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Summary 
 

The study of breeding system evolution has been prolific given the broad subjects that it 

embraces, from the social environment and sexual selection to courtship behaviour and 

parental care. The general objective of this dissertation was to test empirically ideas shown 

in recent models of breeding system evolution. Using plovers Charadrius spp. as model 

organisms, which show remarkable variation in breeding systems, I investigate how adult 

sex ratio (ASR) and operational sex ratio (OSR) are linked together and relate to two major 

components of breeding systems: courtship behaviour and parental care. Experimental 

studies have led to equate ASR and OSR, but they are not necessarily the same and the 

way they correlate in nature is unknown. Here I show that in a wild polygamous plover 

population these ratios seem to be uncorrelated (Chapter 2). Differences in the social 

environment and the degree of mating competition between monogamous and polygamous 

populations could also be reflected in their courtship behaviour; higher courtship rates in a 

polygamous plover than in a monogamous closely-related plover support this prediction 

(Chapter 3). OSR may be more variable throughout time than ASR, and therefore be less 

reliable as a cue to the social environment. In support of this prediction ASR was better than 

OSR at predicting the duration of female brood care in a polygamous plover where females 

have variable care (Chapter 4). Sex-specific timing of breeding could differ according to the 

social environment and the level of mating competition in a population, I compared six 

populations of five closely-related plover species with varying breeding systems (Chapter 5); 

only one polygamous population showed sex-specific differences in arrival date and the 

length of time spent in the breeding grounds. Finally, I discuss the contribution of these 

results to the understanding of breeding system evolution and suggest potential future lines 

of research. 
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may shift between sexually active and inactive periods (Clutton-Brock and Parker 1992b). The 

rate of reproduction will depend on the sex differences in parental care and mate competition. 

In monogamous breeding systems the relative rates of reproduction of both sexes are similar 

given biparental care and low mate competition or equally strong mate competition between 

both sexes and therefore OSR may not be strongly biased. However, in polygamous species 

there is one sex whose rate of reproduction is higher given sex differences in reproductive 

rates and uniparental care, OSR will most likely be strongly biased.  

Traditional theory has assumed that OSR and anisogamy predict the intensity of mate 

competition and sexual selection, determining two things: which sex competes more and 

which sex provides parental care (Emlen and Oring 1977; Clutton-Brock and Parker 1992b; 

Kvarnemo and Ahnesjö 1996). Recent theoretical models propose that it is not only OSR and 

anisogamy which determine competition, care and sexual selection, but also relatedness to 

offspring, variance in mating success (Queller 1997), and ASR (Jennions and Kokko 2010). 

Moreover, there are influential and intricate feedbacks between mate competition, parental 

care and OSR that may have been oversimplified in traditional theory (Székely et al. 2000; 

Székely et al. 2014) and these intricate feedbacks will also impact ASR. For example in 

mammalian systems male-biased OSR creates stronger male-male competition which in turn 

favours female-only care, stronger male-male competition also reduces males survival 

probability and creates a female-biased ASR.  

Recent theoretical models and reviews have tried to acknowledge and stress the importance 

of ASR in breeding system and sex-role evolution (Donald 2007; Kokko and Jennions 2008; 

Jennions and Kokko 2010; Székely et al. 2014) as mate competition and parental investment 

will also be affected by ASR given that mate availability will depend on the total numbers of 

males and females in the population (Jennions and Kokko 2010). Recent empirical evidence 

has also diminished the importance of anisogamy over sex differences in parental investment 

(Liker et al. 2015). Moreover, recent models have found that the way ASR may affect parental 

investment will depend on how the bias in ASR was originated (Fromhage and Jennions 

2016), being potentially more complicated than previously thought. Both ASR and OSR are 

fundamental demographic properties of a population that encompass an essential part of the 

social environment in which individuals develop and reproduce. 

Recent studies have pointed to the fact that in past literature OSR and ASR tended to be 

confused and undistinguished (Kokko and Jennions 2008) and have pointed to the relevance 

of not only OSR but ASR in breeding system evolution (Kokko and Jennions 2008; Székely et 

al. 2014). Although the relation between OSR and ASR is theoretically straightforward as ASR 

is a precursor of OSR, they have seldom been studied together, few empirical studies 
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acknowledge both (Whitfield 1990; Balshine-Earn 1996) and recent models suggest that their 

correlation may be context-dependent (Fromhage and Jennions 2016). 

ASR has its origins in the variation that exists in sex ratios in other life stages (at conception, 

birth or at independence). Additionally, sex differential mortalities, maturation times, dispersal 

and migration patterns will all impact on ASR (Bessa-Gomes et al. 2004; Veran and 

Beissinger 2009; Székely et al. 2014) deviating it from a one to one ratio (see figure 1). Any 

behaviour that may impact mortalities unequally between sexes will be important in sculpting 

biases observed in ASR. For instance, OSR which is tightly linked with male-male competition 

can also be linked with higher male mortalities due to the higher sexual competition confronted 

by males and therefore a male-biased OSR may be linked with higher male mortality and a 

higher female-biased ASR (e.g. most mammal species).  

ASR has numerous ecological and evolutionary implications (Kokko and Jennions 2008; 

Veran and Beissinger 2009; Székely et al. 2014), it may impact population growth (Bessa-

Gomes et al. 2004; Donald 2007; Veran and Beissinger 2009), mate choice, pair-bonds, 

mating systems, parental care and paternity (McNamara et al. 2000; Székely et al. 2000; 

Kokko and Jennions 2008; Liker et al. 2014). For example, unbalanced ASRs are associated 

with: an increase in male mate-guarding behaviour in the white-fronted chats (Major 1992), 

higher rates of divorce in invertebrate endoparasites, lobsters, fish, mice and birds (DeLong 

1978; Balshine-Earn and Earn 1998; Debuse et al. 1999; Beltran et al. 2009; Karlsson et al. 

2010; Liker et al. 2014), and reversed sex roles in shorebirds (males providing most parental 

care, Liker et al. 2013).  

The study of breeding systems is important given its implications in population ecology, sexual 

selection and conservation. Breeding systems have been widely studied given its broad 

subject coverage from sexual selection and mating behaviour to parental care. However, 

although numerous empirical and theoretical studies about breeding system evolution exist, 

sometimes these contradict each other (e.g. Fromhage and Jennions 2016) or generate 

controversy (e.g. Ah-King 2013; Lehtonen et al. 2016), proving that our understanding of 

breeding system evolution is still limited. Empirical studies that provide evidence to 

support/reject theoretical models of breeding system evolution are needed as they will help 

clarify which conditions/assumptions of theoretical models are important or realistic, and which 

predictions are met.  
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Abstract 

Adult sex ratio (ASR, the proportion of adult males in the adult population) and operational sex 

ratio (OSR, the proportion of sexually active males in the mating pool) are fundamental 

properties of breeding populations and they are often linked to mating systems and sexual 

selection. However, ASR and OSR emerge via different routes in a population and may exhibit 

different temporal patterns. Here we use data from a well-monitored polygamous snowy plover 

Charadrius nivosus population sampled over three consecutive breeding seasons, to 

investigate whether temporal changes in ASR relate to changes in OSR. We found that snowy 

plovers exhibited male-biased ASR and OSR. Consistent with theoretical expectations, OSR 

was more variable than ASR. However, there was no consistent relationship between OSR 

and ASR: in only one out of three study years we found a weak positive relationship (r = 0.22). 

The lack of association was corroborated by time-series analyses and sensitivity tests. Our 

work therefore suggests that ASR and OSR exhibit different temporal patterns in a 

polygamous population, and we call for further theoretical and empirical studies that analyse 

their relationship across a range of different breeding systems. 

