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Sampling and assessment accuracy in mate choice: a random-walk model of information processing in mating decision
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Mate choice depends on mating preferences and on the manner in which mate-quality information is acquired and used to make decisions. We present a model that describes how these two components of mating decision interact with each other during a comparative evaluation of prospective mates. The model, with its well-explored precedents in psychology and neurophysiology, assumes that decisions are made by the integration over time of noisy information until a stopping-rule criterion is reached. Due to this informational approach, the model builds a coherent theoretical framework for developing an integrated view of functions and mechanisms of mating decisions. From a functional point of view, the model allows us to investigate speed-accuracy tradeoffs in mating decision at both population and individual levels.

It shows that, under strong time constraints, decision makers are expected to make fast and frugal decisions and to optimally trade off population-sampling accuracy (i.e. the number of sampled males) against individual-assessment accuracy (i.e. the time spent for evaluating each mate).

From the proximate-mechanism point of view, the model makes testable predictions on the interactions of mating preferences and choosiness in different contexts and it might be of compelling empirical utility for a context-independent description of mating preference strength.

Introduction

Mate choice is one of the main mechanisms of sexual selection and one of the main causes for the evolution of the most conspicuous and extravagant phenotypic traits observed in nature [START_REF] Andersson | Sexual Selection[END_REF]. For this reason, for over three decades, mate choice has been the object of intense theoretical and empirical investigations, but, nevertheless the effort, mate choice still remains one of the most controversial topics in evolutionary biology [START_REF] Ryan | Mate choice[END_REF]). Mate choice depends on the individual mating preferences and on the extent to which these preferences are expressed [START_REF] Jennions | Variation in mate choice and mating preferences: A review of causes and consequences[END_REF][START_REF] Widemo | Beauty in the eye of the beholder: causes and consequences of variation in mating preferences[END_REF]. Depending on which of these components of mate choice is emphasised, we may recognise two different theoretical approaches to the study of mate choice, which we name, respectively, the "descriptive" and the "normative" approach.

The descriptive approach focuses on mating preferences, that is, on the relationship between the cues that individuals of the choosing sex (active mates, thereafter females) attend to in individuals of the other sex (passive mates, thereafter males) and the underlying qualities signalled by these cues [START_REF] Andersson | Sexual Selection[END_REF]. Mating preferences are often expressed in terms of preference functions, neural algorithms that allow females to map prospective mates on a onedimensional scale of absolute (context-independent) values, according to which mating decisions are taken [START_REF] Castellano | Reconciling sexual selection to species recognition: A process-based model of mating decision[END_REF][START_REF] Kirkpatrick | Mate choice rules in animals[END_REF]. The preference functions are viewed as phenotypic traits that empiricists have tried to measure and describe under experimentally controlled conditions and that theoreticians have implicitly assumed in order to investigate the co-evolutionary dynamics of mating communication systems [START_REF] Andersson | Sexual Selection[END_REF][START_REF] Arnquvist | Sexual Conflict[END_REF].

For over three decades, the descriptive approach has played the most influential role in guiding research in sexual selection and to it we owe most of past and recent advances in the field [START_REF] Andersson | Sexual Selection[END_REF]. However, there is more to mate choice than simply the expression of mating preferences and this is the way females collect information about prospective mates and the way they make decisions once information has been obtained [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF][START_REF] Bateson | Comparative evaluation and its implication for mate choice[END_REF].

The "normative" approach takes a more explicit informational stance and views mate choice as an information-gathering decision process. Researchers adopting this approach do not aim at describing the association between mating decision and mating-signal variation, but they focus on the underlying mechanisms responsible for this association, trying to understand the tactical rules that females use for sampling prospective mates, for assessing their quality and for making mating decisions [START_REF] Parker | Searching for mates[END_REF][START_REF] Parker | Mate quality and mating decisions[END_REF][START_REF] Janetos | Strategies of female choice: a theoretical analysis[END_REF][START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF][START_REF] Bateson | Comparative evaluation and its implication for mate choice[END_REF][START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF]).

The classic "normative" models explain mating decision rules on the basis of how information is collected [START_REF] Janetos | Strategies of female choice: a theoretical analysis[END_REF][START_REF] Parker | Mate quality and mating decisions[END_REF][START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF]). These models identify two main sampling tactics: the sequential search tactic and the fixed sample search tactic. Females that employ the sequential search tactic are assumed to sample prospective mates until they find a male, whose quality equals or exceeds a certain threshold. Females that employ the fixed sample search tactic are assumed to sample a certain number of prospective partners and to choose the best one (bestof-n tactic, [START_REF] Janetos | Strategies of female choice: a theoretical analysis[END_REF][START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF]). Whether, in both models, the searching cost is the same and is proportional to the actual (fixed sample search) or expected (sequential search) sample size, the decision mechanism is thought to differ: when females adopt the sequential-search tactic, they choose on the basis of an absolute criterion, whereas when they adopt the fixedsample tactic, they compare prospective mates and choose on the basis of a relative evaluation criterion [START_REF] Bateson | Comparative evaluation and its implication for mate choice[END_REF].

