatial dynamics of carpenter 2ee sociality revealed by CTimaging 205

seans per log, using a T machine (Treneral Fleewie, Tighe-
Speed V) au Su Joseph's Hospital in Phoonix, AZ. Tn
January 20118 only Log B was scanned. and in Mach 2018
only Log A was scanned: for all <ubsequent scan dares.
hotlt logs were seanned agether Seans lnok place between
100 AM and 600 AM Lo cnsure that all bees wers inaotive
wnswde thett nests duting scanming. To prevent escape, nest
entranges were plug2ed with cotton prior o uansport « the
hospital Scan imags slices ware 2 S thick and provided
in sagial and coronal views welauve Lo s long axis ol e
Tog. Followang scanning. 1ogs were placed n thewr arigmal
Tocations at the research site.

3D reconstructions: social organization and nest
architecture analysis

To assign bees in scan images (o their particular nests. wo
mannally reconsttucted the 3D suucenure of nests and visu-
ally identinied all bees, hrood, and pollen ingide the nest
winels g 1% 31> imases were consurucied [ront seans
uging Avizo™ yergion @4 CThermg Seienling™), (Fig. 2.
Fat each 3D nest steucnuee, we counted the number of umgue
annel hranghes per nest.

Tadeterming ihe effecl of hrood cell eonstruclinn s fun
nel diamclet, w7 measured the diameer ol (unocls ac their
wdast pont within theee hroud-cell lengths of the wrme-
nal end. in spaces where hrood cells had heen o would e
constructed We measnrad diameters of nmels scenpiad by
brood i the May 2018 scans (fot both logsh and compaced
them o the duamerer of these same munnels betore the biood
cells were sonstrueted (Tog A: Mareh 2018 sean: Tog B:

Fig.1 Scan nuages sboawig
nés.ing Lanmels with a adnlt
beas b atull pallen provi

sian and a “pallen lan” o
in-progress pallen pravizien
whded by an adull bee. ¢ braod
alls comiaining larvae and d
braad =¢lls cantaining pupac

Tanuary 2018 scany. We also measured wnnel diameter ol
abandoncd nesls in bulh lags i the May 2013 scans. Tunnel
diamerer was msaseed using lmagel vecsion 2.0 {National
Tnstimites of TTeulth).

The 312 reconsiructions of nesis and bees in stan images
allowed us Lo estimale he prevalense o social gmulli-
temale) and sohrtaty (single temale) nesung at diffetent
umes thiroughout the year. To i important o note that we
were unable 1o distinguish the fewale from male bees onthe
CT mages. Due to s Indradon, any nests that may have
hean comprised of 1 single temale and one o1 morg males
would have heen counted as a possihle pualti-female neat,
cauxing us o underestimalte the nmnher off
Conversely, any nests consistng of 3 single male would have
heen counted a3 a possible sohtary female nest, causing us
Lo overestimiate e nunther of solilary nests. However. we
do nolexpeet these coumterbalanging potentials for over- and
undsrestimation w attect obsetved tatios of solitary to social
nests throughone the year. Males me active in the spring
Mrough May when defending mating werrivories {Aleock
and Johngon 1990, Minckley and Buchmann 1944, belore
dying and beng replaced by the new gensraton of males
in June ipersonal abi). Due to dus relanye contnity of
male presence in nesls, we do nat expect significand sca
sonal shills in sex tauo that would impact owe social acst
Trequency earnates.

To additionally overcante the limitatdon associated with
nol distinguishing wales and females in sean images. we
dissected nesting logs and censused occupied nests near the
heginning and the end of the T4-month study. Tn Febrmuwy
201R a month alier the firstsean. we dissected Tog {7 which

olitary nests
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Fig.Z Tages shewing nesiing lags, T sean im slices (Ml
2013, and AL resonsUruetion Togs and nest tmn Tunnels and

nes. cnua Les shown e dulerenl solors vemcsent scpaale wngon-

was not used Lor any scans. In March 2014, ater all seans
were comnpletad, we dissected Logs A and B, the subyjscs of
our series of elght seans. During Tog dissection, we exposed
el and cenased bees

nesing wnzls wath a hanmer and ehis
in each nest w categorize it as social o solitary. We also
measured head widthy of females using digital cahpers

conlexwalize dur nicasurenmients of wnnel diameler.

Statistical analysis

W evaluawesd the cifeat of season on social shalesy (solitary
ar sociali with a Fisher's exact 1esl. Woused T'eatson’s coree-
laton analyais w test for a telatonship berween the nuimbet
of aunnel Branches 1n a nestand the number of adulis per
nestin fuly 2018 For onr analysis of nest el diameter,
we confitied notmaliy and homoseedasuciy of data with
Shapuro tests and Levenes tests. respectively. To detennine
the eilect of raod cell consuuction on nnel diameler we
compared immel dinmeter measuraments before and afler
brood cells had been consuucted. using a pairzad £ rest with
aBonterron cormecuon for multple pauwise Comparsons.

’:il Spanger

uonebaibby
BuiseN |einjeN

20IS
abew| 19

Bo1ae

UOJONASUODSY UONONIISUCDDY
leuuny Qg

necled nesls The blue maneal nerwark in Tag K consists most likely
af a 2eries of passively marged nests

To coupare these data (o e diamasiers of (acls in aban-
donad nests as well as to the doubled head wadth of females
{a neasure of the ease of passing other adulis in die nesy), we
comdociad 7 iesix as appropriate amd Mam Whimey £ esis
when asswinptions were violated. I' values are reported with
Bonfarrom worgiuons for muluple plowise compartsons.
Resulis are presented as mean +suandard error. All statistizal
analyses wire petfonmed in R version 3.4.2 (R Development
Core Tean 20170

Results
Phenelogy of social arganization

The wowal population ‘Logs A and B) numbered 24 bees
when logs were €T scanned m May 2018, during carly
hepod provisioning and belore tie emergence of e dirse
hroad (Fig. 3a). 'Ihe adull population mare ihan quadrupled
to 129 bees after the emnergence or brood m the July 2018
CT seans. Tlowever. this nerease was stull Texs than halt che
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Fig.3 PIhennlogy of carpenter bee saciality remesentsd as a total
2o aernsz bath Tags al Iwaad exlls mehidmig ezas, laryae ar
pupas and “pollen Rlancs” rveprasenting the early stage of provision-
mg [uwre broad. Tumes shaded aravse wpesent e general peuoad
al aciviy deversd o apradncive aaivilies ach s maing nes
smstruction, and hroad pravisioning. Tincs shadzd blue represent
the peniad ol wiier quissscnze. b Tregquancis ol sohary and cacal
nese in Togs A and B combingd heoween May Z01R and Bfarch
2912 Numbiis m sylute bars represant maar nunbars o adulu bees
sowial nests Tl neso immbser dlonged hesmghonl e year as
Ware variausly accupied and abandoned. Tims of year had a signin
cantehizet an e Icquensy ot sofal nezlmg (P <PU01)

potental populaton iersase suggesied by e emecgense ol
245 brood hetween May and Tuly. By Septemher 2018, the
within-lag population had fallen o below 40 adulis, prob-
ably dus 1o @ combination of wortality and dispersal where
it remamed untl the following year. Overwioteting morral-
1y, estumated as the decrease i the number of adults pre-
senlin seans hevween November and Tanuary, was relatively
minimal at | 3% 4 bees).

Social and solitary nests co-ovcowcted theoughout the year,
demonsuwanng tacultanve socaliey. The namber of acuve
nests in the two nesis Tuetuatesd Qrsughout the vear bebween
aminimum o 7 and 2 maximum ol 13, due Lo migralion,
naw nest consttuction, and nest abandonment. There was
a aignificant effect of tume of vear on the frequency of
social nesding in s population (Fisher's exact- P <0 001
{Fig. 3b). Specitically, sovial nesing was conmon (SU% of
nests or more) throughout the vear, except when solitary
nesting predontinated in May ([0 o 11 nests) when females
were provisioning Iheiv fivst brosd. Tn July 1000 13 nasis
were social, likely because voung adults remained in the
nest after emergence. Social nests at this ume contuned

450+ 1,12 adubis. Tn Seprember, nesis were split evenly
between solitary and social stategies. and social nesting
predominated through the winter (Fig. 3b).

Nest censuses from our log dissections idicated that
dur estimales of sosial and solitary nesting (requeneics
were roughly consistent with aclual proportions ot sosial
and soltracy nests, and that etror wesulting fomn ambiguous
social craes was nmimal. OF 18 total nescs disgected, four
contained a solitary emale and one or mare males fwhich
would have cansed an underesumaie of the nmmber ol soli-
tary nests) and twe contamed 1 single male iwhich would
have caused an overestimace of te number of solitary nests).
The eomunizrhalanchi

g effzets of thesa v types of patenlial

ccton help mingate the emscts of ambiguity i social suaregy
assignment using CT scans.

Nest architecture

Oue 3D reconstructions of ness revealed a diversity of
Y ranging from a single lincar tunncl
Lo large el netwarks with mace than fifleen beanches,
Addittonally, the ceconattuctions suggested that muluple
nests had heconie connected aach hat a contimuous mnnel
sirueture containad wuliiple adjacent enlrances prohahly
(rom lonnetly independent nests (sce blne wnnel nelwotk,
Log B, Fig. 2). For those nests ociuped when the popula-
tion readhed its peak size in July, we tound no relatonghip
helween the mmber of adulis ina nest and the mamber of
branches ¢f <01, a= 12, '=¢.98).