 

Keywords: adult sex ratio, operational sex ratio, temporal variation, within-season variation, 

social environment, mating system   
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Introduction 

Sex ratios are fundamental demographic properties of populations that are tightly linked to 

population growth (Bessa-Gomes et al., 2004; Donald, 2007; Veran and Beissinger, 2009), 

mating systems, parental behaviour (McNamara et al., 2000; Székely et al., 2000; Kokko and 

Jennions, 2008; Liker et al., 2014), and sexual selection (Emlen and Oring, 1977; Clutton-

Brock and Vincent, 1991; Kvarnemo et al., 1995; Kvarnemo and Ahnesjö, 1996; Shuster and 

Wade, 2003; Silva et al., 2010). Sex ratios can be measured at several stages of 

development: at conception (primary), birth (secondary), and during adult life (adult sex ratio 

and operational sex ratio). Theoretical and empirical studies have identified numerous 

ecological and evolutionary implications of sex ratios during adult life across several taxa on 

ecology, behaviour and life histories (Kokko and Jennions, 2008; Veran and Beissinger, 2009; 

Székely et al., 2014).  

In nature, sex ratios are highly variable and could change dynamically through time in a 

population (Emlen and Oring, 1977; Clutton-Brock and Vincent, 1991; Clutton-Brock and 

Parker, 1992; Kvarnemo and Ahnesjö, 1996; Forsgren et al., 2004). Nonetheless, studies that 

evaluate temporal variation in sex ratios are scarce (but see: Pettersson et al., 2004; Arendt et 

al., 2014) and it is unknown whether the variability of sex ratios is a common trait of all 

populations or associated with certain species, mating system or types of sex ratios.  

Much attention has been paid to the demographic and life history mechanisms that generate 

biases in ASR: a) biases in early-life sex ratios (i.e. at conception or at birth) (Fisher, 1930; 

Wilson, 1975 ); b) sex-specific mortality of juveniles and/or adults (Clutton-Brock et al., 2002; 

Le Galliard et al., 2005); c) sex differences in maturation times (Lovich and Gibbons, 1990), d) 

sex-specific migration and dispersal (Dale, 2001; Clutton-Brock et al., 2002; Le Galliard et al., 

2005; Steifetten and Dale, 2006) and e) sex differences in arrival time to breeding grounds 

(Rubolini et al., 2004; Kokko et al., 2006). Attention to how ASR impacts on behavioural and 

reproductive traits has increased recently (Donald, 2007; Kokko and Jennions, 2008; Székely 

et al., 2014). For example, male-biased ASR can be related to intensified aggression towards 

females in lizards (Le Galliard et al., 2005), influence mating rates in invertebrates and 

mammals (DeLong, 1978; Debuse et al., 1999; Karlsson et al., 2010), higher divorce rates in 

fish and birds (Beltran et al., 2009; Liker et al., 2014) and reversed sex roles in shorebirds 

(Liker et al., 2013). 

Previous empirical and theoretical research on the importance of sex ratios for mating and 

parental care has focused primarily on OSR (Emlen & Oring 1977). For example, male-biased 

OSR is related to the development of sexual characters in insects (Pomfret and Knell, 2008), 
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loss of choosiness in male fish (Berglund, 1994), intensified courtship behaviour in fish 

(Forsgren et al., 2004; Silva et al., 2010) and higher female brood desertion rates in fish 

(Balshine-Earn and Earn, 1998). Theory suggests that the degree of monopolisation of mates 

may increase if OSR is biased towards one of the sexes leading to changes in the intensity of 

sexual selection within a population (Emlen and Oring, 1977; Kokko and Jennions, 2008; 

Jennions and Kokko, 2010). OSR emerges as a combination of variation in ASR plus the 

behavioural and mating decisions of individuals. As males and females in the adult population 

shift between sexually active and inactive periods dynamically (time-in and out, respectively; 

Clutton-Brock and Parker, 1992; Székely et al., 2000; Alonzo, 2010), OSR is expected to be 

more variable than ASR over time.  

Predicting the relationship between OSR and ASR is not trivial. OSR and ASR may be tightly 

linked or correlated within a population, as the first is a subset of the latter and they have 

similar biological implications. But OSR and ASR are inherently different (Kokko and Jennions, 

2008; Székely et al., 2014), and hence may be uncorrelated given that OSR may be more 

dynamic than ASR as it depends on the behavioural and mating decisions of individuals. A 

few studies have quantified and reported both OSR and ASR in wild populations at the same 

time (Whitfield, 1990; Mitani et al., 1996; Gerber, 2006; Veran and Beissinger, 2009; Chak et 

al., 2015). Nonetheless whether they are correlated with each other has not been formally 

tested. Although ASR and OSR may be different from each other and may not be correlated, 

several experimental studies use the concepts of OSR and ASR interchangeably (reviewed by 

Kokko and Jennions, 2008), perhaps because during initial experimental conditions when all 

individuals are unmated OSR will equal ASR if all the individuals involved are sexually active. 

Nevertheless, as the experiment progresses and individuals are allowed to interact, ASR will 

remain stable whereas OSR will inevitably change as some individuals mate and are in time-

out and others re-enter the mating pool (Kvarnemo and Merilaita, 2006). ASR and OSR can 

only be identical or highly correlated, if periods of sexual activity are exactly the same or very 

similar in males and females, a condition that is rarely met in nature (Székely et al., 2014). 

Understanding the temporal relationship between ASR and OSR is an important precursor to 

understand the dynamics of mating competition and parental care.  

We had two objectives in this study: first, to investigate the temporal variation of ASR and 

OSR, and second, to examine the correlation between ASR and OSR in a wild polygamous 

population. We studied the temporal variation in both ASR and OSR in a population of snowy 

plovers Charadrius nivosus (Küpper et al., 2009) breeding at Bahía de Ceuta, Mexico. This 

shorebird is suitable for exploring sex ratio variation for three reasons. First, snowy plovers are 

partial migrants, some spend only a part of the breeding season at the breeding site whereas 
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eggs persistently. If a nest with a complete clutch was found, we estimated clutch completion 

date by floating eggs in water when the nest failed (the density of eggs decreases 

progressively as they lose water during incubation) or from observed hatching dates assuming 

an incubation period of 25 days (Székely et al., 2008). We captured adults on the nest using 

funnel traps and marked them with a metal ring and with individual colour ring combinations 

(518 adults from 2006 until 2011). Around the expected hatching date, we checked nests daily 

in order to ring chicks before they left the vicinity of the nest. In addition to the metal ring, we 

marked chicks with a single colour ring to help identification in the field. Some families were 

only encountered for the first time after the chicks had left the nest. For those families, we 

estimated chick age and hatching date (and thereafter laying date) using the tarsus length of 

chicks, assuming linear growth (Dos Remedios et al., 2015). We considered a brood as 

fledged and independent when the oldest chick had reached the age of 25 days old (Székely 

and Cuthill, 1999).  

We recorded the number of chicks and the sex of the attending parent(s) immediately after 

chicks hatched and repeated these observations every 2-4 days until the brood had perished 

or fledged. When only one parent was present, we observed the focal brood for at least 15 

min or until the missing parent was seen. This allowed us to make sure that missing parents 

were not hiding or only temporarily absent. If the same parent was absent during two 

encounters in a row (without re-appearing in subsequent observations) we considered the 

parent as having abandoned the brood. Additionally, we recorded the identity and sex of every 

ringed individual that was re-sighted throughout the breeding season using a spotting scope or 

binoculars, noting the date, time and location. 

Population surveys 

We carried out population surveys every two weeks during the breeding season and once a 

month or every two months outside of the breeding season during 2009, 2010 and 2011. 