In their classic formulation [START_REF] Janetos | Strategies of female choice: a theoretical analysis[END_REF][START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF]), fixed-sample and sequential-search models assume that there is no uncertainty in the decision process, thus, that females can assess mate quality without error. To overcome the limits of this unrealistic assumption, [START_REF] Wiegmann | Mate choice and uncertainty in the decision process[END_REF] elaborated a model in which females could evaluate only a subset of a male's attributes that contributed to female fitness. They assumed that the observed and unobserved male attributes were jointly distributed, so that the expected fitness benefits of females were a random, rather than deterministic, variable of the model. They showed that randomness did not change the behaviour of both fixed-sample and sequential-search models of mate choice, provided that the expected benefits of choice increased monotonically with the observed male attribute. To introduce uncertainty in mate choice, [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF] assumed that male attractiveness (the female's perception of mate quality) was the sum of a deterministic component, the mean attractiveness of a male, and a stochastic component whose mean was zero and whose variance described the assumed level of uncertainty in perception. In both [START_REF] Wiegmann | Mate choice and uncertainty in the decision process[END_REF] and [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF] models, females had no control on the quality of acquired information, that is, on the accuracy with which they evaluated prospective mates.

Since in humans [START_REF] Busemeyer | Decision field theory: a dynamic-cognitive approach to decision making in an uncertain environment[END_REF] and in other animals as well (review in [START_REF] Chittka | Speed-accuracy tradeoffs in animal decision making[END_REF], accuracy in decision making depends on the evaluation time, it seems plausible that a "normative" model of mate choice should relate female fitness not only to the accuracy with which females sample the male population ('sampling accuracy'), but also to the accuracy with which they evaluate each prospective mate ('assessment accuracy'). [START_REF] Luttbeg | A comparative Bayes tactic for mate assessment and choice[END_REF][START_REF] Luttbeg | Assessing the robustness and optimality of alternative decision rules with varying assumptions[END_REF] presented a model of 'comparative Bayes' choice in which females have control over the accuracy of their mate evaluation. In this model, females were assumed to have an uncertain prior estimate of the quality of each male, and, at any step of the decision process, they could decide either to use the available information and choose their mate or to further reduce uncertainty and continue the quality assessment of prospective mates.

In this paper, we aim at unifying into a single theoretical framework the descriptive and the normative models of mate choice. To do this, we present a model in which mating decision depends on mating preferences (the 'descriptive' component of the model) and on the mechanisms and the rules of information processing (the 'normative' component). As in [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF], mate choice derives from the interaction between a stochastic decision variable (the internal representation of male attractiveness) and a decision rule (the criterion that leads to a categorical choice), but unlike in [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF], the decision variable is a dynamic rather than a static entity and it is thought to accommodate multiple pieces of noisy evidence over time.

As in [START_REF] Luttbeg | A comparative Bayes tactic for mate assessment and choice[END_REF], females have control over the accuracy of their evaluation: in Luttbeg's model, females may control the amount of information because they are allowed to postpone mate choice and to continue evaluation; in our model, females control the amount of information by choosing the acceptance threshold and, thus, the time they will spend in evaluating prospective mates. By considering the decision variable as a dynamic component of the model, the model allows us to analyze the effects of speed-accuracy tradeoffs on optimal decision making. This model shares important features with a class of random-walk models, known in psychological literature as sequential-sampling models, which have been developed to study how humans make decisions [START_REF] Busemeyer | Decision field theory: a dynamic-cognitive approach to decision making in an uncertain environment[END_REF][START_REF] Smith | Psychology and Neurobiology of simple decisions[END_REF]) and which have been recently introduced in neurobiology to explain the neural basis of decision making [START_REF] Bogacz | Optimal decision-making theories: linking neurobiology with behaviour[END_REF][START_REF] Gold | The neural basis of decision making[END_REF]. The term "sequential-sampling", first adopted by cognitive psychologists to describe these models [START_REF] Townsend | Stochastic modeling of elementary psychological processes[END_REF]review in Gold and Shadlen 2007;[START_REF] Otter | Sequential sampling model of choice: some recent advances[END_REF], does not refer to the sampling mechanism of prospective mates (that is, comparative versus sequential search), but to the mechanism of decision making (the sequential integration of noisy sensory information over time until a bound is reached). In the present paper, to prevent semantic confusion, we abandon the term "sequential-sampling", which in behavioural ecology is often used as synonymous of sequential mate choice [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF]), and use the term "random-walk" that better describe the stochastic process of information gathering during simultaneous evaluation of prospective mates.

A random-walk model of information gathering and processing.

Our model has been devised to explain mate choice in leks or in mating systems where a simultaneous evaluation of prospective mates is possible. It assumes that decisions are made by integrating noisy stimuli over time until a stopping-rule criterion is reached. During the evaluation of several prospective mates, a female is thought to associate to each alternative a "counter", which accumulates and stores the supporting evidence for that alternative. From a theoretical point of view, a "counter" is simply the mathematical object responsible for the integration of noisy information. The "counters" race to the predefined acceptance threshold and that reaching the threshold first wins and determines female choice [START_REF] Smith | Psychology and Neurobiology of simple decisions[END_REF].