The construcnon of brood cells ignuicandy inagased
lunnel diameter, from 15.06+€0.16 mim helore braod
16,30+ 0.24 aller brood cell construcuon (Paired £ lesl.
== 743, n=24. Bonterroni-adjusted I < J.H“"); «F1g. 5%
Abandoned wnnels (16,87 £0.23 mm, »=24) were also sip-
nilicantly wider than lunnels heiore brood cell eonsirastion
(Weleh's r-tost. Bonforromi-adjusted ™ <Ly §), and similar
to thase aftar broad cell consuucton {Welch's ¢ st Ban-
terroni-adjusted P=1): iz, 5. Because measuremends of
lunnel diameter helore hrood 1aying were laken heiors nest
excavaton acuvily had begun, we assmne that these mnncls
had heen constructed the poor season Sprng 2017) of ear-
Tier. Theretore, itis likely that dhe tannels ncasured in tis
sy had honsed brosd for aulzast vws sonssculive seazons

The doubled head width ot fainales (a imneasure of case
of pissing m wnnels) {1527 2003 mm: 2=111) was
signilicantly less than the diameter ol ahandoned wnnels
(Mamm Whimey U test. Bonfecroni-adjusted F < 10 )
and the diametst of mnnels atrer brood c¢ll construction
(Mann-Whitney 77 test: Bonferroni-adjusced P < 1077, buc
no different [rom the diamcier of lunncls belore hrood cell
sonsteuclion iManm=Whimgy U Lesl. Ronferooni-adjusted
P=u43): iFig. 5).

nese stragares g
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Fig.4 Sample af 3D nest
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Fig.5 Camparigon of mnel Lameters hotore and aftar aod oell
sonsticuan (¥ —24) hameters o abandaned wnels (N= 245, and

the douhled hzad widch of fomales (27— 141, from Log <71 a8 2 con-
wxwahyms m2a:we ol ¢ase of pazimg mounnels

Discussion

Plasiizily in soeial hehavior allows animals io adapively
maich lifs hisl,a:}: sualegy o changing covirgnmaenlal con-
dinons. In thes study. we used noninvasive, tepeated CT
imaging of Larpenter hee nesting logs to demonstrate flexible
socialily stramgly influenced by s
examined the lnletplay betwesn nesl use and nest acchiles-
e and found that reused nests change i1 1 Way that has
implications for within-ne<t oial interactions. O resulig

somal efTzels W alsa

’:il Spanger

suggest importanl ilects of phenology and nest-site linila-
tion on the incidence of svcial nesting and saprure the Auid-
y of soctal behavior i a facnltatvely socal species.

Facultative sociality and social phenology

Alternative <ounal soategies widnn populations ofen arie
(rom complex inleractions hetween organisms and their
cuvironment. Ilasic responses wo eovicommanlal vanables
are Likely to underhe the evoluuonary transiasn from solh-
Lary 1 group living {Michener 1974, Wesi-Eherhard 1987:
Weislo and Fewell 2017). Social arganizalion may shifi
according to seasonal changes in esological and behavioral
vanables, patulaly those affecting resource avanlatnhicy,
social eompedition, and climatie challenges. Our resuliz
reveal a dynamic social organizalion likely driven by sca-
sonally flucmaung costs and benefits of group nesung.
Seaonal penods of inorgased compantion can Lonsoran
sociality. as in red deer slags whieh form bachelor groups
ror LU manths ol the yoar that break up dJur ing the mal,ing
seaaom (Corvis ciphans: Lingoln et al. 1472), ou i famale
wld eep. which group when food resouries are plentitul
and disperse in amomer when meadows sre impaverishe:d
{(his arienralis, Bon clal. [¥9U0, Soial groups ol carpan-
ter bees likewise dishand when wnthin-group compeanuom
mereazes, as mutually wlernt overeinieting groups heeonie
competilive and produce dispersers in the spring {(Gerling
eral. 1989, Hogendoomm and Velthuis 19935 Our results are
consitant with this type 2l behavioral pactern, wath a lagh
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incidence of social nescs found in winter and predominandly
solilary nests found o spring. Scasonal (actors are likely o
limpact nnportant differsnces in the natee ot group living,
whether as tamtlv-hased pre-reproducive assemnblages or as
lemale-hazed reprodustive social sroups Because subordi-

nale females i Bdocopa nests contabule only minimally, if
at all, w brond proviiamng (Gethng et al. 1989; Richards
and {ourse 2015, females niay prefer o nesc colican vy in die.
pring Lo minimize weproductive compatition and resoures
sharing.

Socal groups may also fonn acoording w the seasonal-
itv of certain adaprive henefits of socialicy. Adaptive group
thermaregnlatisn, for example. sxplaing icmparaty gocial
behavior in wineer groups of taiga volss ( Micronts xantitog-
sathes; Waolff and Ludwicker 19871, sga snals i Nerica aira-
mentesa: Thapperon and Searomt 2012), and night livards
{(Xapmsia vigrirs Rabosky et al. 2012). For the laculatively
eusocial sweat bee, Megalopia seaqlis, tropical seasonal
Yariation drives Titness etfects of alternarive social strate-
giess social nests reap produclivily benelits in the dry sea-
son when resoucees are abundant. and survival benefics in
the wer season, when the 1k of nest talure o« lugh (Sinith
eral. 2019). Dikewise, it mav e that seasonal phvaologt-
cal demands encourage group nesting by carpenier hees
In ow swdy, socially nesung bees in the Jannary €T seans
appearad 0 densely paclked groups at the tenmnal ends of
wnels, suggesting potential thernoregulatmy grouping.
Fotre studies should examine the elfeel of social siralegy
on potenual adaptive wintsr behaviors such as thermategula-
non and witer conservaton. Addinonilly, n some Ipecies,
subordinate females play an imporuant eole in guarding the
nest against pollan robbers when Noral resources ars limil-
ing iHogendoors and Velthuis 19930, As such. the benefits
of wlgrating potential rivalg in the nest vary with season.

Tmporiantly a persistenl. minority of individuals nesied
socially in the spring and solitanily in the winter, “This evi-
dence of petsstently facultative soctaliny indicates that sea-
con alone does not 2overn tocial hehavior. Within-popula-
ton variation in sacial hehavior has heen broadly inderprated
as a plasic behavioral 1esponsc (o envicomnental and social
cues dFeld et al. 2004¢0: Schradhn et al. 2072 Shell and Rehan
2017). Tlextible social behavior in carpenter bees could allow
For matching »f life history sirale gy with variable ccologieal
and sovial conditions. Furthaumore, the mechanisms undet-
Iing this plasticity may be tentral to the svolunon of more
complex forms ol sociality.

Nest architecture and implications for social
behaviar

Actoss 12¥a, passive architectural fCanres oU nesting sbrue-
ras are known o mfuence behavior Dawkins 1982; Col-
liag and Colliag 1984; Turner 2000: Pinter-Wallman et al.

2017 Humtan social behavior is olien shaped hy architee-
e . commeclivily in workspace layomts can influencs levels
of innovation {Wingman and Daviz 20N and scienting col-
Taboranon {Kabo et al. 2014). More fundamentally, dwelling
strugaral eomplexily may have been an imporiant precursor
Lo the development or complex hominid socicties (Jauberl
et al. 20146, Likewise, the relanonship berween suuemral
and <ocal compleicy in imsects 12 besoming inacasingly
clear {Iheranlar of al 1598 Pinter Walliwan 2015 Pinter
Wollman ot al. ZU17). Ow swudy sitnates this discussion at
the evolutiwnary onigins of saaahty.

Our use of non-desuuctve OT imaging redhniques
allowed 02 1o rack dynamic archileetural leamres and theiv
associated social effects. Like many anunals, catpentet bees
construet nests that can be inherred and modified by sub-
sequent generations (Rau 1933: Taland e al. 2003; Prager
and Huntzer 2010, As such. we did nol vbseove a cclationship
between the nunbet of adults in 3 nest and the munber or
tunnel branches per nest, since only a fraction of tanngls in
Targe nesus is aclively used for provisioning hrood aL a given
Lime, Comversely, Peager and Huner 201015 fownd a positive
assocation between foundeess mumbet and number of unnel
Tanches in XD virgings ¢, DUt hig speics generally consouts
smaller, less branched nests than X vor fpaeccte (Gerbing aned
Henmann 1978). Our 1osults suggest that nocls, and even
whole neats. may becmne ahandonad when therr over-use
Teads w tunnel widening. Carpenter hees lay egas in linear
sequence along tmmels, with each egg separaied hy par
urions made or wond pulp. Females gather raw marenals
tor this pulp by thewing wood from the sides of the wn-
nel {Grerling et al. TOR1), such thae the anmual need o new
partition material may cause wmels W progressively widen
over years of teuse (Gerling etal. 1983). The preferznce ror
newer, nurower unnels likely motivates nest ienovation and

produces larger nesl strusares with many branches

The width of nmels shapes social mweractions becanse it
deternmines beex” amlity w effectively defend valuable tond
prowitions and vulnerable offspring, both from invaders and
(romn rival nestmaies When a pair of hees meet in a nest
lunnel and onc alicinpls o pass by, the othac has the oplion
to etther block her, back up or inansuver her hody such that
hoch Lan move past one anather, ventral zide o vencral side
{Broathers and Michener 1974) As xuch, snecessiul pass-
ing is usually inrterpreted as a toleraot behaviur because 1w
entals mutlal maneguvering i a posiwon that exposes euh
hee o e othet’s mandibles and stinger (Breed eLal. 1978;
Amgson and Weislo 2003, Peso and Richards 2014y, Spatial
effects on the ease of passing nesunates thus can infuenc
within- and between-group social dynamics (Jeanson et al.
2005)

Provention of passing is assovialed with social domi-
nance 1 X¥locopine bees Michenet 19907 Domunant X
pulescens females prevent cahordinates fiont entering nese

I
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wnnels used For provisioning hrood, both because adulls may
consume pollen from growing “pollan slanis™ mtended lor
larvae and becauss usiuepation events involve the desuuction
of the domnant’s hiood (TTogendoorn and Velthms 1993
Females are likely reluciani 1o 1ay braod in wide tunnels that
they are unable to defend. Fudhermare, el blocking is
an nnparant behavior inediating tood shanng. Maother bees
of X. predvescens are acosted By hungry progeny upon 1¢icn
from lo

ging wrips and are prevented (rom passing wil
they olice a lood concession 1o thelr olispring, who jockey
for positns nearest the nest entrance 1 order to recerve the
largest share of thod (Cerling et al. 1981, T929). Wider than
avarage imnels wanld permit non eomsensnal passing that
would neuntalize the effectivensss of behaviors mamraimng
domnance lnerarchies and nest defense. Thus, the archimed-
wre of nest nnels and Meir progressive restructaring via
repeated wse may impast nest ubility over ling, inlensilying
the competinion over already scarce nestung resowces.