During each survey, observers moved slowly with a mobile hide through the entire study area 

and stopped every 100-200 m to record colour ringed plovers, the number of unmarked 

plovers and the sex of each adult (ringed or unmarked). Sexes were identified according to the 

dimorphic plumage present during the breeding season: plover males have darker head and 

breast bands than females (Argüelles-Ticó et al., 2015) and confirmed by molecular sexing 

(details in Dos Remedios et al., 2015). All colour ring combinations recorded on each survey 

were subsequently checked using the record of colour ring combinations used in this 

population; observations with incomplete or inexistent ring combinations were considered 

erroneous readings and were not used in the analyses. This is justified, since colour ringing of 

snowy plovers at other locations nearby (<2000 km) started only in 2010, and only one 
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individual did not switch mates because we reasoned that the opportunity to change mates 

existed. 

Estimating OSR 

To estimate OSR, we used the same sample of ringed adults used to estimate ASR 

(described above). We counted the number of known males and females present that were 

available to breed (i.e., they were not in time-out, see examples of this computation in Fig. 1b) 

at any given day of the breeding season. Similar as ASR, OSR was computed as the number 

of males present and available to breed divided by the total number of males and females 

present and available to breed in our sample. For days when we could not compute OSR (i.e. 

division by zero because all marked adults were unavailable for breeding, 6.6% of days all 

recorded in the beginning of the breeding season of 2011) we set OSR to zero for analysis 

and omitted these records from the figures. Omitting these few cases from the analysis or 

replacing its value for the mean OSR did not change the results.  
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Fig. 1a Time-out periods (white boxes) of male and female snowy plovers for: (a) failed 
nesting attempts, (b) deserting parents, (c) caring parents when chicks died, and (d) caring 
parents when chicks fledged. Examples of arrival and departure dates are shown, and filled 
boxes represent examples of the period of time an individual was available to breed (time-in), 
ld stands for laying date, hd for hatching date, fd for fledging date, Ti is initial date of time-out, 
Tf is final date of time-out. Second and third breeding events may have occurred for some 
individuals as examples show, these events are split in three periods corresponding to pair-
bonding time (P-b), incubation and brood care. b Example that shows how ASR and OSR 
were calculated. Vertical dotted lines represent example days for which the number of males 
(m) and females (f) were counted using the dates of arrival and departure and the estimated 
time-out periods.   
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Statistical analyses 

In order to describe temporal variation in ASR and OSR we report time-series plots showing 

daily estimates with their associated 95% confidence intervals for proportions (CIs) calculated 

using the Clopper and Pearson method (Clopper and Pearson, 1934), and provide the 

estimated median and interquantile ranges of ASR and OSR per year. We used Levene's test 

(based on absolute deviations from the median) to compare variation between ASR and OSR.  

Daily estimates of ASR and OSR (estimates for a total of 119 (2009), 131 (2010) and 115 

days (2011)) are non-independent data points obtained over a time interval, therefore, in order 

to test whether ASR and OSR were correlated we performed a formal time series analysis that 

started by removing the trends of the series to avoid spurious correlations, as suggested by 

Box and Jenkins (Chatfield, 2003). We carried out time-series analyses separately for each 

year and for ASR and OSR. We removed the trends present in the series by using one degree 

differentiation (i.e. computing differences between consecutive observations) (Chatfield, 

2003). We confirmed non-stationarity of differenced series using the unit root test, but also 

used periodograms and autocorrelation plots to ensure the series were detrended. Despite the 

differentiation, the ASR estimates of 2011 and OSR estimates of 2009, still suffered from 

autocorrelation, thus, for these two series, autoregressive moving average models (ARIMA) 

were fitted applying the Box-Jenkins approach (Chatfield, 2003). To cross-correlate ASR and 

OSR separately for each year and examine their association we used the differenced series 

and residuals from the ARIMA models to evaluate the non-autocorrelated part of each series, 

i.e. the stochastic term.  

Cross-correlations allowed us to test the correlation of ASR and OSR on the same point in the 

time series (zero day lag, corresponding to a Pearson correlation) but also the correlations for 

various time lags. We performed cross-correlations for -20 to 20 day lags to examine the 

potential lagged relationship between ASR and OSR. We only report cross-correlation 

coefficients for zero day lag to describe the correlation between ASR and OSR on a same 

day, and cross-correlation coefficients for the peak cross-correlation observed in each year 

throughout all lags to evaluate potential cross-correlations in lagged series.  

Sensitivity analysis 

The estimation of ASR and OSR in this study was not computed from direct counts of males 

and females in a census; instead it was derived from data on reproduction collected for each 

individual. The data of reproductive events is inherently based on simplified assumptions (e.g. 

chicks fledge after 25 days), estimations (e.g. chicks age calculated with tarsus and beak 

lengths) and field observations (e.g. colour codes recorded by several observers) that 



ASR and OSR Chapter 2 
 

 

 25 

introduced errors or variation that the method did not account for. We used two parameters to 

estimate ASR, arrival date and departure date (Table 1), whereas to estimate OSR, we used 

arrival date and departure date, plus three other parameters: laying date, 10 days of pair-

bonding (to estimate Ti), and Tf (Table 1). Error or variation in these five parameters could 

potentially lead to spurious biases in ASR and OSR.  

To explore how variation/error in these parameters could influence our baseline values of 

ASR, OSR and their correlation we carried out a sensitivity analysis in three steps. First, we 

modified each parameter of each individual by drawing a new date at random from a normal 

distribution having a mean equal to the original estimation of the parameter of that specific 

individual and a standard deviation of ± 1 day. Second, using the new dates of parameters 

generated for each individual we estimated ASR and OSR newly, using only one of the 

modified parameters at a time. Parameter modification yielded two different estimations for 

ASR (Table 1 a-b) and four different estimations for OSR (Table 1 a-d). We also report an 

additional estimation for ASR and OSR in which all parameters were modified at the same 

time (Table 1e). Finally, we ran time-series analysis (as described above) with each new 

estimate of ASR and OSR and ran cross-correlations between all possible combinations of the 

different estimates of ASR and OSR.  

Statistical analyses and plots were carried out using R (R Development Core Team 2015, 

Version 3.2.0). Time-series analysis and cross-correlations (crosscorr in Econometrics 

Toolbox) were performed using Matlab (R2012b, The MathWorks Inc., Natick, MA, 2012). 
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Does ASR predict OSR?  

Same day correlations (zero day lag) of ASR and OSR varied each year, in 2009 it was 

negative but non-significant; in 2010 positive and significant and in 2011 it was positive but 

non-significant (Table 2). These results were consistent with those derived by peak cross-

correlations: the peak correlation in 2009 was non-significant (peak cross-correlation: r = 0.13, 

lag = -15 days, P = 0.53; Fig. 3). In 2010, the peak correlation corresponded to the zero day 

lag indicating that more male-biased ASRs were correlated with more male-biased OSRs 

instantaneously (peak cross-correlation: r = 0.22 , lag = 0,  P = 0.01; Table 2: Original ASR 

versus Original OSR,  Fig. 3). Year 2011 showed a negative peak correlation (r = -0.35, lag = 

9 days, P = 0.001; Fig. 3), i.e.male-biased ASRs were correlated with female-biased OSRs 

(and vice versa) 9 days later.  

 

 

 

 

 

 

 

 

 

 

Fig. 3 Correlation coefficients of cross-correlation analysis between time series of adult sex 

ratio (ASR) and operational sex ratio (OSR) of snowy plovers during three years of study. The 

x-axis indicates the number of days by which ASR leads (- lags) or lags (+ lags) OSR. 