From a biological point of view, "counters" may represent neural devices directly involved in decision making. In fact, recent studies on the neurophysiology of decision making in monkeys (reviewed in [START_REF] Schall | Neural basis of deciding, choosing and acting[END_REF][START_REF] Gold | The neural basis of decision making[END_REF] have shown that the firing rates of neurons involved in decision making closely resemble the pattern of evidence accumulation as predicted by random-walk models used by psychologists to describe behavioural decisions in humans [START_REF] Churchland | Decision-making with multiple alternatives[END_REF].

The model assumes that information accumulates on each counter at discrete time and in discrete units. A female is assumed to carry out a repeated sequential scanning of prospective mates: at time t, the female focuses attention on a first male (randomly chosen among the sample of n prospective mates), which may either cause the counter to increase of one unit (further evidence for the male being an appropriate mate) or leave the counter unchanged (no evidence that the male is an appropriate mate). At time t+1, the female passes to consider a second male, at time t+2 she considers a third male and she continues in this way until all n males have been considered. At time t+n the female will start a new scanning session. The sequential scanning is random and independent of the quality of males. At any step of the evaluation process, the probability that a counter would increase of one unit depends only on males (that is, on their attractiveness, see below), but not on females, which are assumed to have no control over this process. Females stop scanning either when one of the counters associated to the prospective mates reaches the acceptance threshold or when all prospective mates have been evaluated for a maximum number of times, T, but none of the counters reaches the acceptance threshold. In the first case, females make a choice. In the latter case, females do not choose and start evaluating a new set of males. From this assumption it derives that the larger the number of males that are evaluated, the slower the race and the longer the time required to reach a given threshold (the response time, RT). Furthermore, the unforced-choice assumption makes the model gain in generality. Indeed, both the fixed-sample and the sequential-search models may be derived from it, by setting a very large time horizon, T, or by imposing the maximum number of sampled males, n, to be one.

Saturation-time distribution

Consider a population of males that can be characterized by a quality ( )

1 , 0 ∈ q
, with a given probability distribution. Females can assess male quality q only indirectly, by evaluating a trait that covaries with q. We define the 'attractiveness function', a=A(q), as the perceived attractiveness of q, that is, the probability that a male displaying the trait corresponding to the quality q be perceived as an appropriate mate by the female during a single assessment. The perceived male attractiveness has thus a probability distribution f(a) and a cumulative distribution function F(a), induced by the corresponding distribution of male qualities. The maximum number of supporting evidence for each male is T, it is independent of the attractiveness a and it equals the maximum number of time bins used to assess the quality of a male
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represent the acceptance threshold. Then the probability that the counter associated to a male of attractiveness a reaches the acceptance threshold after x evaluations is

p s (x | a) = x -1 s -1 ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ a s (1-a) x-s , (1) 
where
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is the binomial coefficient. To prove this relation, notice that the probability that the counter score is s after x evaluations is given by the probability that it scores exactly s-1 after x-1 evaluations multiplied by the probability a that the counter adds a positive response at the x evaluation, so that saturation occurs exactly at x. On the other hand, the probability that the counter scores s-1 before the x evaluation is given by the probability to have s-1 successes in x-1 repeated independent trials, and this yields the formula above.

For a given stimulus of attractiveness a, the expected number of evaluations to attain saturation of the response is

xp s (x | a) x≥ s ∑ = s a ,
and is inversely proportional to a: the higher is the attractiveness of a male, the earlier it reaches the saturation threshold. Formula (1) allows to define a probability distribution on the set of possible saturation events as follows

g s (x) = p s (x | a) f (a) a ∑ , (2) 
and we denote by G s (x) the corresponding cumulative distribution.

We now compute the probability that a given saturation event x is the shortest in a random sample (x 1 ,…, x n ) of n independent observations of saturation events (and hence, of males). We have

Pr(x < min(x 1 ,…, x n )) = Pr( x < x 1 ) … Pr( x < x n ) = (1-Pr( x ≥ x 1 )) … (1-Pr( x ≥ x n )) = (1-G s (x)) n .
Hence, defining by g s,n (x)=Pr(x =min(x 1 ,…, x n )) and G s,n (x) the probability distribution and the cumulative distribution of the shortest saturation event in a sample of n males , we have by the above formula

G s,n (x) = Pr(x ≥ min(x 1 ,…, x n )) =1-Pr(x < min(x 1 ,…, x n )) =1 -(1-G s (x)) n . ( 3 
)
The male is chosen by the female only if the saturation event occurs before or at the maximum time T allocated to each male. Correspondingly, we are interested in the conditional probability