Conclusions

Environmenal faciors ave knawn lo shape sacial hehaviar
{Emlcn 1%82; Lion and {yandon 200%). and, conversely.
souaal mterleusons wan dictate the spanal use of the enyvi-
ronmient {Theraulaz et al. 1998 Smidt ec al. 201 5; Pincer-
Walhnan et al 2017) Qur study provides evidence (orihe
1eciprocity of these effects by characterizing a seasonal
effect om soctal behavior and an effect of nest reuse that
ntay influence social ineraclions. We found that group
nesting is common thegughomt the yeac. bul dislaveced
duing brood provisioning when reproductive comperition
encourages dispersal from the naral nest. Tarthermore, the
functional delerioration of nests caused by multi-genera-
tional reuse leads o nest abandonment and exacerbales
neat site competnon. These interacuons betwveen spanal
constraincs and social competicion are likely o underlic
plasticily in ancial behavior mare hraadly
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Social groups form when the costs of breeding independently exceed fitness
costs imposed by group living, ‘Lhe custs uf independent breeding can often
be energetic, especially for animals performing expensive behaviours, such
as nest construction, To test the hy pothesis that nesting costs can drive soci-
ality by disincentivizing independent nest founding, we measured the
energetics af nest construction and inheritance in o facultatively social
carpenter bee (Xpfocopi seaorinn Smith), which bores tronel nests in wood,
e measured metabalic rates of bees excavating wood and used compater-
ized tumugraphy images of nesting logs to measure excavation voluwes,
Lrom these data, we demonstrate costly energetic investinents in nest exca-
vation of a winimum 43 k] per offspring  provisioned, an expense
equivalent tu nearly 7 h of flight. This high, potentially prohibitive cost of
nest founding may explain why females compete fur existing nests rather
than constructing aew ones, often leading to the funnation of sacial
groups, larther, we found that nest inheritors varied cousickerably in their
investment ir uest renuvation, with costs ranging more than 12-fuld (from
7.08 to 89.1 k] enexgy}, prubably reflecting differences in iherited nest yuwal-
ity, On average, renovation costs were lower thun estimated new nest
construction costs, with sowe nests providing major savings, These results
suggrest that females may join social sroups ta avoid steep energetic costs,
but that the benefits of this strategy are not experienced equally,

1. Introduction

Soclality can arkse as an adaptive strategy to imitigate the costs of independent
breeding [1,2], Lspecially in risky, unpredictable or harsh environments, ndi-
viduals may have little chance of success without the buffering advantages
suppliecd by the soddal group [34] In particular, group Lving can provide
shared access to luniting resources, especially habitat space [3.6]. As such,
environments lacking in vppuortunities for dispersers can provide Gtmess ncen-
tives for offspring to remain at the natal nest [7,8], or for individuals to form
cooperative alliances [,10]. Thus, evolutionary transitions from solitary to
group living may be fadlitated by adaptive avoidance vt costly lite histories,
These costs of independent breeding may be energetic in nature, Relative to
group-living auimals, independent breeders may inake greater personal invest-
ments in energetically costly behaviours such as dispersal, foraging and nest
founding [11-13[. Nest-building behaviour in particalar las been inplicated
s o context favouring the evolution of suciality 141, Animals living and breed-
ng in complex nests often need to expend considerable energy gathering
Luilding waterials and then constructing and mainteining these structures.
The substautial energetic expense associated with nest construction has given
i~ to various strategies that cirewnvent or minimice such costs, Nest inheri-
tunce I vne such toctic cormumon across diverse couperative taxo [8,13,16]
Inheritance strategies can result in group living if offspriag delay dispersal or
fail to disperse from the natal nest [3.17.18], Alternatively, social groups may
form when individoals seek access to non-natal nests vin usurpetion ar nest

2 2021 The Authorfs; Published ay Lhe Royal Sociely, Al righls rserved,
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ioining, often delaying reproduction until inheriting the nesd
[19 21]. High nest-building costs thus lavour socialily as
competitors saturate low~<ost nesting opportunities.

The sacial Iimplications of founding costs are particularly
observable in lacullalively social animals, which plastically
express social behaviour in sesponse to ecelogical and
sacial context. Because initial bansitions to group liwing are
likely to be facullalive [22], hese syslems provide imporland
insights into conditions shaping sociality at its evelutionary
origins. Studies of facultabively social animals have empha-
sized Lhe wles af genelic, ecological and social laclars in
shaping sociality 123 271 However, the evalution of sociality
in these groups has rarely been exploved from an energetic
porspective. Energelic cansideralions are likely Lo faclor
strongly mte the context-dependent behavioural decisions
underlying facultative sociality.

With their flexible sociality and impressive nesl can-
structon behaviours [28-311, large carpenter bees (genus

Kidpcopa) vepresent ideal candidates for examining the intlu-
ence of energelic oosls on social evolution. Unlike bees thal
nest i hellow cavitios or soft piths [32], many carpemter
bues comstruct their nests by boring tunnels into wood with
lheir mandibles, a pros thal is predicied 1o enlail signifi-
cant time: and energetic costs [29,33]. Perhaps due to these
costs, some carpuenter bees seek reproductive opportunities
in already-construcled nests rather than underlaking the con-
structon of a new nest 1283433 This nest inheritance
strategy leads to the formation of thiid, often ephemeral nest-
ing groups comprising kin and/or non-kin, oflen with

overlapping gencrations [29.34]. The carpenter bee Xvlocopd
spparing nests cither solitarily or in small groups, in which
only a single female dominates cgg laving, foraging and
excavating behaviours at a given tme 132,36] nete that
X. vwripireia has been synonymized with X soneiina |37}
As such, addilional group members do nal strongly reduce
the individual labour burden for dominant bees, aside from
potential shared nest guarding 136] {but see [34,38]). Tn the
abscnee of strong helping behaviour, sodality may he nlu-
enced more stomgly by nesting constraints 29,591, While
nesting substrate is not expected to be limiting in our study

populalion, costs of exploiling available substrale may con-
stain founding  behavicur. Nest inhoritors could  wap
substantial cnergetic savings iF metabolic costs of construe-
lion are high. These savings are nol guaranteced, howeser,
and benefits could wary considerably across nests when
inheritance entails addition or expansion of onels
over-used slruclures [40].

Tn thiz study, woe investigate the energetic costs under-

to replace

Iving sorial and Jife-history strategies in X sonorian. Az
wilh many nesl-building species, sodiality in carpenler bees
has been widely attributed to the costs of new nest construe-

tHon 129,33,391; howoevor, the mmrg(:ljc. nosks of crmstmcting a
nesl have boen dillicult o quanlily empirically. Using
respirometric techniques  coupled  with  thwee-dimensional
{3D) structural analysis enabled by computerized tomogra-
phy {CT) imaging, we dircctly measured metabolic costs
during nest conshuction. Feom these data, we estimate the
metabolic cost of nest excavabon per offspring provisioned,
providing a filness-welevant estimate of (his neglecled com-
ponent of offspring  production costs. Tn doing, s, woe
provide quanhtative support for the claim that high exca-
valion cosls underlic nest milalion. Further, we gquanlify

costs of nest Tenovation behaviour to vnderstand  the vange
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of costs incurred by nest inheriters. Cur resulls demonstrate
that avoidance of vostly nest building may provide an
fmpaortant fitness henefit of seciality.

2. Methods

T azsess metabolic costs of varions behaviours associabed swith
reproduction, we measuox!  the metabolic rates of demals
¥, mewrinie duing excavation. flight and resting behavdowrs.
eperiments e conducted betsseen March sind July 2004 (the
season of peak resl excavalion aclivily) usirg fec-living bees nesl-
ing at Arizoma State University in Tempe, Arizona [33°25' 12" N,
TITE554R" W), Boes were captured al dassn upon Lheir liest depar-
ture from the nest to ensure that none had fed that day, because
Ireding status influerces metabolic mte [411 Beos were wighed
upon caphure (A&D GR-200; repeatability 00001 gk

(a) Respirometry

To measure metabolic rates of excavating bees X
ferrale mass = .95+ .02 ), we pasaed dry, COy-free
2

thrimgeh
ml syringe conlaining a bee and a small @& o™t cube of
wood. Ty, COs-free sir was supplisd at 500 mlmin ' by a
FLIK Purge CGas Generater (ke Balston, Palmwee MD, USA}
comnected to 11 colwmns of cobalt-doped copper (ID sulfate
Drievite, WAL Hamoond  Drierike O Lid, Xenio, OH, LISA)
and NaOH (Ascarile II, Sigma-aAldrich, St Lowis, MO, USA)
Fach bee was gi\'en either balsa (O lovaree ryemidel, o woft
wood (de A9 em™, n- 18 or Coodding's willow
(Siciy goortitingiih, a hard wood species (density - 0.53% g an ©
1= 130 that we sampled (om a log orcupied by oestiog X. «
Hir, These wood species are both known to be used by X,
and span mnch of the range of densities of known nesting ~ub-
strates for (his spocics 137421, The rospimmenv aces wene
closely matched to behaviours: we only weport C0); emission
It lor bouts ol digaing bekaviour that were longer than Gs,
whick is greater than the 93% washour tme for our system
Line vonstant NG min, 2.5 « for 95% washoul).