Horizontal dotted lines show approximate upper and lower confidence bounds of cross-

correlations assuming ASR and OSR are uncorrelated. The asterisks show peak correlations 

in each year.
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Table 2. Adult sex ratio (ASR) and operational sex ratio (OSR) cross-correlation coefficients for zero day lag when parameters for calculating 

sex ratios were modified for the sensitivity analysis (see Table 1). Correlation coefficient with P-values in parenthesis are shown for all possible 

correlations per year, significant correlations are shown in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           OSR   

ASR 
Year 

Original 

parameters 
Arrival date Departure date Ti Tf 

All 

parameters 

Original 

parameters 

2009 -0.03 (0.70) -0.01 (0.88) 0.04 (0.67) 0.02 (0.81) -0.007  (0.94) 0.001 (0.98) 

2010 0.22 (0.01) 0.21  (0.02) 0.16  (0.06) 0.22 (0.01) 0.18 (0.04) 0.13 (0.15) 

2011 0.09  (0.36) 0.13 (0.15) -0.30 (<0.001) -0.28 (<0.01) 0.10 (0.26) -0.06 (0.51) 

Arrival 

date 

2009 0.04 (0.65) -0.02 (0.79) 0.10 (0.26) 0.09 (0.35) 0.04 (0.70) 0.01 (0.93) 

2010 0.20 (0.03) 0.20 (0.02) 0.13 (0.14) 0.19  (0.03) 0.16 (0.07) 0.14 (0.11) 

2011 0.02 (0.83) 0.03 (0.73) -0.52 (<0.001) -0.52 (<0.001) 0.03 (0.75) 0.02 (0.81) 

Departure 

date 

2009 0.04 (0.64) -0.02 (0.80) 0.10  (0.26) 0.08 (0.34) 0.03 (0.70) 0.01 (0.92) 

2010 0.20 (0.03) 0.20 (0.02) 0.13  (0.14) 0.19 (0.03) 0.16 (0.07) 0.14 (0.11) 

2011 0.02 (0.83) 0.03 (0.73) 0.53 (<0.001) -0.52 (<0.001) 0.03 (0.75) 0.02 (0.80) 

All 

parameters 

2009 0.15 (0.08) -0.04 (0.69) 0.04 (0.68) 0.04 (0.62) 0.02 (0.93) -0.03 (0.78) 

2010 0.15 (0.08) 0.14 (0.11) 0.22 (0.01) 0.13  (0.13) 0.12 (0.16) 0.22 (0.01) 

2011 0.02 (0.99) 0.02 (0.83) -0.52 (<0.001) -0.53 (<0.001) 0.01 (0.95) 0.03 (0.71) 
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2004; Arendt et al., 2014), as some populations exhibit an overall male-biased or female-

biased ASR, or no bias at all (Pettersson et al., 2004). Trinidadian guppies present a 

complex mating system: females are overall promiscuous but males may use either a 

courting or sneaking tactic to mate with females (Houde, 1997) depending on environmental 

factors such as light (Chapman et al., 2009), food availability or parasites (Kolluru et al., 

2009). However, given that ASR is a strong predictor of mating system in shorebirds (Liker 

et al., 2013), it will be interesting to explore if the variability in ASR will also explain the 

complex and varying mating system in guppies. By contrast, snowy plover populations are 

consistently polyandrous and exhibit ASRs that are more stable in time and consistently 

male-biased throughout populations  (this study; Warriner et al., 1986; Stenzel et al., 2011; 

Carmona-Isunza et al., 2015). Consistency of the sex ratio bias might be negatively 

correlated to the flexibility of the mating behaviour. For example, mating systems might show 

little flexibility in species where ASRs remain stable through time, whereas populations with 

variable mating systems may exhibit more variable ASRs. Comparative phylogenetic studies 

are needed to test if this is a widespread pattern. 

 

Correlation between ASR and OSR  

There was no consistent relationship between ASR and OSR. We found a weak correlation 

in one year and no correlation in the other two years. Unpublished population estimates of 

ASR and OSR indicate that the correlation in other bird and mammal populations may be 

positive (~0.4-0.5, Liker pers. comm. using data from Whitfield, 1990; Mitani et al., 1996). 

However, since theory indicates that OSR is more labile than ASR (Kokko and Jennions, 

2008) a consistent relationship is not necessarily expected.  

Diverse mating systems may influence the relation between ASR and OSR. For example, 

ASR and OSR are expected to be correlated in monogamous populations where males and 

females have similar time-in and time-out periods. In contrast, in polygamous populations 

with sex difference in the extent of care, the time-in and time-out of males and females may 

differ, and this difference in turn, lead to weak (or no) relationship between ASR and OSR. 

For example, birds tend to have male-biased ASRs, and since they exhibit social monogamy 

and biparental care of the young, the male-biased ASR is expected to translate into male-

biased OSR (Donald, 2007), yielding a potentially strong correlation between them. It is 

important to note that in species where extra-pair paternity occurs as a mating strategy such 

as many passerine birds establishing female time-out and time-in periods is not trivial. 

Contrastingly, in mammals which tend to exhibit female-biased ASR, the OSR may still be 

male-biased given that parental care is largely provided by the females(Székely et al., 2014) 
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and this may translate into a potentially poor correlation between ASR and OSR. It will be 

interesting to undertake multi-population studies evaluating ASR and OSR in populations 

with different mating systems. Taxa with high variation in mating system like fish, frogs and 

other avian species pose good models to indagate differences in how ASR and OSR relate 

to each other. 

We observed a high stochasticity in the relationship between ASR and OSR. This may be 

the result of environmental fluctuations (e.g. climatic) and/or density-dependent processes 

(e.g. competition for territories or food) that impact population dynamics, physiology and 

breeding activity of individuals.  Fluctuations observed in correlations of ASR and OSR 

throughout the years may be related to the constraints of our data set. The number and 

proportion of previously marked breeders in our sample decreased in each year (see 

Methods). The sex ratios of marked and unmarked plovers may have been different, if 

trapping probability is altered by sex-specific mobility and breeding activity. This may have 

resulted in a lower accuracy for estimations particularly in 2010 and 2011 in comparison with 

2009. In line with this argument the sensitivity analysis changed the result of the correlation 

test less dramatically in 2009 than in the other two years. Further studies are needed to 

understand to what extent these fluctuations and density-dependent processes interact to 

produce variation in observed sex ratios. 

Lagged correlation between ASR and OSR 

There was no consistent time lag for peak correlations between OSR and ASR. A negative 

peak correlation coefficient is predicted if the male bias in ASR is positively related to female 

brood desertion which affects the OSR several days later. This is a plausible explanation as 

it is expected that if re-mating opportunities of females increase, females adjust their degree 

of involvement in parental care (Kokko and Jennions, 2008). However, we observed this only 

vagely in one of the three years whereas the mating and parental care patterns did not differ 

substantially across the three years (CK & MC-L, unpublished data).  

ASR and OSR estimation accuracy 

Estimating ASRs in wild populations is challenging as behavioural and ecological differences 

between males and females can make one sex more conspicuous than the other and can 

give rise to additional biases in ASR estimates (Donald, 2007; Székely et al., 2014). ASR 

estimates based on capture-mark-recapture methods can deal with sex differences in 

detectabilities, at least partially (Veran and Beissinger, 2009; Pickett et al., 2012), but these 

procedures are not always feasible since the models involved require detailed estimates of a 

range of demographic parameters for males and females. 
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Estimating OSR in wild populations is similarly challenging because the reproductive 

availability of an organism is rarely known. There is no formal consensus on how OSR 

should be estimated in wild populations and therefore several methods have been used to 

estimate it. OSR has been estimated during surveys where the observer establishes if the 

individual is paired or provides parental care to decide if it is available to breed or not (e.g. 

Whitfield, 1990). Other studies follow the methodology of Clutton-Brock and Parker (1992) 

and estimate OSR using population estimates of time-out periods of males and females and 

ASR estimations (e.g. Mitani et al., 1996). However, the latter approach allows only to know 

a single OSR estimate per breeding season, and therefore is not suitable to capture the 

temporal variation that exists. We argue that although OSR may be a useful indicator of 

breeding opportunities, it cannot replace ASR for three reasons: (1) it is not trivial to judge 

whether an individual is sexually active or not, (2) we demonstrated that it is less stable in 

time than ASR and (3) we also showed that OSR-biases do not necessarily reflect ASR-

biases, at least in a polygamous population. 