g s,n (x |T)=Pr(x =min(x 1 ,…, x n ) | min(x 1 ,…, x n ) ≤ T). Since Pr(min(x 1 ,…, x n ) ≤ T) = G s,n (T), we have ⎪ ⎩ ⎪ ⎨ ⎧ ≤ > = T x T G x g T x T x g n s n s n s ) ( ) ( 0 ) | ( , , ,
We may now finally compute the probability that a male of attractiveness a is chosen in a random sample of n individuals. Denoting the corresponding distribution function by h s,n (a|T),
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Female fitness is the expected quality of the chosen male minus the cost of evaluation, which we assume to be proportional to the evaluation time. The expected chosen quality is zero if no choice is made, i.e., if no male reaches the threshold before or at the maximum time T allocated to each male: the associated cost is proportional to the total evaluation time nT, and is given by cnT, where c>0 is a positive constant that represents the rate with which fitness decreases during evaluation. Conversely, when the threshold is actually reached by some male before its allocated time T, the expected chosen quality is
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where A(q) is the attractiveness of a male of quality q. The associated cost is proportional to the total average evaluation time, and is given by
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Now, the choice is actually made if a saturation event occurs before time nT, which occurs with probability G s,n (T). Hence, the female fitness is given by the expression
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The above relation holds under the assumption that, if after one evaluation session the female does not choose, then the search is over. Assume now that, if no male reaches the saturation threshold after T scanning, the female starts another evaluation session. Writing ,,( , for the expected prize when the female chooses a male, cnT L = for the loss when no mate is chosen and
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for the probability of actually choosing at each evaluation session, the probability that the choice is made after k+1 evaluation sessions is p(1-p) k . It follows that the expected fitness is
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We now use this model to investigate how female mating behaviour can be affected (i) by the costs associated to the evaluation of prospective mates and (ii) by the relationship between perceived and actual mate qualities.

The effects of costs on female mating decision.

Our model of mating decision assumes that the evaluation time is the only cost. Time imposes to females both direct and opportunity costs (sensu [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF]). Examples of direct costs are predation risk and expenditure of energy that increase proportionally to the time spent by females at the breeding site. Whereas an example of opportunity cost is the loss of available mates due to their emigration, death, or loss of mating status. To investigate how searching costs may affect optimal mating decisions, we carried out simulations in which females, although constrained to a fixed maximum number of evaluations T for making decision, could maximize their expected fitness by choosing both s, the acceptance threshold, and n, the number of males. In these simulations, males are assumed to have quality ( )

1 , 0 ∈ q , with probability distribution ( ) ∑ - - = ) 1 ( 1 ) ( q q q q q f
, and q is also the probability that the male be perceived as an appropriate mate by the female during a single assessment (i.e. a=A(q)=q). The rate of decreasing fitness during evaluation (the parameter c in Equation 5) was made to vary between 0.01*10 -4 to 51.01*10 -4 by steps of 3*10 -4 .

Figure 1a-d shows results of these simulations. When costs are very low (c = 0.01*10 -4 ), decision time is not a strong constraint and females can afford high acceptance thresholds (s = 49), very close to the maximum evaluation time (T = 50). Since only the best quality males can reach these high thresholds, the optimal female strategy is to evaluate one male at a time. In fact, as a numerical example, consider the case where females must choose among a sample of N = 20 males and adopt an acceptance threshold of s = 49, with a maximum evaluation time of T = 50.

If females evaluated all males simultaneously, then the decision time would vary between 961 = N (s -1) + 1 and 1000 = NT time units, with mean 980.5 time units. The expected mate quality would be 0.9384. In contrast, if females evaluated one male at a time, the decision time would be much shorter, ranging between 49 and 1000 time units, with a mean of 524.5 time units, whereas the expected mate quality would decrease imperceptibly (the difference being less than 0.0001). Nevertheless the low costs of decision time, females would do better by evaluating one male at a time. As the searching costs slightly increase (c = 3.01*10 -4 ), females drastically reduce the acceptance threshold (s = 10), but augment the number of males that are simultaneously evaluated (N =16). Like in the previous example, both costs and benefits increase with increasing N, but, in this case, costs increase at slower rates than benefits. In fact, for s = 10 and N = 1, the expected evaluation time is 26.82 unit time and the expected mate quality is 0.5412, whereas for N = 2, the expected evaluation time is 34.82 time units and the expected mate quality is 0.6212. The marginal benefits (0.08) of evaluating two instead of one male at a time overcome the marginal costs (8×0.000301 = 0.002408), and the difference between marginal benefits and marginal costs increases with increasing N up to a maximum of N =16, which represents the optimal female sampling strategy.

Further increases in searching costs force females to reduce both the number of males that are evaluated and the acceptance threshold. Such fast and frugal choice constrains the accuracy with which females select prospective mates and it results in a reduction of mates' expected quality (Fig. 1d).

Perceived attractiveness of signals and mating decision.

