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ABSTRACT 

Complex signaling, while common throughout the animal kingdom, is poorly 

understood and generally understudied. This dissertation provides a framework from 

which one can approach studies of complex signal function. The semantics involved in 

studies of signal evolution and complex signaling are discussed and complex signaling is 

broken down into two categories: multiple signals and multimodal signals. While single 

signals ultimately reflect the pressures of both tactical and strategic design, so must 

complex signals. I explore hypotheses relating to the fimction of complex signaling in 

terms of both tactical and strategic design pressures and then explore hypotheses allowing 

for the possibility of inter-signal interactions. 

Predictions of some tactical design hypotheses of complex signaling suggest that 

multimodal signals can act independently, as back-ups to each other in the presence of 

environmental noise, or they can interact in a variety of ways. I tested the tactical back-up 

hypothesis, among others, using the bimodal signaling wolf spider Schizocosa uetzi-

Results suggest that the signals are not independent and that there is an inter-signal 

interaction in which the vibratory signal redirects and focuses a female's attention to the 

visual signal. 

A comparative approach explored the tactical and strategic design components of 

multimodal signaling across three species of Schizocosa^ one unimodal signaling species 

{S. avidoy vibration only) and two bimodally signaling species (5. uetzi and S. 



12 

ABSTRACT - Continued 

stridulans). Signal non-independence was found for both bimodally signaling species but 

the pattern of inter-signal interaction differed between the species. 

Inter-population interactions between divergent populations that possess 

independent, derived traits can also be affected by inter-signal interactions. Results from 

an empirical study using two divergent populations of the jumping spider Habronattus 

pugillis in inter-populational reciprocal crosses were compared to predictions of different 

models of sexual selection. Our results show a xenophilic mating preference with one 

population of females mating more frequently with foreign males than local males, while 

the second population of females showed no such difference. While this pattern is 

inconsistent with Fisherian selection and does not completely fit the predictions of pure 

sensory exploitation, it is completely consistent with one pattern predicted from a process 

of antagonistic coevolution. 
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CHAPTER 1 

INTRODUCTION 

An explanation of the problem 

While signals represent the basic building blocks of communication, most 

communication, whether it is involved in inter- or intra-specific interactions, involves 

complex signaling, or the combination of more than one signal or component. Since there 

is no universally-accepted definition of a 'signal', it is not surprising that there also does 

not exist a universally accepted definition of 'complex signaling'. Not only are studies of 

complex signaling made difficult due to semantic problems, but there are also problems 

in the level of analysis of the approach. 

From an evolutionary perspective, a goal of studying complex signaling is to 

understand why more than one signal has evolved when so many organisms continue to 

use single signals effectively in many contexts. There is also an interest in understanding 

general patterns of complex signal evolution across the animal kingdom, or a goal of 

predicting their path of evolution. From a mechanistic point of view, complex signaling 

allows for several lines of questioning concerning the environment and ecology of the 

organisms involved as well as details of their sensory systems. Issues of environmental 

constraints, competition for niches in signaling space, and details of receiver perception 

and processing are all of interest from a mechanistic perspective. A fimctional point of 

viev/ focuses on the overall purpose of the signal. Questions relating to how the content 

of a signal affects its evolution and whether or not purpose dictates form would fall under 

fimctional analyses. While questions and answers at every level are intertwined, it is 
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often difficult to both study and comprehend the selection pressures acting on these 

different levels simultaneously. 

A review of the literature 

Many signals throughout the animal kingdom are complex signals, consisting of 

more than one signal in one or more sensory modalities. The evolution of various 

signaling systems has received a great deal of attention from behavioral ecologists in 

recent years, yet most of this research has focused on communication and signaling with 

single traits or in obvious sensory specialists (/.e. vision: Andersson 1982; Bischoff et 

a/. 1985; Basolo 1990; Brooks & Caithness 199S; Petrie etal. 1991; Ligon & Zwartjes 

1995; and Hebets & Uetz 2000; acoustics: Ryan 1980, 1985; Ryan & Rand 1990; Bailey 

et al. 1990; Gerhardt 1991). The potential influence of multiple simultaneous signals on 

signal efficacy and information transfer has only recently been addressed (Moller & 

Pomiankowski 1993; Johnstone 1996; Borgia & Presgraves 1998; Moller eral. 1998; 

Hebets & Uetz 1999; HoUdobler 1999; Partan & Marler 1999; Rowe 1999; Rowe & 

Guilford 1999). 

Theoretical approaches to the evolution of multiple signaling have provided a 

framework for addressing hypotheses regarding the strategic design, or information 

content, of multiple signals (Guilford & Dawkins 1991), but these approaches have not 

included issues of tactical design, or efficacy. The "multiple messages" and "back-up" 

hypotheses of Johnstone (1996) both relate to the type of quality information a receiver 

attains. According to Johnstone (1996), multiple signals provide multiple messages 

when each signal provides information about a different quality of the signaler while 
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multiple signals aie back-ups when they act to increase a receiver's accuracy of 

assessing a single quality. Similarly, the multiple ornament hypothesis of MoUer and 

Pomiankowski (1993) also relates to information content. However, there are other 

hypotheses of multiple signal evolution that can be addressed without prior knowledge 

of the information content of signals. 

While we are fortunate to have a strong framework within which to study and 

understand signal evolution, this framework has been built upon the precedent of 

studying single signals or isolated components of multiple signals and to this point has 

not incorporated ideas of multiple signal evolution. Guilford and Dawkins (1991) greatly 

helped structure the study of signal evolution by pointing out the need to separate signal 

design into understanding two necessary components: strategic design and tactical or 

efficacy design. Strategic design deals mainly with selection pressures affecting a signal's 

purpose or its function; it incorporates ideas of content. Tactical design, on the other 

hand, takes into account more mechanistic selection pressures such as how a signal 

travels through the environment, how the environment can shape a signal's design as well 

as how the receiver's sensory capabilities and sensory system can influence signal design. 

Once these two components were elucidated, it seemed obvious that studies of signal 

evolution must take both components into consideration. However, now, 10 years later, 

as studies addressing the evolution of multiple signals increase, they seem to ignore this 

important distinction of Guilford and Dawkins. 
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Explanation of thesis format 

The research included in this dissertation investigates complex signal function 

generally and specifically looks at two spider systems in which signals potentially 

interact. Five manuscripts are included as appendices. 

Appendix A, "Building a framework for complex signal function; Hypotheses and 

predictions of tactical and strategic design pressures as well as inter-signal interactions" 

reviews the literature and attempts to build a framework of working hypotheses related to 

complex signal function with a specific focus on tactical and strategic design pressures as 

well as inter-signal interactions. Appendix B, "Attention-focusing interactions among 

signals in multimodal communication: Evidence from the courtship behavior of 

Schizocosa wolf spiders (Araneae: Lycosidae)" reports a study testing three fimctional 

hypotheses of multiple signaling including the tactical back-up hypothesis in the wolf 

spider species 5. uetzi. Appendix C, "Multi-species comparison of tactical and strategic 

design components of multimodal courtship signaling in the wolf spider genus 

Schizocosa" reports a comparative smdy addressing both tactical and strategic hypotheses 

of the function of complex signaling across three species of wolf spider. Appendix D, 

"Absolute versus relative mating responses and the divergence of populations under 

sexual selection", summarizes predictions of different models of sexual selection and 

formulates new predictions based on interpopulational comparisons of two divergent 

populations. Appendix E, "Antagonistic coevolution in courtship as a potential driving 

force in the diversification of the jumping spider Habronattus pugillis" reports on a study 
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of mating frequencies conducted through reciprocal crosses of two divergent populations 

of jumping spider. 
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CHAPTER2 

PRESENT STUDY 

The methods, results and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

Appendix A has four main objectives. First, we clarify terms relating to signals, 

components, and complex signals. Operational definitions of terms are provided and 

complex signaling is categorized into the two following categories: multiple signals and 

multimodal signals. Second, hypotheses relating to the fimctional roles of complex 

signaling are provided in terms of both tactical and strategic design pressures. Third, the 

importance of inter-signal interactions is discussed and hypotheses relating to the 

function of inter-signal interactions are put forth. Lastly, predictions are discussed for 

each of the hypotheses and suggestions are made as to empirical studies that can address 

issues of complex signal evolution. 

Appendix B tests the independence of visual and vibratory courtship signals in the 

wolf sipidsx Schizocosa uetzi. The signal-to-noise ratios (S/N) of both signals were 

manipulated independently into a high and low S/N ratio. Female receptivity was 

assessed under all four environmental treatments. When the S/N ratio was low in both 

modalities, females were less receptive than when S/N was high in one but low in the 

other, but not when S/N was high in both. While stastical analyses supported both a 

tactical back-up hypothesis and an interaction hypothesis in which the presence of a 

visual signal decreases a female's response to a vibratory signal, evidence from prior 
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studies gives more support to the latter hypothesis. Vibration was shown to provide 

directional information since females oriented more frequently and more quickly to male 

courtship vibrations than cricket vibrations. Females were also less likely to notice a 

visual distracter when presented with a vibratory courtship signal, suggesting that 

vibration alters a female's visual attention. 

Appendix C adds a comparative approach to this dissertation. Signal 

independence was tested in three species of wolf spider that vary in their courtship 

signaling; Schizocosa avida is a unimodal signaling species using only vibratory 

courtship signals while S. uetzi and S. stridulans are both bimodally signaling species. 

The visual courtship environment was manipulated independent of the vibratory 

environment in a 2 x 2 design with the visual treatment of light versus dark, and the 

vibratory treatment of high versus low signal-to-noise ratio (S/N). While the mating 

frequency of S. avida did not depend on the environmental treatment, the environmental 

treatment did affect mating frequency in both bimodally signaling species. Mating 

frequency was higher in the light treatments than in the dark treatments and both 

bimodally signaling species showed inter-signal interactions. For S. uetzi, the visual 

environment was important only in low vibratory S/N treatments while the visual 

environment was important for 5. stridulans only in high vibratory S/N treatments. 

Results addressing strategic design pressures suggest that S. avida females are choosing 

males based on weight and that a clear vibratory signal is important to female fitness for 

both bimodally signaling species. 
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Appendix D examines how different models of sexual selection predict changes in 

different aspect of a female's preference function. Models involving a positive feedback 

loop between female preference and male trait, such as Fisherian runaway, predict 

changes in relative preference with females mating preferentially with enhanced males as 

compared to unenhanced males. Models involving antagonistic coevolution instead 

predict changes in absolute female response. Independent of other males, females are 

predicted to have a lower mating frequency with enhanced males. This study takes the 

predictions one step further to make predictions regarding interactions among 

independently divergent populations. 

Appendix E compares the mating frequencies resulting from reciprocal crosses 

between two divergent populations of the jumping spider Habronattus pugillis to patterns 

predicted from different models of sexual selection. Results suggest that female 

preferences and male traits are not evolving in a positive fashion such as expected from 

models selecting for increased female preference (/.e. Fisherian runaway). Our results 

show a xenophilic mating preference in which Santa Rita females mate more frequently 

with Atascosa males than their own local males, while Atascosa females show no 

different in mating frequency between local and foreign males. This asymmetry in mating 

preference is not fiiUy explained by sensory exploitation, yet it is completely consistent 

with one pattern predicted from a model of antagonistic coevolution. 
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INTRODUCTION 

Communication forms the foundation of all inter- and intra-specific behavioral 

interactions in animals, ranging from territory establishment and defense to mate 

recognition and choice. The basic building blocks of conununication are signals; 

however, animal communication is typically complex, often incorporating more than one 

building block into a single display. When singing to attract mates, for example, males of 

many bird species also display bright colorful feathers or head ornamentation. In the 

presence of potential predators, gazelles bound into the air in a conspicuous stotting 

display, a motion exaggerated by the presence of distinct color patterns on their tail and 

sides. Honey bees returning to the hive engage in a 'waggle dance', conveying 

information about the location and quality of a distant nectar resource simultaneously 

through acoustic, tactile, and olfactory modalities. 

While we have gained a remarkable amount of knowledge about signal design by 

examining signals in isolation, and by focusing on sensory specialists (animals which use 

predominantly one sensory modality) (e.g. vision: Andersson, 1982; Bischoff et aL, 1985; 

Basolo, 1990; Petrie et al., 1991; Brooks & Caithness, 199S; and Ligon & Zwar^es, 

1995; acoustics; Ryan, 1980, 1985; Bailey et al., 1990; Rand & Ryan, 1990; Gerhardt 

1991), the importance of complex signals in communication has only recently been 

recognized (Hughes, 1996; Borgia & Presgraves, 1998; Holldobler, 1998; MoUer et aL, 
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1998; Hebets & Uetz, 1999; Rowe, 1999; Rowe & Guilford, 1999a, 1999b; Partan & 

Marler, 1999). In this review, we explore the form and function of complex signals. 

Our review has four main objectives. First, we will clarify terms and provide 

operational definitions and categorizations of complex signaling. Second, we will explore 

the possible fimctional roles of complex signaling in terms of both tactical and strategic 

design pressures and present hypotheses of complex signal function. Third, we will point 

out the importance of potential inter-signal interactions and provide fimctional 

hypotheses of complex signaling incorporating interactions. Lastly, we attempt to provide 

testable predictions about complex signal evolution. 

TERMS AND DEFINITIONS 

A. Definition of a signal 

The semantics involved in discussions of signaling are a source of confusion as well as 

controversy. According to Zahavi (1987), a signal is "a character that has evolved to 

transmit information to others". Bradbury & Vehrencamp (1998) define a signal as "any 

action or trait generated by one animal which provides information used by another to 

select an action beneficial to both parties." Hauser (1996) asserts that "signals carry 

certain kinds of informational content, which can be manipulated by the signaler and 

differentially acted upon by the perceiver." In his view, signals have been "designed to 

serve particular functions, and the fimctions they serve must be evaluated in light of both 

production and perception constraints" (Hauser 1996). Li a definition neutral with respect 
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to function or origin, Wiley (1994) defines a signal as "any pattern of energy or matter 

produced by one individual (the signaler) and altering some property of another (the 

receiver) without providing the power to produce the entire response." 

Two threads that run through most signal definitions are the eliciting of a behavioral 

response and the conveying of information. Even here, though, there is room for debate. 

For example, we know as humans that a signal may be detected and processed by a 

receiver without evoking a behavioral response. While difficult to prove, it is conceivable 

that signals are at times detected and processed in animals without eliciting overt 

responses. In that regard, Wiley's reference to the signal changing 'some property' of the 

receiver, possibly some cognitive property, rather than behavior per se, seems apt. Apt or 

not, our focus here is on an operational definition of a signal. Since studies of signal 

evolution typically rely on data gathered from receiver responses, in our operational 

definition we will refer to 'signals' (sensu Wiley, 1994) that may be detected and 

processed without eliciting an overt response as 'components' throughout this review. 

Formally, a 'component' is a packet of energy that is sent by a signaler and received by a 

receiver without evoking a measurable behavioral response on its own [response(x) = 0]. 

The term 'signal' will refer only to instances where an observable behavioral response is 

evoked [response(x) > 0]. 

The second thread that runs through most signal definitions relates to "information". 

In this review, we take the position that information conveyed by a signal need not be 

useful to both parties. For example, if a signal exploits a pre-existing sensory bias in the 

receiver (Ryan, 1998, Enquist & Arak, 1998), the receiver may lower its fimess by 
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responding, yet may do so nevertheless. While the evolutionary significance of sensory 

biases in signal evolution is controversial (Bradbury & Vehrencamp, 2000), there is 

ample evidence of such biases in the present time, and thus evidence of their relevance to 

discussions of signal function in present-day species. 

In this review, we define a signal as a packet of energy or matter generated by the 

behavior of one individual (the signaler) which was selected for its ejects in altering the 

behavior of a second individual (the receiver). 

B. Definition of complex signaling 

Given that there is significant debate as to the definition of a signal, it is not 

surprising that there exists no universally-accepted definition of a complex signal. A key 

difficulty in establishing complex signaling relates to defining a pattern of signaling 

behavior (for instance, a display) and then partitioning that pattern into two or more parts 

(Rowe,1999). The terms 'multiple signaling', 'multimodal signaling', and 

'multicomponent signaling' have all been used in the literature to describe cases of 

complex signaling, but their meaning is often unclear. We believe that part of the 

semantic confusion relates to the variety of ways in which packets of energy or matter 

can unite to form complex signaling displays. The term 'complex signaling' incorporates 

several levels of complexity and it will be useful to distinguish among them. For ease of 

discussion, we will divide complex signals into two categories, one of which is simply a 

subset of the other, using our definitions stated previously. First, there are complex 

signals that are composed of either more than one signal within one sensory modality, or 
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a combination of signals and components within one sensory modality; such signals will 

be referred to as 'multiple signals*. A subset of this is the categorization is 'multimodal 

signals'; complex signals that are composed of more than one signal or component in 

more than one sensory modality. 

A few examples can help to illustrate the distinctions between these categories of 

complex signals. Examples of multimodal signals are common in courtship displays, 

especially those of birds. Males of many bird species display by coupling visual 

movements and ornamentation with auditory signals or calls. Similarly, males of many 

wolf spider species court females with a combination of visual leg waving signals and 

vibratory stridulation. Visual signals are also frequently combined with olfactory signals 

in threat displays in a variety of animals (Bradbury & Vehrencamp, 1998). The waggle 

dance in honey bees mentioned above involves at least three sensory modalities. 

Examples of multiple signals are often less obvious. For example, color patterns 

in many fish are derived from carotenoids in the diet. Different components of the diet 

contribute different carotenoids resulting in different colors that can each convey specific 

information relating to foraging ability. These colors can vary independently, thus each 

acting as signals in a multiple signaling display. Another example of multiple signals 

involves the acoustic courtship display of male ctenid spiders. The courtship display of 

Cupiennius salei consists of acoustic signals generated by two different body parts: the 

opisthosoma and the pedipalps. While the opisthosomal signal appears to convey species 

identity information, the pedipalpal signal appears to convey information about location 

(Baurecht & Earth, 1992). Each signal can be sent independently and thus can vary 
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independently, yet combine to form a multiple signaling display. In addition, the two 

signals are received by different female sensory organs and are thus potentially processed 

in parallel (Baruecht & Barth, 1992); providing a possible function for multiple signaling 

that will be discussed later. In the carotenoid example, it is the understanding of how 

colors are produced that allows us to establish a case of multiple signaling, while in the 

Cupiennius example, we can rely both on our knowledge of the information content of 

the signals as well as signal production and reception differences in order to establish 

multiple signaling. 

To summarize, we will use the term complex signaling in our review to refer to 

the sending, either simultaneously or sequentially, of assemblages of signals or signals 

and components within one or more sensory modality. These assemblages are 

distinguished largely in terms of their functional context, whether that context is 

territorial defense, courtship, dominance interactions, parental care or something else, 

whereas the signals and components are distinguished mainly in terms of underlying 

mechanism and information content. The next part of characterizing multiple signaling, 

distinguishing one pattern of signaling from another, is done routinely by behavioral 

ecologists, although the criteria for doing so are seldom stated explicitly. In practice, 

sometimes the signaling is organized in the form of a display wherein a number of signals 

in a particular fimctional context are emitted. 
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FUNCTION OF COMPLEX SIGNALS 

Guilford and Dawkins (1991) greatly advanced our thinking about signal design 

by pointing out the need to consider two components of design that they termed strategic 

design and tactical design. Both components address fimctional aspects of the signal, but 

from different perspectives. Strategic design, on one hand, deals mainly with factors that 

affect the decision to send a signal and the decision to respond to it. Why send a signal in 

the first place? In large part, strategic design arguments consider issues related to the 

value of the packet of energy sent for signaler and receiver. In courtship displays, for 

example, a female may require different pieces of information from a male before making 

a decision to mate. She may need to know the species identity of her courter, his genetic 

quality, his parenting ability, or social status. Signals conveying this information are 

shaped through strategic design pressures. Tactical design, on the other hand, deals 

mainly with how a signal is sent, how it travels through the enviroiunent, and how it is 

received. Once there is reason for sending a signal, how do you go about doing it? In 

contrast to strategic design arguments, tactical design arguments consider issues related 

to moving the packet of energy or matter from the signaler through the environment and 

into the receiver. For example, the light in a dense forest is different than the light in an 

open grassland. As such, the same visual signal sent in each environment will not be 

equally detectable and the form of the signal should differ according to the environment 

through which it is sent. In this example, the environment through which a signal travels 

affects its tactical design (Endler, 1992).Ten years after Guilford and Dawkins made a 

distinction between tactical and strategic design, studies addressing the evolution of 
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complex signals are increasing in frequency, yet many of these studies fail to 

acknowledge the distinction. In this review, we develop a framework for complex signal 

fimction centered on the notion of tactical vs. strategic design. We frrst treat tactical 

design and strategic design of complex signals separately. Later in the review, we discuss 

how signals or components can interact and how these interactions can involve both 

strategic and tactical design pressures. 

I. Tactical Design 

Tactical design, or efficacy, refers to the means by which a signal gets produced, 

transmitted through the environment effectively, and received and processed by the 

receiver. Tactical design arguments do not typically consider the purpose or the content 

of the signal, focusing instead on the mechanics of signal production, transmission, and 

reception. Ultimately however, the success of a signal is measured in how well it frilfills 

its goal of eliciting an appropriate receiver response, which involves both strategic and 

tactical design issues. There are many ways in which complex signaling could be 

beneficial in terms of tactical design with respect to the over-all goal of increasing the 

probability of receiver response (Table 1). 

A. Production 

1. Increased advertising 
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Single signals may be constrained in the degree to which they can stand out from 

background noise, regardless of the signaling modality. The inclusion of more than one 

signal into a display can increase the overall contrast against the background. For 

example, when defending a territory, palm cockatoos beat branches against objects as 

drums while simultaneously producing a call. One interpretation of this behavior is that 

cockatoos use amount of 'noise-making' as a measure of ability to defend a territory. 

Since a cockatoo can only call so loudly, drumming may add to their noise-making 

ability. Under this hypothetical scenario, both signals convey the same information but 

convey more of it in combination. This hypothesis, which amounts to an 'increased 

advertising' hypothesis for complex signaling, predicts that if isolated signals in a two-

signal assemblage produce response(x) and response(y) respectively, then the response to 

the signals together (response [xy]) should elicit a response greater than either response 

(x) or response (y) (Table 2). 

2. Signaler variability 

Signalers will vary through time with respect to aspects of their internal state such as 

hunger level. Given signaler variability, having more than one signal from which to 

choose for a given behavioral context might enable an individual to adjust the kinds of 

signals sent according to internal state. For example, the reliability of a signal often trades 

off against its cost. When signals vary in terms of the cost-reliability tradeoff, it can pay 

to adjust the kinds of signals used according to a signaler's internal state. Signalers may 

use low-energy but energy-costly signals when energy reserves are low, and reliable but 
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energy-costly signals when reserves are high. In this scenario, the complex signaling that 

we are referring to does not involve the simultaneous transmission of more than one 

signal, but instead refers to a repertoire of single signals from which a signaler can 

choose that can each be sent independently towards the same end. 

Such an example is known for the fulmar, a seabird that feeds off the coast of Iceland. 

Fulmars compete intensely for fish, choosing from several threat displays depending on 

their hunger level. One display consists of a rush at a conspecific from behind; another 

involves the raising of a wing. The rush display is more than twice as effective as the 

wing-raising display, but requires more energy to perform. Hungry fulmars are 

consequently relatively more likely to use the wing-raising display than the rush display, 

compared to satiated fulmars (Enquist et al. 1985; Enquist, 198S). 

B. Transmission 

1. Biotic challenges 

The social environment in which signaling takes place can affect the efficacy of signal 

transmission. For example, a constraint in terms of social enviroimient may account in 

part for the multimodal nature of the waggle dance of honey bees. Using a mechanical 

bee for which acoustic input could be manipulated independently of tactile input, 

Michelsen (1992) concluded that the buzzing and the dance elements provide redundant 

information about the distance between the hive and the floral resource. One potential 

explanation for the redundancy in signals is that the sound, though perhaps not as 

accurate as the mechanical stimuli, provides a means by which bees unable to make 
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contact with the dancer, or which lose contact in the midst of a waggle run, can estimate 

distance. In this case, a crowded social environment constrains the usefulness of 

mechanical signals, a constraint that may be relaxed by emission of an acoustic signal. 

This hypothesis for the multimodal nature of the waggle dance predicts that a complex 

signal would elicit a response in a greater number of intended receivers regardless of 

proximity or group size as compared to individual signals sent in isolation (Table 2). 

The biotic environment with respect to other animals can also constrain signaling 

success in particular species. Given an environment in which multiple species co-occur, 

many of which may be closely related and have thus evolved similar signals, additional 

signals could increase a display's divergence from biotic noise. One would thus expect 

more complex signaling in biotically crowded environments and in those environments, 

individuals should make fewer mistakes in distinguishing a conspecific from a 

heterospecific in the presence of the entire complex signal as opposed to individual parts 

in isolation. 