In this study we combined survey data with highly resolved information about the apparent 

breeding status of individuals to estimate ASR and OSR at the same time. This approach 

addressed differences in male and female detectability and allowed us to study intensively 

ASR and OSR variation over time periods. Importantly, our sensitivity analysis showed that a 

small change in the estimates for arrival, departure and time-out periods alters the observed 

relationship betweenASR and OSR dramatically. Sensitivity analyses as employed here can 

help to deal with uncertainties of the breeding status of an individual, especially in 

polygamous and promiscuous populations where individuals might be paired but still seeking 

copulations.  

In conclusion, we found no consistent relationship between ASR and OSR in a 

polygamouswild bird population across multiple years. Estimating variation in sex ratios 

remains challenging but its estimation is essential to understand the dynamics of mating and 

parental care systems as comparative studies suggest that breeding behaviour and sex 

ratios are tightly linked (Liker et al., 2013; Liker et al., 2015). We argue that more parallel 

estimates of ASR and OSR in wild populations are necessary for comparative and multi-

population studies that examine the influence of sex ratios on social behaviour and their 

relationship under different mating system contexts.  
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Abstract 

Courting, accessing and/or competing for mates are involved in sexual selection by 

generating differences in mating success. Although courtship behavior should reflect 

intensity of mating competition and sexual selection, studies that compare courtship 

behavior across populations/species with different mating systems subject to differing 

degrees of mating competition are scanty. Here we compare courtship behavior between 

two closely related plover species (Charadrius spp): a polygamous population of snowy 

plovers and a socially monogamous population of Kentish plovers. Consistently with 

expectations, both males and females spent more time courting in the polygamous plover 

than in the monogamous one. In addition, courtship behavior of males relative to females 

increased over the breeding season in the polygamous plover whereas it did not change in 

the monogamous one. Our results therefore suggest that courtship behavior is a fine-tuned 

and informative indicator of sexual selection in nature.  

 

Keywords: sexual selection, courtship behavior, mating behavior, mating systems, 

monogamy, polygamy, within-season variation 
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Introduction 

Mating systems are associated with the sexual selection acting on males and females 

(Andersson 1994; Shuster and Wade 2003; Jennions and Kokko 2010; Kokko et al. 2012; 

Fritzsche and Arnqvist 2013). Sexual selection is expected to be stronger in polygamous 

populations since variation in mating success among individuals of the sex that competes 

more intensively for mates tends to be higher than in monogamous populations. The 

relationship between sexual selection and mating competition is revealed by theoretical and 

comparative studies that show sex-role reversal, increased sexual dimorphism in size, 

weaponry and/or ornamentation in polygamous taxa (Møller and Pomiankowski 1993; 

Székely et al. 2000; Pérez-Barbería et al. 2002; Wilson et al. 2003; Fairbairn et al. 2007; 

Rosenqvist and Berglund 2011). However, not only secondary sexual characters such as 

ornaments and armaments can influence reproductive success, but also behaviors that help 

individuals enhance their access to mates, such as courtship displays. Numerous studies 

have shown that courtship displays are variable across species and populations and have 

attributed this variation to differences in their morphology or habitat, or to avoid hybridization 

in sympatric species (van den Assem and Werren 1994; Hankison and Ptacek 2007; Quinn 

and Hews 2010; Pedroso et al. 2013; Wang et al. 2015), but there is limited information on 

whether differences in courtship behavior are associated with differences in their mating 

systems (but see Hollis and Kawecki 2014; Parra et al. 2014).  

The strength of mating competition, and therefore sexual selection, may exhibit temporal 

variation in natural populations (Grant and Grant 2002; Kasumovic et al. 2008; Siepielski et 

al. 2009). A common predictor of this variation is the operational sex ratio (OSR), i.e. the 

ratio of sexually active males to females (Emlen and Oring 1977; Kvarnemo and Ahnesjö 

1996), which may fluctuate dynamically throughout the breeding season (Forsgren et al. 

2004; Kasumovic et al. 2008). If OSR is biased towards one sex, more intense sexual 

selection among the overrepresented sex is expected. Courtship behavior is labile and it can 

be expected to vary dynamically in response to shifts in mating competition and mating 

opportunities (Kokko et al. 2012; Parra et al. 2014) associated with fluctuations in OSR or 

other ecological variables. For example, in a wild population of two-spotted gobies 

(Gobiusculus flavescens) males court actively early in the season when OSR is highly male-

biased, while females court more actively than males late in the season, when OSR is 

female-biased (Forsgren et al. 2004; Myhre et al. 2012). Few studies have examined how 

OSR variation relates to courtship within a single population and understanding how 

courtship behavior responds to temporal variations in sexual selection in populations or 
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and Simmons (1985), we classified the following behaviors, all of which are present in both 

sexes, under the courting with mate category: side-throwing, scraping, standing by the 

scrape, standing opposite a mate, flat running, cloaca showing and copulations. Both 

species observed in this study present similar sexual behavior and we detected no different 

postures or displays to the ones already described (details in Cramp and Simmons 1985). 

 

We recorded one to four 30 minute observations per pair (mean ± se: 2.30 ± 0.22 complete 

observations per pair), each observation was made one to five days apart (2.81± 0.84 days 

apart, including two exceptional made 14 and 20 days apart, from re-nesting pairs) in the 

morning or afternoon. The proportion of time spent courting was consistent between morning 

and afternoon observations (paired Wilcoxon Signed-Rank test: Ceuta W = 1, P > 0.20, n = 

4 pairs; Maio W = 3, P > 0.50, n = 5 pairs). All observations lasted 30 minutes and whenever 

focal subjects were hidden from our sight we recorded them as not seen. On average, in 

8.7% of records individuals were unseen or covered and therefore no behavior was 

recorded. If individuals left the area and were out of sight for more than 5 minutes, the 

observation was stopped and deemed incomplete. We verified that scrapes found had no 

eggs to ensure that pairs had not initiated incubation yet and were observed in a similar 

reproductive stage as we were unable to know laying dates for all pairs. We observed a total 

of seven breeding pairs in Ceuta and 13 pairs in Maio. To maximize our sample size and 

avoid pseudoreplication, we used in the analysis only the first complete observation for pairs 

that were observed more than once in Ceuta (six pairs) and Maio (eight pairs). Of seven 

pairs observed in Ceuta, three had both adults color ringed, three only one adult color ringed 

and one pair had neither adult color ringed. In Maio, all pairs observed had both adults color 

ringed. We identified unringed birds in Ceuta using unique individual characteristics (e.g. 

plumage marks or limping) and their location, since snowy plovers are highly territorial 

(Warriner et al. 1986). All behavioral observations were recorded by the same observer 

(MCC-I).  

Statistical analysis 

To analyze the difference in the proportion of time spent courting between species we 

counted the total number of records under the courting with mate category and the total 

number of effective records (90 records per observation minus records where the focal 

subject was covered or not seen) across the first observation of each male and female. 

Using the total number of courtship records and the total number of effective records with no 

courtship, we analyzed the proportion of time spent courting within each species separately 
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males and females might be subject to strong mating competition upon their first 

reproductive event or after a divorce but not in successive events as re-mating with the 

same partner can reduce the costs associated to mate sampling and bond formation 

(Adkins-Regan and Tomaszycki 2007; Sánchez-Macouzet et al. 2014). In Maio over 90% of 

mates keep the same mate every year (O. Vincze et al. unpubl. data), so mates familiar with 

each other might not need to court as frequently as newly formed pairs.  