So far we have made the simplistic assumption that the probability that a male be perceived as an appropriate mate during a single assessment is directly proportional to his quality q. There are several reasons why this assumption is likely to be unrealistic. If mate quality is inferred from mating signals, the conflict between low and high quality signallers is expected to reduce the total amount of honest information conveyed through the communication system. In these cases, signals are expected to vary monotonically with signaller quality, but not linearly [START_REF] Johnstone | Honest signalling, perceptual error and the evolution of all-or-nothing displays[END_REF][START_REF] Gualla | Is there a role for amplifiers in sexual selection?[END_REF], Castellano 2009b). Independent of the signaller strategy, a non-linear relationship between the quality and the perceived attractiveness of males may arise by a non-linear response of the females' neuro-sensory system to the variation in signal property. For example, in Hyla versicolor, it has been shown that the strength of the preference for the longer of two calls decreases with the increase of the call durations presented [START_REF] Gerhardt | Female preference functions based on call duration in the gray tree frog (Hyla versicolor)[END_REF], suggesting that the strength of attraction of a call increased logarithmically with increasing call duration [START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF]. For these reasons, now we relax the assumption of linearity between mate quality and attractiveness and we investigate how alternative monotonic attractiveness functions may affect the optimal female mating strategy. is increased much more than that of both lower-than-average and higher-than-average quality males. For this reason, a concave attractiveness function is expected to favour decision strategies that increase accuracy (high acceptance threshold) at the detriment of the number of males that are simultaneously evaluated. In contrast, since a convex attractiveness function has the opposite effect of amplifying the differences between high-and low-quality males by making most males unattractive to females, it favours decision strategies that maximize the sample size of prospective mates at the detriment of the accuracy with which these mates are evaluated (the acceptance threshold). From a female point of view, a convex attractiveness function seems to be preferable to a concave function because it markedly increases the expected mate quality without sensibly increasing searching time. This is not to say, however, that a convex attractiveness function is more likely to be a stable evolutionary strategy than a concave attractiveness function. In fact, as we mentioned above, the relationship between the quality of a prospective mate and his perceived attractiveness depends not only on the characteristics of the neuro-sensory system of females, but also on the signalling strategy of males. Selection on females neuro-sensory systems are expected to conflict with selection on males' signalling behaviour and the evolutionary stable communication strategy is unlikely to maximize the fitness payoffs of either sexes.

Mating recognition and preferences

In the previous section, we have defined with the term 'attractiveness function' the relation between quality and perceived attractiveness of prospective mates and we have used this concept to study optimality of female mating decisions. Females, however, assess male quality only indirectly through the evaluation of some correlated phenotypic traits. Alike females, researchers are usually unaware of male quality and they can only describe how female preferences vary with variation in a male trait. In this section, we use the random-walk model of choice to investigate the relationships between mate choice and the experimental paradigms that are used to measure female preferences. To this purpose, we denote by a=Ã(z) the probability that a male displaying the trait z be perceived as an appropriate mate during a single assessment. Since Ã(z) describes the relationship between a male's trait and his perceived attractiveness in a way that is independent of both the evaluation time and the choice context, it may be viewed as the analogue of a 'preference function' (sensu Jennions and Petrie 1997).

The attractiveness function proper can be written now as A(q)=Ã(Z(q)), where z=Z(q) describes the relationship between the quality q and the phenotypic trait z. Although attractiveness is assumed to increase with the quality q, it might not do so with the trait z. Indeed, the monotonicity assumption on A(q) imposes no constraints on the shape of Ã(z), but can be satisfied for instance when Ã(z) and Z(q) are either both unimodal functions or both increasingor decreasing-monotonic functions.

Ideally, empirical methods in the study of mate choice should be able to provide a contextindependent estimate of female mating preferences. Practically, this means that they should be able to describe the preference function Ã(z). Several of these methods have been proposed

(review in [START_REF] Wagner | Measuring female mating preferences[END_REF][START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF][START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF]. In particular, we focus on three methods: the one-choice recognition test, the forced two-choice discrimination test and the latency-ratio test [START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF]. Now, we use our model of mating decision to analyse advantages and disadvantages of these methodologies and to make testable predictions on how preference functions affect mating decisions in different choice contexts.

In a recognition test, the stimuli are presented to females once at time and the strength of a stimulus attraction is defined as the relative frequency of responding females (i.e. the probability of positive phonotaxis response) [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF]). From our model, the expected frequency of responding females can be derived from Eqn. 4 by noting that h s,1 (a) = h s,1 (a | T)G s (T) and that g s,1 (x) = g s (x) = p s (x | a). In a recognition test, thus,

h s,1 (a) = h s,1 (a | T)G s (T) = p s (x | a) = G s (T) x≥s T ∑ .
In Fig. 3a, b, we plot the recognition functions (RF(a) = h s,1 (a)) of two hypothetical signals for which females show, respectively, an unimodal and a monotonic preference function (a=Ã(z)).

RFs and Ã, though qualitatively similar to each other, are not linearly related, because RFs tend to overestimate the preference functions. In fact, a bell-shaped à results in a square-shaped RF, whereas a linear à results in a steep sigmoid RF.

In the forced two-choice discrimination test, the experimental stimuli are presented in pairs and the strength of attraction of a focal stimulus is defined as the relative frequency of females that choose that stimulus over the alternative. In these cases, researchers may keep fixed one of the two stimuli and change the other [START_REF] Ritchie | The shape of female mating preferences[END_REF] or they may change both [START_REF] Shaw | Interspecific genetics of mate recognition: inheritance of female acoustic preference in Hawaiian crickets[END_REF].

In our model, the probability that a female prefers the focal stimulus a over the fixed alternative a r in a forced two-choice discrimination test is:

∑ = = T s x s s s s x g a x p x g T G a d ) ( ) | ( ) ( ) ( 2 1 ) ( 2 , 2 ,
In Fig. 3c,d, we show the two-choice discrimination functions (DF) that are expected under either a bell-shaped (Fig. 3c) or a linear (Fig. 3d) preference function, when the fixed alternative has a preference score close to unity. As observed for recognition tests, also in two-choice tests, the preference functions Ã(z) and the discrimination functions DF are qualitatively similar to each other, although they clearly differ in their fine structure.