2. Spatial or temporal variability 

The local environment, or microhabitat, through which a signal is transmitted is often 

variable. Most animals seldom signal from the exact same location and receivers 

themselves may be distributed in a variety of microhabitat types, both factors that add to 

the variability of the microhabitat through which a signal must pass. Using more than 

one signal is a means for coping with spatial variability in the efficacy of signal 

transmission. Endler (1992), for example, discusses different ways in which the 
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conspicuousness of a color pattern can be maximized. He suggests that individuals 

courting in shaded forests should use mostly red and orange colors for signaling, while 

individuals courting in shaded woodlands should use blue or blue-green (Endler, 1992). 

A signaler could signal maximally in both microhabitats by using multiple signals 

consisting of both red/orange and blue/green color patterns (Endler, 1992). Under this 

scenario, receiver response to individual signals transmitted in isolation would vary 

across microhabitats, while response to the complex signal would not (Table 2). 

Similar advantages accrue to complex signaling in the face of temporal 

variability. The environment is variable over time with respect to factors such as light 

level, humidity, wind speed, direction, etc. that change over time even if a signaler were 

to remain stationary. Using an assemblage of signals each of which functioned best under 

different conditions offers one means of coping with temporal variability. 

The above scenarios amount to a tactical back-up hypothesis for the fimction of 

complex signals. Under such a hypothesis, different signals are independent and do not 

interact. Predictions for the back-up hypothesis would be that the signals are redundant in 

their effects such that each signal in isolation would produce a response equivalent to that 

produced when both signals were present (response(x) = response(y) = response(x,y); 

Table 2; Hebets, unpub.). 

C. Reception 

1. Processing constraints 
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Receivers may be limited in the rate at which information can be processed in any given 

sensory modality. Given that animals appear, to some degree, to process streams of 

information in multiple modalities in parallel, using two signals in separate modalities 

simultaneously may increase the rate of information flow. This economy of information 

processing need not necessarily require multimodal signaling specifically since in visual 

perception at least, it is known that color and motion are processed in parallel. This 

increased rate of information flow could reduce latency to receiver response (Table 2). 

2. Pre-existing biases 

Receivers may be biased in the amount of processing they engage in from different 

sensory environments. If foraging and navigation by a potential receiver both rely on 

visual and tactile information gathering, then a signaler using both visual and tactile 

signals may not only increase its likelihood to have the multimodal signal detected but 

may also decrease its latency to response. If attentiveness was an issue, one would expect 

a tight correlation between sensory modalities used in the most common information 

gathering context and the sensory modalities used in signaling displays (Table 2). This 

hypothesis of course assumes that there is no competition for attention within any given 

modality. 

3. Sensory overload 

Multiple signals may be used to overwhelm a receiver's ability to process information. If 

a desired response is no response at all, the addition of multiple signals across sensory 
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modalities may clog up a receiver's processing ability, making it difficult for them to 

make any decision. If one accepts that signaling strategies do not necessarily benefit the 

receiver, the possibility arises that multiple signals are employed not to relax constraints 

on information flow, but rather to exploit them. For example, in carmibalistic animals 

such as some spiders, a male's behavior in courtship seems designed in part to prevent a 

female from killing and eating him. In potentially cannibalistic spiders, a male typically 

mounts only when a female assumes a sedentary position. Such a position may reflect a 

'freeze' response that males could achieve by overtaxing the female's capacity to process 

stimuli and take decisive action. Under this scenario, while attentive to the complex 

signal, receivers should be unresponsive to any other stimuli occurring in the same 

sensory modalities as the signals (Table 2). 

4. Receiver variability 

Just as signalers vary in their internal state, so do receivers. Given receiver variability, 

whether due to differential sensory perception or variability in internal state, using 

multiple or multimodal signals, each directed towards different receiver states, could 

increase the probability of eliciting an appropriate receiver response regardless of 

individual receiver details (i.e. age, recent experience, sensory perception, etc.). For 

example, receivers may vary in their abilities to perceive different sensory stimuli. In 

humans, individuals vary in their visual acuity with many members of our population 

requiring corrective lenses. Others have difficulty hearing and may rely on hearing aids to 

improve their auditory perception. It is not unreasonable to suppose that animals vary in a 
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similar fashion. Unfortunately, non-human animals do not possess such tools as humans 

possess for improving sensory perception. Thus, if a receiver is born with shortcomings 

in perception within a sensory modality, it likely remains that way. In this example, 

multimodal signaling specifically could permit signalers to reach a broader audience. 

Receivers may also vary in internal state or recent experience as well. Gong and Gibson 

(1996) demonstrated that female guppies changed their preference for bright males after 

exposure to a predator. In principle, multiple, condition-dependent signals could permit a 

male to adjust to compensate for female lability in preference. If receiver variability has 

played a role in complex signal evolution, then we would expect receiver responses to be 

much less variable regardless of internal state, age, perceptual ability, etc. when presented 

with an entire complex signal as compared to single signals in isolation (Table 2). 

n. Strategic Design 

The term ^strategic design* is somewhat more intuitive than the term 'tactical design* as 

the word 'strategic* itself suggests a strategy or purpose to signaling. Strategic design 

pressures focus on signal content, specifically information content. As in tactical design, 

the production and reception of a signal can influence its strategic design. However, since 

strategy implies purpose and not the means by which to achieve this purpose, we came up 

with no transmission hypotheses that easily fall within the strategic design category. 

Since strategic design hypotheses relate mostly to the information content of a 

signal and the role that this information plays in a receiver*s response, predictions of 
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strategic design hypotheses for complex signaling focus mostly on the "quality** of 

receiver response. Di other words, while tactical design hypotheses make predictions 

about the presence vs. absence of a response, strategic design hypotheses make 

predictions about the nature of the response (i.e., about the 'decision' that is made). 

While the strategy itself remains constant {i.e. to attract a female), whether or not a 

receiver responds often depends on the information content of the signal, which falls 

under strategic design pressure. As such, these hypotheses may be more difficult to test 

empirically. 

A. Production 

1. Multiple messages 

A signal in any given context probably involves conveyance of multiple bits of 

information, all of which aid in eliciting the appropriate receiver response. Information 

could relate (a) to different aspect of a signaler's quality; (b) to static versus dynamic 

signaler properties as will be explained later; or (c) to information about different things, 

for example, species identification information in addition to information about location. 

If certain signals convey more accurate information about one aspect of a signaler's 

quality or about static versus dynamic properties than others, then the use of an 

assemblage of signals may be required to convey most accurately all of the information. 

Similarly, signals in various sensory modalities may be constrained in the type of 

information they can convey and thus, the use of signals in more than one modality may 

be necessary to successfully convey all information. 
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Conveying multiple bits of information may be necessary during courtship. 

Courting males commonly signal their quality to prospective mates and females may 

evaluate a male with respect to a variety of traits, such as parasite resistance, body size, 

parenting ability and quality of defended resource. Complex signals may be able to 

encode different quality measures better than one 'super signal' that encoded them all at 

once. For example, the bright birds and parasites model of Hamilton and Zuk (1982) 

proposed that plumage brightness is used to encode information about parasite resistance 

in male birds because parasites tend to turn a bird's plumage dull and hence plumage 

brighmess is an honest indicator of parasite load. In contrast, size rather than plumage 

brightness might be a more honest indicator of strength and song a more honest indicator 

of parenting ability. If so, a complex signal might convey a more reliable indication of 

overall male quality than any one signal could alone. 

Complex signals may also be useful in situations where an animal conveys both 

static or relatively fixed information as well as dynamically-changing information about 

internal state or intent. In such instances, the use of more than one signal would most 

readily achieve this goal. A combination of signal and cue achieves this end in quail. 

During male-male competitions, males signal current intent with their head plumes which 

can be modified readily (Hagelin 2002). The combination of information from head 

plume signaling as well as male body size, as measured in tarsus length, determines an 

opponent's response (Hagelin 2002). Again, given both sets of information, receivers 

should make better decisions than they might if only presented with a head plume signal 

or a size cue (Table 3). 
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In many cases, a receiver's response to a signal may require information about the 

sender. To cite an obvious example, a female must often assess a male's quality in terms 

of, say, his parasite resistance in the context of his species identity. Complex signals may 

sometimes fimction to provide information about species identity, sexual identity, and 

even individual identity. In comparing signal parameters for calls of conspecific and 

heterospecific frogs for example, Gerhardt (1991) found that some signal parameters 

remained constant, presumably for species identification, while others varied within and 

between individuals, suggesting that different parameters (or components) conveyed 

different information. If both sets of information are necessary to a receiver's decision to 

respond, then signals in isolation may not elicit a receiver response (Table 3). 

Alternatively, in cases where one signal indicates species identity and another indicates 

quality, individuals may be more likely to mate with heterospecifics in the absence of 

both signals. This could be thought of in terms of signal detection theory with multiple 

signals reducing the risk of mistakes. From an experimental point of view, this hypothesis 

may be difficult to distinguish from the two above; experimental designs that specifically 

test different hypotheses regarding the information content of different signals would be 

necessary to distinguish among them. 

2. Confirmational information 

Sometimes, the function of a signal is to convey information about a single trait, 

for example, a signaler's overall quality. However, it may not always be possible to 

directly signal information about the trait in question, but instead, indirect measures must 
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be used. Multiple indirect measures of the same information provide confirmational data 

to a receiver and would presimiably allow for better decision making. To illustrate our 

point here, let us use a human example. Wealth is sometimes a criterion used in human 

mate choice, yet it is rare that information regarding anyone's bank account is readily 

accessible. Instead, signalers often use multiple signals to indicate their wealth. For 

example, a receiver could use information from the car a signaler drives as well as his/her 

daily attire to estimate the signaler's over-aU wealth. More pieces of information received 

relating to wealth gives a receiver a more accurate indication of the signaler's quality 

with respect to that trait and ultimately allows for better decision-making. Following 

from this example, complex signals could reduce the risk imposed by cheaters as well. If 

a signaler inherited a car, or received it as a gift for example, and it was well out of the 

signaler's wealth bracket, then receivers could make bad decisions based otily upon that 

bit of information. In this way, multiple signals conveying similar information can 

reduce the receiver's risk of responding to deceptive signals, or cheaters (Hasson, 1994). 

An example of multiple independent sources of information can be found in the 

beak color and song rate of zebra finches. Birds that have redder beaks and higher song 

rates seem to be in better condition, and thus of higher quality (Birkhead et al 1998). 

Similarly, in curassow, knob height, wattle height, and wattle width are all at least 

partially independent indicators of male age, a trait used by female to make mating 

decisions (Buchholz, 1991). And multiple signaling colors can often represent different 

carotenoid components, each independendy representing an individual's foraging ability 

(Wedekind et aL, 1998, Grether et al 1999). Two groups of carotenoids found in fish. 
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astaxanthin and tunaxanthin/lutein, seem to correlate to red and yellow colors 

respectively (Wedekind et al. 1998). Females choosing males based on this multiple 

signal presum^ly gain more detailed information about foraging ability than one signal 

would allow (Wedekind et al. 1998). Again, the prediction of this hypothesis is similar to 

those discussed above. Receivers should make better decisions when presented with an 

entire complex signal as opposed to isolated components or signals (Table 3). 

Furthermore, individuals should make fewer mistakes when allowed to assess all signals 

as opposed to individual signals in isolation. 

3. Emergent information 

There is presumably a limit on the number of different signals that can be generated 

within one sensory modality. For example, in using posturing to communicate, there are a 

finite number of possible positions that a signaler can display due to basic morphological 

constraints. If each posture represented a different bit of information, and the need for 

multiple bits of information oumumbered the possible postures, then it would be 

necessary to add signals from other modalities. Combining signals could generate novel 

bits of information, and in instances where 'Vocabulary" is important, the use of multiple 

signals could effectively increase the size of the vocabulary. Dolphins for example, use 

both visual posturing and acoustic clicks and other noises to communicate. By combining 

these two sensory signals in different, unique ways, dolphins can effectively increase 

their repertoire of signal content to an almost infinite degree (Table 3). The interactions 
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between the signals presumably cannot be predicted a priori and is only measurable 

through knowledge of information content. 

m. DTTER-SIGNAL INTERACTIONS 

Our discussions of tactical and strategic design pressures influencing complex signal 

evolution have thus far assumed components and/or signals to be independent. For the 

remainder of this review, we would like to focus on what we feel to be the most 

interesting aspect of complex signaling: the possibilities that it represents with respect to 

inter-signal interactions. An inter-signal interaction occurs when a receiver response to 

complex signal (x,y) cannot be predicted based on information about response(x) and 

response(y) alone (Hughes 1996). Inter-signal interactions can involve both tactical and 

strategic design pressures. 

A. Transmission 

1. Increased efficacy of transmission 

Signals can interact at the level of transmission. For example, male Mediterranean fruit 

flies gather in leks in a host tree, with males defending leaf territories within the tree. 

When a female arrives at a leaf occupied by a male, the male orients directly towards the 

female and vibrates his wings vigorously while at the same time everting anal sacs. The 

eversion of the anal sacs releases a species-specific sex pheromone and the wing 

vibration generates a species specific song (Hoy et oL^ 1988). In experimental 
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manipulations, females respond to each signal independendy of the other. However, the 

same wing vibration that produces the sound also propels the pheromone towards the 

female. In this case, the sound-producing mechanism interacts with the chemical signal 

so as to facilitate its detection by the female. Under this hypothesis, one might predict 

that latency to receiver response of the second signal is decreased when presented with 

the first signal (Table 4). 

B. Reception 

I. Amplification 

Signal reception begins at the peripheral sense organs and then continues during 

processing deeper into the central nervous system (CNS) typical of most animals. The 

detection and processing of one signal can increase the detectability of a second signal 

(Guilford & Dawkins, 1991). For example, visual ornaments are often added to moving 

parts in order to make the movements more conspicuous. A visual ornament may even 

enhance movement and in turn receiver response, while eliciting no response on its own 

(i.e. acting as a component). For example, gazelles perform a stotting display when 

approached by various predators, a display that is amplified by color markings on their 

tail and sides. It has been proposed that the color maridngs themselves do nothing to 

inform a predator of the gazelle's health, but instead enhance the leaping movements that 

the predator ultimately uses to decide whether or not to attack. Similarly, male wolf 

spiders display to females with visual leg waving displays that are often amplified by leg 

pigmentation or brushes. While these visual ornaments do not increase receiver response 
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in species that lack movement, receivers do increase their receptivity in species where the 

ornamentation is coupled with a visual leg waving display (Hebets & Uetz, 2000). (Table 

4). 

2. Deception 

Inter-signal interactions that take place at the receiver's peripheral sensory perception can 

create deceitful signals. Particular combinations of signals can create illusions that 

deceive the eye and thus, provide inaccurate information to a receiver. For example, 

interactions between motion and color against a natural background have been shown to 

alter a predator's ability to detect and successfully attack prey. The interaction of 

particular striped patterns for example, with directed motion can deceive a predator as to 

the prey's true velocity (Endler 1978; Jackson et al. 1976; Brodie, 1992). Under this 

hypothesis, predators would be more likely to make mistakes in calculating 

distance/direction/or speed of prey when presented with a prey's complex signal as 

opposed to individual signals in isolation (Table 4). 

3. Increased memorability/discriminability 

Signal discriminability and memorability can be affected by inter-signal interactions. An 

example of memory enhancement involves the interaction between odors and avoidance 

learning of warning coloration of unpalatable prey. Birds have been shown to leam 

warning colors better when those colors are presented simultaneously with pyrazine 

(Lindstrom et al. 2001). 
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4. Attention shifting 

Intersignal interactions may also involve attentional processes. Below we discuss three 

ways in which multiple signals may influence attention in receivers. 

a. Alerting - In an alerting interaction, one signal focuses a receiver's attention to a 

second signal. In isolation, the alerting signal may simply orient a receiver so as to better 

receive the signal or arrest a receiver's behavior but it is the second signal that ultimately 

elicits the desired response. However, in isolation, the second signal may not be 

recognized or even noticed by the receiver without the first, and thus would not elicit a 

response (Table 4). 

b. Providing context - One signal could also provide a context, or reference, for a second 

signal. For example, a single signal may be used in more than one context, such as is 

observed with the visually-based 'open chela' signal of snapping shrimp. Produced by 

both sexes, this signal elicits different responses depending on the sex of the signaler 

(Hughes 1996). Hughes (1996) was able to show that the interaction between visual and 

chemical signals altered male behavior in such a way that suggested that either signal 

potentially modified the male's response to the other. Males showed a greater response to 

the visual open chela display in the presence of a male versus a female, suggesting that 

the chemical signal modified a male's response to the visual signal. Male response was 

dependent on chela size (the visual signal) when presented with a female chemical signal, 

while response was size-independent when presented with a male chemical signal, further 

suggesting that response to the visual signal is dependent on the chemical signal (Hughes 
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1996). Studies which manipulate each signal independently are necessary in order to 

examine interactions such as is described here and predictions would be system-specific, 

c. Attention-focusing - The presence of one signal may also alter the sensory input or 

processing of a second. Studies in humans for example have shown that tactile 

stimulation can enhance visual cortex activity (Macaluso et al. 2000). Studies have also 

shown that visual discrimination can improve at a given location if there is tactile 

stimulation at the same location (Spence et al. 1998). These studies suggest that one 

signal can alter the degree to which a receiver focuses on different sensory fields. In a 

non-human example, it has been suggested that the vibratory signal of male wolf spider 

displays {Schizocosa uetzi) acts to direct and focus a female's visual attention on the 

visual leg-waving signal (Hebets in prep). And in an experimental manipulation of flower 

models and scent cues, it has been suggested that the interaction between scent and vision 

results in enhanced visual attention, and thus enhanced color discrimination, in bumble 

bees (Kunze & Gumbert 2001). Testing this hypothesis would need system-specific 

approaches that may require creative and novel experimental designs. Predictions would 

again be experiment/system-specific. 

IV. HISTORICAL ARTIFACTS 

Our review has focused very strongly on the fimction of complex signals. However, it is 

important to recognize that any given trait, including complex signals, is a product not 

only of current selection, but also of ancestry. Taking an extreme approach to arguments 



51 

of historical effects, the complex signaling of today may simply be an artifact of the past, 

in which selection in the past favored new signals without the elimination of old ones. 

Exactly such a circtm:istance has been suggested for traits influenced in the past by the 

process of chase-away sexual selection (Holland & Rice, 1998). In chase-away selection, 

a given signal benefits the sender but at the expense of the receiver. Signalers evolve a 

signal that takes advantage of preexisting biases in the receiver's sensory system but 

which causes receivers in turn to evolve resistance to the signal. Eventually, if resistance 

by the receiver is severe enough, signalers evolve new traits that take advantage of other 

biases. Old traits may persist because females have some, albeit small, response to them. 

Thus, in isolation, the old signal may elicit only a minor response and the response 

elicited to the complex signal may simply equal the response elicited by the second signal 

in isolation (Table 4). 

DISCUSSION 

We have made a distinction throughout this paper between signals and components, the 

first of which is operationally distinguished by eliciting an observable behavioral 

response while the second elicits no such response. Following from this distinction, we 

separate out complex signals into two heuristic categories, the second of which is a subset 

of the first: multiple signals and multimodal signals. While multimodal signals are simply 

a sub-set of multiple signals, there are several hypotheses specific to multimodal 

signaling and thus, we felt it useful to distinguish it as a separate category. For example. 
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'parallel processing' and 'sensory overload' are processes that are especially relevant to 

multimodal signals and the pressures associated with 'spatial variability' and 'temporal 

variability' are most easily considered with reference to multimodality (Table 2). 

At the end of this review, it is clear that distinguishing among hypotheses will not 

be easy. One reason for this difficulty is that many of the hypotheses make predictions 

about different aspects of a receiver's response. For example, many tactical design 

hypotheses can be tested by measuring response presence/absence, while others require 

information on latency to response. Most strategic design hypotheses in contrast do not 

make predictions about presence/absence of response per say, but instead make 

predictions about the "quality" of the response. While many studies have attempted to 

distinguish between the strategic design hypotheses of 'multiple messages' (Johnstone, 

1996) and 'confirmational information', they have done so by looking only at 

correlations of signals and signaler quality. These predictions however need to be tested 

in light of receiver benefit to complex vs. simple signals in terms of quality of decision. 

For example, do females receive a higher fimess benefit when making mate choice 

decisions based on a complex signal versus single signals in isolation (Hebets in prep). 

Next, inter-signal interaction hypotheses often incorporate some combination of 

predictions from both tactical and strategic perspectives and will need a priori knowledge 

of potential interactions so that experiments can be designed to explicidy test individual 

hypotheses. To make matters even more complicated, the hypotheses distinguished in this 

paper are generally not mutually exclusive and just as any single signal is influenced by 

both tactical and strategic design pressures, so must be every complex signal. 
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We would also like to stress the importance of thinking about potential costs of 

complex signaling. Presumably, the main force constraining complex signal evolution is 

cost to a signaler. Throughout this paper, we have assumed that complex signaling is 

either neutral or somehow beneficial to the signaler. However, we know that signals are 

often costly and in fact, a distinction is often made between signals and cues based on the 

fact that signals are costly (Hasson, 1994). As such, in order for complex signaling to 

evolve, the benefits of such signaling must outweigh the costs. The main costs that we 

see signalers having to overcome that are specific to complex signaling are: energy 

expenditure, conspicuousness to potential predators, more room for error, and potentially 

multiple avenues for eavesdropping. Several examples of these costs are known. For 

example, in magpies, bright plumage has been shown to increase predation risk 

(Gotmark, 1977). Bird watchers for example know that a bird that is vocalizing and 

displaying visually is much easier to spot than one that is simply engaged in a visual 

display. We contend that while attempting to determine the function of a complex signal, 

it is also important to determine its cost. 