For comparison to excavation metabolic rate, we measiwed
metalmlic ke of resting: Lees and Lees in flight, using fline-
tweugh respirometry as above. Bor quantification ol resting
metabulic rate, we only used bees that exhibited nuo lucomuotion
or aclivily during measurcment (=105 Tor flight melabolic
measurements, we only included bees that achieved sustained
lueering beliavinnr Zor o minimon ot s and  recordesd
w-state COa. omission during (hds flighl period 1n=17}
Bees were motivated iy l'ly h_g- ;agimﬁun ofF the chambwr prior to
the 108 hewering period and arientation of the chamber owakls
w in & Jarkened room. Resting bees were measured in

15 il syringues willoain supplicd al 3000mbmin

L ind Il_yins b
were measwred in a 463 ml glass chamber with air supplied at
1850 ml i !

Flosy rate (S11° was regulated using a Flowwbar-% Mass klow
Meter Syatem (Sable Systems Tntermational, Tas Vegay, N, USAL
Ixeusrrent O, was measured wesing a Li Cur 6232 OOk, infrarcsd
2as analyzer (Li-Cor Limcoln, NE, USA) Measurements were
diyritizod {L1-2, S8 Ehen roenrded and analysod nsing thee Expe-
Dala data acquisition soflwanz, v. 1.2.13 {850, The mean ¥CO,
(ml min ') was calenlate] ue;ing the e(luutiun

VOO RGO NS Flow calenyy o-

where FCO; represents the fractional content of CO- in the excur-
ren stream (9310 Converdions froam VOO, fo watts ascumed 2
respiratory quoticat IRQN of one for metabolism of simple carbo-
hydrates [ All measumamnents wene taken at 23+ 19C o cuntre!
for temperature eficcts on melabolic rate; further, we observed Lthal
beesinibated daily flight actvity at avbient ternperaturey roughly
nwear Lhis leospeealure ange.
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(b) Behavioural analysis

We continuowsly observed each bee in the respirometry charber
fur 30anin and reenrdud the Bnie periceds spent excavating, "o
calculale the average excavation rate, we weighed wood cubes
before and after the samplirg period e measure total mass of
woend excavated, and <divided by the wLal time spent excavating.
Sample videvs of bees excavating the bwo wood types are
avartlable in the vlectrunic supplementary taterial.

() Computerized tomography scans and nest velume
reconstructions

To memsure nest seroctune volmes and assess the ament of nest
excavalion that occurs wilhin a single breeding scason, we C1
scanned & nesting log voupied by X w Gro at three (itterent
Limw: pol (i) curing winier quicseenae, prior Lo Lhe brecding
season (Jaruwary 2018); (0 during peak drood production activity
May 2008 and Gild after the end nf the breodimg scasun, by
which tme nest excavation activity has ceased (Septomber
208). The scanned log alow provided the hard willow wood
used io Lthe respuometry Uials, Lo ensure cquivalent wood den
sity In owr estimations, Scans were conducted using a CT
rachine {Cleneral Plectric, LightSpoed VOT ot 81 Juseples Humpi-
tal in Phoenix, AZ. USA, with 2.5 mm thick scan image slices
provided insagittal and coronal views relative o the lang axis
ol the log, We manually reconstructed the 3D struclure of nesls
rscans and calculated their volumes uging the imaging software
Avizo v 940 O Reemo Scientificy; [407. Additionally, we measuosd
brood production rates by counting the number of occupied
Prong celle por nest on thie May scans. This population of X,
soporint is primarily univolling, will most brood cmerging
between late May and eartly Jime [40).

(d) Estimations of energetic costs of nest construction

and renovation
We wsed nest volwne nwasurements and metabolic data to calea-
late: i) costs of nest excavation pere offspring and Gi) vosts of nest
renovation, We chose eight [ocal nests that were occupiod during
the period of active brood prodoction (May). and ieasured their
volumes prior o (Jannary), durimg (May) and afler {Seplember;
the breeding seasun. The change i mest volume over the
course of the entire brecding season (Jasuary Seplember) pro
vided us with an estimate of the potential renovatons
Ly tor o teniale hrevdingg incar existings nest. Aduitioually,
we measured he volume of G el space used 1o hovse a
single developing ottepring (o hrood cell™; (= 30). The imajurity
ol the oocupied nest volumes consist of brood  cells, bul
additiona) space iz consbucted at embances. to join adjacent
el Lunnels, and Lo house adull becs. As such, beoodd cells sep-
resent only a portion of the total excavaton costs, and a
conservative estimabe of per-offspring exeavation custs.

Ihese measureed volumes, the average melabolic rate of hard
woud excavation and the rate of hard wood excavation were
used e calvulate the wlal energetic expeadilues associated
with excavation of different nest volumes, accordmg to the fol-
kvwingg cynation: enengetic cost (1) —wetabnlic rbe (W - - B

3

volume excavated fem™ = rate of excavation fem® 5™, We used
hard rather than soft wood metabolic rate m this calculation
brrause the wond excavated in hard wonel Lrinls was sourced
from the same log we CT scarmed for nest vohune analysis, In
this way, we wontenlled for potential interactions hebween
wood hardness and nest volume, Finally, to contextualize our
measutements of imetabaolic costs, we caleulated o flight-time
cquivalent of these encray cosls using our measurements of
flight metebolic tate. Flight providey relevant energetic context
as il is a neoessacy provigioning behaviour lae ceproductive
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Xidlocope 128,29,36], and because insect flight is among the
tlicst animal behavioues [45,46].

(e) Statistical analysis

Tur assess ditferenees inonase-specific inetalalic mee mnogg rest-
ing, Uying and excavaling bees, we used a hruskal-Wallis Lest.
We muled out analysis of variance due to departures from nor-
mality and homescedasticity revealed by Shapire’s wsls and
Levene's tests, yespectively. We perfonmed pairwise Wilcoxon
tests oo treatment 1)})il’2~‘- o pus inalyais, beoa
bees were measured i all theee behavioural aclivities: excaval-
ing, Hying_ and n:_ﬂin;_r b :'|i|¢\rl_\-', we nscd l\;lgmn—Whifm:.y
U-esls 1o assess ditfencnees in oxcavadion rale and excavalion
rate-adjusted metabolic rates. We used linear regression to exam-
ine the relationship between the metabelic mle and exeavation
rate. and analysts of covarance (ANCOVA) to assess the nature
ot this relationship st respoct tooswoukd Tardaess, Smnples tor
this analysis weore independent; individual bees were cither
measired excavating aard wood or excavating soft woed, but
not both. Kesults ane prosented as mean+ s.e. Al stadistical
analyees were perfonaed in B v, 342 (R Development Cove
Team, 20175

sindividual

S

3. Results

(a) Metabolic rate during nest excavation, resting
and flight

The metabolic rate during aest excavation 0.016 = 0,002 W,
7= 33) was signiticantly higher than the metabolic rate of
resting bees {0,005 0,001 W, n—10, Wilcoxon rank-sum
test: 1< 0.001), but siguificantly lower than the metabolic
rate of bees in tlight (0.17% 0,008 W, n— 17, Wilcoxon rank-
sum test: p - 0.001) (figure i), Our flight imnetabolic rate was
lower than previous estinates fur X],tfl‘.\“q;xa [11,17-191. such
that our estimates of tlight-time equivalents for excavation be-
havivur may be conservative, The resting inetabwlic rate was
siuilar tu that recorded for X, capiate [14], Car results ili-
cated a significant pusitive linear relationship between the
metabolic rate and excavation rate both tor the soft wuood
tp - 0037, 718, adjusted K- 0.196) and the hard wood
(p - 0008, adjusted K2 -0.541, 3 - 13), Regression lines did
not differ I slupe (ANCOVA: »-0.750) or intercept
CANCOVAL p 0243, Wood lardness did not significantly
affect metabolic xates of excavators (Mann-Whitney U-test,
p - 0.34), but bees excavating soft woud excavated at a signifi-
cantly faster rate (soft wowd: 162 0,12 e’ b7, hard wood:
002002 e’ ™', Mann-Whitney  Utest <0001, As
sucly, when mass-specitic metabolic rate » adjusted tor the
excavation rate, the excavation of lard wood (621 =
181 ] e ™} is significantly more energetically costly than the
excavation uf soft wood 42,1 £396 | an™; Manun-Whitney
U-test: p - 0.001} (figure 15),

(b) Energetic costs of nest construction and renovation
To eslimale the energelic cosls of nesL conslruclion and rene-
valion, we repealedly measured  the volumes ol nest
shruclures across a single breeding season {(figure 2). Whole
nesk structures measured prior o the breeding season 1Janu-
arv) averaged 257 L41.2 em®. By Lhe lime brood praduclion
was under way (Mav), Lhese nesls had increased in volume
by 47.7 1 23.3% Lo a lolal volume of 353 1 37.3 em™. Belwoen
May and the end of lhe s
further expanded by 1002 -

som - (Seplember), nesls were

Lo a final average volume
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Figure 1. ia} Metabolic rtes IW! of boes during resting, excavation and flight. The metaholic rte of bees during wood excavation was significantly higher than that
of resting bees ¢ p 2 0.601). but loveer than that of flying bees [z < 0.001%, {6 Cost of cxcavation () cm Yis significantly higher for excavation of hard wood than

for soft wood {p < 0.001),
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Figure 2, (@} CT scan image slice of an otcupied nesting log, shewing enc foral nest, highlighted bluc, and one hrood cell, highlighted orange. (&) Three
dimensional reconstruction of focal nest prior to the breeding season (January; {¢) Three-dimensional reconstuction of the same focal nest after the breeding
season {September). The change in tunnel volume from (&) to (¢} represents the renovation volume excavated by the female who inherited this nest, Yellow
dots indicate the position of nest entrances, (d) Estimates of energy <osts {JF to renovate a nest (Ieft axis; n =& nestsi The ads on the right comesponds to
estimated energy costs associated with excavating brood cells (i.e. one hiood cell — space to provision a single offspring?. The horizontal line and grey region
represent the observed mean x s.e. number of offspring provisicned per nest in this population. (Gnline version in ¢olour.)