Both recognition and discrimination tests fail to describe preference functions accurately, but the systematic errors that these methods introduce are different. The error of recognition tests is the consequence of their low resolution power that makes traits appear more similar to each others than they actually are. The error of discrimination tests is exactly the opposite in that these tests underestimate the attractiveness of the least attractive trait and this systematic error increases as the differences in attractiveness between the two alternatives decreases.

The third methods for describing preference functions is the 'latency-ratio test' [START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF]. Unlike the previous methods, this method is based not only on whether and how females respond but also on the time they employ to express their choice. [START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF] used a single-stimulus design and calculate the strength of attraction (the "phonotaxis score") as the time required by females to respond to that stimulus relative to the time required to respond to a fixed alternative. The phonotaxis score of a focal stimulus is zero when the stimulus fails to elicit a phonotaxis response, it is smaller than one when the focal-stimulus latency is longer than the fixed-alternative latency, and it is greater than one when the focalstimulus latency is shorter than that of the alternative. If we assume the time employed to respond to a stimulus (i.e. the average latency) to be proportional to the total average evaluation time then its expected value is

l(a | T) = k x⋅ g s (x | T) x≥s T ∑ = k x⋅ g s (x) x≥s T ∑ G s (T) = k x⋅ p s (x | a) x≥s T ∑ G s (T) .
From the identity 1) , it follows that as G s (T) tends to unity, l(a|T) tends to ks/a. Given a highly attractive reference stimulus a r , with an associated latency

x p s (x | a) x≥s T ∑ = s a G s+1 (T +
r r r a ks a l T a l / ) ( ) | ( ≅ ≅
, the phonotaxis score of the focal stimulus a is:

S(a) ≅ ks a r l(a | T) G s (T)
In the special case of G s (T) ≅ 1, the phonotaxis score of the stimulus a becomes r a a a S / ) ( ≅ .

In Fig. 3e,f, we plot the Phonotaxis-Score Function (PSF) of the monotonic and unimodal preference functions. Since in these simulations the preference score of the fixed alternative is close to unity, we observe that, for high Ã(z), PSFs and Ã(z) are equivalent, whereas for low Ã(z), PSF underestimates Ã(z).

Discussion

Our random-walk model of mate choice derives its theoretical framework and some of its assumptions directly from models developed over the last 30 years in mathematical psychology to explain behavioural decisions in humans [START_REF] Busemeyer | Decision field theory: a dynamic-cognitive approach to decision making in an uncertain environment[END_REF][START_REF] Luce | Response times: their role in inferring elementary mental organisation[END_REF][START_REF] Ratcliff | A theory of memory retrieval[END_REF]). These same models have been used in neurophysiology to provide a quantitative link between behavioural decisions and the differential firing rates of neurons coding for selected and nonselected alternatives [START_REF] Glimcher | Decisions, Uncertainty, and the Brain[END_REF][START_REF] Ratcliff | Putting noise into neurophysiological models of simple decision making[END_REF][START_REF] Shadlen | Neural basis of a perceptual decision in the parietal cortex (area LIP) of the rhesus monkey[END_REF][START_REF] Smith | Psychology and Neurobiology of simple decisions[END_REF]) and they have been recently introduced in behavioural ecology to study the speed-accuracy tradeoffs in animal decision making [START_REF] Trimmer | Mammalian choices: combining fast-but-inaccurate and slow-butaccurate decision making systems[END_REF][START_REF] Chittka | Speed-accuracy tradeoffs in animal decision making[END_REF].

All these models assume that information from both the environment and the sensory systems is inherently noisy and that decision makers accommodate multiple pieces of such noisy information over time until the amount of evidence exceeds some critic threshold [START_REF] Gold | The neural basis of decision making[END_REF]. According to these models, decision is a deliberative process that results by applying a decision rule to a set of decision variables. In our model, the decision variable is the accumulating evidence in support of multiple prospective mates, whereas the decision rule is the commitment to the male whose perceived attractiveness equals the acceptance threshold. Since the model views mate choice as a process of bounded accumulation of information over time, it allows us to make predictions about both the ultimate causes and the proximate mechanisms of female mating decisions.

Speed-accuracy tradeoffs and optimal decision making in mate choice.

All mate-choice models assume females to optimally trade off benefits (the expected quality of a mate) for costs (the effort of searching and evaluating prospective mates). In most cases time is implicitly associated to the costs of making decision. For example, in the best-of-n models, the optimal sample size is that for which the marginal benefits of adding one more male to the sample overcome the costs due to the time spent to find him [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF][START_REF] Wiegmann | Some distinguishing features of models of search behaviour and mate choice[END_REF].

Similarly, in the 'classic' sequential mate choice model, the optimal quality threshold is that for which the expected mate quality equates the fitness costs due to time (the number of searches) that is needed to find an acceptable mate [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF][START_REF] Wiegmann | Some distinguishing features of models of search behaviour and mate choice[END_REF]. Both these models, however, make no explicit relations between costs and time and thus they can make only qualitative, but not quantitative predictions of its effects on optimal mate choice. Furthermore, in these models, time and the associated searching costs constrain the accuracy with which the entire population of prospective mates is sampled, but they have no effects on the accuracy with which the quality of each single mate is assessed, which is often assumed to be revealed without error (but see [START_REF] Wiegmann | Mate choice and uncertainty in the decision process[END_REF]. In contrast, our model allows females to choose both the number of males and the acceptance threshold and, thus, it permits to analyse separately the effects of 'mate-sampling' errors and 'mate-assessment' errors on female fitness.

