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Abstract 39 

Mating strategy and social behaviour influence gene flow and hence affect levels of genetic 40 

differentiation and potentially speciation. Previous genetic analyses of closely related plovers 41 

Charadrius spp. found strikingly different population genetic structure in Madagascar: Kittlitz’s 42 

plovers are spatially homogenous whereas white-fronted plovers have well segregated and 43 

geographically distinct populations. Here we test the hypotheses that Kittlitz’s plovers are spatially 44 

interconnected and have extensive social interactions that facilitate gene flow, whereas white-45 

fronted plovers are spatially discrete and have limited social interactions. By experimentally 46 
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removing mates from breeding pairs and observing the movements of mate-searching plovers in 47 

both species, we compare the spatial behaviour of Kittlitz’s and white-fronted plovers within a 48 

breeding season. The behaviour of experimental birds was largely consistent with expectations: 49 

Kittlitz’s plovers travelled further, sought new mates in larger areas, and interacted with more 50 

individuals than white-fronted plovers, however there was no difference in breeding dispersal. 51 

These results suggest that mating strategies, through spatial behaviour and social interactions, are 52 

predictors of gene flow and thus genetic differentiation and speciation. Our study highlights the 53 

importance of using social behaviour to understand gene flow, although future work is needed to 54 

investigate the relative importance of social structure, intra- and between-season dispersal in 55 

influencing the genetic structures of populations.  56 

 57 

Keywords: speciation, social network, mating opportunities, genetic structure, mating systems, 58 

spatial behaviour, dispersal, shorebird, gene flow, Madagascar 59 
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Introduction 61 

How new species emerge despite homogenising gene flow is one of the most debated topics in 62 

evolutionary biology (Price, 2008; Futuyma, 2013). Although speciation is possible with 63 

continuous gene flow between lineages, this typically impedes speciation (Slatkin, 1987; Niemiller 64 

et al., 2008; Hereford, 2009; Matute, 2010; Feder et al., 2012). Understanding factors that affect 65 

gene flow is important beyond evolutionary biology; if local environments change abruptly or 66 

species suffer population or range contractions due to climate change, population fitness and 67 

productivity may decline unless genetic diversity is preserved within the extended population 68 

(Frankham, 1996; Arenas et al., 2012; Aitken & Whitlock, 2013). Sexual selection, typically more 69 

intense in polygamous than monogamous species, is often considered to facilitate speciation 70 

through variety of mechanisms via sexual conflict or intrasexual competition (Wilkinson and 71 

Birge, 2010; Gavrilets, 2014; Arnqvist & Rowe, 2002; Ritchie, 2007). Greater gene flow creates 72 

more uniform population genetic structure, but it also maintains greater genetic diversity within 73 

the population (Aitken & Whitlock, 2013; Eberhart-Phillips et al., 2015). However, recent work 74 

suggests that the variance in mating success associated with strong sexual selection may also 75 

constrain speciation through promoting individual spatial movement, resulting in increased gene 76 

flow in polygamous species (Küpper et al., 2012; D’Urban Jackson et al., 2017).  77 

 78 

Dispersal events typically increase gene flow, including natal and breeding dispersal, migration, 79 

as well as fine-scale movements that increase demographic connectivity within populations 80 

(Ronce, 2007; Burns & Broders, 2014; McGuire, 2013; Pilot et al., 2010). Many species of birds 81 

and mammals disperse to enhance mating opportunities and reproductive success; and access to 82 

mates, resources, and the avoidance of inbreeding are important in promoting sex specific dispersal 83 
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(Greenwood, 1980; Lenormand, 2002; Trochet et al., 2016). However, fine-scale continuous 84 

events, such as the social environment, spatial distribution and mate search behaviour, are often 85 

overlooked (Wey et al., 2015; Skrade & Dinsmore, 2010) in favour of rarer, large-scale dispersal 86 

events which cannot explain observed levels of gene flow alone (D’Urban-Jackson et al., 2017, 87 