3o, for a tatal expansion of £3.1 L2824 or 122
L1323 om” across the entive breeding season. The age and full
history of these nests prior te this vear of obsarvabon iz
unknown. As such, nest measurements taken in January
may include older nests that had undergone some expansion
in previous years.

We usaed these volume measurements to estimale energy
investment associated with brood production and nest reno-
vaton (figure 2d). Spring CT scans indicated that bees in this
population provisioned 115 L 18T offspring per nest (there-
fore, poer reproductive famale) over the repreductive season.
To excavate the space necessary to rear a single offspring
{a brood cell; 1191021 con) within a nest would require
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33 LNTK of energy. A female bee using an existing nest
and undertaking nest renovations of the average volume
observed in this study would requite 44.8 _ 1.2 kT of omergy
(range: 7.08-88.1 k]).

4. Discussion

Croup liwing can provide immediale opportunilies for indi-
viduals lo inease filness by minimizing energelic cosls.
For animals thal build coslly nesls, group living con arise
when individuals cempele for access Lo exisling nest space
15,14,16]. Our findings supporl the asserlion Lthal high ener-
gelic savings of nesl inherilance can (avour group living
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even fn the absence of strang coeperalive behaviour among
group members. For the carpenter bee X, seraring, lemales
that opt out of nest excavation activity by joining an existing
nest, often with ather females 1361, may bypass significant
energelic cosls i they inheril the nesl. We used meiabolic
rate measurements m combination with CT imaging to
demonstrate high costs of nest excavation by the carpenter
bee X senarina. These cosls Tavour the reuse of exisling
nests, perhaps even at the expense of delayed or uncertain
reproduction. The coffects of this energetic invesbment
represent a significant bul neglecled componenl of reproduc-
tive fimess, and one with impartant implications for the
formation of social groups.

(a) Mest construction as a context for the evolution of
sociality
Lile histeries involving coslly building behaviours may facili-
lale social evelution by placing a premium an conslrucled
nest habitals [14]. T these cases, the risks and £ ar cosls associ-
aled with nest founding can oulweigh the polential benefils
ol independent breeding, encouraging offspring (o remain
in the nalal nest. Nest inherilance has been implicaled as an
imparlant seleclive pressure in (he evalulion af sociality in
the Hymennplera |7,50], colonial rodents [18,51,52] and enop-
eratively breeding birds [15,16,33]. Fewer sludics, however,
have direclly quantificd the energelic cosls of nest building
[34,55]. This evidence can provide essenlinl empirical suppont
for hypolheses thal secle Lo explain Lhe origing of social
nesling stralegies.

Tn X. sonaring, as in many Xideeape, only a single female
per nesl reproduces al a given time, though females may
join established, occupied nesls tooughoul the reproduclive
scason [26] (MM.O. 2019, persenal observalion). T addilion
o memopolizing reproduction, deminant bees perlorm mosd
or all af the foraging and nesl excavation, such thal non-
reproductive subordinales conteibule Jitlle, i at all, Lo the pro-
duclivily of Lhe nest, aside (rom possible nest guarding dulies
129.361. Why, then, do (emales join or invade nesls rather than
consbrucling (heir own? Nesl limilalion has Been widely pro-
posed as the major driving, fonee in the evolulion of carpenler
bee sociality, bul this hypolhesis resls on (he assumplion
hat nest construction s challenging, coslly or alherwise
prohibitive 129,39.56].

Our resulls validale the asserlion thal nest consbruclion
enlails high melabolic cosls. Per affspring preduced, we con-
servatively equale this expense Lo thal of approximalely 7 h of
bee Might, one of he mosl encrgetically demanding beha-
viours Lhat animals periorm [4546). For conlext, the
carpenter bee X capifata spends 3.5 h flving among, Mowers
lo proviston a single offspring [33] (hole dhal (his eslimate
includes Mower handling lime and excludes commuling
lime), suggesling thal nest building ranks among the princi-
pal  encrgelic  invesiments  associated  wilh - offspring
produclion. A female excavating the wolume necessary 1o
rear the average brood size {11.5) in this population would
expend just under SOK] of energy, which s equivalent lo
nearly 80 W of Might. Furlher, foundresses musl expend
addilional enargy Lo excavate non-broed rearing space in
he nest. Together, this amounls (@ an expense exoeeding
Ihe average cost of nest renovalion {aboul 45 K. Tmpordantly,
Ihe large varialion in renovalion cosls observed in our sludy,
ranging more than 12-fold frem aboul 7 o 90 kI, suggesls that
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nests inheriled in good condilion (requiring little renovation? I

provide cven grealer savings. Tn other scenarios, inheriting
females mav invest as much in renovation as they could
have in new nest conshruchon. As such, the advantages of
nest inherilance can vary widely, likely depending strongly
on inherited nest quality. On average, however, the high ener-
getic cost of excavabon m this species should incentivize
sacial stralegies (hat rely on nesl inherilance.

With finite encrgy budgets, nest inhentors could feasibly
reinvest ene savings into other wproductive efforts, such
as ege praduclion and loraging, lo produce move or higher-
quality offspring than they woght foellowing new wnest
excavation. For Xdocopa, which lay massive opgs relative to
Lheir body size [57,58], egg preductton is a high bul imavaid-
able cost of repreduction; potentially avoidable reproductive
behaviours such as nest construction may, therefore, provide
importanl opporhmilics for wproduclive energy savings.
Nest inheritance may also provide important time savings.
C(:rling |136] obsearved one X, sonarine fomale spnm:l 14 days
excavating a single amel, of which there are usually several
per nest. Avotdance of this considerable Hme investment
could theretor: have important fitness implications by increas-
ing avatlable thme for provisioning. The average time spent
waiting for nest inharitamee in this specics is imknown, but
is Tikely to vary widely based on local conditions, the degree
of vompetition and individual compuetitive ability, among
other factors. Females may acquine nests immediately through

vsurpation, or may delay reproduction until a nest bocomes
available: subordinates of the carpenter bee X, o may

even postpone repreduction for as leng as a year |35
Future studies should aim to clarify fimess consequences of
nest inheritance, quantifying both tme and encrgetic costs of
all repreductve bahavicurs to more thoroughly contextualize
the enargetic trade-ofts undarlving patters of zocial nesting.

(b) Interactions hetween nest properties and social

stiategies

Social strategy decisions invalving nest inherilance are likely
made i consideralion of the quality of evisling nesl sLruc-
lures. For most animals, nest siles are a finitely renewable
resourye. Many hirds, for example, experience a rade-eff
belween the advanlages of nest inbertlanee and Lhe potenlial
for exposure Lo parasites in older nests [38.60]. Carpenier
bees, likewise, lend Lo cease reuse of nesl lannels once Lhey
have grown past a cerain threshold diameler (40 With
cach successive season of nesl reuse, Lhe reconstruclion of
broad cell parlilions progressively widens unnels o Lhe
point where they may he indefenstble Lo usurpers [H)]. As
nesl Lunnels decline in qualily, bees may consbrucl additional,
new lunnels afl of exisling nest structures. Tn this way, cven
bees hal acquire nests (wough inherilance may be forced
lo underlake some degree of nest excavalion, depending on
the stale of the nest at the lime of inherilanee. The extenl of
neaessary renovalion can vary subslantially, ranging in this
sludy by a faclor of moere than 1t This wide varialion implies
Ihat some inheritors may experience significant energeic sav-
ings relalive do foundresses, while others invesl substantially
in renovation, perhaps losing Lhis advantage.

The praperties of available nesting substrate likewise may
influence nesling decisions. Wemeasured excavalion costs for
bees using two wood species spanning much of the range of
wood hardness available 1o X, sexaring [42], and measured
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lower metabolic rales for bees excavaling, sofler wood, whem
adjusted for excavalion vale. However, these immediale energy
savings may be rounter-balanced by long-term disadvantages
of nesting in soft wood, such as reduced durability and vulner-
abiliLy (o weathering and predators. Several species are knoswn
to be vulnerable to predatton by woodpeclars 129.31,611, and
may bencfit fom nesting o mare protective, harder swood,
despile inilial (e cosls associated  wilh nesl excavation.
Furthermore, nesting, in hard wood could inaease the longevity
of the nesting log, which may be continuously ocoupicd for as
long as 15 yeams (5. L. Buchmann 2020, persenal communi-
cation]. Tf the aggregation cooupying the log is closely related,
long-term sucoess of deseendants may be important. Xvlocop
soieiiRa May invest mom in nest excavation than carpenter
hee species that nest principally in stalles or culms, taking advan-
tage of the plant material’s soft pith or hollow interier to
minimize constructon oosls 129,42]. Indeed, of the cight social
Xylocopa species noted m Gerling et &l’s veview of the genus
129, saven spncics nest in solid wood [36,62-66] and just one
nests inslems 1671, Varialion in nesting ecologies may: therefore,
represent an important determinant of social organization wAthin
and acrnss spovies.

5. Conclusion

Linergetic consicerations underlie life-history trade-offs across
tasa [68,69], vet have rewained waderexplored in the cantext
of sacial evolutivn, Jfforts to desordbe comprehensive enetgy
budgets encompassing o range of relevant belivivurs could
provide impottant wsights Dto the fituess outtomes of

allernalive sovial strategies. Chr (indings support a criical
role for energelically coslly nest excavation as a driver of car-
penter bee saciality, providing quantitative support for a
widely dted hypothesis 34,561, These results form an timpor-
lant mechanislic Jink belween behavicural decistons and
coological conditions, and cmphasize the stgnificance of
energetic radeaffs at the origins of group living.
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Multimodal cues facilitate nest recognition in carpenter bee
aggregations

Madeleine M. Ostwald’, Zachary Shaffer !, Stephen C. Pratt !, Jennifer H. Fewell

Sehowl of Lite Scences, Arizona Si dvensiiy, lempe, AZ, USA.