In closing, the term complex signaling is just that: complex, and the term itself is 

an umbrella that covers instances including combinations of signals, or signals and 

components, from one, or more than one sensory modality. Within each of these 

categories, selection can act on parts independendy, or on fimctional units. Furthermore, 

components and signals can interact in a plethora of ways, many of which we may not yet 

be aware of. We must broaden our approaches to include both tactical and strategic 
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design considerations, and must do so systematically, ruling out potential possibilities 

while continuing to keep our minds open to new ones. 
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Table 1. Summary of hypotheses of complex signaling 

Production Transmission Reception 

I. Tactical design 1. Increase advertising 1. Biotic challenges 1. Processing constraints 
2. Signaler variability 2. Spatial & temporal 2. Pre-existing bias 

variability 3. Sensory overload 
4. Receiver variability 

II. Strategic design 1. Mutiple messages 
a. signaler quality 
b. static vs dynamic 
c. different types 

2. Confirmational 
information 
3. Emergent information 

III. Inter-signal 1. Increased efficacy of I. Amplification 
interactions transmission 2. Deception 

3. Increased memorability 
4. Attention shifting 

a. alerting 
b. providing context 
c. attention-focusing 

9\ 



Table 2. Predictions of the tactical hypotheses of complex signals 

Hypothesis Signal/ 
Component 'x' 

Signal/ 
Component 'y' 

Complex signal 
(x.y) 

Specific Predictions 

Production Increased advertising r(x) > 0 r(y)>0 r(x,y) > r(x) 
r(x.y) > r(y) 

Signaler variability r(x)>0 r(y)>0 Not applicable 

Transmission Biotic variability r(x) > 0 r(y)>0 rN(x.y) = TNIX) = rN(y) relates to # of 
receivers 

Spatial variability r(x) > 0 r(y)>0 r(x.y) = r(x) = r(y) 

Temporal variability r(x) > 0 r(y)>0 r(x,y) = r(x) = r(y) 

Reception Parallel processing r(x) > 0 r(y)>0 nal9ncy(X»y) ̂  n«#ncy(x) 
HalencvlXiy) < riaiencv(y) 

relates to latency to 
response 

Pre-existing biases r(x) > 0 r(y)>0 nBlency(Xty) < riatency(x) 
ri«««v(x,y) < riat««y(y) 

relates to latency to 
response 

Sensory overload r(x)>0 
or 

r(x) = 0 

r(y)>0 
or 

r(y) = o 

o
 II "S

I 
w receiver should be 

unresponsive to other 
stimuli in signaling 

modality 
Receiver variability r(x) > 0 

of 
r(x) = 0 

r(y)>0 
or 

r(y) = 0 

rvarialMy()(iy) < 
rvaiialMy(x) 

rvw(«WWy(X»y)  ̂

relates to receiver 
variability 

Ailttiiifiitt 

9  ̂K> 



Table 3. Predictions of the strategic hypotheses of complex signals 

Hypothesis Signal/ Signal/ Complex signal (x,y) Specific 
Component Component Predictions 

V V 
Multiple 
messages 

Signaler quality r(x) > 0 r(y)>0 rquality()(iy) ^ fquality (*) 
''quality (Xiy) > Tquallty (y) 

relates to 
quality of 
decision 

Static vs 
dynamic 

r(x) = 0 
or 

r(x) > 0 

r(y) > 0 rquaNty (*iy) ^ ''qualify (x) 
rquallty (*iy) ̂  fqualHy (y) 

relates to 
quality of 
decision 

Different types r(x) = 0 II o
 

r(x,y) > 0 assumes that 
all infonnation 
Is necessary 

Confirmational 
information 

r(x) > 0 r(y) > 0 ''quality {^>)/) ^ l^quaHty (x) 
rquality (*iy) > l̂ quality (y) 

relates to 
quality of 
decision 

Emergent 
Information 

r(x) = 0 II o
 

r(x,y) > 0 response is 
based on 
emergent 

information 



Table 4. Predictions of Inter-signal interaction hypotheses of complex signaling (assuming that signal/ 
component 'x' modifies signal/component y when appropriate) 

Signal/ Signal/ Complex signal (x,y) Specific 
Hypothesis Component Component 'y' Predictions 

V 
Transmission Increased efficacy of 

transmission 
r(x) = 0 

or 
r(x) > 0 

r(y)>0 rquality(Xiy) > rquality (V) 
or 

nalency(X,y) < riatency (y) 

relates to either 
quality of decision; 

or latency to 
response 

Reception Amplification r(x) = 0 r(y)>0 r(x,y) = r(z*y) where 'z' 
>0 vl 

r(x) > 0 

r(x,y) = r(z*y) where 'z' 
>0 

Deception r(x) = 0 
or 

r(x) > 0 

r(y) = 0 
or 

r(y)>0 

riatency (X,y) < rMancy (*) 
Hatency (Xiy) < riatency (y) 

relates to quality of 
decision 

Increased 
memorability, etc. 

r(x) = 0 
or 

r(x) > 0 

r(y)>0 rmeinorat)llity(X)y) > 
'iDMnonbiWy (y) 

relates to 
memorability 

Attention shifting 
- alerting r(x) = 0 r(y) = 0 

or 
r(y)>0 

r(x,y) > r(y) 

- providing 
context 

r(x) = 0 
or 

r(x) > 0 

r(y) = 0 
or 

r(y)>0 

rquality(Xiy) > rqualtty (*) 
TquaNty (X»y) > fquality (y) 

relates to quality of 
decision 

• attention-focusing r(x) = 0 
or 

r(x) > 0 

r(y)>0 rquality (X»y) > fquaWy (y) relates to quality of 
decision 

2 
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APPENDIX B 

ATTENTION-FOCUSING INTERACTIONS AMONG 

SIGNALS IN MULTIMODAL COMMUNICATION: 

EVIDENCE FROM THE COURTSHIP BEHAVIOR OF 

SCHIZOCOSA UETZI (ARANEAE: LYCOSIDE) 
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ABSTRACT 

Multiple signals incorporating the use of more than one sensory modality 

(multimodal signals), are common throughout animal communication. While many 

theoretical studies assiune these signals to be independent, this study provides evidence 

of an inter-signal interaction between the bimodal courtship signals of the wolf spider 

Schizocosa uetzi- By manipulating the signal to noise ratios (S/N) of the visual and 

vibratory courtship signals independently and assessing female receptivity, I tested 

predictions of three function hypotheses of multiple signaling: (1) a tactical or efBcacy 

back-up hypothesis in which each signal is assumed to be independent and the predicted 

responses to signals in isolation as well as to both signals together are equal; (2) an 

interaction hypothesis in which the visual signal decreases the response to the vibratory 

signal; and (3) an interaction hypothesis in which the vibratory signal increases the 

response to the visual signal. Statistical analyses of results from this study support both 

the tactical back-up hypothesis as well as the interaction hypothesis in which the visual 

signal decreases response to the vibratory signal. By examining a female's ability to 

notice a visual distracter under various treatments incorporating one, both, or none of the 

male courtship signals, I then tested the hypothesis that this decrease in response to the 

vibratory signal was due to an increase in attention paid to the visual signal. Females 

were less likely to notice a visual distracter (/.c. more likely to get caught) when a male 

courtship vibration was present, suggesting that vibration may focus a female's attention 

on the visual field, providing evidence of an attention-focusing inter-signal interaction 
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INTRODUCTION 

Many displays throughout the animal kingdom incorporate multiple signals, 

consisting of either more than one signal in a single sensory modality (unimodal) or more 

than one signal in different sensory modalities (multimodal) emitted simultaneously. 

Although much information is available on communication and signaling as it relates to 

single signals or sensory specialists {Le. vision: Andersson 1982; Bischoff et al. 1985; 

Basolo 1990; Petrie etal. 1991; Brooks & Caithness 1995; Ligon & Zwartjes 1995; 

Hebets & Uetz 2000; acoustics: Ryan 1980, 1985; Ryan & Rand 1990; Bailey etal. 1990; 

Gerhardt 1991), the potential influence of multiple concurrent signals on signal efficacy, 

information transfer, and signal evolution has received attention only recently (Moller & 

Pomiankowski 1993; Johnstone 1996; Borgia & Presgraves 1998; Moller er al. 1998; 

Hebets & Uetz 1999; Holldobler 1999; Partan & Marler 1999; Rowe 1999a, 1999b; 

Rowe & Guilford 1999). 

Multiple signals may either act independently, or they may interact. Most current 

hjrpotheses of multiple signal evolution in behavioral ecology assimie signal 

independence and focus on hypotheses relating to the information content of each 

individual signal. For example, Johnstone distinguishes between a "back-up" and a 

"multiple messages" hypothesis of multiple signal evolution based on information 

content. Johnstone's "back-up" hypothesis states that multiple signals reflect a single 

overall quality and enhance the accuracy with which receivers can assess this single 

quality (Johnstone 1996). In contrast, the "multiple messages" hypothesis states that 
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additional signals provide information about multiple qualities (MoUer & Pomiankowski 

199S; Johnstone 1996). Both hypotheses lay emphasis on the 'information content* of a 

signal, which is often empirically difficult to characterize. 

Signals evolve under a variety of selection pressures, including many that do not 

necessarily relate to their information content (Guilford & Dawkins 1991). For example, 

in order for a signal to elicit an appropriate receiver response, it must travel successfully 

through a given environment and must be perceived and processed appropriately by the 

intended receiver. Under natural conditions, animal signals must compete with 

extraneous noise from other components of the environment and such noise may impact 

the clarity of a signal. Given selection pressures on signal transmission, a functional 

back-up hypothesis of multimodal signal evolution emerging purely from efBcacy or 

tactical design pressures need not assume anything about information content. Instead, a 

tactical (sensu Guilford & Dawkins 1991) or efHcacy back-up hypothesis assumes signal 

independence and predicts that receiver response to signals in isolation, as well as to the 

complex signal in its entirity, is equal. In other words, response to signal *a' (rj = rb = Tab. 

This tactical back-up hypothesis states that given environmental noise in one signaling 

modality, the second modality is sufficient to elicit a response, and vice versa. 

While the above hypothesis assumes signal independence, one of the most 

interesting and unique features of multiple signaling is that it allows for the possibility of 

signals to interact (Partan & Marler 1999). In the psychological literature, inter-signal 

interactions are the focus of much research (for review see Rowe 1999b), however few 
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empirical examples of inter-signal interactions exist in the behavioral ecology literature 

(Hughes 1996; Kunze & Gumbert 2001). 

Wolf spiders (family Lycosidae) in the genus Schizocosa are an ideal group 

within which to test different hypotheses of multiple signal evolution (Scheffer et al. 

1996, Hebets & Uetz 1999, Hebets & Uetz 2000). Males of many species within this 

genus have multimodal courtship displays (Uetz & Denterlein 1979; Stratton & Uetz 

1981, 1983, 1986; Uetz & Stratton 1982; Stratton & Lowrie 1984; Hebets et al. 1996). 

The multimodal nature of signaling involves both visual and vibratory courtship displays 

that can be sent and varied independently, yet are often sent simultaneously. A previous 

study assessing female receptivity patterns to isolated as well as combined courtship 

signals across three species of bimodally signaling wolf spiders revealed species-specific 

patterns (Hebets & Uetz 1999). While female receptivity patterns for Schizocosa 

stridulans fit the predictions of a tactical back-up hypothesis perfectly (Hebets & Uetz 

1999 Fig. 2), the results for S. uetzi are not as easily interpreted (Hebets & Uetz 1999 Fig. 

2). Contrary to the predictions of a tactical back-up hypothesis, the proportion of female 

S. uetzi receptive to an isolated vibratory signal was significantly greater than the 

proportion receptive to an isolated visual signal, while neither of these responses were 

significantly different than receptivity to the complete visual vibratory courtship signal 

(Hebets & Uetz 1999). These results suggest that the visual and vibratory courtship 

signals of S. uetzi are not simply acting as back-ups to each other and that they may not 

be independent. Based upon the pattern of receptivity response (rvisuai < rvibraaon; ryisuat = 

rvtsuaL vibnidon> ryibfatiofi ~ rvisuai^ vibfadon)* One can imagine an interaction when both signals are 



71 

present in which either the presence of the visual signal decreases a female's response to 

the vibratory signal, or the presence of vibratory signal increases a female's response to 

the visual signal. 

The present study explores the possibilities of independence and non-

independence of the visual and vibratory signals involved in the multimodal courtship 

display of Schizocosa uetzi. Instead of examining female response to signals in isolation, 

this study allows for the possibility of inter-signal interactions. By manipulating the 

signal-to-noise ratio (S/N) for each signal independently and assessing female response, 1 

first attempted to distinguish between three hypotheses: (1) a tactical back-up hypothesis 

in which each signal is independent, (2) an interaction hypothesis in which the presence 

of a vibratory signal increases female response to a visual signal, and (3) an interaction 

hypothesis in which the presence of a visual signal decreases the response to a vibratory 

signal. Using data from Hebets and Uetz (1999), I predicted patterns of female receptivity 

under each of the above three hypotheses for a fully crossed 2x2 design in which there 

was a high S/N ratio and a low S/N ratio treatment for both visual and vibratory signals 

(Figure la) and compared my results to these predictions. I then tested for a specific 

interaction in which the vibratory signal acts to redirect and focus a receiver's attention 

on the visual signal. 

METHODS 

Schizocosa uetzi is a medium sized wolf spider characterized by males that have 

black pigmentation over the middle portion of the tibia of their forelegs and a courtship 
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display consisting of a stationary stridulation with an intermittent slow foreleg arch. 

Individuals were collected as immatures at night firom three sites in Lafayette and 

Marshall Counties in northern Mississippi between4-5 July, 1995, late May — early 

June, 2000, and late May, 2001. Schizocosa stridulans immatures were also collected on 

the same dates, from the same locations. All of the specimens were brought back to the 

laboratory where they were housed individually, provided with a constant source of 

moisture, and fed 3-S crickets once a week. 

Manipulating the signal to noise contrast 

In order to test the backup hypothesis, I assessed female receptivity responses to 

male visual and vibratory courtship signals under conditions of high and low signal-to-

noise (S/N) ratios in a 2 x 2 design: (1) visual high, vibration high, (2) visual high, 

vibration low, (3) visual low, vibration high, and (4) visual low, vibration low. Females 

were tested in arenas (glass culture dishes) 9 cm in diameter and 4 cm high. Four arenas 

were constructed, one for each pairing of visual and vibratory treatments. High visual 

S/N signals (high contrast, high conspicuousness) were created by presenting a courting 

male against a white background. Low visual S/N treatments were made by affixing leaf 

litter (whole leaves collected firom the spider collection locales) to duct tape which was 

then wrapped around the outside of the arena in which the male courted. Vibratory 

signals of high S/N (high conspicuousness) were created by providing a good vibration-

conducting pathway (a piece of Olter paper) from male to female. In low vibratory S/N 

treatments, vibration transmission was reduced by placing three layers of filter paper 



73 

upon a cellulose sponge. The S/N ratios for visual and vibratory signals were lowered in 

different ways: for the visual signal, I added background noise while for the vibratory 

signal I reduced the efficacy of the substratum in delivering the signal. The precise 

amount by which either signal was reduced is unknown, but males were more difficult for 

human observers to see against a background of leaf litter and the courtship vibration was 

no longer audible to an observer with the addition of the sponge and layered filter paper. 

While this indication of decreased vibratory S/N ratio relates specifically to airborne 

vibrations, it is assumed that the substratum bom vibrations are also reduced. 

All trials were run during the day under artificial laboratory light. Males were 

used in random order to provide the courtship stimuli. Some males were used more than 

once due to low sample sizes but females were run through their 4 treatments only once. 

Trials began when the male initiated courtship and ended 10 minutes later, during which 

time females were scored for receptivity (as described below) and latency to receptivity. 

A Chi-Square test and a repeated measures Cochran's Q test were used to test the 

hypothesis that female response was independent of treatment. Pairwise comparisons 

were then used to locate differences. A Cochran-Mantel-Haenszel test (JMPin version 

4.0.3) was also used to test for a relationship between high and low visual and vibratory 

S/N treatments after blocking across a signaling mode in order to look for inter-signal 

interactions. 

Female receptivity was scored according to the presence/absence of three distinct 

behaviors: (1) a "slow" turn, consisting of a slow, deliberate 90° to 180° turn away from 

the male, (2) a "settle" near the male, consisting of a flattening of the entire body along 
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with a stretching out and lowering of all walking legs, and (3) an abdomen bob, 

consisting of a dip of her abdomen towards the ground (Stratton & Uetz 1981, 1983; 

Scheffer et. al. 1995; McClintock & Uetz 1996; Hebets & Uetz 1999,2000). If the 

female showed at least one of the above-mentioned displays during her ten minute trial, 

she was scored as receptive. 

Assessing female orientation based upon vibratory signals 

Schizocosa stridulans Stratton was used for the majority of these trials, but 13 5. 

uetzi females were also used. Schizocosa stridulans is a closely related Schizocosa 

species that is found in the same habitat as S. uetzi- Like 5. uetzi, males of this species 

possess black pigmentation on portions of their forelegs and males use both visual and 

vibratory courtship signals (Hebets & Uetz 1999). The reason for using this species was 

simply availability of individuals. All of the S. uetzi females were allocated to the 

environmental manipulation trials and I had an excess of 5. stridulans. Since these 

species are so closely related, and since this study was intended to provide general 

background information on potential directionality of vibratory signals, I felt that using 5. 

stridulans instead of 5. uetzi did not affect the interpretation or conclusions of this smdy. 

In order to assess whether or not vibratory signals act to redirect a female's visual 

attention, I recorded the proportion of females among three groups that oriented to two 

different vibratory stimuli: cricket vibrations and male courtship vibrations. Due to deaths 

and escapes, not all females were exposed to both vibratory stimuli. Females were 

grouped into categories according to age and mating history: penultimate females (not yet 
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mature), mature females that had not mated (virgins), and mature females that had mated 

in the laboratory. 

The arena used was a box measuring 4x4x2 inches. White partitions were used 

to separate the arena into a main central compartment bounded on each of 4 sides by a 

side compartment (Fig. 2). The side compartments along each edge of the arena were 

numbered 1-4 (Fig. 2). A coin toss determined whether females were exposed to 

vibration from a cricket or a male as the first stimulus presentation. A number (1-4) was 

then drawn to determine in which side compartment the source of the vibratory stimulus 

was to be placed. 

Females were put in the center of the arena and allowed to acclimate for one 

minute before the vibratory stimulus was introduced. Once the male or the cricket was 

situated in the appropriate compartment, the trial began and the female's behavior was 

recorded. If a female was oriented towards the compartment where the vibratory stimulus 

was before the trial began, she was poked with forceps until she turned so as to face a 

different direction prior to the initiation of the trial. Upon placement into the arena, 

females were generally stationary in the orientation in which they were introduced. Trials 

lasted five minutes from the time the cricket began moving or the male began 

chemoexploring or courting. During the 5 minute trial, females were watched closely and 

any orientation towards the stimulus was recorded, along with the latency from initial 

cricket/male movement. Females often approached the source of a vibratory stimulus and 

thus, approaches and their latencies were also recorded. Orientation was defined as a 

female turning so as to direct her face (and hence most of her eyes) towards one of the 4 
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compartments. When facing a side compartment, a female's anterior median eyes were 

situated so that their field of view likely encompassed the compartment in question. 

Testing female attention 

In order to test whether or not a vibratory signal affects a female's focus on the 

visual field, I examined a female's sensitivity to a visual distractor while exposed to each 

of the following four treatments: (1) male visual courtship signal and vibratory courtship 

signal; (2) male visual courtship signal in isolation; (3) male vibratory courtship signal in 

isolation; and (4) no signal. 

Two separate arenas were used for this experiment; one for the two scenarios of 

no vibration, and one for the two scenarios where vibration is present. For the vibration 

present treatments, a 4 in x 8 in arena was used. Two different partitions were made to be 

placed in the center of the arena separating it into two 4 in x 4 in halves. One partition 

was clear and transparent acrylic enabling visual signals to pass while the other was solid 

white and removed all visual signals. A single piece of filter paper covered the bottom of 

the entire arena forming a contiguous surface from one side to the other so that vibrations 

could be transmitted unhindered. Females were initially placed on one side of the arena 

and males on the other. 

For trials in which no vibration was present, two 4 in x 4 in arenas were used. The 

arenas were placed against each other so that one entire wall was juxtaposed to the wall 

of the other but they were not touching. These arenas were made of clear plastic acrylic 

(Amac Plastic Products) such that the spiders could easily look into the other arena. Each 
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arena was raised up on an individual foam block in order to damp any vibration that 

could be sent through the arena floor. Males were placed in one arena while females were 

in the other. Females could thus see a male, but were not able to perceive his vibrations. 

In cases where there was no signal, females were simply tested in one of the arenas and 

the other arena was left empty. 

The order in which females were run through the four treatments was randomized 

as was the order that the females were used. Females were placed in their appropriate 

arena first and allowed to acclimate for one minute, then males were introduced. The 

trial did not begin until a male started courting. After 2 minutes in the treatment 

condition, the female was confronted with a visual distractor. 

The distractor was a glass vial with the bottom painted black and a strip of orange 

around the Up. There was no significance to the color combinations chosen, it was simply 

to add contrast to the clear glass. The vial was lowered directly on top of the female at a 

relatively constant rate from a height of 4 inches. Experimental design and female 

behavior did not allow for an automated distrator. 

Initially, I held the distractor vial above the females and attempted to lower the 

vial at a constant rate in an attempt to capture the female. Vial presentation was then done 

in a blind fashion by two naive undergraduates that lacked prior knowledge of what the 

experiment was about. The assistants were instracted to hold the vial 4 inches above a 

female and upon my conunand (i.e. after 2 minutes of exposure), asked to lower the vial 

on the female at a constant rate and attempt to catch her. Females were either captured 

under the vial when the vial reached the floor of the arena or not Each smdent conducted 
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a series of trials for only one day and the results recorded were simply plus/minus records 

of whether or not the female was captured. 

RESULTS 

Manipulations of S/N ratio 

Results of this experiment are shown in Figure 3. Nine of the 42 females run 

through all 4 treatments were receptive to all 4 while 6 were not receptive to any of them. 

The IS females that did alter their response were removed from subsequent analysis. A 

repeated measures Cochran's Q test also found that female response depended on 

treatment (N=27; ^12.14, p<0.01). Pairwise McNemar's tests revealed that females 

were less responsive when the S/N ratio of both visual and vibratory signals was low as 

compared with high visual, low vibration (X^/= 4.08, p< 0.05) and(Iow visual, high 

vibration (X^/s S.06, p< 0.025), but not when compared to high visual, high vibration 

(X^;=1.39, p>0.l, Fig.3). Female response was not dependent upon visual treatments 

(X^/=l. 13, p=0.29. Fig. 3) but was dependent on vibration treatment (X^/=3.69, p=0.05. 

Fig. 1£>), and there was a significant interaction between visual and vibration treatments 

(X^/=7.22,p=0.007). 

A Cochran-Mantel-Haenszel test was conducted to test for the independence of 

receptivity and visual environment while controlling for vibration and similarly, to test 

for the independence of receptivity and vibratory environment while controlling for 

visual. I found that receptivity is not independent of vibration while controlling for visual 

(X^/=3.74, /7=0.05), but that receptivi^ is independent of visual while controlling for 
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vibration (X^/=.55, p>0.05). In other words, under controlled visual environments, 

receptivity depends on the vibratory signal. There was no significant difference between 

any of the manipulations with respect to latency to female receptivity. 

Orientation to Vibrations 

Whether or not a female oriented towards a vibratory stimulus depended on her 

age and reproductive state as well as the vibratory stimulus itself (X^5=10.95, p=0.05). 

Over 50% of virgin and mated females oriented successfully to the vibrations of both 

crickets and courting males while penultimate females showed slightly lower responses 

(Fig. 4a). Under a null hypothesis of chance, each wall of the arena would have a 0.25 

probability of a female orienting to it. Both virgin and mated females oriented to the 

appropriate wall over 50% of the time, which is higher than expected by chance. The 

pattern generated from the proportion of females that actually approached a vibratory 

stimulus was similar to the pattern seen for orientation and was also significant. Twenty-

one percent of penultimate stage females approached a cricket vibration and 27% 

approached a courting male; 42% of virgin females approached a cricket and 66% 

approached a male; and 48% of mated females approached a cricket and 33% approached 

a male (X^s=14.54, p=0.01). Twelve penultimate stage females were exposed to both 

vibratory stimuli, 8 virgin females were exposed to both, and 18 mated females were 

exposed to both. Four of the penultimate females did not orient to either a cricket or a 

male vibration while one oriented to both; one virgin female did not orient to either while 

2 oriented to both; and 2 mated females did not orient to either while 6 oriented to both. 
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Using a repeated measures Cochran's Q test for only the females that responded 

differently between the stimuli, female response depended on vibratory stimulus only for 

virgin females (penultimate N=7, Q=.5, d.f.=l, p>0.05; virgin N=5, Q=5, d.f.=l, p<0.05; 

mated N=10, Q=.14, d.f.=l, /»0.05, Rg. 4a). Virgin females oriented more frequently to 

a male than to a cricket. 

The latency of orientation to vibratory stimuli differed for both penultimate 

females and virgin females with females orienting more quickly to a courting male than 

to a moving cricket (penultimate: fi2=2.74, /M).018; virgin: r53=3.35, p=0.(X)15; Fig. Ab). 

For mated females, there was no difference in their latency to orientation for either 

vibratory stimulus (t27--0.003, p=.99. Fig. 4b). 

Female attentiop 

Twelve females were run through trials in which I lowered the vial while the 

remaining 26 females were run through trials in which assistants lowered the vial. Due to 

female deaths and escapes, not all of the females were successfully run through all 4 

treatments. Of the 38 females that successfully completed all 4 trials, 12 did not alter 

their response among treatments. A repeated measures analysis was conducted only on 

the females that varied in their response. When data were separated into those that I 

collected, those that my assistants collected, and all data combined, female response 

again was found to depend on treatment but not on experimenter identity (my data: 

0=30.5, d.f.=3, NsslO, p<0.(X)I; assistant's data: Q=11.03, d.f.=3, N=16, p<0.025; all 

data combined: ̂ =15.27, d.f.=3, Ns26, p<O.OOS). A McNemar's test on pairwise 
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comparisons revealed that females were more likely to be captured when exposed to both 

visual and vibratory male signals combined than visual only signals and no signal (visual, 

vibration x visual, no vibration: X^i=4.27, p<0.05; visual, vibration x no visual, no 

vibration: X^i=10.56, p<0.005; bars 1 Vs 2 and 1 Vs 4, Fig. 5). However, females 

exposed to both visual and vibration were not more likely to be captured than those 

exposed to vibrations signals only (visual, vibration x no visual, vibration: X^i=0.64, 

p>O.OS; bars 1 Vs 3, Fig. S). When a visual signal was present but vibration was absent, 

there was no di^erence in capture firequency as compared with no visual, vibration 

(X^i=0.94, p>0.05; bars 2 Vs 3, Fig. 5) or no visual, no vibration (X^i=1.78, p>0.05; bars 

2 Vs 4, Fig. S). When a vibration signal was present but a visual signal was absent, 

females were more likely to be captured than when neither signal was present (X^i=S.06, 

p<0.025; bars 3 Vs 4, Fig. 5). 

When combining all vibration signals present/absent treatments, females were 

more likely to be captured when a vibration was present than when no vibration was 

present (X^i=14.098, p=0.(X)02). The presence/absence of visual signals did not affect 

female capture frequency (p>0.05). 