Mate-sampling errors are inversely related to n, the mean number of males that are evaluated before a decision is taken. Mate-assessment errors are inversely related to the acceptance threshold, the higher the acceptance thresholds the lower the errors. The model suggests that, even in mating systems where females can simultaneously evaluate a large number of prospective mates, the time-related costs would force them to sample just a small portion of the male population. Since time is costly and accuracy often a luxury, during mate evaluation females are expected to optimally trade off sampling errors against assessment errors. The optimal tradeoffs between sampling and assessment errors is expected to depend on the shape of the attractiveness function (i.e. the relationships between mate quality and perceived mate attractiveness, not to be confused with the preference function, the relationship between a mate trait and its perceived attractiveness). Provided that mate choice would be an evolutionary stable mating strategy only when choosing females are expected to mate with higher-than-average quality males, when the increment in attractiveness of a mate decreases with his increasing quality (i.e. concave attractiveness function), females are expected to maximize assessment accuracy (high acceptance threshold) to the detriment of sampling accuracy (low n). In contrast, when the increment in attractiveness increases with quality (convex attractiveness function), even under low acceptance threshold females can efficiently discriminate between higher-than-average and lower-than-average quality males and, thus, they are expected to increase mate sample size and to reduce time allocated to the evaluation of a single prospective mate.

The shape of the quality-attractiveness relationship have direct effects on female sampling accuracy and thus on female fitness. Such relationship, however, depends not only on the female neuro-sensory system but also on the male advertising strategy. Theory suggests that perceptual errors in sexual communication may favour either the emergence of stereotyped displays [START_REF] Johnstone | Honest signalling, perceptual error and the evolution of all-or-nothing displays[END_REF][START_REF] Johnstone | Multiple displays in animal communication: 'Backup signals' and 'multiple messages[END_REF][START_REF] Gualla | Is there a role for amplifiers in sexual selection?[END_REF] or the evolution of alternative advertising tactics (Castellano 2009b) that would further reduce the amount of honest information conveyed by mating signals. Such a reduction, in turn, should improve assessment accuracy at the detriment of sampling accuracy. Indeed, the few studies that have investigated mate sampling in lekking and chorusing species have provided evidence that females simultaneously assess a small number of males [START_REF] Grafe | Costs and benefits of mate choice in the lek-breeding reed frog, Hyperolius marmoratus[END_REF][START_REF] Murphy | Mate sampling by female barking treefrgos (Hyla gratiosa)[END_REF] for a relatively short time [START_REF] Schwartz | How long do females really listen? Assessment time for female mate choice in the grey treefrog, Hyla versicolor[END_REF]) before making decision.

Preference functions and the proximate mechanisms of recognition and discrimination.

In the Introduction, we have argued that most models of mate choice may be classified as either 'descriptive' or 'normative' depending on whether they focus on the one-dimensional scale of values that female use to rank prospective mates (the 'preference function') rather than on the set of rules that control for the expression of this preference function ('choosiness') . But to what extent are these two components of mate choice, preference functions and choosiness, real and distinguishable entities of the decisional process? Is the female's internal representation of mate attractiveness independent of both female's external contexts and internal states? These are empirical questions, but, to be addressed, they need a theoretical model that could make testable predictions on how preferences are expressed under different contexts.

Static models of decision making view this internal representation as the equivalent of a decision variable, that is, a quantity that is interpreted by the decision rule to produce a choice [START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF]). In our model, as well as in other dynamic models of decision making [START_REF] Busemeyer | Decision field theory: a dynamic-cognitive approach to decision making in an uncertain environment[END_REF][START_REF] Castellano | The computational mechanisms of mate choice[END_REF], female choice is viewed in the framework of bounded accumulation of evidence rather than in terms of absolute (i.e. context independent) values that are assigned to each of the available alternatives. In these models, the decision variable (the amount of evidence supporting a choice) depends on time and, possibly, on the choice context, whereas the accumulating rate of evidence (the strength of preference or 'attractiveness function') is independent of both time and context and, for this reason, it may be viewed as the analogue of (though not equivalent to) a preference function.

The shift from a static to a dynamic view of the process underlying mating decisions affects also the way we interpret female behaviour under different contexts and tasks. When choosing a mate, females must solve the two potentially conflicting tasks of recognising the appropriate structure. Not surprisingly, the empirical method that better described preference functions was that proposed by [START_REF] Bush | Pattern recognition and call preferences in treefrogs (anura: Hylidae): a quantitative analysis using a no-choice paradigm[END_REF], based upon the relative measurements of time responses.

Although not always easily feasible, empiricists interested in describing how female preferences vary with variation in the preferred trait should focus on behavioural traits that measure the time females need to reach mating decision (i.e. the female's reaction time to mating stimuli).