ARTICLLE LNFO

The advantages at group living are pactially offset by the cognitive challenges asseciated with main-
taining social boundaries. These challenges can give vise to secognition mechanisms that adaptively
integrate infermation across multiple sensony modalities. The valley carpentar bee. Xylocopa varipuncra,
nests in dead wood in large aggregations of up to several dozen nests. This study investigates the
proximace mechanisms by which returning foragers quickly and reliably idertifv their own nest entrance
wichin a bigh density nesting site. We manipulated long and short range visuz] cues associated veich
nest entrances, removed chemical cues on the inside ot nest entrances and added chemical cues trom
foreign conspecific bees. By measuving the eftecc of chese manipulations on nest search time and search
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Keywnods! accuracy, we assessed the importance ot visual and oltactory sensory modalities in allowing carpenter
‘;:"’]’f“:"; :‘C bees to locate their nests within aggregatiors. Our results support the hypothesis that both visual and
i iudida

altactory cues can facilitace nest localization, Remove] of nest olfactory cues did not significantly disrupt
homing, sugpesting that olfactory information may not be necessary for nest localization when visnal
information is available. However, the acdition of olfactory cues from unfamilior conspecific bees actually
ackee] nest localzation rather than disrapumy it suggesting thal bees may vse yeneralized species odour
cues for homog, Doe o inense nest site competition within aggregations, ocst ocalizwon may have
important socia ] unplivatieos for macnuenance of bigh-densuy nestiog,

% 2018 The Assnoation far the Study wf Animal Behaviaur, fublished by Elsesvier Ll Allrighis resersed,

nese recognition
olfactory cues
uriesalion
visual cues

Sncial arganisms experience a trade-ntf between benefits of
group living and the potential fitness costs gencrated by spatial

nesring s
mechanisms.

likely maintained hy effective nest recognition

crowding. 1o miligale these cosls, individuals must adaplively
respond ta the cognitive challenges imposed by frequent sodial
concaces. Group-living arganisms muse navigate densely occupied
social landscapes and minimize within-group conllict by nain-
taining social boundaries. Densely nesting individuals also face the
particular challenge of veliahly recngnizing cheir nest and dis-
tinguishing it from thosc in cthe immediace vicinity, The potential
consequences ol jnaccurate nest idenlificalion can be significant.
‘These repercussions include robhery or aggressive interactions for
the resident individual (ITogendoorn & Velthuis, 1993), loss of
concact with vulaerable 'ﬁspung for the drifting  individoal
(Hogendowrn & Vellhuis, 1 and potentlial palhogen spread lor
both individuals {I'orferr et al. ._!(\ 13}, Given these cosfs, aggregative

+ Camvespandezoe: M. WL Oshwald, Schocl of Life Scicnoes. Arizona Srate Univer-
sity. PAL Lom 873601 Jempe. AZ, 8525 4601 UsA
F-mad ad mosnesalde cdu (M. VL Osoealdl
T L senior autlws,

The sensory cues onwhich animals rely for nesl localizalion vary
with envirnnmental conditions and with the sensory capabhilities of
che animal, Acoustic commubicacion, tor example, is pacticularly
important [or nest cecoguilion in birds and can (avilitate breeding
site localization when the use of olfactory and wisual cues is
impractical, as in calonial penguins | jnuventin, 1982), Similarly,
nocturnal activity of bats precludes meaningtul use of v1sual cucs,
so Mexicun Jree-lailed bals, Tudwida brasifiensis mexicune, use
acoustic cues to locate their pups within calonies that can contain
millions of individuals {Ralcornbe, 19907, Mast insects, however, dn
not pussess hiearing, and chercfoce rely on alternative cues for nest
localizulion (Coplerl & Henn 01G). Niko Tinbergen's landimark
study of the homing behaviour of the digger wasp Phitentiug -
angulum elegantly demonscrated the importance of visual cues for
nest Jocalization (Tinbe 972). Other sludics bave likewise
emphasized the significance of visual cues for insect navigation,
particularly landmark cues and cues associated wirh the panaramic
view of the nest | tt. Grabam, Harris. & de Ibarra ollett
Chitlka, & ColleLl, 2013; Hurris, Graham, & Collelt, 2 Huinwville
& \wehner, 2018; Mandal, 2018, von Frisch, 19 , Michel,
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S AnLonsen, 1996: Wiehaer & Raber, 1979 Beyoud Whe use ol visual
cues, insecls are known Lo recoynize nesls al close range using
olfactory cues (Buehlmann er al, 2012; Butler, Fletcher, & Watler,
196%; Haber & Knaden, 2018; Steck, Hansson, & Knaden, 2009,
Bees, in purticular, have been shown Lo orient w specific chenical
cues associated with nest entrances {Foster & Gamboa, 198Y;
Guédnt, Bosch, & Kemyp, 2007; Wcislo, 1992),

Ta provide redundancy and aid recognition under a variety of
condilions, nestrecognition mechanisins nay inlegrale cues across
multiple sensary modalities. Several hvpotheses have emerged to
explain the complexity of signals and cues, which may vary in their
incensity o persistence in the caviconment, in their case of
delection orin the information conlained. First, the use ol mulliple
madalities may provide 'hack-ups’ thar eirher reinforce or conflicr
with the original message {|ohnstonc, 1996), This redundancy can
mprove accuracy in decision making, bMosquitolish, Gambusia
affints, for example, are better able to locate conspecifics and avoid
predatars when provided with visual and chemical cues in tandem,
tacher than cither cue separately JWward & behoer, 201073, Sccond,
different modalilics can convey dilerent types of inlormalion ur
have modulatary effects on the primary message, as in human
speech perception, which is modulated by visual cues (McGurk &
MacDonald, 1976 1, 2003). Fuclthermore. Lhe use
of multiple cues or signals can specily conlexl. Female red winged
blackhirds, Agelaiis pharnicers, and Cuban grassquits, tiaris rannra,
sing ditferent songs to clarify the meaning of a single visual display
that cun sigoal vither aggression e courtship (Buplisla, 1978:
seletsky, 1983). Due o this functional variatdon, the weights
accarded o different cues may vary depending on their infoma-
tion content in a given context,

We invesligated Lhe importance ol visual und ollaclory cues in
rhe nest recognifion abiliry of an aggregating carpenter hee, Xylo-
capa varipuncto, This species nests (imarily in decaying stumps
and logs, forming aggregations of up o several dozen nests. To
maximize use ol Lhis nesling substrate, which is race in Ltheic deserl
habirar, X. varipuncto nest densely, with nest entrances ofcen anly
centimetres apart, As such, X varipuncte probably process multiple
cues At long- and short-range Lo avoid enlering a neighbouor’s nest.
Previous sludies found evidence [or visual and olfaclory nesl
localization in African Xylecepa species, but they differed in their
incerpretacion of che relative importance of these  cues.
Anzenberger 1985 ) suggesled Lhal olfaclory bul ool visual cues are
important for homing, while Heferz (1992) found that hoth play a
role, with olfactory cues useful at very close range, Weislo (1992}
demonscrated the importance of olfactory cues for nest localiza-
ton in Lhe Lropical sweal bee Lioglosswon figures: by removing
chemiral cues at nest entrances as well as supplementing with
ndour cucs from forcign conspecitic bees, both of which delayed
nest entey by relurning foragers. In the present study, woe dislin-
wuish between the effects of proximal and distal visual landmarks
in visual homing, and between the presence and alisence of scent
cues in olfactory homing. This experimental design allows us to
explore the relevant sensory cucs hat X voripencta uses 1o (uoaction
in a high-density nest site.

METHODS

Experiments were performed from June 2018 rhraugh Augusr
2018 at Arizona State University in Tempe, Arizona, USA.
[3372512"N. 111"35'48" W, Four lugs, cacli coutaining approxi-
malely 5—20 aclive nesls of X. varipuncia, were (Tanslerred Lo the
university carnpus from a nearby park and residential areas in the
spring of 2018, Over the course of the experiment, bees abandoned
certain nests and colonized olhers. The number ol active
nests—and  therefore  the number of replicates per

IR 15-0)

Lrealmenl—varied vver the course ol Lhe scason as bees cuaerged,
dispersed and experienced morlality and usurpation.

We performed four trearments thar manipulared visual or of-
factory cues at nest cncrances: (17 rotating the log 180¢ abour ics
verlical uxis; (2} moving coloured shupes pluced nexl o nesl en-
trances: (3} minsing entrances with hexane to remove olfactory
cues; (47 applying cuticular hydrocarhon (CrIC) extracts from
nonresident bees to nest encrances, We campared the tesules of
Lhese Lreatments Lo an utunanipulaled baseline condilion. A period
of at least 1 week was allowed hetween each treatment to allow
Irees to adjust to che changing conditions.

To <etermine the cffece of ecach treatment on a recurning for-
ager's abilily Lo find her nest, we measured search time and search
errar rare during peak faraging time {1530 0830 hmrs). ‘In stan-
dardize measurcments of scarch time, logs were surrounded by
three 1o six curved vebac poles, 85 conin height, thal were placed
40 em from the central axis of the log (see Fg. 15 The population
was given 3 days ta adjusr to the presence of the rebar poles hefore
measurement began, and it did noc appear to be disturbed by their
inbroduclion.