Second, if courtship rate is an indicator of individual quality as suggested by many studies 

(e.g. Kotiaho 2002; Pariser et al. 2010), then individuals will increase their fitness by 

preferring mates with high courtship rates. In the polygamous population as individuals will 

breed more than once, mate sampling will allow them to compare between potential 

breeders, and therefore, mates with high courtship rates should have increased probabilities 

of being preferred. In the monogamous population mate sampling might happen upon the 

first reproduction or after a divorce, but as generally individuals keep the same mate in 

subsequent reproductions, frequency of mate sampling can be low and therefore they will 

rarely compare between mates with high/low courtship ratios. As emitting courtship displays 

might be energetically costly (Clark 2012), in a monogamous scenario were mates stay 

together, high courtship rates are unnecessary and minimum court rates could have a pair 

bonding and continuing mate evaluation purposes (Wachtmeister 2001). 

Third, courtship behavior may differ between snowy plovers and Kentish plovers as a result 

of their intrinsic genetic differences. Although these species are genetically related, exhibit 

similar life histories, and were studied in comparable tropical localities, we cannot discard 

this potential explanation. A more robust comparison would involve several populations of 

the same species from ecologically equivalent sites but with different mating systems, which 

are often hard to find. The Saudi Arabian and United Arab Emirates Kentish plover 

populations pose an interesting alternative as they have contrasting mating systems and are 

both in desert regions (Kosztolányi et al. 2009; AlRashidi et al. 2011). Nonetheless, we 

deem unlikely that differences in courtship are explained just by the genetic differences 

between species. Indeed, genetic differences themselves might not give rise to differences 

in courtship behavior at least in fruit-flies: males of polygamous and experimentally selected 

monogamous lines held under controlled conditions show similar courtship rates (Hollis and 

Kawecki 2014). Differences in courtship are more likely given by social or environmental 

factors rather than only genetic differences. 
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A social factor that has proved to be related to the strong link between mating systems and 

competition for mates (Shuster 2009; Parra et al. 2014) is the proportion of males in the 

adult population (adult sex ratio, ASR) (Liker et al. 2013, 2014). While polyandry is related to 

more male-biased sex ratios, monogamy is related to unbiased sex ratios. Mating 

competition may increase if the number of one sex increases and the access to mates of the 

opposite sex is restricted. In line with this, a male-biased sex ratio in the polygamous snowy 

plover population in Ceuta (unpubl. data) may create high mating competition that leads to 

the high courtship rates observed. Contrastingly, if numbers of males and females in the 

population are similar, no strong mating competition is expected. Numbers of males and 

females in the monogamous Maio Kentish plover are largely the same showing a 1:1 ratio 

according to field surveys (ratio of males to females: 0.89 ± 0.06, 95% CI (0.76 to 1.03), t-

test: t10= -1.67, P = 0.12, n = 11 surveys, MCC-I and TS unpubl. data) and therefore no 

strong competition is expected leading to low courtship rates observed.  

In contrast to theoretical predictions, a meta-analysis of experimentally manipulated mating 

competition (estimated as the operational sex ratio, OSR) found no relationship between 

courtship behavior and a change in OSR (Weir et al. 2011). The latter meta-analysis study 

used a number of fish and insect species with contrasting mating and care systems including 

a number of monogamous and polygamous species. However, if mating system might have 

an effect in how species respond to shifts in OSR, this was left unmentioned throughout the 

paper and the type of mating system shown by each species was not controlled for in the 

analyzes. It is currently not known whether monogamous species are responsive to changes 

in OSR at all or to what extent their courtship rates vary to those of polygamous ones. As our 

study suggests the mating system may be a key trait that must be considered in meta-

analyzes of the kind. 

In our study we could not control for further potential sources of variation in courtship 

behavior like laying date, male or female ornament variation, individuals breeding history, or 

age. However, in both sites we observed all the pairs encountered in non-feeding territories 

defended against intruders and being scraped, suggesting that pairs were establishing a 

nesting territory so presumably, the mate choice process had already occurred. We ensured 

that all pairs were in a similar reproductive stage by limiting our observations only to those 

where no eggs had been laid. Intriguingly, the number of pairs observed copulating and 

frequency of copulation during our study were very low in both species. Only in 42% of 

snowy plover pairs and in 23% of Kentish plover pairs 1-2 copulations were recorded in this 

study (data not shown). High frequencies of copulation in birds have been related to risk of 
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Ethical Standards: In this study we investigated two geographically widespread and non-

endangered bird species in their natural habitats. The data collected for this study were 

based only on observations that did not require any capture or manipulation; data collection 

consisted on observations of pairs at a distance of 10 to 20 meters using a hide or a car, 

carefully avoiding the disturbance of the normal activities of birds. When using a car we 

drove only on marked tracks where cars usually drive in order to avoid additional disturbance 

of the natural habitat. As part of the annual monitoring, birds were caught using funnel traps 

during late incubation or after hatching of the clutch. Traps were left on the nest/clutch up to 

25 minutes and were shaded to avoid egg exposure to heat, trapping was avoided at 

extreme heat. Birds were ringed and manipulated by well-trained people. All aspects of 

fieldwork were authorized by the national authorities in Cape Verde (Direcção Geral do 

Ambiente, DGA) and Mexico (Secretaría de Medio Ambiente y Recursos Naturales, 

SEMARNAT). 
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Abstract 

Parental care is a common social behaviour that aims to increase survival chances of the 

young. By care for the offspring, the parents trade-off the benefit of care against the benefits of 

terminating care and reproducing again. Social environment is hypothesised to facilitate early 

termination of care by allowing the deserter to find a new mate and breed again. Here we 

investigate whether two aspects of social environment (adult sex ratio, ASR, the proportion of 

adult males in the adult population; and/or operational sex ratio, OSR, the proportion of sexually 

active males in the sexually active population) are related to the duration of female care in the 

snowy plover Charadrius nivosus, a species in which females facultatively desert their brood 

and breed with additional partners. We predicted that duration of female care should be shorter 

when mating opportunities are high, i.e. at male-biased ASR and OSR. However, we found that 

with increasingly male-biased ASR (but not OSR) the duration of female care increased. Our 

work suggests that the relationships between ASR, OSR and parental care are complex since 

shifts in sex ratio may not only influence mating opportunities, but also the costs of re-mating or 

the risk of infanticide, and thus impact on both the benefits of care and the benefits of offspring 

desertion.  

 

Keywords: adult sex ratio, operational sex ratio, parental care, social environment, mating 

system, breeding system, brood desertion 
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Introduction 

Parental care is a taxonomically widespread behaviour that is expected to occur when a parent 

can enhance the development and survival of its offspring (Royle, Smiseth & Kölliker, 2012). A 

major aim in studies of parental care is to understand the factors that influence its duration and 

the extent to which it is provided by the male, the female or both parents (Clutton-Brock, 1991; 

Royle et al., 2012; Székely, Webb, Houston & McNamara, 1996). The form how parents care for 

their offspring and the amount of time and resources they invest on it depend on the balance 

between the benefits and costs of providing care. For example, parental care consumes time 

that could be devoted to self-maintenance, acquire additional mates, or carry out new breeding 

attempts (Royle et al., 2012; Smith, 1977; Székely et al., 1996; Trivers, 1972). 

A key factor affecting parenting decisions is the social environment (Alonzo, 2010; Davies, 

1992; Liker, Freckleton & Szekely, 2013; Székely, Webb & Cuthill, 2000; Székely et al., 1996). 

On the one hand, the proportion of sexually active males in the sexually active population (OSR, 

Emlen & Oring, 1977) may determine the number of potential new mates for members of each 

sex, and therefore, the amount of time and resources they allocate to care for their current 

offspring versus acquiring new mates. This expectation is supported by evidence from fish, birds 

and human hunter-gatherers, showing that when one sex is overrepresented  in the sexually 

active pool of the population, the other sex tends to provide less care or desert the family to 

breed with additional partners (Keenleyside, 1983; Magrath & Komdeur, 2003; Marlowe, 1999; 

Pilastro, Biddau, Marin & Mingozzi, 2001; Poirier, Whittingham & Dunn, 2003). Therefore, if 

OSR is biased, it is expected that re-mating opportunities for the rare sex increase leading to 

parental desertion and forcing the remaining parent to provide care alone (Kokko & Jennions, 

2012). 