Morinha et al., 2017). Individual movement patterns and space use strategies can influence social 88 

interaction as well as mating success, and hence gene flow (Duvall, 1997; Sih et al., 2009; 89 

McGuire, 2013). As well as affecting gene flow, the spatial distribution of individuals may in turn 90 

influence encounter rates influencing sexual competition (Tuni & Berger-Tal, 2012; D’Urban 91 

Jackson et al., 2017). This alteration of sexual selection patterns will in turn influence mating 92 

strategies (Oh & Badyaev, 2010), which provides feedback into movement patterns (Fromhage et 93 

al., 2016). Additionally, studies of social behaviour in birds, insects, and mammals have predicted 94 

higher levels of social interaction result in more gene flow, less speciation and higher extinction 95 

rates (Cockburn, 2003; Wilkinson & Birge, 2010; McGuire, 2013); suggesting gene flow may be 96 

reduced through limited social interactions.  97 

 98 

Recent genetic analyses of closely related shorebirds, the Kittlitz’s plover Charadrius pecuarius 99 

and the white-fronted plover Charadrius marginatus, showed that they exhibit different population 100 

genetic structure throughout their breeding range in Madagascar: Kittlitz’s plover had a panmictic 101 

and homogenous population with no population structure detected, whereas the white-fronted 102 

plovers exhibited well-defined geographically distinct populations (Eberhart-Phillips et al., 2015). 103 

The life-history and ecology of these two species are very similar, e.g. both are small insectivorous 104 

ground-nesting shorebirds with modal clutch size of two eggs and precocial young, and these 105 

species often breed side by side in Madagascar (Zefania & Székely, 2013). However, their mating 106 
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systems are different: Kittlitz’s plovers are polygamous whereas white-fronted plovers are socially 107 

(and genetically) monogamous (Zefania et al., 2010; Maher et al., 2017). Parra et al. (2014) found 108 

that re-mating times were different between male and female Kittlitz’s plovers, whereas in white-109 

fronted plovers the re-mating times were similar for males and females, demonstrating 110 

interspecific variation in mating opportunities and mate fidelity. The genetic data on population 111 

structure across a large geographic area (Eberhart-Phillips et al., 2015) and the experimental 112 

manipulation of mating opportunities in the field (Parra et al., 2014) provide a unique opportunity 113 

to explore the spatial and social processes through which sexual selection may influence gene flow 114 

within breeding seasons by using data that have not been analysed previously. 115 

 116 

Here we investigate movement and interaction of experimental plovers, using spatial and network 117 

methodologies to analyse experimental data, to test two key predictions. First, due to differences 118 

in mating opportunities, we predicted more movement by polygamous Kittlitz’s plovers in order 119 

to find new mates compared with monogamous white-fronted plovers (Székely & Lessells, 1993; 120 

Küpper et al., 2012; Parra et al., 2014), specifically greater distance travelled over larger home 121 

ranges as well as higher dispersal distance. Second, in accordance with the first prediction and 122 

known population structure (Eberhart-Phillips et al., 2015), Kittlitz’s plovers should demonstrate 123 

greater spatial and social interaction with conspecifics than white-fronted plovers. Plovers have 124 

often been used as a behavioural model system to understand mating system evolution (Székely et 125 

al., 2006; Vincze et al., 2016; Maher et al. 2017), and testing these predictions using spatial and 126 

social interaction data will provide the link between population genetic study and diversification, 127 

and mating system variation using the Malagasy plovers as a case study. 128 

 129 
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METHODS 130 

Study Species and Study Sites 131 

Kittlitz's and white-fronted plovers were investigated in southwest Madagascar. Kittlitz's plovers 132 

were studied between 6 February and 13 May 2010 in Andavadoaka (22° 02ƍS, 43° 39ƍE, Fig. 1) 133 

where approximately 300 Kittlitz's plovers breed around alkaline lakes (J.E. Parra, S. Zefania, & 134 