DISCUSSION 

Assimiing a starting receptivity response of 50% when both signals are displayed 

simultaneously (Hebets & Uetz 1999), predictions for the following 3 hypotheses were 

made based on manipulations of S/N ratio for both visual and vibratory courtship signals 

of S. uetzi. (1) The tactical back-up hypothesis of multimodal signal evolution tested in 
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this study assumes that signals in each modality provide equivalent information 

independently, and predicts that in the presence of noise in the environmental modality of 

signal *a', signal 'b' can still evoke the appropriate receiver response. Thus, a receiver's 

response to noisy signal 'a', clear signal 'b* should be equivalent to its response to clear 

signal 'a', noisy signal 'b*, which should also be equivalent to the response when both 

signals are clear (Fig. la, bar 1= bar 2 = bar 3). (2) The inter-signal interaction hypothesis 

in which the presence of a visual signal decreases receptivity responses to the vibratory 

signal predicts that when there is a high vibratory S/N ratio, female receptivity will be 

lower in the presence of a high visual S/N ratio than a low visual S/N ratio (Fig. \b, bar 3 

> bar 1). (3) Finally, the inter-signal interaction hypothesis in which the presence of a 

vibratory signal increases receptivity responses to a visual signal predicts that in the 

presence of a high visual S/N ratio, female receptivity will be higher in the presence of a 

high vibratory S/N ratio than a low vibratory S/N ratio (Rg. Ic, bar 1> bar2). For all of 

the above predictions, I portray only one possible resulting pattern. Since I do not know 

the exact degree to which the S/N ratio was altered in either signaling modality, one can 

imagine several different resulting patterns of response. However, the specific predictions 

stated above are not dependent on the degree to which the signals are altered. 

When comparing the predictions of Figure la-c with the results of Hgure 2, the 

over-all statistical pattem supports a tactical back-up hypothesis. However, a previous 

study assessing 5. uetzi female receptivity to signals in isolation provides evidence 

suggesting that the signals are not acting simply as back-ups to each other (Hebets & 

Uetz 1999). Under a true tactical back-up hypothesis, signals in isolation should elicit the 
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same receiver response, which they do not. Numerically, the pattem generated fix>m the 

results of this study looks similar to the pattem predicted from an inter-signal interaction 

in which the presence of a visual signal decreases the response to a vibratory signal (Fig. 

\b). While this pattern is not supported statistically, a larger sample size may provide the 

statistical evidence necessary for its support. Since the signals are not completely 

removed in these trials, it may simply be that in the treatment with the low visual S/N, 

high vibration S/N, there is still enough of a visual signal to slightly decrease the 

response to vibration, thus reducing the difference between the response to that treatment 

and the high visual S/N, high vibratory S/N treatment (i.e. bars 3 vs 1). Furthermore, 

there is statistical support for the hypothesis of the visual signal decreasing response to 

the vibratory signal from the Cochran-Mantel-Haenszel test. Results from this test 

suggest that the visual environment affects female receptivity to the vibratory signal by 

reducing the response to vibration in the presence of a high visual S/N ratio signal. 

If it is the case then that females are less responsive to the vibratory signal in the 

presence of a clear visual signal, can we say anything about why this is so? Could it be 

that in the presence of a vibratory signal, females begin paying more attention to the 

visual signal, thus becoming less responsive to the vibratory signal? The next two 

experiments in this study examined the potential role of vibration in facilitating visual 

attention. The first of these studies examined the possible role of the vibratory signal as a 

provider of directional information, ultimately orienting a female in such a way as to 

facilitate the perception of the visual signal. Results from this study showed that females 

did indeed orient to a vibratory stimulus without any visual cue. Over-all virgin females 
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and mated females oriented more frequently to all stimuli, but both penultimate and 

virgin females oriented more quickly to a male vibration than a cricket vibration. The 

results indicate that a vibratory signal does provide directional information to a female, 

but although this smdy shows a potential for the redirection of visual attention, it does not 

address it specifically. The vibratory stimulus causes a female to position herself in such 

a way as to likely encompass in her visual Held of view the source of the vibratory 

stimulus. Studies with humans have shown that tactile stimulation can enhance visual 

cortex activity (Macaluso et al. 2000) and that tactile stimulation in a specific location 

can improve visual discrimination at the same location (Spence et al. 1998). Involuntary 

orientation to sound also enhances the perceptual processing of visual stimuli (McDonald 

et al. 2000). In the same sense, vibratory orientation to a male could enhance a female's 

visual attention. Alternatively, the reorientation of the female could simply be to position 

her legs and associated sensory structures to better detect the incoming vibratory signal. 

Nonetheless, her visual field would still be directed towards the source of the signal. 

Thus, the vibratory component of a courtship signal could act to direct a female's 

attention to the visual field, but once directed, does it play a role in focusing a female's 

attention? The question of vibration focusing visual attention was addressed in a third 

experiment in which females were exposed to different components of a male's courtship 

display prior to and during an attempted capture. The results from this study indicate that 

exposure to a male courtship vibration makes a female less sensitive to a visual distractor. 

When a courtship vibration was present, females were more likely to be captured than 

when no vibration was present. Since the speed at which the capture vial was lowered 
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was relatively slow and constant, it is unlikely that air vibrations played a role in warning 

a female of the impending danger, and thus fenudes had to rely mainly upon the visual 

stimulus of the vial. 

The results of this final experiment can be explained in one of two ways. First, it 

may be the case that vibration simply dominates other modalities, or consumes the 

individual's attention. In other words, when a female is paying attention to vibration, she 

is not paying attention to other sensory input. Evidence of limited attention has been 

shown in several studies (for review see Dukas, in press) including blue jays, where a 

bird's ability to detect a peripheral target is decreased when it is focused on a foraging 

task (Dukas & Kamil 2000). Using a similar argument, if females have limited attention 

across modalities, then a focus on vibration may effectively shut down visual processing. 

Based upon previous smdies, it seems unlikely that vibration is dominant to 

visual. As stated previously, we know that females are more receptive to vibratory signals 

in isolation than to visual signals in isolation and that neither of these responses are 

different than female receptivity to both signals displayed together (Hebets & Uetz 1999). 

If vibration simply dominated visual, then female response to a vibratory signal in 

isolation compared with a vibratory signal plus a visual signal should not differ, which it 

does not. Following that argument however, if a vibratory signal produces a greater 

female response than a visual signal, and if vibration dominates visual, then vibration 

plus visual should also produce a greater female response than to visual alone, but this 

difference is not seen (Hebets & Uetz 1999). The results firom the orientation experiment 

would also be difficult to explain under a hypothesis of vibration dominating visual. The 
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simple fact that females are orienting their visual sensory stractures in the direction of a 

vibration source suggests that vision plays a role. A study of restricted attention in 

humans has also shown that although restricted attention causes a reduction in the ability 

to identify a second signal within one modality, there is no interference between 

modalities (Duncan et al. 1997), however other studies find contradictory results (see 

Driver & Spence 1998). Testing the hypothesis that vibration dominates visual in 

Schizocosa wolf spiders will require future experiments before it can be completely ruled 

out. 

An alternative, and more likely hypothesis to explain the results of the attention 

experiment is that the vibratory signal acts to redirect and focus a receiver's attention on 

the visual signal. Several studies on humans have recently shown that the internal 

representation of extemal space and external attention involves cross-modal integration 

or interactions (Driver & Spence 1998). A sudden sound from one location improves a 

subject's detectability of a subsequent flash appearing in the same location (McDonald et 

al. 2(XX)). Further evidence of an attention-focusing interaction comes from a study which 

assessed female wolf spider receptivity to video manipulations of male courtship 

behavior in the presence and absence of a vibratory signal (Hebets, 1996). S. uetzi 

females showed an increase in receptivity to more visually ornamented males in the 

presence of a courtship vibration while they showed no distinction between the degree of 

visual ornamentation in the absence of a courtship vibration (Hebets, 1996). Results of 

that study suggest that females are paying more attention to the visual signal in the 

presence of a vibratory signal. 
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In S. uetzi, the focusing of attention to the visual field seems to be specific rather 

than general. If vibration acted to enhance visual attention in a general sense, then we 

would predict that the presence of a vibration would decrease the likelihood of a female 

getting caught since she would be hyper-attentive to her visual surroundings. Instead, we 

see the exact opposite result: females were more likely to get caught when a male 

courtship vibration was present. These results suggest that if vibration enhances visual 

attention, it is done in a specific way, causing her to focus her visual attention specifically 

on the "idea" of a courting male. A vibratory courtship signal may evoke a search image 

in which she searches specifically for a visual representation of a courting male. Wolf 

spiders are visual hunters and females rely heavily on visual cues for prey capture and 

detection (Persons & Uetz 1996, 1999). If a female relies predominantly on vision for 

foraging, she may not immediately distinguish a courting male firom prey and thus a 

vibratory signal that could redirect her visual attention and focus it may be useful. 

Krause and Godin (1996) found that foraging posture affected an individual 

guppy's ability to respond to an approaching predator. Following from their results, an 

argument could be made that a female wolf spider's body position could have influenced 

her ability to escape the capture vial in my attention experiment. However, the presence 

or absence of a courtship vibration did not affect a female's body position in any obvious 

way. Also, the vial always came down directly above a female and thus, her body 

position and orientation should not have affected her ability to escape. It is also possible 

that a vibratory courtship signal enhances a female's perception of disturbances in air 

currents caused fix>m lowering the vial. However, while the substratum-borne vibrations 
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of the male courtship signal are detected through sensory organs consisting of slits in the 

female's cuticle (slit sensilla), any airborne vibrations are detected through sensory hairs 

located on the legs (trichobothria). Thus, substratum-bome and airborne vibrations are 

received by different sensory organs and any enhancement of one signal by another even 

in this scenario would still be extremely interesting. Future research which isolates a pure 

visual distractor and a pure airborne vibratory distractor could distinguish among these 

hypotheses. 

Taken together, these three experiments show strong evidence of an inter-signal 

interaction in the multimodal courtship display of S. uetzL Not only are the signals non-

independent and interacting, but they are doing so in such a way that suggests that one 

may facilitate another. Our past and much of our current empirical work on signal 

evolution has assessed signals in isolation and assumed signal independence. This study 

makes it clear that our focus needs to broaden and allow for the possibility of inter-signal 

interactions and that through understanding these interactions we may be led to new 

hypotheses relating to multiple signal evolution. 
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FIGURE CAPTIONS 

Figure 1. Predicted patterns of receiver response for (a) a tactical or efficacy back-up 

hypothesis of multiple signaling, (£>) an interaction hypothesis in which the visual 

signal decreases the response to the vibratory signal; (c) an interaction hypothesis in 

which the vibratory signal increases the response to the visual signal. Di^erent letters 

indicate expected differences based on predictions for each hypothesis. 

Figure 2. Arena for orientation trials. Numbers indicate side compartments in which a 

male or a cricket was placed to generate a vibration. Females were placed in the 

center of the arena. 

Figure 3. Observed female response (N=27) to manipulated visual and vibratory signal to 

noise ratios. Different letters indicate significant differences (pcO.OS). 

Figure 4. (a) Proportion of females that oriented to a vibratory stimulus. Virgin females 

oriented more frequently to males than to crickets (p<0.05). (£>) Latency to orientation 

of a vibratory stimulus. Both penultimate and virgin females oriented more quickly to 

a male courtship vibration than a cricket vibration (p<O.OS) while mated females 

showed no distinction. 

Figure 5. Proportion of females caught while exposed to various combinations of male 

courtship signals. Females were more likely to get caught when a courtship vibration 
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FIGURE CAPTIONS - Continued 

was present than when it was absent. Different letters indicate significant differences 

of (p<0.05). 
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Figure 1. 
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Figure 3. 
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Figure 5. 
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MULTI-SPECIES COMPARISON OF TACTICAL AND 
STRATEGIC DESIGN COMPONENTS OF MULTIMODAL 
COURTSHIP SIGNALING IN THE WOLF SPIDER GENUS 

SCHIZOCOSA 
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ABSTRACT 

This study explores both the tactical and strategic design components of 

multimodal signaling across three species of Schizocosa wolf spider. Signal 

independence in a tactical context was tested in one unimodal signaling species (5. avida; 

vibration only) and two bimodally signaling species (5. uetzi and S. stridulans). The 

visual courtship environment was manipulated independently of the vibratory courtship 

environment in a 2 x 2 design: visual light vs dark and vibration high vs low signal to 

noise ratio (S/N) and mating frequency was assessed. S. avida pairs showed no effect of 

treatment on mating frequency. In both bimodal signaling species, mating frequency was 

dependent on treatment, with higher mating frequencies in the light than in the dark. An 

inter-signal interaction was found for both bimodal species indicating signal non-

independence. The pattern of inter-signal interaction was different for each species: the 

visual environment has an effect on mating under low vibratory S/N conditions for 5. 

uetzi but under high vibratory S/N conditions for S. stridulans. Strategic design 

components were then explored in two ways: (1) I attempted to correlate mating 

frequency with three male traits that are potentially quality indicators (weight, age, and 

size), (2) I examined female fitness consequences of mating under different 

environmental conditions by recording egg sac production, hatching success, and number 

of offspring produced. Results suggest that females ate choosing males based upon 

weight in the unimodal species and that the absence of a clear vibratory signal reduces 

female fimess for both bimodally signaling species. 
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INTRODUCTION 

While a substantial conceptual and empirical framework exists for understanding 

signal evolution, this framework has been established almost entirely through the smdy of 

simple signals or isolated components of complex signals. Yet most, if not all, signaling 

in animals is complex, often incorporating the use of more than one sensory modality 

across different contexts of communication. In behavioral ecology, most interest in 

multiple signaling has focused on sexual signals or displays (MoUer & Pomiankowski, 

1994; Pomiankowski & Iwasa, 1993; Iwasa & Pomiankowski, 1994; Johnstone, 1995, 

1996; Scheffer et aZ., 1996; McClintock & Uetz, 1996; Birkhead et al.^ 1998; Fitzpatrick, 

1998; Hebets & Uetz, 1999). However, a few recent smdies have addressed multimodal 

warning signals (Rowe & Guilford, 1999), multiple signals in aggressive displays (Deag 

& Scott, 1999), multimodal signals in parasitoid host location (Fischer et aly 2001), and 

multiple signals in begging displays (Kilner et aL, 1999). Multiple signals fall into two 

categories: unimodal multiple signals (more than one signal in the same sensory mode) 

and multimodal multiple signals (more than one signal in different sensory modalities). 

Over a decade ago, it was pointed out that there are two design components 

involved in signal evolution: strategic and tactical design (Guilford & Dawkins 1991), yet 

as studies addressing the evolution of multiple signals increase, this distinction in design 

components has not been incorporated. Most studies of multiple signal evolution to date 

have addressed issues of strategic design, or the information content of multiple signals 

(Moller & Pomiankowski, 1993; Johnstone, 1996), ignoring tactical design components. 

Tactical design relates, among other things, to the mechanisms underlying signal 
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transdmission and reception. Whether multiple signals are independent or not is 

influenced by their tactical design components. Until recendy, few empirical behavioral 

ecology smdies have incorporated the possibility of inter-signal interactions in 

multimodal signal evolution (Fischer et al., 2001; Hebets, in prep). If signals indeed 

interact, then the commonly used practice of isolating each signal and assessing receiver 

response may not be adequate to address issues of multiple signal evolution. 

This study attempts to address both the tactical and strategic design components 

of multiple signal evolution in the wolf spider genus Schizocosa. Due to their relatively 

small size, their abundance, the ease with which they can be manipulated in the 

laboratory (Stratton & Uetz, 1981; Stratton & Uetz, 1986; McClintock & Uetz, 1996; 

Scheffer et aL, 1996; Uetz et al., 1996; Hebets & Uetz, 1999,2(X)0), and the diversity of 

their courtship displays, this genus allows us to use experimental approaches to multiple 

signal evolution that may not be possible with other groups. There are 23 described 

species within the genus that vary in their degree of male secondary sexual ornamentation 

as well as the degree to which males use visual and vibratory courtship signals (Dondale 

& Redner, 1978; Uetz & Denterlein, 1979; Stratton, 1991, 1997). All species in the genus 

have a vibratory courtship component, but not all species display visually. The most 

closely related outgroups to Schizocosa also display unimodally, using only vibratory 

signals and a phylogenetic analysis using morphological data suggests that vibratory 

signaling is ancestral in this group (Stratton, unpubl). 

Three Schizocosa species were used in this study, each differing in both male 

secondary sexual ornamentation as well as in their use of sensory modalities incorporated 



107 

in courtship signaling. Schizocosa avida (a unimodal signaler) has no foreleg 

ornamentation and males of this species are unimodal signalers, using only vibratory 

signals during courtship displays. The remaining two species (5. uetzi and S. stridulans; 

both bimodal signalers) have varying degrees of foreleg ornamentation and both species 

are bimodal signalers, using both visual and vibratory signals. A previous study assessing 

female receptivity to isolated courtship signals in the two bimodally signaling species 

suggested that 5. uetzi females are more receptive to the vibratory courtship signal than 

the visual signal and that 5. stridulans females show no difference in receptivity to either 

signal in isolation (Hebets & Uetz, 2000). With this information in mind, we can make 

predictions of female response to varying combinations of courtship signals provided that 

the signals are independent and do not interact. A study using 5. uetzi previously tested 

the independence of visual and vibratory courtship signals by manipulating signal to 

noise ratios of both visual and vibratory signals and assessing female receptivity. Results 

of that study suggested that there is an attention-focusing inter-signal interaction between 

the vibratory and visual courtship signals of 5. uetzi (Hebets, in review). However, that 

study used female receptivity as a proxy for mating success and simply altered the S/N 

ratios for both modalities. 

In the present study, the visual and vibratory courtship environments were varied 

independently to create four environmental treatments in a 2 x 2 design. The visual 

environment was either light or dark, with the idea being that the treatments run in the 

dark lacked a visual signal. Unfortunately, I was unable to come up with a design that 

removed the vibratory signal altogether and thus the vibratory treatments were designed 
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similar to prior experiments in that the signal to noise ratio was manipulated into high 

S/N or low S/N ratio. Male and female pairs from all three species were allowed to 

interact through to copulation in all four environmental treatments. Data obtained in these 

trials were used to address both tactical and strategic design components of multiple 

signal function. The function of individual signals and signal combinations was examined 

for each species by comparing the mating firequencies across treatment types. 

Assuming that signaling modalities are independent, we can make the following 

predictions for the three species in question: (1)5. avida: given that S. avida uses only 

vibratory courtship signals, the visual environment should not affect mating frequency. 

However, from a purely tactical point of view, the vibratory environment should matter, 

with lower mating frequencies resulting from low vibratory S/N treatments compared to 

high vibratory S/N treatments (5. avida. Fig. la). (2) S. uetzi: based only on prior 

information regarding female S. uetzi responses to isolated signals (Hebets & Uetz, 

2000), the visual environment should not affect the mating frequency but the vibratory 

environment should, with lower mating frequencies predicted in the low S/N treatments 

(5. uetzi Fig. la solid bars). However, since a similar experiment assessing female 

receptivity to manipulated visual and vibratory environments was conducted for 5. uetzi 

(Hebets, in prep), we can make stronger predictions about the expected mating 

frequencies across treatments, /assuming that vibration focuses visual attention (Hebets, 

in prep), mating frequency should be lower in the visual dark, low vibratory S/N 

treatment as compared to all others (5. uetzi, Hg. la dashed bar). In addition, the 

vibratory environment should affect mating frequency. The interaction should be one in 
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which the mating firequency depends on the vibratory treatment in ±e dark treatments. (3) 

S. stridulans: females of this species showed no difference in receptivity to isolated 

courtship signals (Hebets & Uetz, 1999) and thus, there should be no effect of either the 

visual or vibratory treatments. The only treatment that should have a lower mating 

firequency is the visual dark, low vibratory S/N treatment (S. stridulans Fig. la). 

In order to assess strategic design issues of multiple signaling, male traits 

potentially indicative of quality (weight, age, and size) were measured and correlations 

were examined between these traits and mating frequencies across the four treatments. 

Egg sac production and hatching success were also measured for all mated females in an 

attempt to gain insight into potential Htness costs or benefits to mating under various 

environmental conditions. 

MATERIALS AND METHODS 

Species 

Schiozocosa avida (Walckenaer) is slightly larger in size than either of the other 

two species used in this study. It is generally found in fields and meadows (Dondale & 

Redner, 1978). Males of this species do not have ornamentation on their forelegs and the 

courtship display consists solely of a vibratory signal. Immatures and mature males were 

collected at night in Lafayette County on the 20"* and 21^ of May, 2001. 

Schizocosa uetzi is a medium sized wolf spider with characteristic black 

pigmentation on the middle portion of the foreleg tibia of the male. The male display of 

5. uetzi involves a stationary male stridulation of the pedipalps simultaneous with an 

intermittent slow single foreleg arch. Immature 51 uetzi were collected both at night and 
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during the day firom two sites in Panola and Lafayette Counties in northern Mississippi on 

the IQ'^-21" of May 2001. 

Schizocosa stridulcms Stratton is also a medium sized wolf spider that closely 

resembles S. uetzi. Males of S. stridulans are slightly smaller than S. uetzi males and have 

black pigmentation on the distal portion of the foreleg femur that extends onto the patella 

and the full length of the tibia. The male display is slightly more active and consists of a 

stationary pedipalpal stridulation followed by an active double leg tap (Stratton 1997). 

During the double leg tap, males often move forward. Inunature S. stridulans were 

collected from the same sites and on the same dates as S. uetzi. 

All individuals were transported back to the laboratory at the University of 

Arizona where they were housed individually in AMAC Plastic Products boxes. They 

were provided with a constant source of moisture and were fed 2-3 crickets once a week. 

All individuals were kept on a constant 12L:12D light cycle at room temperature. 

Experimental Desien 

This experiment was a fully crossed 2x2 design with a visual treatment of light 

vs dark and a vibratory treatment of high signal to noise ratio vs low signal to noise ratio 

(S/N). However, within these categories, I also categorized males as small, medium, and 

large. Thus, twelve arenas were used in this experiment: six light treatments consisting of 

3 vibration clear and 3 vibration damped treatments and six dark treatments also 

consisting of 3 vibration clear and 3 vibration damped treatments. 

All arenas were 10.16cm x 10.16cm x 12.86 cm AMAC Plastic Product clear 

boxes. All twelve arenas were surrounded with leaf litter gathered from the collection 
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locales. The litter was affixed to duct tape that was then taped around the outside of all 

the boxes. The arenas were then divided into two groups of six: a visual light group and 

visual daiic group. The six light arenas were simply placed in pairs on a shelf under 

artificial laboratory lights. The remaining 6 dark were placed in pairs in a large cardboard 

box. The lid of the box had three windows cut out that could be lifted from above (Fig. 

2b). Each "window" had red cellophane taped in it so that even when the window was 

open, any light passing through would have to pass through the red cellophane. One arena 

from each of the 3 pairs in the light treatment and the dark treatment were then assigned 

to a vibration high S/N ratio treatment while the other arenas were assigned to vibration 

low S/N ratio treatment. In the low S/N vibration arenas, a ~6cm thick piece of foam was 

cut to frt the exact dimensions of the box and was placed in the bottom. Three pieces of 

filter paper were then layered on top of the foam to act as the substratum. Both the foam 

and the layered filter paper acted to reduce the transmission of the vibration. The 

remaining high S/N vibration arenas simply had a single piece of filter paper covering the 

floor of the arena. Thus, I used a design in which there were 3 pairs of low S/N vibration 

and high S/N vibration arenas in both the light and the dark treatments (Fig. 2). Each of 

these pairs of arenas was then assigned a size class of males: small, medium, and large 

(Fig. 2). 

All females used in these experiments were virgins and had molted to maturity in 

the laboratory. Thus, female age was known for all individuals. The majority of the males 

also molted to maturity in the laboratory, but a few males were collected as matures. 

Upon maturation, the sternum of all males was measured using an ocular micrometer 
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under the microscope. Sternum length of each male was measured twice or until a 

measurement was repeatable. Since male wolf spiders typically mature before females, 

most males were already mature before females were ready to start trials. I was thus able 

to take male body size measurements, assess their distribution, and group males into three 

size categories (small, medium, and large) prior to commencement of trials. The 

categories were determined by natural breaks in the distribution of male sternum length. 

For each trial, 4 males from each size category were chosen randomly. At the 

same time, twelve virgin females were also chosen randomly. Females were not used in 

trials until they were at least 10 days post maturation molt. All 24 individuals were then 

weighed immediately prior to the onset of the trial. 5. stridulans females were not 

weighed, but both S. avida and 5. uetzi females were weighed. Weights were recorded for 

individuals and males were assigned randomly a treatment appropriate to their size 

category while females were assigned randomly to a treatment irrespective of any female 

quality. All twelve females were placed into their arenas first For 5. stridulans trials, 

males were always placed into the arenas in the following order small, visual light, high 

vibratory S/N ; small, visual light, low vibratory S/N; medium, visual light, high 

vibratory S/N; medium, visual light, low vibratory S/N; large, visual light, high vibratory 

S/N; large, visual light, low vibratory S/N; small, visual dark, high vibratory S/N; small, 

visual dark, low vibratory S/N; medium, visual daric, high vibratory S/N; meditmfi, visual 

dark, low vibratory S/N; large, visual dark, high vibratory S/N; and large, visual dark, 

low vibratory Si'N. Males were placed in these arenas in this order as quickly as possible 

(usually < 1 minute) and upon placement of the last male, I began observations at the first 
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arena. Arenas were observed in pairs ({.e. both small light treatments; both medium light 

treatments; both large light treatments; etc.)- Observations consisted of looking into both 

arenas for one minute continuously to determine if males were engaging in one of three 

behaviors: chemoexploration, courting, or copulation. During the one-minute observation 

period for each pair of arenas, notes were taken as to male activity. After one minute 

elapsed, I immediately moved on to the next pair and observed them for one minute. This 

procedure continued for a full hour so that each pair was observed a total of 11 times: 

continuously for one minute every 6 minutes during the course of one hour. However, 

since I did not want to disturb the dark treatments by letting light into the box, I only 

lifted the "window" above a pair of arenas once during the one minute observation 

period, usually -30 seconds into the minute. In addition, since it was difficult to see 

through the red cellophane and since I did not want the window to be open for long, my 

observations for the dark treatments simply consist of recording: copulating Vs not 

copulating. Copulations in this genus range in duration from one hour to more than eight 

hours (Stratton et al. 1996), and thus copulations were not likely missed by spacing 

observations every 6 minutes. Cannibalism events were also recorded for both light and 

dark treatments. For both S, uetzi and S. avida trials, the initial placement order of males 

into treatments as well as the observation order rotated consistently so that during one set 

of trials I started off with the small, visual light treatments, then during the next set of 

trials I started off with the medium, visual light pairs and so on. 