On the other hand, ASR (proportion of males in the adult population), may also influence 

parental care (Kokko & Jennions, 2008). Recent theoretical studies suggest that under male-

biased ASR, males should give up multiple matings and focus more on parental care, whereas 

under female-biased ASR the opposite pattern is expected (Kokko & Jennions, 2008; Lessells, 

2012; Székely, Weissing & Komdeur, 2014). This prediction has been supported by 

observations in fish (Balshine-Earn & Earn, 1998; Keenleyside, 1983), bird (Burley & Calkins, 

1999; Liker et al., 2013) and most polygynous mammal species (Clutton-Brock, 1991) where 

parental care is provided by the most abundant sex.  
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Discussion 

This study provided two key results: ASR was a better predictor of female care than OSR, and 

females stayed with their broods for a longer time when ASR was more male-biased.  

We are unaware of any other study that has evaluated natural temporal variation in both ASR 

and OSR to compare their predictive power over parental care, and more specifically, over 

female care decisions. ASR was a better predictor of female care probably because it is less 

variable over time than OSR in the snowy plover population of Ceuta (Carmona-Isunza et al. in 

review). Less variability could mean that ASR provides more accurate and longer lasting 

information to females than OSR about the cues they use to assess the costs and benefits of 

staying with their brood versus abandoning their current offspring and mating with additional 

partners. Empirical examinations of the impacts of sex ratios on parental care have focused 

exclusively on male participation in care (incubation and feeding of young), or male brood 

desertion (Keenleyside, 1983; Magrath & Elgar, 1997; Marlowe, 1999; Poirier et al., 2003; 

Westneat, 1988; but see Pilastro et al., 2001), leaving open the question of how sex ratios 

influence parental behaviour in females. Moreover, the aforementioned studies so far have 

either set different experimental sex ratio conditions in the lab or counted the number of 

unmated/fertile females in a specific radius or the number of available mates per year 

(Keenleyside, 1983; Magrath & Elgar, 1997; Marlowe, 1999; Pilastro et al., 2001; Poirier et al., 

2003; Westneat, 1988), without making a clear distinction between ASR and OSR. Although 

more empirical studies in different taxa that consider the dynamic nature of ASR and OSR are 

necessary to confirm the broadness of our findings, we suggest that in general, ASR is a better 

predictor of parental care than OSR because its demographic origin makes it more stable and 

reliable through time than OSR, which has its origin in ASR plus the behavioural responses of 

individuals (Kokko & Jennions, 2008; Székely, Weissing, et al., 2014). 

Mating opportunities have been appointed as an important factor in the evolution of parental 

care in theoretical models (Clutton-Brock, 1991; Smith, 1977; Székely et al., 2000; Székely et 

al., 1996). Empirical studies have generally considered the number of available mates as a 

proxie of OSR and have assumed this is an indicator of mating opportunities (e.g. Balshine-Earn 

& Earn, 1998; Breitwisch, 1989). Numerous studies in birds, fish and humans that relate 

parental care to OSR have found that males or females will provide less care when more mates 

are available (Keenleyside, 1983; Magrath & Elgar, 1997; Marlowe, 1999; Pilastro et al., 2001; 
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(Keenleyside, 1983; Magrath & Elgar, 1997; Marlowe, 1999; Poirier et al., 2003; Westneat, 

1988; but see Pilastro et al., 2001),  where the balance between benefits and costs of reducing 

parental care and mating with additional partners may be different in comparison with a 

polygamous species with sex-role reversal like snowy plovers.  

Second, a delayed desertion at highly male-biased ASR could be a consequence of females 

optimizing their care. Offspring survival is reduced when females of the congeneric Kentish 

plover desert their broods (Székely & Williams, 1995), therefore females maximise their 

reproductive success by staying longer with their broods. When ASR is more male-biased, 

females could be sure that they will find a new male whenever the desertion takes place and 

therefore can afford to stay a few more days with the chick. However, if ASR is less male-

biased, females will have to compete with other females to have access to another male and 

may therefore desert earlier to have higher chances of re-mating. 

To our knowledge, this is the first study that relates sex ratio variation to female parental care in 

a polygamous species. Further studies in taxa with diverse breeding systems examining 

individual responses to sex ratio variation during different stages of breeding may provide 

valuable insights into the nature of these complex associations. It is important that future 

analyses test the impact of both ASR and OSR because it is unknown which is more influential 

in determining breeding behaviours and these ratios may provide different cues to unmated and 

already mated individuals.  

Although behavioural responses often lag behind the cues to which they react (DeWitt, Sih & 

Wilson, 1998), and this may be explained by the need of assessing several cues when the 

environment is prone to change, we found that ASR did not have a lagged impact on the 

duration of female care. The impact of ASR on female care duration was similar when including 

a mean ASR from five and ten days prior to desertion, but ASR estimated for the day of 

desertion had stronger support in the data. This result suggests that females use ASR as a cue 

to assess the costs and benefits of staying with their broods close before desertion takes place. 

Notably, the impact of ASR on female care duration did not differ between years (i.e., the 

interaction between ASR and year of observation was not supported by the data) suggesting 

that females respond in a consistent way to ASR variations. 



Female care Chapter 4 
 

 

 76 

In conclusion, this study shows that the relationship between sex ratios and parental care is 

more complex than previously thought as bias in sex ratios may entail both benefits and costs 

for the less abundant sex and may provide mixed signals to already mated individuals. ASR 

may be a better predictor of parental care duration than OSR. We highlight the need to test the 

overlooked assumptions lying behind sex ratio theory to fully understand the cues and signals 

sex ratios may pose for individuals across different breeding systems. 

 

Acknowledgements 

We thank all the fieldwork volunteers and people that have worked and supported the 

conservation project of snowy plovers at Ceuta. We also thank the Universidad Autónoma de 

Sinaloa for logistic support through the program PROTORMAR. The snowy plover project 

fieldwork permit for Ceuta was provided by SEMARNAT (SGPA/DGVS/03076/13). Funding for 

snowy plover monitoid in Ceuta was awarded to M. Alejandro Serrano-Meneses, CK and TS by 

CONACyT (Mexico, Ciencia Básica 2010, proyect: 157570). This study is part of the PhD 

dissertation of MCC-I, who was funded by CONACyT (scholarship number 216052/311485). SA 

was supported by a Postdoctoral Grant provided by CONACyT (Programa de Becas 

Posdoctorales al Extranjero para la Consolidación de Grupos de Investigación). 

 

References 

Alonzo, S. H. (2010). Social and coevolutionary feedbacks between mating and parental 

investment. Trends in Ecology & Evolution, 25(2), 99-108. doi: 

10.1016/j.tree.2009.07.012 

Anderson, D., Porter, E., & Ferree, E. (2004). Non-breeding Nazca Boobies (Sula Granti) Show 

Social and Sexual Interest in Chicks: Behavioural and Ecological Aspects. Behaviour, 

141(8), 959-977. doi: doi:10.1163/1568539042360134 

Argüelles-Ticó, A., Küpper, C., Kelsh, R. N., Kosztolányi, A., Székely, T., & van Dijk, R. E. 

(2016). Geographic variation in breeding system and environment predicts melanin-

based plumage ornamentation of male and female Kentish plovers. Behavioral Ecology 

and Sociobiology, 70(1), 49-60. doi: 10.1007/s00265-015-2024-8 



Female care Chapter 4 
 

 

 77 

Balshine-Earn, S., & Earn, D. J. D. (1998). On the evolutionary pathway of parental care in 

mouth-brooding cichlid fishes. Proceedings of the Royal Society B: Biological Sciences, 

265(1411), 2217-2217. doi: 10.1098/rspb.1998.0562 

Breitwisch, R. (1989). Mortality Patterns, Sex Ratios, and Parental Investment in Monogamous 

Birds. In D. M. Power (Ed.), Current Ornithology (Vol. 6, pp. 1-50): Springer US. 