In conclusion, our model of mating decision may be useful to both the empirical and theoretical research in sexual selection and mate choice. With its clear links with psychological and neurophysiological models of decision making (review in [START_REF] Smith | Psychology and Neurobiology of simple decisions[END_REF][START_REF] Bogacz | Optimal decision-making theories: linking neurobiology with behaviour[END_REF][START_REF] Gold | The neural basis of decision making[END_REF], our model may help behavioural ecologists in describing the patterns and measuring the strength of mating preferences. With its strong ties to evolutionary models of choice [START_REF] Real | Search theory and mate choice. I. Models of single-sex discrimination[END_REF][START_REF] Johnstone | Multiple displays in animal communication: 'Backup signals' and 'multiple messages[END_REF][START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF][START_REF] Gualla | Is there a role for amplifiers in sexual selection?[END_REF], it may help understanding the functional significance of female decision rules. Ultimately, we view this model as a first attempt for building a coherent theoretical framework within which it may be possible to develop a more integrated view of the proximate mechanisms of information processing and of the ultimate reasons of mating tactics and strategies.

FIGURE CAPTIONS

FIGURE 1. The effects of costs on female mating strategies. In these simulations, the rate of fitness loss per time units (i.e. the parameter c in Equation 5) was made to vary from 10 -6 to 51.01 * 10 -4 by steps of 3*10 -4 . (a) When costs are close to zero (c = 10 -6 fitness loss per time unit), females evaluate only a male at time and use high acceptance threshold in order to make highly accurate evaluations. The number of prospective mates (n) that are simultaneously evaluated shows a maximum when the rate of fitness loss with time is 3.01*10 -4 and regularly decreases as the costs increase. Alike n, also the acceptance threshold (b) and the time spent in evaluating prospective mates (c) decrease with the increasing of costs. As a consequence of the speed-accuracy trade off the expected quality of prospective mates decreases with the increase of costs (d). In all these simulations, the attractiveness function was assumed to be a= q, the maximum evaluation time (T) was 50 time units, and the highest number of prospective mates that females could simultaneously evaluate (n) was 20. the probability of choosing the most-preferred (fixed) alternative, solid lines) differ markedly from both the bell-shaped (c) and the linear preference functions (d) (dashed lines) from which they were obtained. When a focal stimulus is highly effective in stimulating female neurosensory systems, the latency-ratio test describes preference functions better than both the onechoice recognition test and the two-choice discrimination test for both unimodal (e) and monotonic (f) preference functions. However, when the focal stimulus is poorly effective in stimulating female's neuro-sensory systems, its effectiveness is underestimated by all three types of test in much the same way. In all these simulations, the total evaluation time was set at 100 time units and the acceptance threshold at 30.
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  Figure 2a-d shows results of two series of simulations in which male attractiveness is either a

  mates and of discriminating among them by means of either absolute or relative evaluation criteria. Mate recognition and discrimination are often assumed to underlay different perceptual mechanisms. For example, recognition and discrimination have been suggested to be hierarchically related: females first classify mates as either appropriate or inappropriate and only then they assess mate attractiveness (either in relative or absolute terms). Alike recognition and discrimination, also absolute and relative evaluation of mates have been suggested to underlay different perceptual mechanisms: during relative evaluation females have been suggested to compare mates with each others, whereas during absolute evaluation, they have been suggested to compare each mate against an internal standard[START_REF] Bateson | Comparative evaluation and its implication for mate choice[END_REF][START_REF] Phelps | A cognitive framework for mate choice and species recognition[END_REF][START_REF] Reaney | Female preference for male phenotypic traits in a fiddler crab: do females use absolute or comparative evaluation[END_REF]. Our model, however, provides a more parsimonious explanation of recognition and discrimination, bringing both of them back to the same perceptual mechanism of bounded accumulation. In our model, recognition and discrimination represent two different contexts rather than two different mechanisms of choice. In fact, the number of prospective mates that are simultaneously evaluated does not affect the mechanism of choice, but only the number of accumulators that are involved in the race and, eventually, it affects the bound that these accumulators must reach in order to elicit a choice. Under this dynamic framework of decision making, the distinction between absolute and relative (or comparative) evaluation (sensu Reaney 2009) loses much of its significance because, during the evaluation process, the alternatives are compared against an 'absolute' standard (the acceptance threshold), but at the same time, they are forced to compete with each other to win the race and, thus, they undergo something similar to a relative evaluation(Castellano 2009a).Our model may help the empirical research not only in designing experiments that can provide insights into the proximate mechanisms of mate choice, but also in finding adequate methods for measuring female preferences under controlled laboratory conditions. Provided that these methods should be able to describe how preference strength varies with variation in a trait and independently of the context in which the preference is expressed, we used the model to analyze female responses under the two most common methods used to describe female preferences: the one-choice (or no-choice) and the two-choice test (review in[START_REF] Wagner | Measuring female mating preferences[END_REF]. In simulations where female responses were scored dichotomously (response versus no-response in one choice tests or focal-versus control-stimulus in two-choice tests), the observed functions were only qualitatively similar to the actual preference functions. In one-choice tests, a bell-shaped curve results in a quadratic-wave function, whereas a linear preference function results in a steep sigmoid curve. Similarly, in two-choice tests the observed functions maintained the general shape of the real preference function (either unimodal or monotonic), but differed in their fine
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 2 FIGURE 2.The effects of the attractiveness function on female optimal mating strategies. Two