If a female mated during the one-hour trial, she was removed from fiiture trials and 

was marked as having mated. These mated females were then monitored for egg sac 
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production and subsequent egg sac batching. Once a female's egg sac hatched, she 

was sacrificed and her offspring were counted and her egg sac was dissected in order 

to get an accurate count of her offspring number. Males that mated were often used 

again in subsequent trials due to an insufficient number of males however, once 

mated, they set aside for at least 6 days before they were used again. 

RESULTS 

For all analyses, size categories for all three species are ignored and size is 

analyzed as a continuous variable, thus, there are only 4 treatment types: (1) visual light, 

high S/N vibration; (2) visual light, low S/N vibration ; (3) visual dark, high S/N 

vibration ; and (4) visual dark, low S/N vibration . 

L Tactical design components 

S. avida 

Thirty six S. avida females were used at least once in a total of 60 trials (each of the 4 

treatments has a sample size of IS). Using only the first trial for each individual female, 

copulation frequency did not depend on treatment and pairs were able to copulate equally 

well under all environmental treatments (X^=2.02; p=0.57; S. avida Hg. lb). There were 

no significant differences between the mating frequencies of any given pair of treatments 

(bar 1 vs 2: X^=1.18, bar I vs 3: X^=.07, p=0.79; bar 1 vs 4: X^=.46, p=0.5; bar 2 

vs 3: X^=1.4, p=0.23; bar 2 vs 4: X^=.I4, p=0.7I; bar 3 vs 4: X^=.72, p=0.39; S. avida 

Hg. lb). When separated by signal, visual light versus dark did not affect copulation 
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frequency (X^=0.07;p=0.ll; Figure 3a) and vibration S/N high versus low did not affect 

copulation frequency (X^=1.8; p=0.18; Figure 3b). A Cochran-Mantel-Haenszel test for 

interactions found that mating frequency did not depend on the vibration treatment when 

grouped by the visual treatment (X^=.19; p=0.66) and also did not depend on the visual 

treatment when grouped by vibration (X^=1.8; p=0.18). 

When all trials are taken into consideration 33% of the visual light, high vibration 

S/N mated, 60% of the visual light, low vibration S/N mated, 53% of the visual dark, 

high vibration S/N mated and 47% of the visual dark, low vibration S/N mated and the 

statistical pattern was identical to the one generated when only the female's first trials 

were used. Sixty-two percent of the females mated on their frrst trial (N=18), 21% mated 

on their second trial (N=6), 7% mated on their third trial (N=2), and 10% mated on their 

fourth trial (N=3). The trial number in which a female mated did not depend on the 

environmental treatment (df=9, X'=15.3,p=0.08). 

S. uetzi 

Sixty-seven different 5. uetzi females were used at least once in a total of 96 trials (each 

of the four treatments has a sample size of 24). Using only the first trials for each 

individual female, mating frequency did depend on treatment type (X^=8.24, p=0.04). 

Pairwise comparisons reveal that mating occurred more frequently in the visual light, 

high vibration S/N treatment than the visual dark, low vibration S/N treatment (X^=6.1, 

p=0.01,5. uetzi Fig. lb). Mating frequency was also higher in the visual light, low 

vibration S/N than the visual dark, low vibration S/N (X^^.4, p=0.01, S. uetzi Fig. lb). 
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No other significant differences were seen in pairwise comparisons (bar 1 vs 2: X^=0, 

p=0.99; bar I vs 3: p=0.29; bar 2 vs 3: X^=1.2,p=s0.27; S. uetzi Hg. lb). When 

separated by signal, mating firequency did depend on the light treatment (X^=6.13, 

p=0.01) with matings occurring more fi^quently in the light (5. uetzi Hg. 3a). Mating 

frequency did not depend on the vibratory treatment (X^=.68, p=0.41). A Cochran-

Mantel-Haenszel test for interactions revealed that there is a significant effect of the 

visual treatment when grouped by the vibratory treatment (bars 1+3 vs bars 2+4: 

X^=6.03,p=0.01; S. uetzi Rg. lb). In low vibratory S/N treatments, matings occur 

significantly more in the light than in the dark. The opposite interaction was not found in 

that the vibratory treatment had no affect on mating frequency when grouped by visual 

treatment (X^=.82, p=0.37). 

When all trials were taken into consideration 46% of the visual light, high 

vibration S/N pairs mated, 46% of the visual light, low vibration S/N mated, 38% of the 

visual dark, high vibration S/N mated, and 17% of the visual dark, low vibration S/N 

mated. As with the analysis using only first trials, there was a significant effect of the 

light environment (p=O.OSS) as well as an inter-signal interaction (p=O.OS) when 

analyzing the data using all trials combined. Eighty-one percent of the females mated on 

their first trial (N=:2S) and the remaining 20% mated on their second trial (N=6). The trial 

number in which a female mated did not depend on the environmental treatment (df=3, 

X^=.14,p=0.99). 
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S. stridulans 

Sixty different S. stridulans females were used at least once in a total of 114 trials (each 

of the four treatments has a sample size ranging between 26-33). Using only the first 

trials for every female, mating frequency did not depend on treatment (X^=S.8S, p=0.12). 

Pairwise comparisons revealed that mating frequency was significantly higher in the 

visual light, high vibration S/N treatment than the visual dark, high vibration S/N 

treatment {S. stridulans Fig. lb). There were no other pairwise differences (bar 1 vs 2; 

X-=.07, p=0.79; bar 1 vs 4: XV93, p=0..3; bar 2 vs 3: X^=3.2, p=0.07; bar 2 vs 4: 

X~=.37,p=0.55; bar 3 vs 4: X^=1.6, p=0.21; S. stridulans Fig. lb). When separated by 

signal however, the light environment had a significant effect on mating frequency 

(X~=4.18, p=0.C)4) with pairs mating more in the light treatments than the dark treatments 

(5. stridulans Fig. 3a). The vibratory treatment did not have a significant effect on mating 

frequency (X^=.23, p=0.63). Similar to the results for S. uetzi, a Cochran-Mantel-

Haenszel analysis testing for an interaction between signals resulted in a significant affect 

of the visual treatment when grouped by vibratory treatment (bars 1+3 versus bars 2+4, 

X~=4.24, p=0.04,5. stridulans Fig. lb), however the pattern is opposite that of 5. uetzL 

For S. stridulans, it is in a high vibratory S/N environment that the visual environment 

matters, so that in a high vibratory S/N environment, matings occurred significantly more 

in the light than in the dark. Again, the opposite interaction was not found in that the 

vibratory treatment had no affect on mating frequency when grouped by visual treatment 

(XV48,p=0.49). 
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When all trials were taken into consideration, 58% of the visual light, high 

vibration S/N pairs mated, 46% of the visual light, low vibration S/N mated, 16% of the 

visual dark, high vibration S/N mated, and 33% of the visual daiic, low vibration S/N 

mated. As with the analysis using only first trials, there was a significant effect of the 

light environment (p=0.0014) as well as an inter-signal interaction (p=0.003) when 

analyzing the data using all trials combined. Sixty-four percent of the females mated on 

their first trial (N=29), 11% mated on their second trial (N=S), 20% mated on their third 

trial (N=9), 2% mated on their fourth and fifth trials (4* N=l; S"* N=l). The trial number 

in which a female mated did not depend on the environmental treatment (df=l2, X~=9.S4, 

p=0.66). 

n. strategic design analysis 

Correlations between matins frequency and male traits across treatments 

S. avida 

A total of 27 different males were used. Seven males were used only once, 10 

males were used twice, 7 males were used three times, and 3 males were used four times. 

Whether or not a pair copulated did depend on the individual male (X^=38.2, p=O.OS). 

However, males were distributed independently of treatment (X^=96.3, p=0.08). The 

percentage of times that an individual male copulated was calculated and males were 

placed into two categories based upon these scores: males that copulated > 50% of the 

time were labeled high likelihood males while those that copulated < 50% of the time 

were low likelihood males. There were no differences in average weight (r22!=.03. 
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p=0.98), age (fi7=-.19, p=s0.85), or size (/25=-. 11, p=0.91) between high and low 

likelihood males. There was also no difference in weight (F(3.4g)S.3, p=0.83), age 

(F(3.44)=1.27, p=0.30), or_size (F(3^)=.55, p=0.65) of males across treatments. Comparing 

only males that copulated, there were also no differences in weight, age, or size when 

looking by overall treatment, by visual treatment only, or by vibratory treatment only 

(Table 1). 

Within each treatment, there were no differences in average weight, age, or size 

between males that copulated and those that did not (Table 2). However, when visual 

dark trials were grouped together, males that copulated tended to weigh more than those 

that did not (copulated N=10, did not copulate N=14; t22=-1.95,p=0.06). No differences 

were seen in the weights of males that copulated compared to those that did not when 

grouped by other signal treatments: all visual present trials (copulated N=12, did not 

copulate N=16; t26=-16, p=0.88); all vibration S/N high trials (copulated N=:10, did not 

copulate N=16; t24=-1.16, p=0.26); all vibration S/N low trials (copulated N=12, did not 

copulate N=14; t24=-.35, ps=0.73). 

Within each treatment, I also calculated the mean weight, age, and size for all 

males. I then calculated the divergence from the mean for every individual male for all 

three traits and used those values to examine correlations with mating frequency. There 

was no correlation between divergences from the mean in weight, age, or size for any 

combination of analyses (Table 3). 

The average weight of males that mated with females on their first attempt was 

0.14Sg (N=14). Males that copulated with females on their 2'^-4''' trials weighed on 
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average 0.18g (N=8). For females that mated more than once, I calculated the weight 

difference between the last male she was exposed to and the male that she mated with. 

The mean weight difference between last male seen and male copulated with was 0.04Sg 

(N=7) and all values were positive. 

5. uetzi 

A total of SI different males were used. Twenty-one males were used only once, 

21 males were used twice, S males were used three times, 2 males were used four times, 

and 2 males were used five times. Whether or not a pair copulated did depend on the 

individual male (X^=72.8, p=0.019). However, males were distributed independently of 

treatment (X^=92.5, p=0.32). As with S. avida, males were grouped according to the 

percent of times they copulated and labeled as high likelihood or low likelihood males. 

There were no differences in average weight (f5i=-.77, p=0.45) or size (/49=1, p=0.32) 

between high and low likelihood males but high likelihood males were younger, on 

avercige than low likelihood males (age, rso=-2.39, p=0.02). There was also no difference 

in weight (F(3.9i)=.57, p=0.63), age (F(3^i)=.71, p=0.55), or size (F(3.88)=-02, p=1.0) of 

males across treatments. Comparing only males that copulated, there were also no 

differences in weight, age, or size when analyzing by overall treatment, by visual 

treatment only, or by vibratory treatment only (Table 1). 

Within each treatment, there was no difference in the average weight, age, or size 

of males that copulated and those that did not (Table 4). No differences were seen in the 

weights of males that copulated compared to those that did not when grouped by any 

signal treatments: all visual light trials (copulated N=22, did not copulate N=2S; t4s—.42, 
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p=0.67); all visual dark trials (copulated N=13, did not copulate N=35; t46=1.33, ps=0.19); 

all high S/N vibration trials (copulated Ns20, did not copulate N=28; t46=.53, psO.6); all 

low S/N vibration trials (copulated N=sl5, did not copulate N=32; t45=.81,p=0.42). 

For each treatment, I also calculated the mean weight, age, and size for all males. 

I then calculated the divergence from the mean for every individual male for all three 

traits and used those values to examine correlations with mating frequency. There was no 

correlation between divergences from the mean in weight, age, or size for any 

combination of analyses (Table S). 

The average weight of males that mated with females on their first attempt was 

0.04g (N=2S). Males that copulated with females on their 2*^ trials weighed on average 

0.037g (N=10). For females that mated more than once, I calculated the weight difference 

between the last male she was exposed to and the male that she mated with. The mean 

weight difference between last male seen and male copulated with was -0.(X)18g (N=10). 

5. stridulans 

A total of S3 different males were used. Eighteen males were used only once, 17 

males were used twice, 12 males were used three times, 5 males were used four times, 

and 1 male was used six times. Whether or not a pair copulated did depend on the 

individual male (X^=77.49,p=0.013). However, males were distributed independently of 

treatment (X^=12S.3, p=0.09). As with the other two species, males were grouped 

according to the percent of times they copulated and labeled as high likelihood or low 

likelihood males. There were no differences in average weight (r44=-1.77, p=0.08), age 
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(f38=-45, /7=0.66), or size (/4i=.94, /;=0.35) between high and low likelihood males. There 

was also no difference in weight (F(3.io3)=2.07, p=0.11), age (F(3.86)=.16, p=0.92), or size 

(F(3,IOO)=-14, P=.94) of males across treatments. Comparing only males that copulated, 

there were also no differences in weight, age, or size when analyzing by overall 

treatment, by visual treatment only, or by vibratory treatment only (Table 1). 

Within each treatment, there were no differences in the average weight, age, or 

size of males that copulated and those that did not (Table 6). No differences were seen in 

the weights of males that copulated compared to those that did not when grouped by any 

signal treatments; all visual light trials (copulated N=2S, did not copulate N=2S; t49=-.88, 

p=0.38); all visual dark trials (copulated N=10, did not copulate N=3S; t43--1.24, p=0.2); 

all high S/N vibration trials (copulated N=19, did not copulate Ns31; t4g=-1.37, p=0.18); 

all low S/N vibration trials (copulated N=:16, did not copulate N=29; t43=-1.34, p=1.9). 

For each treatment, I also calculated the mean weight, age, and size for all males. 

I then calculated the divergence from the mean for every individual male for all three 

traits and used those values to examine correlations with mating frequency. There was no 

correlation between divergences from the mean in weight, age, or size for any 

combination of analyses (Table 7). 

The average weight of males that mated with females on their first attempt was 

0.038g (N=25). Males that copulated with females on their 2'^-S''* trials weighed on 

average 0.039g (N=12). For females that mated more than once, I calculated the weight 

difference between the last male she was exposed to and the male that she mated with. 
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The mean weight difference between last male seen and male copulated with was 0.013g 

(N=12). 

Effects of environmental matins treatment on female fitness 

S. avida 

Less than 60% of mated females within each treatment type laid egg sacs (5. 

avida Fig. 4a). Of the egg sacs that were laid, 100% of eggs sacs from matings in the dark 

hatched while only S0% of eggs sacs from matings in the light hatched (5. avida Fig. 4b). 

Whether or not a mated female laid an egg sac did not depend on the treatment in which 

she mated (egg sacs X^=.88, p=0.8) and whether or not that egg sac hatched also did not 

depend on the treatment in which she mated (hatching X^=3.99, p=0.26). When grouped 

by signal, neither egg sac production nor hatching success depended on the visual 

treatment (egg sac: X"=.02, p=0.88; hatching success: X^=1.5, p=0.22). Neither egg sac 

production nor hatching success depended on the S/N ratio of the vibratory signal either 

(egg sac: X^=.02, p=0.88; hatching success: X 16, p=0.69). 

The number of hatchlings that resulted from different matings did depend on the 

treatment (F(3j)= 12.7,p=0.03). Females in the visual light, low S/N vibration treatment 

had significantly more offspring than those in the visual dark, low S/N vibration 

treatment as well as the visual light, high S/N vibration, but did not differ from the visual 

dark, low S/N vibration treatment (visual light, high S/N vibration: N=l, mean=:32, SE=: 

19.9; visual light, low S/N vibration: N=l, mean=:186, SE=19.9; visual dark, high S/N 

vibration: N=2, mean=73.5, SE=14.1; Figure 5). 
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S. uetzi 
Over 50% of mated females within each treatment type laid egg sacs (5. uetzi Hg. 

4a). Of the egg sacs that were laid, over S0% of them hatched from every treatment 

except those mated in the light, low S/N vibration treatment (5. uetzi Fig. 4b). Whether or 

not a mated female laid an eggs sac did not depend on the treatment in which she mated 

(egg sacs X~=3.2, p^.36) however, hatching frequency did depend on the treatment in 

which she mated (X^=1S.43, p=0.001S). Egg sacs were less likely to hatch from matings 

in the visual light, low S/N vibration treatment than any of the other three treatments: 

visual light, low S/N vibration treatment versus visual dark, low S/N vibration (bar 2 

versus 4: X ̂ =s6.2, /?=0.01), versus visual dark, high S/N vibration (bar 2 versus 3: X 

•=5.4, p=0.02), and versus visual light, high S/N vibration (bar 2 versus 1: X"=5.7, 

p=O.On). The visual light, high S/N vibration treatment did not differ in hatching success 

compared to the visual dark, low S/N vibration treatment (bar 1 versus 4: X '=.53, 

p=0.47; Fig. 4b). When grouped by signal, egg sac production or hatching success did not 

significantly depend on the visual treatment (egg sac: X^=2.65, p=0.06; hatching success: 

X ^=.92, p=0.33). Egg sac production did not depend on the signal to noise ratio of the 

vibratory signal either (X ^=.04, p=0.8), however females mated in a high S/N vibration 

treatment tended to have a higher hatching success (Bars 1 & 3 versus 2 & 4,5. uetzi Fig. 

4b, X^=3.7,p=0.05). 

The number of hatchlings that resulted from different matings did not depend on 

the treatment (F(3.ii)= .13, p=Q.9A\ visual light, high S/N vibration : N=6, mean=36.2, 

SE= 8.9; visual light, low S/N vibration : N^l, mean=31, SE=21.8; visual dark, high S/N 
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vibration : N=5, mean=37.2, SE=9.8; visual dark, low S/N vibration : N=3, mean=44.3, 

SE=12.6; Hgure 5). 

5. stridukms 

Approximately 60% of females in all four treatments laid egg sacs (5. stridulans 

Fig. 4a). Of those egg sacs laid, over 60% in each treatment hatched (5. stridulans Fig. 

4b). Whether or not a mated female laid an egg sac did not depend on the treatment (egg 

sacs X~=:.92, p=0.82). Hatching firequency also did not depend on treatment (X^=2.5, 

p=0.48). When grouped by signal, neither the frequency of egg sac production nor egg 

sac hatching depended on the visual treatment (egg sac X ^=.6, p=0.44; hatching success 

X ~=1.9, p=0.16). Frequency of egg sac production and hatching success did not depend 

on the vibratory S/N ratio either (egg sac X ̂ =.003, p=0.96; hatching success X^=.2, 

p=0.66). 

The number of hatchlings that resulted from different matings did depend on the 

treatment (F(3,i5)= 4.67, p=0.017). Females hatched significandy more offspring in the 

visual light, high S/N vibration treatment as compared to the visual light, low S/N 

vibration treatment. There were no significant differences in number of hatchlings 

between any other treatments (visual light, high S/N vibration ; N=7, mean=43, SE= 5.8; 

visual light, low S/N vibration : N=4, mean=8.8, SE=7.7; visual dark, high S/N vibration: 

N=2, mean=:25, SE=10.8; visual dark, low S/N vibration : N=6, mean=2I, SE=6.3; 

Figure 5). 
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DISCUSSION 

Part one of this study aimed to examine the tactical design components of 

multimodal signal evolution across three species of Schizocosa wolf spider. The 

independence of modality specific signals was tested by manipulating visual and 

vibratory signaling environments and assessing mating frequencies. The manipulations 

included a visual environment of either light or dark and a vibratory environment of 

either high or low S/N ratio. The three species used in this study differ in the degree to 

which two sensory modalities are used in male courtship displays. One of the three 

species is a unimodal signaler, using only vibratory signals (5. avida) while the other two 

are bimodal signalers (5. uetzi & S. stridulans), with one having a more elaborate visual 

display (5. stridulans). While past research has attempted to address issues of signal 

sufGciency versus necessity among members of this genus (Scheffer et al, 1996, Hebets 

& Uetz, 1999), signal independence has always been assumed and past experimental 

designs have not allow for the possibility of inter-signal interactions. Furthermore, all 

prior studies examining selection pressure on signal design in this genus have used 

female receptivity response as a proxy for mating success. 

While no prior data exists on female S. avida responses to isolated courtship 

signals, predictions of responses can still be made based on the knowledge that they only 

use vibratory signals during courtship. When presented with signals in isolation, females 

should show no receptivity to an isolated visual image of a courting male, while they 

should be fully receptive to isolated vibrations of a courting male. The predicted pattern 

for 5. avida is shown in Hgure la. My results do not fit the predictions for S. avida; 
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mating did not occur less firequendy in low S/N vibration treatments (5. avida Fig. la vs 

b). Neither signaling environment affected mating frequency for this species. The most 

likely explanation for these results relates to potential sensory specialization. Since S. 

avida females are only exposed to vibratory courtship signals, they may be highly tuned 

to this signaling modality. As such, my reduction of the vibratory S/N ratio may not have 

been strong enough to see an effect on mating frequency. S. avida pairs achieved 

copulation equally well under all environmental treatments and these data suggest that 

vibration, even a reduced vibratory signal, is sufficient to achieve copulation. In fact, the 

pattern seen in Fig. lb suggests that matings may be more readily attained in low 

vibratory S/N treatments compared with high vibratory S/N treatments. Another potential 

explanation for these results is that the addition of a sponge and layered filter paper 

actually reduces the background vibratory noise and ultimately increases the S/N ratio 

instead of reducing it as intended. Although this seems unlikely, until vibratory signals 

are recorded under both the low and high S/N treatments, this hypothesis remains 

plausible. There is no indication in this species of any inter-signal interaction and the 

visual environment does not affect mating success at all. 

In both bimodally signaling species, S. uetzi and 5. stridulans, mating frequencies 

did vary across environmental treatment. Predictions based upon prior knowledge of an 

inter-signal interaction for S. uetzi (5. uetzi Fig. la dashed bar), were supported by my 

results. However, the means by which the pattem is generated is different. Previous 

results show that S. uetzi female receptivity does not depend on the visual S/N ratio but 

does depend on the vibratory S/N ratio (Hebets, in prep). Females were more receptive in 
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high vibratory S/N treatments than low vibratory S/N treatments. Accordingly, one would 

expect to see the same pattern with mating frequencies. Mating frequency should not be 

affected by the visual environment, but should be affected by the vibratory environment. 

However, my results were directly opposite of these predictions (5. uetzi Rg. lb). In this 

study, the visual environment affected mating frequency with a visually light 

environment resulting in more matings than a visually dark environment (5. uetzi Fig. 3b, 

bars 1+2 vs bars 3+4). Furthermore, with respect to mating, the vibratory S/N ratio does 

not influence mating frequency. While the vibratory environment seems to be important 

in eliciting female receptivity displays (Hebets in prep), the visual environment seems to 

play a larger role in actual mating frequency. 

Results of this study support previous suggestions of an inter-signal interaction in 

the multimodal courtship signaling of S. uetzi males; however the ways in which the 

signals interact differ from previous experiments. Prior results are based on a study in 

which the S/N ratio of both visual and vibratory signals was manipulated and female 

receptivity response was measured as opposed to using actual mating frequency. Under 

conditions of low visual S/N ratios, female receptivity depended on the vibratory S/N 

ratio (Hebets, in prep). When visual S/N ratio was low, females were more receptive at 

high vibratory S/N ratios than at low vibratory S/N ratios (Hebets, in prep). Results from 

a female attention experiment suggested an inter-signal interaction in which the vibratory 

signal focused a female's attention, most likely on the notion of a courting male, fri the 

present study, even if a vibratory signal were acting to focus a female's visual attention, it 

would not work under the dark environmental treatments. Any focusing of a female's 
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visual attention would be virtually non-existent in the dark treatments, which may be why 

the pattern generated in this present study is different from the previous pattern. In this 

present study, under conditions of low vibratory S/N ratios, mating occurs more in the 

light than in the dark. Depending on how sensitive S. uetzi females are to vibratory 

courtship signals, these results could still support an interaction in which vibration 

focuses visual attention. Future studies that attempt to remove the vibratory signal 

altogether are necessary in order to fiilly tease apart this signal interaction. 