Buckland, S. T., Burnham, K. P., & Augustin, N. H. (1997). Model Selection: An Integral Part of 

Inference. Biometrics, 53(2), 603-618. doi: 10.2307/2533961 

Burley, N. T., & Calkins, J. D. (1999). Sex ratios and sexual selection in socially monogamous 

zebra finches. Behavioral Ecology, 10(6), 626-635. doi: 10.1093/beheco/10.6.626 

Burnham, K. P., & Anderson, D. R. (2002). Model Selection and Multimodel Inference: a 

Practical Information-theoretical Approach: Springer. 

Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model selection and multimodel 

inference in behavioral ecology: some background, observations, and comparisons. 

Behavioral Ecology and Sociobiology, 65(1), 23-35. doi: 10.1007/s00265-010-1029-6 

Carmona-Isunza, M. C., Küpper, C., Serrano-Meneses, M. A., & Székely, T. (2015). Courtship 

behavior differs between monogamous and polygamous plovers. Behavioral Ecology 

and Sociobiology, online, 1-8. doi: 10.1007/s00265-015-2014-x 

Clutton-Brock, T. H. (1991). The evolution of parental care Princeton University Press. 

David Machin, Y. B. C., Mahesh Parmar. (2006). Survival Analysis: A Practical Approach, 2nd 

Edition (2nd ed.): Wiley. 

Davies, N. B. (1992). Dunnock Behaviour and Social Evolution Oxford University Press. 

DeWitt, T. J., Sih, A., & Wilson, D. S. (1998). Costs and limits of phenotypic plasticity. Trends in 

Ecology & Evolution, 13(2), 77-81. doi: dx.doi.org/10.1016/S0169-5347(97)01274-3 

Dos Remedios, N., Székely, T., Küpper, C., Lee, P. L. M., & Kosztolányi, A. (2015). Ontogenic 

differences in sexual size dimorphism across four plover populations. Ibis, 157(3), 590-

600. doi: 10.1111/ibi.12263 

Emlen, S. T., & Oring, L. W. (1977). Ecology, Sexual Selection, and the Evolution of Mating 

Systems. Science, 197(4300), 215-223. doi: 10.2307/1744497 

Grambsch, P. M., & Therneau, T. M. (1994). Proportional hazards tests and diagnostics based 

on weighted residuals. Biometrika, 81(3), 515-526. doi: 10.1093/biomet/81.3.515 









Female care Chapter 4 
 

 

 81 

Webb, J. N., Székely, T., Houston, A. I., & McNamara, J. M. (2002). A theoretical analysis of the 

energetic costs and consequences of parental care decisions. [Journal Article]. 

Philosophical Transactions of the Royal Society of London B Biological Sciences, 

357(1419), 331-340. doi: 10.1098/rstb.2001.0934 

Westneat, D. F. (1988). Male Parental Care and Extrapair Copulations in the Indigo Bunting. 

The Auk, 105(1), 149-160. doi: 10.2307/4087338 

Wong, B. B. M., & Jennions, M. D. (2003). Costs influence male mate choice in a freshwater fish 

(Vol. 270). 

 



Breeding schedules Chapter 5 
 

 

 82 

 

   Breeding schedule of males and females in    
  monogamous and polygamous plover populations 
 

María Cristina Carmona-Isunza, Luke J. Eberhart-Phillips, Clemens Küpper, Medardo Cruz-

López, Sama Zefania, Joe I. Hoffman, Oliver Kruger & Tamás Székely 

  

Manuscript 

 

This paper reports on original research I conducted during the period of my Higher Degree 

by Research candidature. 

 

 

 

 

 

Author contributions  

MCC-I: study conception and design, fieldwork, data extraction and estimations, statistical 

analysis, manuscript preparation 

LJE-P: fieldwork, data collection, data preparation, molecular analyses, manuscript 

improvement 

CK: fieldwork, data collection, study design, manuscript improvement 

MC-L: fieldwork and data collection 

SZ: fieldwork and data collection 

JH: fieldwork support, manuscript improvement, critical review 

OK: fieldwork support 

TS: study conception and design, fieldwork, data collection, statistical advice, manuscript 

preparation  

5 



Breeding schedules Chapter 5 
 

 

 83 

Abstract 

The time of arrival and duration of breeding (breeding schedule) are essential elements of 

both individual fitness and population dynamics. However, it is unknown to what extent these 

elements may vary in populations with different breeding systems. We therefore compared 

six populations comprising five related plover species that exhibit different breeding systems 

from monogamy with biparental care to polygamy with uniparental care. We hypothesized 

that sex-specific breeding schedules are reflected in local breeding system and sex-specific 

mating opportunities and predicted that monogamous populations would exhibit equal 

breeding schedules and polygamous populations would exhibit different breeding schedules 

for males and females. We found modest support for our predictions as only a single 

polygamous population revealed a significant difference between male and female breeding 

schedules, as males arrived earlier and had longer breeding schedules than females.  We 

discuss the potential drivers of differences between our study populations and suggest that 

the extreme male-biased adult sex ratio seen only in the polygamous population that 

supported our predictions could be responsible for the sex-specific differences. We also 

point to the ecological and demographic implications that breeding schedules may have on 

the adult sex ratio and operational sex ratio. 

 

 

Keywords: arrival time, protandry, duration of breeding, sex ratios, adult sex ratio, breeding 

systems, sex-roles, parental care, migration, plover 
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breeding season, and was estimated as the interval between the arrival date and the 

departure date of an individual.  

Sexes were identified based on dimorphic plumage as males have darker head and breast 

bands than females in some plover species (Argüelles-Ticó et al. 2015) and confirmed by 

molecular sexing (details in Dos Remedios et al. 2015b) on most cases (plumage sexed: 

211 individuals, molecular sexed: 184 individuals). The two methods were highly concordant, 

with 98.4% sexing accuracy being obtained in populations with both plumage based and 

molecular based sex determination (n=184 individuals). Sex identification based on 

dimorphic plumage was not possible in the three sexually monomorphic species from 

Madagascar (Table 1) where only molecular sexing was done. In Tuzla (Table 1), no 

molecular sexing was possible so only the plumage based sexing was used and this was 

highly reliable in individuals with multiple captures (100% sexing accuracy, n = 105 captures 

of 50 individuals). We excluded 15 individuals from our sample whose molecular sex was 

identical to that of their partners.  

Statistical analyses 

For all subsequent analyses we standardized arrival date and length of breeding schedule 

for each year and population (i.e. subtracting each observation from the mean and dividing 

by the standard deviation), enabling us to compare across years and populations. To better 

fit a normal distribution, we further transformed the standardized arrival date with a square 

root and the addition of a constant thus forcing all data to be positive and non-zero. Using 

these data, we carried out separate analyses for: (i) arrival date and (ii) breeding schedule 

length.  

We carried out a multi-population analysis to understand whether arrival date and breeding 

schedule lengths are sex-specific and if these trends vary between breeding systems. We 

used a linear mixed model (LMM; fitted with maximum likelihood) with individual identity 

nested within population as a random factor. In these models we included sex and breeding 

system (factor with two levels: monogamous and polygamous) as fixed effects. Covariates 

included the total number of nests in the focal breeding season (total nests herein) to control 

for the potential earlier arrival or longer stay of individuals breeding more than once in the 

same year, and to control for individual quality: relative body size (i.e. mean tarsus length for 

all adult captures previous to the focal breeding season, standardized by population) and 

minimum age (i.e. number of years since first ringing). Two-way interactions of interest 

included were: breeding system * sex and sex * minimum age. 




















































































































































































