Measurement of search time began when a returning bee passed
into the region defined by the poles and ic cnded when the
veLurning bee enteved her home nesl, We quantificd nest vecogal-
Lion errors as Lhe number of nests that a bee enlered and exited
hefore returning o her home nest. Rees were unmarked, so we did
not determine nest ownership through monitoring of jndividually
tarked bees. Ratlwer, we defined seareh suceess as entering 4 nest
and remaining there for au least 30 s withou leaving Lo search
nearby nests, Any time spent in the wrong nest was nor included in
search time, Oricntation flights, characterized by slow, nestward-
[acing virding of Lhe Jogs (Zel, Kelber, & Voss, 1996), were
ohserved across rreatments, bur rarely. We callected data from one
faraging female per nest and used each nest a maximum of once
per treacment. Because male Xyfocopa have lower nest fidelity than
females ('eso & Richards, 2017), we included only female bees in
this study, I'emales were distinguished by cheir colaration (hlack
integument; whereas males have yellow integument).

Foreach log, we chose [ocal nests Lhat weve presenl on the same
face ol Lhe log, considering Lhat Lhese nesls could reasonahly be
confused wicth neighbouring nests in chat sarme rtegion, We
cxclucled nests on the cnds of the logs or on opposite taces of the
log becaunse we expected Lhal bees orienl o Lhese major features ol
the log.

Log Roration

‘Io determine whether hees nse distal visual cues to arient to
their nests, we rotaced logs 180 around their vertical axes and
measured search lime and e number ol errers made. This
manipulation altered in tandem various distal cues known to be
used in insect navigarion, inclhuding hoth celestial and rerrestrial
cues, notably the position of the sun relative to the nest and the
punoranic view associaled wilh it respecively (Mundal, 2018,
wystrach, Beugnon, & Cheng, 20113 These measurements were
compared to baseline search times and error counts for vnmanip-
ulaled logs. 10 bees make use ol clistal cuvs. we reasoned thal rota-
tion would increase search Llimes and errors, by allering Lhe
apparent relationship between visual cues and nest location. Logs
wele rotated a single time on cthe morning of 11 August. Obscrva-
tions ok place that morning and the following morning duwing
periods of peak foraging activily in an auempl Lo ohserve each bee's
first return trip following rhe manipulation, Ir is possible rhar some
bees observed on the second day had foraged the previous day after
Lhe end ol Lthe observation period. lo tis case, owr measurement ol
search Hime would he conservative, given the additional opportunity
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Figurc 1. Frample of experimentzl ser-up ive'ucing rebar pales surronrding 2 1esting log o arecate 3 atzndarc spact “n whick 7o moasurs search time. Creular holes are nese

enlahees,

for the ahserved bee to learn the new arientarion of the Ing, Ilow-
ever, foraging activity past carly morning is extreniely Jow ac this
timwe of year, and iu s Jikely ial most, iC uel all, bees spenl the
hottest part of the day inside the nest. Additionally, some bees in
this treatment had an oppmtunity to learn the new oriencation of
the Jog swhen they departed from their nest, potentially tlwough
orientation (ights. &s such. our measurement of search Lune is a
conservalive eslimale of Lhe effect of the disturbance on homing.

Movernent of Visuol Symbols Pevipherul to e Nest Entrunce

We alsa assessed the impartance for nest localization of close-
range visual features in the periphery of nest catrances. One
week belore dala colleclion, we placed aclificial visual symbols
(coloured geometric shapes) approximately 1 2 ¢m fram each nesr
cntrance on the focal side of the log, There is strong evidence for
colour and shape learning in boney becs (Could, 1984, 1987
Leonard & Masek, 20143 Colours chosen for Lhe shapes were
wichin the visual speccrum for bees (Chittka & Waser, 1997; von
Frisch, 1956). Immediately before recording scarch times and er-
ror rate, we laterally shilted the symbols, moving each marker Lo
the periphery of a neighhouring nest entrance [see Fg. 2% Because
data collection occurred over multiple days during peak foraging
time, we returned the symbels to cheir original position after cach
observation period, then shilted them identically before Lthe nexL
dara collecrion bout. In this way, any bees that we had nor ohserved
that day could not have left che nest during the obscrvation period
and Lhas remained naive Lo e new symbaol conliguration.

Removal of Chemicat Clies

lo determine whelher chemical cues an Lhe inside of Lhe nesL
entrance influence a forager's ahility tn find her nest, we washed
the inside of the nest entrance with hexane immediately atter a bee
left, and recorded search Lime and accoracy upon her return. We
did this by applying approximately 2 ml of hexane with a cotton
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swab an the walls of the nest gallery, a short 1-2cm entrance
connel chat leads into the main nesting tunnels. Qur protocols for
i chiemical retwoval reattaent and the cliemical addition teal-
menl (below) followed Lthose of wWeislo (19927 which produced
positive hehavioural results for nest localization in the ground-
nesting solitary sweat bee Lasiogiossum figueresi.

Addirien of Fareign tiee Chemical Cites

To determine whelher the presence of chemical cues from a
foreign bee influences a bee's homing abilily, we collecled bees
from a distant {2,54 lan) agaregatinn of X, varipunaro and extracred
cucicular hydracarbons by rinsing chilled bees in 10 ml of hexane
for GO s each. Aller Lhe deparluce of each [orager, we applied these
extracts to the inner wall of nest galleries in the same manner as in
che chemical removal treatment, recarding search time and accu-
racy upon cacl forager's return.

Olfactary Control

Hexane is highly volatile, ittt 2 ml spread vyer thie arca of the
nest gallery fully evaporating in under 7 min [Braun & Caplan,
1989), Average sumumer foraging durations are highly variable but
have been recorded as 47.2 min in Xylocopa virginica (Richards &
Course, 2015), and in our sludy were no shorcler Lthan approxi-
mately 15 min, &s such, the hexane probably had sufficient 6ime ra
evaporate fully by the time foragers returned o the nest. Nevel-
cheless. to additionally contrel for any potential deteccent etfects of
Lhe hexane itsell, we applied hexane in a ring around Lhe oulside of
che nest entrance, where we did not expect any chemical cues to be
deposited {as in VWeislo, 1992), We then recorded search cime and
error rate and compared Lhese Lo our resulls [rom both ollactory
reatments.



Figure 2 Nestirg,
praxima; visoal la:

% with a symbol conig., casion 1o which bess had been e
T.atks on mest lecalization. Sirculzr hales zre nest ertrancs.

Statistica! Anartysis

We used a Kruskal—wWallis test to detecr differences in search
time among che four treatments, the baseline and che olfactory
control. Wo ruled out analysis of variance duce Lo deparlures Irom
normalily and equal variance shawn by normal Q—Q plats and
levene's tests for untransformed data as well as log-rransformed
data. For post hoc tests, we performed Wilcoxon tests on trcat-
menl pairs. Resulls are reporled as means + SE. To assess diller-
ences across meatments in the tendency of bees to make nest
recngnition errars, we performed Fisher's exact tests on the num-
ber of bees making one or MoOIe Crrors across treaument paivs, All
slatistical anulyses were performied in R v.3.4.2 (R Developmenl
Care ‘Team, 2017).

lithicof Note

This study was primacily  obscrvational and  conducted in
accordance with guidelines for animal research established hy
Arizona $tace University, No permirs ar licenses were required far
this study.

RESULTS

We performed four rreacments that assessed the effects on nest
localization of (1} distal visual cues, (2] proximal visval cucs, (3] che
removal of ulfactery cues and (4 the addition of uafamiliar
conspecific adours. We found a significanl efecl of Lreatment on
search time (Kruskal wWallis test: 115 =43.72, P=26 10 %, with
both visual trcatments incrcasing scarch time, the removal of
vdours having no signilicanl eflecl, and Lhe addilion of [oreign
odours decreasing search fime (Fig. 3).

wed (o 1 weel (wp?, and shilted seabo. coniguation (botlony ssed Lo deleomine Lhe ¢ffect of

Log Rowtion

Foragers returning to an unmanipulared log found cheir nests
quickly and accuracely, scarching for an average of 8.7 = 1.3 5, with
ne ooy observed (N 22 Scarch e was  siguilicantly
increased [ollowing the 1807 log ralaiion, wilh loragers searching
Er approximately eight fimes as long as they had during bhaseline,
where o crrors were secn (70,5 +113 s, N—16. P— 25 » 10,
Fig. 3). Bees were significantly move likely to make nesl tecognilion
errars in this treatment when compared to baseline {Fisher's exact
test: 2= 0.02; Table 13 In this treacment, 4 of 16 hees inaccurately
ideatificd their nests. with one bee eatering four other bests before
locating her ow.

Mavemenr of Visual Symbals Periphera! to the Nest Inorance

Shilling he geomelric symbols near neslentrances signilicantly
increased search ime relative to baseline, more than doubling it on
average (204 + 3.4 5, N =28, P=0.05; liz. 3}, However, there was
uo ditterence in the number of bees making nest recognition ercors
in Lhis Lrealmenl versus baseline {3 errors; Fisher's exacl lest
#—0.25; 1ahle 1).

Rewnoval of Chemtical Cues

‘Ireating the outside of the nest with hexane rn contral far
intrinsic deterrent effeces of che olfactory treatments produced a
mwean search time 0f 12,7 = 2.5 s (N 18). Comparerd to this control,
removing chemical cues from ihe inside of Lhe nesl entrance
through application of hexane did nor significantly change search
tme {729+ 1.2, N-18, P—0.18; Fig. 7). Likewise, the olfactory
removal Leeatinent had no eliect oo search Lune when compared Lo
haseline values{¥ — .92). There was no difference in the number of
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bees making nest recognition errors in the olfactory removal
treacment (2 errors) versus the haseline {Tisher's exact test:
P 023} ocin Lhe ollactory removal Lcaument versus Lhe ollactory
control {1 error; Fisher's exacl Lesl: ' 1; Table 1).

Addirion nf Forelgn Bree Chenticel Cues

The additivn of cuticular hydeocarbon exLract Irom loreign bees
significantly decreased search time relative to the olfactory control
(5.0 + .6, N =16, P = 1,006) and o the baseline {P = (105}, No bee
made 3 nest recognicion error in this treatment.