Results generated from the 5. stridulans trials do not Ht the predicted pattern of 

mating frequencies based upon prior knowledge of female receptivity to isolated signals. 

Under visual dark, high vibratory S/N treatments, mating frequency was lower than 

predicted suggesting that vibratory signals alone may not be very good at allowing for 

actual mating to occur. As predicted however, the visual environment had a significant 

effect on mating frequency while the vibratory environment did not. Mating was more 

likely to occur in the light environment than in the dark suggesting an importance of 

visual signaling in this species (Fig. 3a). 

These results also support an inter-signal interaction between the visual and 

vibratory courtship signals of 5. stridulans. Like S. uetzi, the vibratory environment 

significantly affects the mating frequencies achieved under various visual environments. 

However, unlike S. uetzi, this pattern is achieved in the opposite way. For 5. uetzi, it is 

under low vibratory S/N ratios that the visual environment matters while for S. stridulans, 

it is under high vibratory S/N ratios that the visual environment matters. When a 

vibratory signal is present, the presence of a visual signal matters more than when a 
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vibratory signal is absent (JS. stridulans Fig. lb). The different patterns of inter-signal 

interaction can be seen in the mating frequencies across treatments (Hg. lb, S. uetzi vs S. 

stridulans). While this study simply tested for an inter-signal interaction, it cannot 

address the mechanisms underlying these interactions. Future experiments designed 

specifically to address how the visual and vibratory courtship signals interact in each 

species are necessary. It is clear that even among closely related species, signals may 

interact in different ways and thus, care must be taken regarding generalizations of signal 

interactions. 

An alternative explanation exists that is signal independent and could explain the 

overall light effect seen for the bimodal species. It may simply be physically more 

difficult to achieve the appropriate pre-copulatory position in the dark than in the light 

and thus the effect of light that we see with both 5. uetzi and S. stridulans may have 

nothing to do with the visual signal. However, in the above paragraph I have 

demonstrated how the light effect is achieved in two different ways in both species, 

suggesting that it is not independent of signal. Furthermore, if the difference observed 

were simply due to physical positioning, I would have expected to see the same 

difference with 5. avida. All males in this genus mount females in the same way and the 

copulatory positions are identical. Thus, my results are not likely to be an artifact of the 

experimental design but instead, due directly to the absence of the visual signal. 

Male courtship display was not assessed in any rigorous way across the four 

environmental treatments. While it remains a possibility, that males alter their courtship 

behavior in different environmental conditions, any differences present were not easily 
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discemable. Studies using S. ocreata have indicated that there is no difference in male 

courtship display under light and dark conditions (Taylor pers comm). 

In the psychological literature, multimodal communication has been, and 

continues to be, an area of great interest (review see Driver & Spence, 1998; Rowe, 1999; 

Macaluso et a/.^2(X)0; McDonald et aL, 2000). While many of the theoretical approaches 

to multiple signal evolution by behavioral ecologists have assumed all signals to be under 

the influence of female choice and thus have focused on quality information contained in 

each signal (MoUer & Pomiankowski, 1993; Johnstone, 1996), most psychological 

studies focus instead on the potential interactions between signaling modalities. In a 

review of the influence of receiver psychology on multiple signal evolution, Rowe (1999) 

brings together data that suggest that two signal components are better received than one 

alone. This is just one example of how signals can interact, yet many others exist. The 

present study clearly demonstrates that inter-signal interactions may be conmion across 

communication systems and must be taken into consideration when addressing issues of 

multiple signal evolution. 

Strategic Design 

The next main objective of the study was to examine strategic design components 

of multimodal signaling. The first way in which this objective was approached was to 

look for patterns between mating frequencies and male traits. Three traits which could be 

indicative of male quality were examined (weight, age, and size). For all three species, 

there was no difference in size, age, or weight between males that copulated and those 

that did not regardless of treatment However, when grouped by signal, S. avida males 
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that copulated were heavier than those that did not copulate in all of the dark treatments 

combined. These results suggest that S. avida females may be able to assess male weight 

based on the vibratory courtship signal and under certain environmental conditions, they 

may use this information to make mating decisions. It has been shown in katydids that 

male tremulations convey information on body size and females use this information to 

choose larger males (De Luca & Morris, 1998). Since 5. avida only uses vibratory 

courtship signals, it would not be surprising to leam that females are able to attain 

information about male quality from these signals. However, it is curious that we do not 

see this difference across all high vibratory S/N treatments. We do see a p-value of 0.09 

for the visual absent, high vibratory S/N treatment and it may be that with a larger sample 

size, this difference would become significant. 

When I account for the same males being used multiple times, I find that there is 

an effect of individual males on mating success. After grouping males into categories 

based on their mating success, no differences are seen in the average weight, age, or size 

of males that have a low likelihood of mating versus those that have a high likelihood of 

mating for S. avida or S. stridulans. However, S. uetzi males that had a high likelihood of 

mating were younger on average than those that had a low likelihood of mating, 

suggesting that younger males have a mating advantage. When S. uetzi males that 

copulated were compared with those that did not copulate within environmental 

treatments, I found a trend in the visual present, low vibratory S/N treatment for 

copulating males to be younger on average (p=0.08) possibly suggesting that it is in the 

visual realm that younger males have an advantage. However, more detailed experiments 
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are needed to further address this hypothesis. For S. stridulans, males that had a high 

likelihood to mate tended to be heavier than those that had a low likelihood to mate 

(p=O.OS) and when all males that were used only once are removed firom this analysis, 

this difference becomes significant (p=0.04S). This suggests that female S. stridulans 

may be choosing males partly based upon weight, but it is still unclear as to how females 

are obtaining this information since there are no within treatment differences between the 

weights of males that copulated and those that did not. 

It is somewhat surprising that we did not see any other differences in males that 

copulated and those that did not in S. uetzi and S. stridulans. Traditionally it is thought 

that females in general prefer larger males but I did not find this to be the case in this 

study. I feel that a measure of sternum size and well as weight are relatively good 

measures of over-all male body size and thus, using these two traits should have detected 

a difference if there was one. In a female choice study of S. ocreata, no correlation was 

found between the size and/or weight of males that were chosen for mating and those that 

were not (Hebets, unpublished data). However, experiments using another wolf spider 

species {fiygrolycosa rubrofasciatd) indicate that drumming rate is important in female 

choice (Kotiaho et al., 1996; Parri et aL, 1997). Thus, it may simply be the case that 

female wolf spiders indeed are not using indicators of male body size to make mate 

choice decisions, or if they are, I was not measuring the appropriate variables. Because I 

did not find any variables that correlated with a male's mating success, it is impossible 

then to ask the question of what signals are providing information regarding these 

variables. Thus, aside fix>m the litde knowledge we gained from 5. avida, we still know 
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nothing about the information content of either visual or vibratory signals in the bimodal 

signaling species except the suggestion that the visual signal in some way may provide 

information about male age in S. uetzi. 

The next way in which I approached strategic design components was to look for 

female fitness affects of mating under various environmental treatments. These results 

should give us insight into potential receiver costs or benefits to multimodal signaling. 

This approach does not require knowledge of information content of signals. Three 

measures of female fitness were examined. First, I looked at the proportion of females 

mated in each treatment that subsequendy laid an egg sac. Second, I looked at whether 

those egg sacs that were laid actually hatched. Third, I counted the number of offspring 

resulting from the hatched egg sacs. 

There were no differences in egg sac production among the four treatments in any 

of the three species. However, when separated by signal, more S. uetzi females tended to 

produce egg sacs when mated in the dark as compared to the light (5. uetzi Fng. 4a, bars 

3+4 vs bars l-t-2; p=0.06). No other differences in any of the other two species were 

found with respect to egg sac production. 

When assessing the hatching success of egg sacs, S. uetzi egg sacs were less likely 

to hatch when females were mated in the visual light, low vibratory S/N treatment 

compared to any of the other three mating treatments (5. uetzi Fig. 4b). Hatching success 

did not depend on mating treatment in the other two species. Again, we see this 

difference with 5. uetzi when we separate out signals. Hatching success depends on 

vibratory S/N ratio for 5. uetzi in that egg sacs are more likely to hatch when females 
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were mated in treatments with a high vibratory S/N ratio. Thus, when S. uetzi females are 

provided with a clear vibratory signal, they seem to have higher fitness than when 

making mating decisions in the absence of a clear vibratory signal. 

Although the sample sizes are extremely small, there are differences in the 

number of spiderlings that emerged from egg sacs in different treatments for both S. 

avida and 5. stridulans. For S. avida  ̂there was only a single individual that hatched an 

egg sac in the visual present, low vibratory S/N treatment and that egg sac hatched over 

180 spiderlings. Thus, the comparison with this treatment to the others is not necessarily 

valid. However, the sample sizes for S. stridulans are slightly higher with a low of 2 in 

the visual dark, high vibratory S/N treatment but a high of 11 in the visual light, high 

vibratory S/N treatment. Egg sacs hatched in the visual light, high vibratory S/N 

treatment resulted in more offspring than those hatched in the visual light, low vibratory 

S/N treatment. Thus, it seems that the absence of a clear vibratory signal is costly in some 

way to female fimess for both S. uetzi and 5. stridulans. Curiously, there does not appear 

to be an obvious female fitness benefit to making mate choice decisions based on both 

signals. If female choice had led to the evolution of multimodal signaling in this genus, 

then we would have expected measures of female fitness to be highest in the visual light, 

high vibratory S/N treatment as compared to all others. These results are not even seen as 

a trend in any of the three species, suggesting that something more complicated may be 

happening. 
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CONCLUSIONS 

This study suggests that visual and vibratory signals interact in the multimodal 

courtship displays of two bimodally signaling Schizocosa wolf spiders. The exact nature 

of these interactions is yet unknown, but knowledge that signals in different sensory 

modalities are not independent is essential for studies of multiple signal evolution. If 

signals are not independent, than the common method of isolating courtship signals and 

assessing information content is no longer relevant. Strategic design issues of multiple 

signal evolution must follow from an understanding of tactical design; how signals are 

received and processed by the receiver. Following from studies of inter-signal 

interactions, assessing female fitness consequences of multiple signals can not only 

provide information about the costs and benefits of multiple signaling to both signalers 

and receivers, but can also lend insight into the information content of these signals. 

Future studies similar to this that manipulate signaling environments, assess female 

receptivity as well as fitness consequences, and do it in a comparative framework will 

most certainly shed light on both the mechanistic and content driven design features of 

multiple signal evolution. 
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Table 1. Assessing male quality across treatments using only males that copulated. 

Treatment effect Visual only Vibration only 
Male 
trait 

F statistic p value r statistic p value r statistic P 
value 

S. avida 
Weight 
Age 
Size 

F(3,I7)=1.34 
F(3.I9)=-71 
F(3^4)=1.1 

0.29 
0.56 
0.38 

fi9=2.0 
'21=1.4 
'26=-1.4 

0.057 
0.18 
0.18 

fi9=.04 
'2i=.47 

0.97 
0.64 
0.59 

S. uetzi 
Weight 
Age 
Size 

F(3JI)=1-23 
F(3JO)=-84 
F(3JO)=-59 

0.32 
0.48 
0.63 

f33=-l-8 
'32=-1.0 
'32=-1.27 

0.07 
0.31 
0.21 

'33=-.2 
'32=-.5 
'32=. I I 

0.8 
0.6 
0.9 

S. 
stridulans 

Weight 
Age 
Size 

F(3JI)=.34 
F(3J4)=33 
F(3.*))=.48 

0.8 
0.8 
0.7 

'33=-.7 
'36=-.96 
f42=.88 

0.47 
0.33 
0.39 

f33=.06 
'36=.05 
r42=-.38 

0.95 
0.96 
0.71 
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Table 2. Schizocosa avida-. Effects of male traits on mating frequency. 

Cop. N Mean SE df t p value 
Visual Weight (g) No 10 .15 .01 
Ught 

Yes 4 .15 .02 12 -.014 0.99 

Age (days) No 8 36.1 3.97 
High Yes 5 27 5.02 11 1.43 0.18 
vibratory 
S/N 

Size (mm) No 10 2.85 .09 
Yes 5 3.07 .14 13 -1.36 0.2 

Visual Weight (g) No 6 .16 .01 
light 

Yes 8 .15 .01 12 .46 0.65 

Age (days) No 5 22.4 3.36 
Low Yes 7 29.9 2.84 10 -1.69 0.12 
vibratory 
S/N 

Size (mm) No 6 3.09 .09 
Yes 9 2.97 .08 13 .98 0.35 

Visual Weight (g) No 6 .14 .01 
dark 

Yes 6 .17 .01 10 -1.86 0.09 

Age (days) No 4 36.8 9.1 
High Yes 6 34.1 7.5 8 .22 0.83 
vibratory 
S/N 

Size (mm) No 7 3.04 .15 
Yes 8 2.84 .14 13 1.01 0.33 

Visual Weight (g) No 8 .15 .014 
dark 

Yes 4 .18 .02 10 -1.12 0.29 

Age (days) No 7 34.4 5.8 
Low Yes 6 38.7 6.2 11 -4.99 0.63 
vibratory 
S/N 

Size (mm) No 8 3.09 .08 
Yes 7 2.97 .08 13 1 0.34 



Table 3. S. avida- Divergences from the mean 

F statistic p value 
Weieht Copulate 1.38 .25 

Vibration .06 .81 
Visual .05 .83 
Cop. • Vibration .09 .76 
Cop. * Visual 2.43 .13 
Cop. » Vib. » Vis. .01 .91 
Vibration * Visual .02 .9 

Age Copulate 00 .99 
Vibration .002 .97 
Visual .07 .79 
Cop. • Vibration .04 .83 
Cop. • Visual 2.19 .15 
Cop. * Vib. » Vis. .38 .54 
Vibration • Visual .004 .95 

Size Copulate .44 .51 
Vibration .11 .74 
Visual .07 .79 
Cop. • Vibration 1.92 .17 
Cop. • Visual .68 .41 
Cop. » Vib. • Vis. 1.93 .17 
Vibration * Visual .02 .88 
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Table 4. Schizocosa uetzi- Effects of male traits on mating frequency. 

Cop. N Mean SE df t p 
value 

Weight (g) No 12 .04 .005 
Visual Yes 11 .04 .005 22 .46 0.65 
Ught 

Age (days) No 13 23.8 2.85 
Yes II 29 3.1 22 -1.25 0.23 

High Size (nun) No 11 1.9 .06 
vibratory 
S/N 

Yes 11 2.0 .06 20 -1.5 0.15 

Weight (g) No 12 .04 .002 
Visual Yes 11 .04 .003 21 
light 

Age (days) No 13 31.77 3.24 
Yes 11 23.09 3.52 22 1.81 0.08 

Low Size (mm) No 12 1.94 .06 
vibratory 
S/N 

Yes 10 2.0 .06 20 -.61 0.55 

Weight (g) No 15 .04 .002 
Visual Yes 9 .04 .003 22 .5 0.62 
daric 

Age (days) No 15 25J 3.3 
Yes 9 21 4.2 22 .85 0.41 

High Size (mm) No 15 2 .05 
vibratory 
S/N 

Yes 9 1.92 .07 22 1.03 0.32 

Weight (g) No 20 .04 .003 
Visual Yes 4 .04 .006 22 1.15 0.26 
daric 

Age (days) No 13 23.8 2.85 
Yes 11 29 3.1 22 -1.25 0.23 

Low Size (mm) No 11 1.9 -06 
vibratory 
S/N 

Yes 11 2.0 .06 20 2.25 0.15 



Table 5. S. uetzi- Divergences from the mean 

F statistic p value 
Weisht Copulate 1.25 .27 

Vibration .31 .58 
Visual .97 .33 
Cop. * Vibration .05 .83 
Cop. * Visual .28 .6 
Cop. » Vib. • Vis. .68 .41 
Vibration * Visual .09 .76 

Age Copulate 1.37 .25 
Vibration .17 .68 
Visual .16 .69 
Cop. * Vibration 1.66 .2 
Cop. * Visual .36 .55 
Cop. » Vib. » Vis. 1.06 .31 
Vibration * Visual .03 .87 

Size Copulate 1.8 .19 
Vibration .01 .91 
Visual .03 .86 
Cop. • Vibration .02 .88 
Cop. * Visual 1.28 .26 
Cop. * Vib. • Vis. .02 .88 
Vibration * Visual .004 .95 
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Table 6. Schizocosa stridulans- Effects of male traits on mating ftequencv. 

Cop. N Mean SE df t p value 
Weight (g) No 12 .037 .002 

Visual light Yes 16 .038 .002 26 -.26 0-77 

Age (days) No 10 18.2 1.92 
Yes 17 19.9 1.47 25 -.72 0.48 

High Size (mm) No 12 1.88 .039 
vibratory 
S/N 

Yes 18 1.9 .032 28 -.41 0.68 

Weight (g) No 13 .04 .004 
Visual light Yes 9 .04 .005 20 -.85 0.4 

Age (days) No 11 17.9 2.07 
Yes 10 20.6 2.17 19 -.9 0.38 

Low Size (mm) No 13 1.89 .04 
vibratory 
S/N 

Yes 12 1.87 .04 23 .4 0.69 

Weight (g) No 21 .03 .002 
Visual dark Yes 4 .04 .004 23 -1.33 0.2 

Age (days) No 16 18.6 1.77 
Yes 4 175 3.54 18 .28 0.78 

High Size (mm) No 19 1.87 .03 
vibratory 
S/N 

Yes 4 1.91 .06 21 -.72 0.48 

Weight (g) No 17 .03 .001 
Visual dark Yes 7 .04 .002 22 -1.18 0.25 

Age (days) No 16 183 13 
Yes 6 17.7 2.2 20 .33 0.74 

Low Size (mm) No 17 1.87 .03 
vibratory 
S/N 

Yes 9 L91 .04 24 -.77 0.45 



Table 7. S. stridulans- Divergences from the mean 

F statistic p value 
Weieht Copulate .02 .89 

Vibration .65 .42 
Visual 1.52 .22 
Cop. • Vibration .28 .6 
Cop. * Visual .44 .51 
Cop. * Vib. * Vis. .002 .97 
Vibration * Visual .72 .4 

Age Copulate .35 .56 
Vibration .1 .75 
Visual .02 .88 
Cop. • Vibration .27 .6 
Cop. * Visual 1.85 .18 
Cop.» Vib. » Vis. .87 .35 
Vibration • Visual .006 .94 

Size Copulate .96 .33 
Vibration .001 .97 
Visual .25 .62 
Cop. • Vibration .17 .68 
Cop. • Visual .94 .33 
Cop. • Vib. * Vis. .1 .75 
Vibration • Visual .005 .94 
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FIGURE CAPTIONS 

Figure 1. Predicted versus observed patterns of mating frequency across treatments. (A) 

Predictions for 5. avida are based upon the unimodaiity of their courtship display. 

(Predictions for S. uetzi and S. stridulans are based upon previous experiments 

assessing female receptivity to isolated courtship signals (5. uetzi solid bars) and 

previous experiments assessing female receptivity under manipulated visual and 

vibratory S/N ratios (5. uetzi dashed bar). (B) Proportion of pairs that mated across 

treatments for female first trials only. 5. avida: visual light, high vibration (N=10); 

visual light, low vibration (N=l 1); visual dark, high vibration (N=6); visual dark, 

low vibration (N=9). S. uetzi: visual light, high vibration (N=21); visual light, low 

vibration (N=23); visual dark, high vibration (N=22); visual dark, low vibration 

(N=22). S. stridulans: visual light, high vibration (N=19); visual light, low vibration 

(N=12); visual dark, high vibration (N=:16); visual dark, low vibration (N=15). 

Shared letters indicate no difference. 

Figure 2. Experimental design. The visual environment was manipulated independent of 

the vibratory environment in a 2 x 2 design of visual: light vs dark and vibration: 

uigh vs low signal to noise ratio. 
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FIGURE CAPTIONS - continued 

Figure 3. Effect of signaling environments on mating frequency. (A) Effect of visual 

light vs dark on mating frequency. S. uetzi and S. stridulans have higher mating 

frequencies in the light than in the dark treatments (5. uetzi: X^=6.13, p=^.01; 5. 

stridulans'. X^=4.18, p=0.04). (B) Effect of the vibratory signal to noise ratio on 

mating frequency. No difference was seen across the species. Shared letters indicate 

no difference. 

Figure 4. Female fitness consequences of mating under different environmental 

conditions. (A) Proportion of females mated in each treatment that laid egg sacs. 

(B) Proportion of egg sacs laid in each treatment that hatched. S. uetzi females had 

fewer egg sacs hatch in the visual light, low vibration treatment than any others. 

Shared letters indicate no difference. 

Figure 5. Mean and SE number of spiderlings hatched from matings in different 

treatments. S. avida: visual light, high vibration (N=l), visual light, low vibration 

(N=l), visual dark, high vibration (N=2), visual dark, low vibration (N=3). S. uetzi: 

visual light, high vibration (NsS), visual light, low vibration (N=l), visual dark, 

high vibration (N=S), visual daric, low vibration (N=3). 5. stridulans: visual light, 

high vibration (N=7), visual light, low vibration (Ns4), visual dark, high vibration 

(N=2), visual dark, low vibration (N=6). For 5. stridulans, the number of 

spiderlings did depend on treatment (F(3.tsy=4.67, p=0.017) with more offspring 
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FIGURE CAPTIONS - Continued 

hatching from the visual light, high vibration treatment compared to the visual light, 

low vibration treatment. 
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Figure 4. 
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APPENDK D 

ABSOLUTE VERSUS RELATIVE MATING RESPONSES 

AND THE DIVERGENCE OF POPULATIONS UNDER 
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Elaborate ornamentation and courtship behaviour are among the most visible 

consequences of sexual selection (Darwin 1871). Less evident than these typically-male 

traits are the female preferences, which may, depending on the mechanism of sexual 

selection, evolve hand-in-hand with them. By the process of self-reinforcing runaway 

selection (Fisher 19S8; O'Donald 1980; Lande 1981; Kirkpatrick 1982), female 

preference and male traits become genetically correlated and evolve in concert. Female 

preferences likewise evolve in step with male traits when sexual selection is based on 

direct or indirect benefits of male quality (Zahavi 1975; Hamilton & Zuk 1982). In 

contrast, instead of evolving enhanced preference to a novel male trait, females may 

evolve resistance if the male trait induces females to mate suboptimally (Partridge & 

Hurst 1998; Holland & Rice 1998). Not all female preference evolution is in direct 

response to male traits, howeven female preferences may arise as pleiotropic effects of 

ecological selection, for instance on the sensory system (Ryan & Keddy-Hector 1992; 

Ryan 1998). 

Our goal here is to examine some aspects of the evolution of female 

preference, as it relates to different models of sexual selection. We will focus on 

two issues: how different models of sexual selection predict changes in different 

aspects of the femcde preference function, and how evolutionary change within a 

population can be extrapolated to expected interactions among independently 

divergent populations. The expectations so derived can be used, to a limited 

extent, to distinguish mechanisms of sexual selection using data from cross-
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population interactions. Throughout, we will speak as if the female is the 

choosing sex, although of course the roles are sometimes reversed Qermi 1974; 

Gwynne 1991). 

Preference functions 

"Preference" as commonly understood implies comparison: one male trait is 

preferred over another. How a female samples males so as to implement that 

preference can vary (Weigmaim et al. 1996). A female could exercise her 

preference by accvunulating iriformation on multiple males before making a 

choice, or she might instead accept or reject each male on his own merits. Even 

in the latter case, she and her genotype will bias mating to males whose traits 

evoke the strongest mating response, and the evolutionary effect will be almost 

as if simultaneous comparisor\s were made. Thus, while her response to a male 

may be absolute (not relative), her varying responses to different males 

constitute a preference. 

It is convenient to treat a female as having a preference function (Ritchie 

1996; Wagner 1998), the relationship between her mating response (e.g., 

probability of acceptance for mating) and the various possible traits of males 

(e.g., length of tail; intensity of chest colour). For instance, if presented with a 

male whose trait has a particular value, she may be more likely to mate than with 
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males bearing traits of higher or lower value. Such a unimodal preference 

function is commonly used in models of sexual selection, described either as a 

quadratic (Day 2000, appendix 4; Gavrilets 2000) or a gaussian function (Lande 

1981; Arnold et al. 1996; Hall et al. 2000). In contrast, a female may favor a male 

more the more extreme is his trait value, jrielding an open-ended preference 

function described either as linear (Day 2000) or exponential (Lande 1981; 

Schluter & Price 1993; Hall et al. 2000). Wagner (1998) discusses preference 

functions and various forms they could take. Preference functions are 

increasingly becoming the focus of empirical studies (Ryan et al. 1990, Ryan & 

Rand 1993,1995; Ritchie 1996; Ritchie et al. 1998; Marler & Ryan 1997; Basolo 

1998; Shaw 1995; Gray & Cade 2000; Simmons et al. 2001). As noted by Wagner 

(1998), the outcome (female choice) will be determined by a combination of her 

preference function, sampling behaviour and other factors. 

Preference functions in which female response is defined with respect to a 

single male, regardless of the traits of other available males, are sometimes 

named "absolute" preference functions, while those in which a female's response 

to a male depends on other males are "relative" (Lande 1981; Wagner 1998). 

What is absolute or relative is the female's response: with a relative preference 

function, a female's response to a male depends on what other males are 

available. In some suggested relative preference functions, female response 
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depends on how the male's trait relates to the average trait among males (Lande 

1981; Day 2000; Hall et al. 2000). In others, the female response is based on direct 

comparisons among individual males encoimtered simultaneously. For instance, 

Wagner (1998) highlights a relative preference function that is thoroughly 

relative; it does not relate female response to male trait, but rather diffprpnrp in 

female response to difference in traits of males presented simultaneously (his 

figure 3). Such a preference function makes no clciims as to how a female will 

react to a single male in isolation. 

Absolute versus relative response 

At first glance it may appear that the aspect of preference functions most relevant 

to sexual selection is the relative response to different male traits. However, this 

is not necessarily the case, for some models of sexual selection predict that 

absolute response, not relative response, is more pertinent. 

Models that involve selection on females to favor a particular male trait, 

either because of its correlation with male quality (Zahavi 1975; Hamilton & Zuk 

1982), its attractiveness to other females in the population (Fisher 1958; OTDonald 

1980; Lande 1981; Kirkpatrick 1982), or its direct benefit to the female (Heywood 

1989; Hoelzer 1989; Grafen 1990), predict that females should evolve so as to be 

more likely to mate with those males bearing the enhancement than with others. 



163 

This is a strengthening of preference, that is, of relative response. It cotild be 

accomplished by a mutation lowering the probability of acceptance of 

imenhanced males, or by a mutation raising the acceptance probability of 

enhanced males. Indeed, under some drcimistances a mutation might lower 

acceptance probabilities of enhanced males, as long as it lowers acceptance of the 

unenhanced male even more. The model is silent about how absolute response to 

difiierent males might change, as long as the females come to have a stronger 

relative preference for the enhanced males. Graphically (Figure la) this 

evolutionary change can be represented as a change in slope of a linear 

preference function, perhaps accompanied by a change in intercept. If the 

change of slope is sufficiently large, it may result in a change in the rank order of 

preferred traits (i.e., the slope changes sign). If the preference function is not 

linear, but imimodal (Figure lb), the evolutionary change may be represented by 

a shift in the mode, perhaps accompanied by an increase or decrease in 

amplitude. 

If we consider a derived population that has evolved from an ancestral 

population, then the prediction that preference should strengthen can be 

summarized as follows; 

[rA(A) - rA(a)l > [ra(A) - ra(a)Kl) 
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where A refers the derived male trait or female preference ftmction, a refers to the 

ancestral male trait or female preference function, and rx(y) is the magnitude of the 

response by female of preference type x to male trait of type The inequality states 

simply that the difference in response to male trait A (derived) vs. a (ancestral) is greater 

for females with the derived preference function (rA) than for females with the ancestral 

preference fimction (ra). That is, derived females have a stronger preference. 

In contrast, antagonistic coevolutionary models, in which females evolve 

resistance to male traits inducing costly matings (Partridge & Hurst 1998; 

Holland & Rice 1998), predict that females should evolve to accept enhcuiced 

males at lower rates. This decrease in absolute response could be accomplished 

by a mutation lowering acceptance rates of both enhanced and unenhanced 

males, or by a mutation conferring specific resistance to enhanced males. Indeed, 

how the relative response to different males changes may be more or less 

irrelevant, as long as the females come to lower their acceptance rates to the 

enhanced males. Graphically (Figure Ic, d) this change can be represented as a 

decrease in the value of the preference function at the enhanced trait value, 

regardless of changes in the function elsewhere. This can be stmcunarized by the 

inequEdity: 

rA(A)<ra(A) (2) 

Notice that no statement is made about response to the ancestral male trait. 
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To emphasize this distinction between the models' predictions, consider 

that it is possible for females to evolve resistance to the enhanced tniit even while 

increasing their preference for it. That is, if the enhanced mede trait has already 

swept to fixation, a mutation that reduced female response to it would be 

expected to be selected for, even if it reduced female response to unenhanced 

males even more. The preference function may, or may not, evolve to stronger 

preference to the very male traits being resisted. 

Thus, antagonistic coevolution predicts that absolute response to derived 

males should be lower by derived females than by ancestral females, while 

processes such as nmaway predict that preference by derived females for 

derived versus ancestral males should greater than the preference by ancestral 

females. Each model makes predictions about only limited aspects of the 

preference function. However, a particular mathematical formalization of a 

model may make explicit predictions about both absolute and relative responses. 

For instance, if fixation of an exploitative male trait is slow, then while it is 

polymorphic there may be selection on the relative response (i.e. preference) of 

females to the anc^tral versus exploitative trait. However, if the exploitative 

trait sweeps more quickly to fixation than can be countered by selection on 

available genetic variation in female response, females may be left with a fait 

accompli (all males with the exploitative trait), and it may no longer matter how 
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their evolved resistance affects response to the now-absent ancestral trait. 

Although detsuled models may make slightly different predictions, it is expected 

that there would be a common denominator among the various models of 

antagonistic coevolution: a predicted shift in absolute response. In contrast, 

other models would share a predicted shift in preference. 

Ancestral versus derived populations 

Recent models that place sexual selection in an explicitly historical framework 

(Ryan & Keddy-Hector 1992; Ryan 1998) have drawn attention to modeling the 

traits and responses of ancestral versus derived populations. Sensory 

exploitation models make direct reference to ancestral traits, but they are not the 

only models for which it is possible to contemplate ancestral versus derived 

populations. For example, the predictions derived above for Fisherian nmaway 

and antagonistic coevolution concern the response of a female with derived or 

ancestral responses to a male with derived or ancestral trciits. However, two 

questions might profitably be asked about studying ancestral and derived 

populations: how can we do it and is it necessary? 

Systematics largely abandoned the search for ancestral species when it was 

rezdized that any species, even if it may appear to have only ancestral traits, 

might have as-yet-undiscovered derived traits, and thus represent a side branch 
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on the phylogaiy, instead of an ancestral branch (Platnick 1977). Except for 

special cases of large widespread species with small derived peripheral isolates, 

it is probably best to avoid the asstimption that two independent extant species, 

or populations, are in an ancestral-descendemt relationship. Instead, we should 

assume both are potentially derived in some respects. 

The focus should not be on ancestral populations, but rather populations 

with ancestral traits. Is it enough to study a population that, even if not actually 

ancestral, has ancestral traits among all of its known characteristics? In general, 

such a population should not be assumed to represent the ancestor. If it has as-

yet-undetected signals or preferences that are derived, its interactions could be 

substantizdly different from those of an ancestral population, as discussed in the 

following section. Thus, it is safest to assume that natural populations are 

independently derived from their common ancestors, each potentially having 

different derived traits. If ancestral individuals are needed in experiments, the 

most defensible way to obtain them may be by fobrication, for instance creating a 

video image composed of male traits reconstructed cis emc^tral (McClintock & 

Uetz 1996; Hebets & Uetz 2000). Fabricating a female with ancestral preferences 

would be considerably more difficult. 
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On the other hand, it may not be strictly necessary to compare ancestral and 

derived populations. In the following section we derive predictions for the 

interactions among independently derived populations. 

Extrapolating intrapopulation change to interpopulation divergence 

We have jxist discussed a few aspects of how preference functions are expected to 

evolve under different models of sexual selection. We here consider whether 

these evolutionary trajectories allow us to predict how separately evolving 

populations would interact with one another if they come in contact. That is, if 

populations have been evolving by sexual selection, how would females of one 

popidation react to males of the other? This question is of interest both for its 

relevance to spedation, and for the possibility that interpopulation responses 

could reveal mechanisms of sexual selection. 

What would be the predicted interactions between divergent populations 

that possess independent, derived traits? Consider two populations a and ^ 

independently evolved from a recent common ancestor (Figure 2). Assume they 

have evolved differently with respect to male traits and female responses, at least 

some of which are in different aspects of the phenotype. Population a has 

evolved the derived male trait A (e.g., bright colour on foce), while population ^ 

has evolved die derived male trait ^ (e.g., movement of appendages) in contrast 
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to the respective ancestral conditions of a (no bright color) and b (no movement). 

Asstmiing that population ^ retains the ancestral conditions with respect to the 

novel traits and responses evolved in population a, and vice versa, males of 

population a would therefore have states Ab (bright colour, no appendage 

movement), males of ^ would have ̂  (no bright color, appendage movement), 

and males of the ancestral population, 

To a female from population a, a male from population P would lack the 

derived traits of her population. In that respect, the male would resemble the 

ancestor (no bright colour), but he would have as well unfemiliar derived traits 

(appendage movements) unique to his own population. If tiie female processes 

the difrierent components of male display at least somewhat independently, then 

we might expect her response would be a composite of responses to the 

components. With respect to the male traits a/A and the corresponding 

component of female resportse, the a female would respond to the P male as a 

derived female (preference function A) to an ancestral male (trait With 

respect to traits b/B, the a female would respond to the P male as an ancestral 

female (preference function ̂  to a derived male (trait We can summarize a 

female's components of respoi\se as follows: a female from a has derived 

response to A and ancestral response to ̂  and can thus be labeled Ab: a femede 

from P can be labeled a^ an ancestral female is zb. 
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How will the female's responses to foce colour and appendage movement 

combine into overall response? Her two components of response might merely 

sum additively to an overall response, or there could be interactions between the 

components. Exactly how she would respond to a male showing a blend of 

ancestral and derived, familiar and unfamiliar, features, would depend on details 

of her sensory cind nervous systems. For instance, a key consideration would be 

whether interactions among signal pathways generate non-additive effects 

(Hebets in review; Hebets & Papaj, unpub). Thus, the female's responses will 

depend not only on the evolutionary forces shaping them, but also on the 

sensory and neurological fotmdation on which the forces act. The svunmation of 

components therefore foils partly within the realm of sensory physiology and 

neurobiology, and is not expected to be predicted completely by the theory of 

sexual selection. To continue deriving our predictions, we will therefore have to 

make some assumptions about overall response. We will suppose that the 

overall response would preserve some inequalities in the component responses. 

Fisherian nmaway (Fisher 1958; CDonald 1980; Lande 1981; Kirkpatrick 

1982) and indicator models (Zahavi 1975; Hamilton & Zuk 1982) predict that 

females would evolve increased prefierence for the derived trait. What 

interactions are predicted between the two derived populations tmder these 
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models? Intuitively one might expect females of population P should prefer their 

own males from population fi, but this is not necessarily the case. An ancestral 

preference that might exist for derived trait A could overwhelm any increase in 

preference for derived male trait ̂  leading to females of population P preferring 

males of population a. However, with a few reasonable assumptions, some 

outcomes are not predicted by nmaway or indicator modeb. Let r^^CAb) be, for 

example, the response of an ^ female (i.e., with ancestral preference function for 

a and derived preference function for ^ to an Ab male (i.e., with derived trait A 

and ancestral trait b). If females from p prefer mcdes from a, then females from a 

should prefer males from a even more strongly. This can be restated as: 

[rAb(Ab) - rAb(aB)] > [(rasCAb) - raB(aB)] (3) 

That is, the preference ^ females (i.e., from population a) have for Ab males 

(population a) over aB (population p) males is greater than the preference ^ females 

have for ^ males over ^ males. 

The derivation of inequality (3) is straightforward if the components of 

response are additive. Focusing on the component concerning the a character, 

inequality (1) states [r^(A) - r^(a)] > [r,(A) - r,(a)]. For the b component, [rgCB) -

rB(b)I > [rjfi) - rb(b)], which can be rearranged as [r^Cb) - r^CB)] > [r^Qa) - rB(B)l. 

This implies: 

[rA(A) - rA(a) + rb(b) - rb(B)] > [r.CA) - ra(a) + rsCb) - rB(B)] 
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which yields 

[(rA(A) + rb(b)) - (rA(a) + rb(B))] > [(ra(A) + tbO)) - (ra(a) + TbCB))] 

If response is the simple sum of component responses (e.g. (faCA) + rb(b)) = rAb(Ab)), this 

reduces to (3). However, additivity may be an invalid assumption, for instance if the 

derived neurological changes that increased preference for trait A lead to a preference 

system whose response is affected in some way by the presence or absence of derived 

male trait B. An assumption sufficient to derive (3) is that the evolutionary increase in 

preference for the local enhanced males is greater than the increase in preference for 

those same males that might evolve in foreign females "accidentally" as a byproduct of 

selection in their own populations. That is: 

[(rAb(Ab) - rAb(ab)) - (rab(Ab) - rab(ab))] > [(rasCAb) - rasCab)) - (rab(Ab) - rab(ab))] 

and 

[(raB(aB) - raB(ab)) - (rab(aB) - rab(ab))] > [(rAb(aB) - rAb(ab)) - (rab(aB) - rab(ab))] 

These can be rearranged to, respectively, [rAb(Ab) - rAb(ab)] > [raB(Ab) - raB(ab)] 

and [rAb(ab) - rAb(aB)] > [raB(ab) - raeCaB)], which when summed yield (3). 

Our purpose iri going through this exerdse is to suggest that what might 

have seemed the obvious conclusion (females prefer their local males) is not so 

obvious when dealing with two independent, divergent populations. 

Assimciptions about components of response are apparently needed. How 

reasonable are these assumptions remains to be seen, but at least the conclusion 

is intuitively reasonable: females should prefer males of their own populations. 
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unless males of another population are especially attractive, in which case 

females of that other population should prefer their own males even more. 

Can we make predictions of this kind under the model of antagonistic 

coevolution? The chase-away model (Holland & Rice 1998) predicts that 

selection for resistance would decrease absolute response to the derived male 

trait. One possible outcome is that P females would prefer a males more th£m 

their own |3 males, and more than do a females, if for instance females evolve a 

specific resistance to derived male traits of their own populations (see Parker & 

Partridge 1998; Basolo 1998). This is perhaps best illustrated by an example of 

hj^othetical quantitative responses. Suppose the following conditions held: (a) 

for each of traits a/A and b/B. the ancestral preference function gave a response 

of magnitude 2 to the ancestral male trait and 3 to the derived male trait, (b) the 

derived preference function gave a response of 2 to both ancestral and derived 

traits, and (c) the a/A and b/B components of response simple summed 

additively. This would result in r^(Ab) = r^(aB) = 4, r^(aB) = r^(Ab) = 5: derived 

females prefer derived foreign males over local males. However, if resistance 

was achieved by lowering response to the derived trait but to the ancestral trait 

even more, the opposite prediction may hold. For example, if the derived 

preference function has a response of 0 to ancestral and 2 to derived traits, 

r^(Ab) = r,B(aB) = 4, r^(aB) = r^(Ab) = 3: derived females prefer derived local 
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males over foreign males. The reason that just about any prediction is possible is 

that a model of resistance makes no specific claim about the derived response to 

ancestral male traits. Since the interpopulation interactions involve at least one 

component of a derived response to an ancestral trait, this lack of specificity 

prevents unambiguous predictions about composite responses. 

Implications for spedation 

Sexual selection has long been recognized as a potential contributor to 

divergence in reproductive characteristics and hence to speciation (Lande 1981; 

West-Eberhard 1983). However, sexual selection, even if it generates divergent 

male traits in separate populations, might contribute little to reproductive 

isolation (Parker & Partridge 1998; Price, 1998). For instance, Schluter and Price 

(1993) foimd that female preferences may diverge little compared to the male 

traits. If males are winning an antagonistic coevolutionary race, then sexual 

selection may contribute little to reproductive isolation, for the male's interest to 

be promiscuous may maintain hybridization (Parker & Partridge 1998; Magurran 

1998). Similarly, a process of chase-away sexual selection (Holland & Rice 1998) 

could initially promote hybridization between populations even as it is 

promoting their divergence, because females would evolve resistance to treiits of 

males firom their own population but remain susceptible to the recently evolved 

male traits of odier diverging populations (Parker & Partridge 1998). There is 



175 

some empirical evidence for enhanced potential to hybridize in recently diverged 

taxa (Basolo 1998; Hebets & Maddison impublished) that may be due to an 

antagonistic coevolutionary process. 

Thus, the translation of a within-population process to an among-

population relationship is not straightforward: divergent selection affecting mate 

choice does not necessarily yield premating isolation. The predictions derived 

above underscore this. Under a model of antagonistic coevolution, females may 

be either more or less likely to mate with foreign males than local males, 

depending on exactly how resistance evolves. Under a runaway or indicator 

model, higher probability of mating with local males is likewise not guaranteed, 

although if foreign males are favored in one population, they will not be in the 

other. 

Distinguishing models 

Various studies have examined interactions among divergent populations as a 

means to imderstand processes of sexual selection (Houde & Endler 1990; Hill 

1994; Ptacek 1998; Jones & Himter 1998; Hamilton & Poulin 1999; Gray & Cade 

2000; Hebets & Maddison tmpublished). The different predictions about female 

responses to local and foreign males made by the different models of sexual 



176 

selection offer an opportunity to distinguish among models by examining 

interpopulation interactions. 

The considerations above give guidance as to how such studies should be 

attempted. First, data on absolute response should be obtained where possible 

Wagner (1998), because relative responses in simultaneous choice tests may not 

contain the information needed to test models of antagonistic coevolution. 

Additionally, data analysis should focus on the appropriate aspects of the 

preference function. For instance, Basolo (1998) foimd sigruficantly different 

slopes in female preference functions in two poedliid fishes, with females of the 

swordless species showing stronger preference for the sworded males than do 

the females of the sworded species. As noted above, the most relevant issue for 

antagonistic coevolution is not the slope but the absolute response to the 

enhanced trait. To address antagonistic coevolution, it would be valuable to 

subject Basolo's data to a test for absolute difference in long-sword response. A 

distinction between slope and absolute values is raised by Rosenthal and 

Servedio (1999), who distingtiish between "resistance" (a change in threshold of 

acceptability) and "discrimination" (a change in slope of the preference function). 

However, their figure 2 shows that whether threshold changes, or slope changes, 

there can be a decrease in absolute response to enhanced male traits, i.e. a pattern 

compatible with the evolution of resistance during antagoiiistic coevolutioru 
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Studies of interpopulation interactions will not, however, provide an easy 

means to distinguish sexual selection models. First, a single definitive test is not 

possible, because the predictions made by the different models are not directly 

opposing, but instead concern different aspects of the preference function. 

Runaway models make a prediction about relative response to foreign versus 

local males, but about this aspect, antagonistic coevolution is silent. Thus, a test 

of relative responses could rule out nmaway, but cannot speak to antagonistic 

coevolution. Conversely, antagonistic coevolution makes a prediction about 

absolute response to derived males by derived versus ancestrad females, but 

about this aspect, the runaway model is silent. Second, while antagonistic 

coevolution makes clear predictions about ancestral versus derived populations, 

it makes no clear prediction about the interaction of two derived populations. 

Patterns in interpopulation interactions may be able to rule out Fisherian 

nmaway or indicator models of sexucil selection (Hebets & Maddison 

unpublished), but they may have little power to refute antagonistic coevolution. 

Third, the predictions derived above are based on the momentary evolutioneiry 

trajectory as a single process is imder way. As more time passes, other processes 

may intervene, including other processes of sexual selection. A trait may be 

initially exploitative, receive a boost by a runaway process, but eventueiUy 

escalate to cause matings suboptimal to females and hence lead to a chase-away 
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process. Such composite processes are likely to yield complex patterns that will 

be difficult to interpret. 

Data on interpopulation interactions are clearly useful in studies of 

reproductive isolation, but given the difficulties noted above, do such data have 

value for studies of the process of sexual selection? The best endorsement is that 

occasionally the data do appear to rule out some alternatives (e.g., Basolo, 1998; 

Hebets & Maddison unpublished). A more direct approach may be to present 

artificial combinations of male traits in order to tease apart the rules of female 

choice, but some systems may not be amenable to such experiments. In addition, 

any artificial presentation (e.g. by audio or video playback) is susceptible to 

artefactual results, should unrecognized aspects of the presentation act as signals 

influencing female response. Other populations or species, while perhaps not 

having the combinations of male traits precisely desired, at least have natural 

combinations, and can serve as useful variations to present to females in 

attempts to tmderstand their response rules. 

Nonetheless, data from interpopulation interactions will be difficult to 

interpret. Should effort instead concentrate on within-population genetic and 

manipulative studies (e.g., Andersson 1982; Zuk et al. 1990,1992; Brooks & 

Endler 2001), and avoid studies of interpopulation interactions and other 
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comparative approaches (e.g., Basolo 1990; Ryan & Rand 1990; Prum 1997)? We 

argue here that comparative approaches should remain in our repertoire of tools 

to study sexual selection. 

Maintaining a diversity of approaches in studying sexual selection may be 

necessary to avoid bias. For an intrapopulational study to be successful, genetic 

variation for traits or preferences may be needed. If some processes of sexual 

selection quickly lead to fixation of traits in populations, then not only might 

such processes be difficult to detect within populations, but also lineages in 

which such processes dominate might be avoided for intrapopulationed study. 

Thus, the study systems chosen might be those most likely to have evolutionary 

mechanisms (e.g., indicator or handicap sexual selection?) that medntain 

variation. Conversely, comparative/phylogenetic studies might tend to select, 

for ease of analysis, clades that show fixed differences among species with littie 

within-spedes polymorphism, biasing toward mechanisms (runaway?) that 

rapidly generate fixed differences. If, as expected, various proposed mechanisms 

of sexual selection all operate, to different degrees in different taxa, we cannot 

necessarily expect that a single taxon or single approach will serve to study all 

mechanisms equally. 
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FIGURE CAPTIONS 

Figure 1. Evolutionary change in female response (e.g., probability of acceptance for 

mating) to male trait under (a, b) Fisherian runaway sexual selection and (c,d) 

Antagonistic co-evolution. Bold line shows ancestral preference fimction (i.e., 

response vs. trait). Dashed lines show derived preference fimctions expected to 

evolve as male trait becomes derived. Arrows show crucial change from ancestral 

to derived preference fimctions. Both open-ended (a,c) and unimodal (b, d) 

preference fimctions are shown. By Fisherian runaway, the preference for derived 

males (i.e. the difference in response to derived vs. ancestral males) is expected to 

increase in magnitude, although absolute response may vary. By antagonistic co-

evolution, the absolute response to derived males is expected to decrease, which 

could be accomplished with or without a change in relative preferences. 

Figure 2. Two divergent populations a and P with independent, derived traits. Two 

characters are implied, one with states a and ^ the other with states b and B. The 

ancestor has states a and b. Population a has derived trait A 

but retains ancestral trait b; population P has ancestral trait a and derived trait B. 
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ABSTRACT 

Sexual selection can potentially explain rapid diversifications over short time 

periods. Males from isolated populations of the jumping spider Habronattus 

pugUlis show tremendous variation in both courtship display and associated 

ornamentation suggesting that selection, and in particular sexual selection, is 

responsible for these differences. We conducted interpopulational redproccd 

crosses between two populations of H. pugillis (Santa Rita (SR) and Atascosa 

(AT)) that differ in both male courtship display and secondary sexual 

ornamentation. The pattern generated from observed mating frequencies was 

compared to predictions derived ffom different processes of sexual selection. 

Our results suggest that female preferences and male traits are not evolving in 

concert. Instead, we show a xenophilic mating preference in which SR females 

mate more frequently with foreign males (AT) than local males (SR), while AT 

females showed no difference in mating frequency. Since females from neither 

population prefer their own males and since the preference of SR females for AT 

males is greater than the preference of AT females for AT males, we can rule out 

the possibility that the only process involved was a positive coevolutionary 

process of femede preference and male trait such as Fisherian selection. Our 

restdts are partially consistent with a scenario of sensory exploitation by AT 

males, but this does not explcun the entire pattern since AT males have an 

advantage with females of only one population. Our results are completely 
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ABSTRACT - Continue 

consistent with one pattern predicted from an antagonistic coevolutionary model 

of sexual selection. 
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INTRODUCTION 

A conflict of interest between males and females leading to an antagonistic 

coevolutionary cycle has the potential to drive spedation, diversification, and 

even evolutionary novelties (Partridge & Hurst 1998; Holland & Rice 1998). 