DISCUSSION

The evalution of group living is probably facilitated by adaptive
cognitive processes Lhal maintain social boundarics, These mecli-
anistns are parlicularly relevant Jor aggregative or colonial species,
in which individuals mainrain separate nests within the group, and
for which the social group presents a spatially complex environ-
ment o navigate. Many bees, particulurly ground-nesting species,
are known Lo aggregale in large groups somelimes exceeding
100 000 nesting females (1 lanson & Ascher, 2018), Some carpenter
bees also form dense aggregations, probably because they have
slrong prelerences lur a nesting subslrate that can be Junitiog in
their envirmment [Gerling, Velthuis & 11eferz, 19897, [n these ag-
gregations, several hundred individuals can nccupy a single log,
creating 2 complex theee-dimensional nesling landscape, The
ability Lo distinguish among nesls al close range  allows
X, varlpuncte to capitalize efficiently on a rare but valuable nesting
substrate while minimizing conflict with neighbours, Furthermore,
nest recegnilion ability Junctivas in predator avoidance. For bees,
bird predation is a significant cost of prolonged hovering outside
of nests fAlcock, 1995, 1996), and in our study treatments that
delayed nest entry msulrccl in attempts at prey capture by bicds.
Qur study demonsleales Lhal nest recognition in this species nay
be facilitated by information fram multiple sensory modalities.

The Lititiy of Mulrimodaticy in Nest Recagnition

Inlerest in the evolution of multimodal information processing
is increasing, hoth in terms of animal communication and cngni-
tion, particularly navigation {Buchlmann, qusnn @ Knaden,
2013; Dovey, Kemlorl, & Towne, 2013; Highamn & Hebels, 2013;
Partan & Marler, 2005% Nest recognirion provides a suitable
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L0403 02N Circles cepresent cutlievs,

context for the evolution of multimodal cue proces due to its
impartance in maintaining sncial boundaries (von Misch, 19563, We
manipulated visual and ellactory cues independently and observed
significanl delays in nesl Jocalizalion lollowing visual manipula-
o, llowever, the fact that foragers ulfimarely did locare their
nests under each of the experimencal conditions suggests that their
NnesL recugnition systeny is generally robust o disruplions ol indi-
vidual cues.

In animal commuynication, multimodality increases signal
detectability, provides redundancy and conveys complex messages
{Jubmslone. 1996; Rowe, 19997 Multimodal conununicativn slea-
regies can also facilitate spatial Jocalization. Female tingara frogs,
Physaleemues pustidasus, for example. are better able to locate call-
ing males when presented visually with vocal sac inflation. along
wilth avouslic signals {Rosenthal, Rand, & Ryan, 20047, Mulu-
madality in nest Incalization may confer similar benefits, For
homing bees, chemical cues may have a shorcer range of detection,
greater specificity anc less persistence than visual cucs. As clis-
cussed above, chemical cues provide important individual or
colony-specific informarion when nests have only subtle visnal
distinetions, as in ground-nesting bec aggregations. However,
chiemical cuces ¢ somelimes be uneeliable iU Lthey are not a suilable
termnporal match to behaviour patterns. For example, chemical cues
may nat always keep pace wirh frequent emigration or nsnrparinn,
which is common ameng Xytocopa throughout che reproductive
seasun (Hogendoorn & Leys, 1993; Peso & Richards, 2011). [n
X varipuncta, general conspecific adours appear to play a minar
role in supplementing mare temporally veliahle visual cues, It ap-
peacs Lhat unimodal {visual) processing is sulficient Jor nest local-
izalion in Lhis species, bul that mullimoedal processing can be
advanrageous, potentially in assessing lngs as nesting sires, A
potentially weighted organization of cue use may allow tor priori-
Lizatiun ol cues in order ol stability and veliabilily,

The Use of Visual Cues i Nesy Recoghilion

‘The impmtance of vision in nest lacalization by group-living and
social Hymenoptera is well cstabhsllcd (Bucler. Flerch Watl
1970; Collett, Dillmanu, Giger, & huoer, 19928 von Frisch, 1967
wehner el al, 19967 Tinbergen (1972) demonsiraled the impor
rance of proximal visual landmarks for digger wasps, which nest in
soil aggregations, Use of more distant landscape cucs can precede
this Jocal landmack recognition, as in bumble bees. which orienl
first tn distal cues as they approach the nest, and then to proximal
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cues around the nest enbrance (Plovecight, O'Connel], Roberts, &
Reid, 19895; Robert, Frasnelli, de Ibarra, & Collett, 2018). I'roximal
and distal cues may also be infegrated continuously but ar different
welghts at different distances from the nestin order to dynamically
oplimize Lhe ulilily of mulliple infonnalion sources (Hoinville &
wWehner, 2(18} I'his navigation scheme could conceivably account
for the differences in the magnicude of search time hetween our
(w0 visual Lecauments, wilh rotation ol Lhe Jog delaying nesl cnury
significanlly more than the manipulalion of proximal cues. Qur
rotacion of nesting logs disrupred lang-range cues, porentially
including panorama cues. celestial cucs or magnetic cues, all of
whicl may be beavily weighted at velatively greater distauces fromn
the log. Simulianecusly, proximal cues are likely 1o be more
impmtant ar short distances from the lng, and their manipulation
conscquencly has a smaller etfect on scarch tme. Togecher, these
results sugyest Lhal carpenler bees may jotegrate visual informa-
tinn related to panorama and positional cues associated with the
nest as well as fine-scale cues in the immediate proximity of the
nest encrance. and chat the relacive weight atforded o these cues
may depend on distance [rom Lhe nest.

The Use of Qifuctory Cues e Nesl Recogitition

ITolidobler and Michener (1980) hypothesized chat offactary
nest recoghition i an impoctant pre-adaptation for olfactory
nestmale recognilion in Lhe social insecls; as such, it should vecur
frequently in solitary and subsacial bees (VWrisla, 19927, Indeed, the
importance of olfaction in nest localization has been demonstraced
widely across Lhe Apoidea [Fosler & Cambod. 1989 Cuédol, Pitls-
Singer, Buckner, Bosch, & Kemp, 2006; Weislo, 1992). The results
of nur alfactory manipulations suggest that alfactory cues can in-
tluence a bee's abilicy o find her nest, but chat the absence of these
cues can be uvercome by other cues, likely visual. The removal ol
olfactory cues at nest entrances impeded nest search efforts in the
ground-nesting solitary sweat hee J. figueresi (Weislo, 1992, n aur
study, by contrast, removal of intrinsic olfactory cucs by the same
melhods did not present any significant obslucle Lo carpenter bee
nest localization. It may be that wand-nesting substrate provides
more visual heterngencity than docs soil, making visual navigation
more reliable (or wood-nesters like cacpenter bees. Converscly,
Lasiogtossion may be more likely to rely on supplemental olfactory
ues tn navigate their visnally homogenons snil habitar, The vari-
ation in cuc¢ use by species wich differenc nesting ccologics high-
lights  Lhat nesting subsleale preseots  particolur  recoguition
challenges, and that these challenges may drive interspecific vari
ation in hierarchical cue use,

Interestingly, we found that e addition of scent cues lrom
Joreign bees W Lhe nest entrance helped bees find Lheir nests more
quickly, rather than hindering their search. Conversely, a similar
treatment significantly delayed nesc entry for L figueresi (Weislo,
1992). Gur result suggests that carpenter bees may not respond
0 nest scenl cues on the level of an individual bee, bui. rather thal a
genertic 'hee adow” can be sufficient ro indicate nest accupation and
aid nest localization, As nesting logs age, X varipuncta preferen-
Gally inhabil newer nests, leaving older vesls unoccupied. To
navigare logs riddled with nesting holes, only a small fraction of

which are vecupicd. X veripuscla may use species-specilic bul nol
individual specific odours to filter out empty nests and find their
nccupied nest faster, Similarly, house-hunting wild honey hees
probably use gencral odaur cues o lovate tree cavities chat have
been previously occupied by bees, which Lhey preler (Vissclier,
WMorse, & Seeley. 1983). Other insects, especially beetles, use
nenspecific ednurs as aggregation pheromones to arient o a single
nesling site (Francke & Detuner, 2005), suggesting that species'
odour cues can provide infacmation that facililates nest seleclion
for group-living species. Alrernatively, the comman threar of nest
invasion may make carpencer bees sensitive o forcign odours at
the home uest, poteutially spreding theiv tlight tu defend the oest,

In contrast Lo X. verdpuncia, Helerr [1992) Tound Lhal relurning
favagers of Xplncopn pichescens delayed entry when their nesr
ontrance was swapped with a neighbour's, which was identical
visually but presumably ool chemically. In this case, unlamiliar
odour cues most likely acted as a deterrent. It is not clear why these
two species respand sn differently to unfamiliar nest encrance
wdours, Xytocopa pubescens appears to localize tw an individual
nest-specific odour, whereas X veripurncla uses nonspecific vcdoor
information. Our study examined the role of CTICS in nest recog-
nition, e it is likely char other compounds, especially glandular
seerctions, are also relevant [or creating a characleristic nest odour
(Cerling, Velthuis, & Helelz, 1989).

Conclusions

Qur resules support the roles of both vision and olfaction in nest
recoguition bul suggesl thal visual coes inay be sullicient in Lhe
absence of olfactory information. General scent cues may play a role
in facilitating quicl nest recognition, however. Furchermare, accu-
racy in nest localizacion likely prescrves important oundarics
betyeen social yroups. The generally luw recogoilion error rales
ohserved in our study suggest that hees avoid entering a nesr untl
they have processed sufficient information to confirm they have
identified it cocrectly, most likely o avoid agoressive interactions
with guards. AL Lhe same time, Lhese agpressive inleraclions are nol
aften fatal, As such, there may not he a significant case ro inaccorare
nest entry nor a scong sclective pressurc for identitication of
individoal-specific odours. The overall resilience ol bees' homing
hehaviour to the manipulations in this study probably reflects the
adaptive value of a Tolust nest recognition system in this social
context.
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