Unlike other models of sexual selection involving a mismatch between male trait 

and female preference {i.e. pure sensory exploitation, Ryan & Keddy-Hector 

1992), the process of antagonistic coevolution can lead to increased 

diversification without the need for ecological diHierentiation. Chase-away 

selection (Holland & Rice 1998) is a recently proposed process which begins 

when attractive males 'seduce' females to mate in a suboptimal manner (perhaps 

by exploiting a sensory bias of the female). Females, in response, evolve 

resistance to the male stimulation, to which the males respond by enhancing 

their stimulus, and the conflict continues. This antagonistic cycle of enhancement 

and resistance could lead to increasing exaggeration of traits as well as the 

success of novel male traits that attract the attention of naive females. To what 

extent such a process is feasible in principle and whether it depends on the 

nature of the female's sensory system have recently been discussed (Holland & 

Rice 1998; Getty 1999; Rosenthcd & Servedio 1999; Gavrilets 2000), but there is 

little direct empirical evidence of its operation. 
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Insofar as different mechanisms of sexual selection leave different 

signatures in among species patterns of traits, comparative methods could be 

used to study whether antagonistic coevolution or some other mechanism is 

responsible for observed differences among species or populations. Comparative 

approaches attempting to distinguish among the various models of sexual 

selection have been applied to a variety of systems across the animal kingdom 

such as spiders (McCIintock & Uetz 1996; Hebets & Uetz 1999), mites (Proctor 

1992), swordtail fish (Ryan & Wagner 1987; Basolo 1990,1996), guppies (Houde 

& Endler 1990; Endler & Houde 1995), ffogs (Ryan 1990,1991 and references 

therein; Ryan & Rand 1993; Cocroft & Ryan 1995); manakins (Prum 1997), jmd 

house finches (Hill 1994). One comparative approach examines how different 

species or populations react to one another as potential mates (Houde & Endler 

1990; Hill 1994; Ptacek 1998; Jones & Hunter 1998; Hamilton & Poulin 1999; Gray 

& Cade 2000). While this same approach is ffequently used in studies addressing 

premating isolation and reinforcement (Wade 1995; Bordenstein et al. 2000; Korol 

et aL 2000; Rashkovetsky et aL 2000; Iliadi et al. 2001; Kobayashi et al. 2001; 

Shapiro 2001) the results are tjrpically not discussed with respect to models of 

sexual selection. Different models of sexu£il selection differ in their predictions of 

how divergent populations should interact (Parker & Partridge, 1998; Maddison 

& Hebets, impublished), offering the opportunity to test models using data on 

how females react to males of different populations. 
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Maddison & Hebets (unpublished) discuss predictions made by different 

models of sexual selection regarding mating frequencies of females with local 

versus foreign males if reciprocal crosses are conducted between two divergent 

populations. With FIsherian self-reirtfordng selection (Fisher 1958; O'Donald 

1980; Lande 1981; Kirkpatrick 1982) there should be a tight correlation between 

female preference and male trait. This leads to the prediction that females should 

have a higher mating frequency with local males compared to foreign males (Fig. 

la), unless one type of male is particularly attractive, in which case foreign males 

may be favored by females of one population, as long as they are fevored even 

more strongly by females of their own population (Maddison & Hebets 

unpublished). Indicator or handicap sexual selection (Zahavi 1975; Hamilton & 

Zuk 1982) 3aelds similar predictions. Sexual selection by sensory exploitation, in 

which males evolve to exploit a pre-existing female sensory bias (review see 

Ryan & Keddy-Hector 1992; Ryan 1998), would predict that females from all 

populations would prefer males that have evolved an exploitative trait, whether 

the male is from the female's own population or not (Fig. lb). Antagonistic 

coevolution, which in many cases would extend the process of sensory 

exploitation, is proposed as an arms race in which males initially exploit a femzde 

bias, females build up resistance to the male trait, and males exaggerate the trait 

to overcome the resistance (Holland & Rice 1998; Partridge & Hurst 1998). An 
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antagonistic coevolution model allows for varied predictions of how divergent 

populations should interact (Parker and Partridge 1998; Maddison & Hebets, 

impub.)- One possible prediction of antagonistic coevolution is that females 

could prefer foreign males to their local males if they have evolved resistance to 

the exploitative traits of local males, but not to those of foreign males (Fig. Ic). 

Our approach has been to examine female responses to both local and 

foreign males and compare them to the predictions above, derived from different 

processes of sexual selection. The focus of this study is on a recent diversification 

of jumping spiders on the sky islands of southern Arizona. 

Populations of the jumping spider Habronattus pugillis Griswold occur in 

woodland habitats atop adjacent mountain ranges in southeastern Arizona, 

isolated by the intervening deserts. Among these allopatric populations, medes 

difiier greatly in both their courtship behavior and the related ornamentation, 

cmd yet within a mountain range males are relatively imiform (Maddison & 

McMahon 2000). The courtship displays and ornamentation of many of these 

populations are extravagant with complex leg flicks, palpal rotations, sidling 

behaviors as well as varied and striking colouration and structures of the face 

and forelegs. In contrast, females firom these poptilations are not easily 

distinguishable. Although the woodland habitats may have been continuous 
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among the mountain ranges as recently as about 10,000 years ago, genetic 

isolation of the populations appears to be older (Masta 2000). The current 

restriction of population differences to male secondary sexual ornaments in these 

jumping spiders along with population genetic data suggests that selection and 

in particular sexual selection, is responsible for these population differences 

(Maddison & McMahon 2000; Masta & Maddison in press). Because of the types 

of population differences, the small spatial scale and the potentially small 

temporal scale of this diversification, this system may be driven by some tj^e of 

rapidly-diversifying process of sexual selection, such as antagonistic coevolution. 

In this study, we chose two divergent populations of the jumping spider 

Habronattus pugillis that differ extensively in both male courtship behavior and 

male secondary sexual morphology. We allowed reciprocal mating opportunities 

for individuals ffom both populations and analyzed mating frequencies in order 

to gain insight into the past selection pressures that may have lead to the 

seemingly rapid diversification of this group. 

METHODS 

Based upon the results of a study of 16 populations of Habronattus pugillis in 

southeastern Arizona (Maddison & McMahon 2000), we chose as our focal 
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populations two populations on nearby mountain ranges: the Santa Rita and the 

Atascosa mountains. Choosing a population showing many ancestral traits may 

have been advantageous for some considerations, but we do not know for certain 

which traits are ancestral (Maddison & McMahon 2000), and thus we cannot 

assume that a particular population is ancestral. Even with two independently 

derived populations, it is still possible to make inferences about sexuzd selection 

(Maddison & Hebets, tmpub). Indeed, some of the more intrigiiing possibilities 

{e.g. reciprocal susceptibility to independently evolved exploitative traits) may be 

most likely when both populations show derived traits. At any rate, we chose 

our two populations based upon their having notably distinct behaviors and 

ornamentation (and thus more likely to show measurable response differences) 

and based upon the ease with which spiders could be collected. The two habitats 

are less than 25 km apart. While females from the two populations are virtually 

indistingtiishable, males differ in both morphology and courtship behavior, as 

follows (Maddison & McMahon 2000): 

Santa Rita males - From the front, Santa Rita males have a dark brown foce 

with a white horizontal stripe along the bottom (Maddison & McMahon 2000). 

They have a thin streak of white scales that extends above their anterior eyes. 

The anterior-most pair of walking legs also has pendant fringes of hair. The 

courtship behavior of these males begins with circular rotations of the palps 
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(modified appendages beside the face) (Maddison & McMahon 2000). This palpal 

rotation is tmique to Santa Rita males emd is continued throughout ttie courtship 

display. Males remain mostly stationary in location during courtship until the 

actual approach of the female, which is generally direct. Males occasionally 

engage in an alternating slow leg wave. The final stages of courtship involve the 

male holding his first pciir of legs above the female and flicking the tips. 

Atascosa males - The face of Atascosa males is covered with silver-gray 

scales, except for the lower lateral portion which is yellowish with a few dark 

spots (Maddison & McMahon 2000). The sides of the carapace are swollen. There 

is no eye streak above their anterior eyes as we see in Santa Rita males, but the 

chelicerae are striped. The courtship display of Atascosa males appears much 

more vigorous than Santa Rita males. Males approach females rapidly while 

sidling, which involves moving in large arcs in one direction followed by the 

other with the first pair of legs held above the groimd the entire time (Maddison 

& McMahon 2000). Atascosa males have no palpal circling but, similar to the 

Santa Rita males, they have a vigorous leg flicking during the final stages of their 

courtship. 

Mature males and penultimate femcdes were collected from the Santa Rita 

Moimtains on the 26*^ and 27* of March and 1** of April, 1998 and the S"* of March 



201 

and the 9*^ of April, 2000. Mature males and penultimate females were collected 

firom the Atascosa Mountains on the 26* of March and 9* of April, 1998 and the 

16*^ and 27* of February, the 1", 11*, and 24* of March, and the 18* of April, 2000. 

All individuals were collected firom the field during the day and brought back to 

the laboratory where they were individually housed in 7 dnun polystyrene vials 

with white polyethylene snap cap lids. They were kept on a constant 12L:12D 

cycle and were fed one cabbage looper caterpillar once a week. After females 

molted to maturity, their age was determined by counting the nimiber of days 

that had elapsed since their maturation molt. Females ranging in age from 14-21 

days post maturation molt were randomly assigned and tested with either males 

from their own motmtain range or males from the foreign motmtain range. Most 

males were collected mature emd thus, their age or mating history could not be 

determined. Due to a shortage of meiles, some males were used more than once. 

An equal nvunber of females from both populations were assigned males 

either from the same ("local") or the other ("foreign") population. Each female 

was tested with up to 5 difrerent males from the assigned population, each on 

consecutive days. For each trial, a female was placed in a circular acetate arena 

approximately 9cm in diameter with graph paper lining the bottom. Each female 

was allowed to acclimate in the arena for approximately 1 minute before the 

male was introduced. Males and females were left in the arena together for up to 
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15 minutes during which time all interactions were videotaped. If a male did not 

court within the first 3 minutes, he was removed and a new randomly chosen 

male was introduced. All trials were run between 0900h and 1400h. Interactions 

were allowed to proceed until either the 15 minutes were up or cannibalism or 

copulation occurred; after which point individuals were removed and placed 

back into their respective vials. Once a female mated, she was removed from the 

trial process; however, due to insufficient numbers of males, many males were 

used again after mating, but there was always at least a 5 day rest period. 

We chose to conduct our experiments as sequential versus simultaneous 

choice experiments for three reasons: (1) technically it was simpler to expose a 

female to one male at a time, (2) in the field, it is unlikely that females encounter 

more than one male simultaneously and thus our design is more relevant to 

natural interactions and (3) examining mating responses in this way allows us to 

examine questions of antagonistic coevolution which we would not be able to 

address using relative responses (Maddison & Hebets unpub). 

Since many females were tested more than once, we analyzed our data in 

two different ways. First, we included only the first trials for all females, so that 

each female represented one data point. A Chi-square test was used to determine 

if females were more likely to mate with males firom one range over another. A 
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Chi-square test was also used to assess the male mating advantage: whether a 

male £rom one range had an advantage with a female from a particular range as 

compared to the other. However, the results from first trials represent only a 

fraction of the information in our data, for among females that rejected the first 

male, some continued to reject males, while others quickly accepted an 

alternative male. Thus, in order to make full use of our data, we counted the 

number of trials imtil a female accepted a male of her assigned population as a 

measiure of her readiness to mate with males of that category. This "trial latency 

score" is simply the trial number on which she mated, urUess she did not mate by 

the 5th trial, in which case she was given a trial latency score of 6. This approach 

avoids the problem of pseudoreplication that would exist if we were to measiure 

acceptance proportion summed over all trials for all females. Although trial 

latency is not a direct measure of mating probability, it is likely that continued 

reluctance to mate with males of a category in the wild would correlate well with 

low mating probability with such males. Once trial latency scores for each female 

were assigned, T-tests were conducted for females from each population in order 

to assess whether their average "trial latency" differed when they were paired 

with local versus foreign males. For various reasons (e.g. premature death, 

escape, etc.),^ some females neither mated nor were used 5 times and these 

females were excluded from the analysis. Among females that mated, the time 

from initiation of the trial until mounting by the male was scored as the 
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"copulation latency". Analyses of variance were used on all mating pairs to test 

for differences in copulation latency and copulation duration between females 

6:0m each range. 

In order to distinguish among predictions of the various models of sexual 

selection, we needed to know if the strength of AT female preference for AT 

males was greater than or less than the strength of SR female preference for AT 

males (Maddison & Hebets unpub). The difference in preferences was tested 

using the trial latency data. A one sided t-test was used to test the hj^othesis of z 

• 0, where a new variable, z, was calculated as: 

[(mean trial latency SRxSR)+(mean trial latency ATxAT)l -

[(mean trial latency SRxAT)+(mean trial latency ATxSR)] 

This is derived from equation (3) of Maddison & Hebets (unpub). A z greater 

than 0 would imply that between-population latencies are higher, and thus 

females prefer males of their own population. This is the prediction of models 

such as Fisherian runaway. The variance of z was calculated as; 

(variance SRxSR)+(variance ATxAT)+(variance SRxAT)+(variance ATxSR) 

where the variances are weighted by sample size. Thus, for example, Vciriance 

ATxAT = S(ATxAT)/n(ATxAT), with S being the sample variance for ATxAT 

and n being the sample size. We will refer to this test as the "difference in 

preferences test". 
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RESULTS 

A total of 71 females (Santa Rita (SR)=43 and Atascosa (AT)=:28) and 90 males 

(SR=43 and AT=47) were used in this study in 173 total trials. Sixty-seven percent 

of the males were used more than once with the following break-down: once 

N=31; twice N=20; three times N=15; four times N=16; five times N=5; six times 

N=1 and seven times N=2. The individual male had no effect on whether or not 

the female would mate p(^=0.46, P = 0.5). 

Using orUy the first trial for each female and analyzing the proportion of 

matings for each pair combination, both SR and AT females tended to copulate 

more readily with AT males; however, there was no significant difference in 

mating frequency for either population with local versus foreign males (Fig 2; SR 

females X'=1.76, P>0.05; AT females X^=1.98, P>0.05). 

Using the data on number of trials until mating ("trial latency") however, 

female response to foreign versus local males is significantly different for SR 

females. Eight females fiom each motmtain range were excluded in these 

comparisons because they had not mated and were not used a total of 5 times. SR 

females had a shorter trial latency with foreign males than local males (SRxSR 
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mean trial latency = 3.0, SE=0.45, N=17; SRxAT mean = 1.8, SE=0,44, N=18; {33=-

.21, P=0.04; Fig. 3). AT females showed no difference in trial latency (ATxAT 

mean = 2.3, SE=0.59, N=10; ATxSR mean = 2.9, SE=0.59, N=10; f„=.84, P=0.4; Fig. 

3). Parallel results are obtained by an alternative statistical test: if we ignore for 

the moment the problem of pseudoreplication, the mating ^equencies can be 

simmied over all trials, including the second and subsequent trials for a given 

female. With these combined data, SR females showing significantly higher 

mating frequencies with foreign males compared to local males and AT females 

showing no difference (SR females X^=6.12, P=0.01; AT femedes X^=.43, P=0.12). 

The difiierence of preferences test showed that the lack of significant 

preference of AT females was not due merely to smaller sample size, but in feet 

the SR females preferred AT males significantly more than did AT females (z = 

0.622, SE = 0.304, P<0.025). 

Among trials resulting in mating, there was a significant interaction 

between female origin and male origin with respect to copulation latency, as 

measured in time (minutes) from the onset of male courtship to male moimting 

(female origin F=2.0, p=0.2; male origin F=7.6, P=0.08; female origin*male origin 

F=4.6,P=0.04; Table 1). Santa Rita females took significantly longer to engage in 

copulation with their own males than with AT males. Both AT and SR males 
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took significantly longer to achieve copulation with a SR femsile than with an AT 

female. Males firom both populations insert each of dieir palps once into the 

female's epigynum (genitalia) during the course of a mating. There were no 

differences in the duration of 1" pedpal insertions (female origin p=023, mede 

origin P=0.83, female*mcile origin P=0.83), 2"* palpal insertions (female origin 

P=0.54, male origin P=0.73, female*male origin P=0.49), or total copulation 

duration (female origin P=0.58, male origin P=0.19, female*male origin P=0.65, 

Table 1). 

For all females that copulated, the proportion that mated on their first 

through fifth trials is shown in Figure 4. Two females, SR females paired with 

locals, refused to mate during each of the 5 trials. To examine whether they 

would react differently to AT males, they were presented on subsequent days 

with AT males. One of the females mated with her first AT male; the other with 

her second AT male. Times to copulation for both of these females were used in 

the copulation latency data (Table 1). 

DISCUSSION 

Results of this study are inconsistent with the predictions of a coevolutionary 

process of male trait and female preference evolution such as Fisherian self-
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reinforcing selection (Fig. la vs Fig. 2 & 3). Our results indicate that females from 

one population (SR) mate more readily with foreign males (AT) as compared to 

local males (SR), while the AT females show no clear preference. This pattern is 

hinted by the mating frequency data from first trials only, and is statistically 

significant in the trial latency data (Fig. 2 & 3). Even among those trials in which 

mating occiured, the latency to copulation also suggests that SR females mate 

more readily with foreign AT males than with their own SR males. 

It is possible to see a pattern in which females of one population {e.g., SR) 

mate more frequently with males from a second {e.g., AT) compared to their own 

under a model involving selection for increased female preference such as 

Fisherian runaway (Maddison & Hebets unpublished). However, in order for 

this pattern to be consistent with Fisherian selection, the females of the second 

population (AT) must show an even stronger preference for their own males 

(AT) than do the SR females for AT males (Maddison & Hebets, impubl). In other 

words, under Fisherian selection, if SR femedes prefer AT males, then AT females 

must prefer AT males even more strongly. CXir difference in preferences test 

rejects this hjrpothesis, indicating that indeed the preference shown by SR 

females for AT males is stronger than that shown by AT females. Thus, our 

results are not consistent with the predictions derived from a process like 

runaway selection, which would tend to enhance the female preference for 
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derived male traits through time. Of course, that is not to say that such a process 

has played no a role in this system, only that on its own it cannot explain the 

particular pattern observed. 

The preference by SR females for AT males may be due to the AT males 

having evolved an exploitative trait not possessed by the SR male>. Indeed, 

although the preference by SR females is stronger, there are at least hints for a 

similar preference for AT males by AT females in the mating frequoicy, trial 

latency and copulation latency data. However, sensory exploitation cannot 

accoimt for the whole story, because AT females lack this same preference. A 

simple model of sensory exploitation supposes that males evolve to exploit a pre

existing bias, and that this pre-existing bias is common to all populations or 

species. As such, if males &om one popvilation (AT) have a male trcdt that 

exploits an ancestral female bias, then their own local females (AT) should be 

subject to this same exploitation. Under this scenario, we would expect AT 

females to mate more frequently with their local males (AT) them foreign males 

(SR) (Fig. lb). In addition, diversification driven by sensory exploitation requires 

ecological differentiation between populations. Given ecological differentiation, 

one can imagine different selection pressures on the sensory system resulting in 

different biases. To the best of our knowledge, the habitats atop each of these 

mountain ranges are indistinguishable, or at least show much higher variance 
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within a range than between ranges. An alternative explanation to sensory 

exploitation is that H. pugUlis females simply prefer novel males. However, if a 

preference for novelty were to explain our data, then both populations should 

mate more frequently with foreign males than local males. 

While our results are inconsistent with Fisherian runaway and not fully 

consistent with a simple model of sensory exploitation, they do match one 

potential pattern predicted from a process of antagonistic coevolution (Fig. Ic vs. 

Fig. 3). Our results indicate that females from one population (SR) mate more 

frequently with foreign males than local males, but females from the other 

population (AT) show no difference in mating frequency. This pattern could 

result if AT males have an exploitative trait that caused females to mate 

suboptimally and to which they evolved a resistance. However, because the SR 

males do not have this same exploitative trait, SR females have built up no such 

resistance. Therefore, when SR females are exposed to AT males, they are highly 

susceptible to the exploitative trait of AT males whereas AT females are not. 

Our results represent an asymmetric mating preference, with crosses in 

one direction (to SR females) showing a different pattern than crosses in the 

other direction (to AT females). Asymmetric mating preferences have been 

reported in the context of reproductive isolation (e.g., Kaneshiro 1980), where 
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strength of preference against heterospedfics depends on the direction of the 

cross. This observation is different from ours, which shows foreign males 

actually preferred over local males in one direction. 

Our results clearly suggest that female preferences and male traits are not 

evolving in concert in a positive direction in this system. SR females show a 

stronger preference for AT males than do the AT females themselves, a pattern 

that suggests antagonistic coevolution. A pattern of xenophilia suggestive of 

eintagonistic coevolution was also foimd by Dobzhansky and Streisinger (1944) in 

Drosophila prosaltans, who found Mexican females preferred Brazilian males over 

their own, while Brzizilian females prefer their own males. Results similar to ours 

were also foimd in a study of female preference functions in poeciliid fishes, in 

which Basolo (1998) foimd that the strength of female preference for a sword in a 

genus lacking swords {Priapella) was higher than the strength of female 

preference for a sword in a genus in which swords evolved (Xiphophorus) (Basolo 

1998). To explain her results, Basolo (1998) lists antagonistic coevolution as one 

potential explanation. Antagonistic coevolution is the only sexual selection 

model that directly predicts a decrease in female absolute response (Maddison & 

Hebets impub), while other models make predictions instead about relative 

responses. 
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The critical components of a sexual selection model involving an 

evolutionary arms race include female fitness costs, female resistance, and an 

exploitative male trait (Holland & Rice 1998). While it is tempting to imagine all 

the possible ways in which females may achieve increased resistance, whether it 

be general or specific, our study can say nothing of the mechanisms of resistance 

if it exists. Likewise, our data can also not address issues of female fitness costs 

or exploitative male traits. In order to corroborate that a process of antagonistic 

coevolution is acting to cause rapid diversification of jumping spider 

populations, future work must focus on identifying female costs, resistance, and 

exploitative traits. Not only are detailed studies of female acceptance/rejection 

and associated fitness measures necessary to understand the mechanisms driving 

this system, but future studies including reciprocal crosses of additional 

populations with independent traits are also necessary to provide a broader view 

of how this process may be afiecting the diversification of the group as a whole. 

Although the sexual selection model of antagonistic coevolution (i.£. 

chase-away, Holland & Rice 1998) has been criticized for its two central 

assumptions (males 'sedudng' females to mate suboptimally and females 

building up 'resistance') (Rosenthal & Servedio 1999), some of the predictions of 

chase-away are distinct fiom previous models of s&cual selection (Maddison & 

Hebets tmpub.). While the mechanisms tmderlying the decrease in absolute 
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female response and the selection pressures leading to this decrease have yet to 

be determined for H. pugillis, it is clear that our results thus far allow us to rule 

out the sufficiency of Fisherian selection, indicator mechanisms, and pure 

sensory exploitation, as explanations for this diversification. 
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Table 1. Summary of interpopulation matings, given that copulation occurred 
(female x male) 

SRxSR SRxAT ATxAT ATxSR 
(N=12) (N=20) (N=9) (N=7) 

Mean latency to 4.88±0.65, 1.47±0.48i, 1.99±0.75, 2.41±0.85b 
copulation (min.) 

Mean duration of 0.51±0.05 0.54±0.04 0.62±0.12 0.62±0.06 
1" insertion 
(min.) 

Mean duration of 0.85±0.21 0.72±0.17 0.36±0.65 0.75±0.25 
2"^ insertion 
(min.) 

Mean duration of 1.39±0.19 1.14±0.15 0.85±0.45 1.36±0.24 
copulation (min.) 

Different letters indicate significant differences (SR femeiles p =0.0001, AT 
females p=0.02) 
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FIGURE CAPTIONS 

Figure 1. Patterns predicted under various models of sexual selection for 

interpopulational reciprocal crosses using two divergent populations. (A) 

Fisherian selection predicts females from both populations will mate 

significantly more with their local males. (B) Sensory exploitation alone predicts 

that females from both populations will mate significantly more with males from 

the population in which males have a derived trait that exploits a pre-existing 

female bias. (C) Antagonistic coevolution allows various outcomes, but one 

potential outcome is that females from one population mate more with males 

from a population (Y) with an exploitative male trait, but females from the Y 

population have built up a resistance to the male trait and thus have reduced 

their absolute mating response to their local males. 

Figure 2. Female response as measured by mating frequency during the first trial 

for each female, broken down into responses within populations (to local male) 

and between populations (to foreign male). For Santa Rita (SR) females, local 

refers to SR males and foreign refers to Atascosa (AT) males, and conversely for 

AT females. Difiierent letters indicate sigiuficant differences P<0.05. 
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FIGURE CAPTIONS - Continued 

Figure 3. Female response as measured by trial nimiber in which mating 

occurred ("tried latency"), broken down into responses within population (to local 

male) and between populations (to foreign male). The cut-off was set at 5 trials 

and if a female had not mated by her 5*^ trial, she was given a latency score of 6 

(SRxSR, N=17; SRxAT, N=18; ATxAT, N=10; ATxSR, N=10). Different letters 

indicate significant differences (P<0.05) using a Mest to analyze differences in 

mean latency. 

Figure 4. The proportion of females that mated on their 1" through 5* trials, 

using only females that mated. 
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Figure 1. 

A. Hsherian selection 

Population X Population Y 

B. Sensory exploitation alone 
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C. One example of antagonistic coevolution 
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Figure 3 
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Figure 4. 
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