T. Székely, unpublished data). Fieldwork with the white-fronted plover was carried out between 1 135 

April and 23 June 2011 at Lake Tsimanampetsotsa National Park (24° 3ƍS, 43°44ƍE, Fig. 1), a large 136 

alkaline lake (15 km × 0.5 km), surrounded by sandy beaches, short grass, and saltpans. 137 

Approximately 150 white-fronted plovers breed around the lake (J.E. Parra, unpublished data). 138 

 139 

In the field, nests were searched for on foot or from hides by spotting incubating parents returning 140 

to their nest. In total, 18 Kittlitz's plover pairs (36 individuals) and 14 white-fronted plover pairs 141 

(28 individuals) were captured with funnel traps placed on their nests (Fig. 1). The differing sample 142 

sizes reflect the maximum number that was possible to catch with the resources available (J.E. 143 

Parra, S. Zefania, & T. Székely, unpublished data). Nest search, trapping and behavioural 144 

observations followed standard protocols that have been adopted in previous publications 145 

(Carmona-Isunza et al. 2015, Vincze et al. 2016; D’Urban-Jackson et al. 2017; Maher et al. 2017). 146 

The traps were continuously monitored until a parent entered the trap and sat on the eggs, and then 147 

it was removed immediately to reduce stress and the risk of injury. All adults were ringed with an 148 

individual colour ring combination and a numbered SAFRING metal ring from the University of 149 

Cape Town, South Africa. Study birds were differentiated from other ringed individuals by using 150 

green permanent marker (Pilot Supercolour) on the individual’s white belly.  151 

 152 
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Mate-removal Experiment 153 

The mate removal protocol of Székely et al. (1999) was followed to experimentally create unmated 154 

sexually-active individuals. This experimental treatment ensured that a mate-searching phase was 155 

included within the movement of all individuals, which would not have been possible with purely 156 

observational study. Briefly, both parents were trapped, ringed, measured and a blood sample was 157 

taken for sex determination since the adult plumage is sexually monomorphic in both species (see 158 

below and Supplementary Information). One parent was then selected at random (since the sex 159 

was not known until after the experiment) for release at the capture location immediately; and the 160 

other parent was taken into captivity (see below). In both Kittlitz's and white-fronted plovers, both 161 

the male and female incubate the eggs (Hockey et al., 2005; Urban et al., 1986). Eggs of 162 

experimental birds were translocated to nearby conspecific nests with eggs at a similar 163 

developmental stage. Only pairs incubating two eggs (modal clutch size in both species) were 164 

manipulated. Trapping locations for both species were distributed evenly over an area of similar 165 

size (Fig. 1). 166 

 167 

Removed plovers were transported to a nearby purpose-built aviary as detailed in Parra et al. 168 

(2014). Captive plovers were measured and then released after their former mate either found a 169 

new mate, or was not seen in the study sites for at least 12 days. Time in captivity was comparable 170 

for white-fronted plovers (number of days in captivity: 8.0 ± 1.71 days, N = 14, we provide mean 171 

± SD unless stated otherwise) and Kittlitz's plovers (7.12 ± 2.57 days, N = 18). Although captive 172 

plovers appeared to lose a small amount of body mass during their time in captivity (2.77 ± 0.51 173 

g in Kittlitz's plover, and 0.73 ± 0.22 g in white-fronted plover), many remated shortly after release 174 
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indicating salubrious condition. The experiment was approved by the Malagasy authorities – see 175 

additional information including the Ethical note below and in Supplementary Information. 176 

 177 

Behavioural Observations 178 

Both the immediately released and the captive plovers released from the aviary were searched for 179 

within the study area every day in the field, using a car and mobile hide, after release. When an 180 

experimental plover was found, the coordinates of its location were taken with a handheld GPS 181 

receiver (Garmin e-Trex H). In addition, we collected 30 minute behavioural samples of one of the 182 

two species, the white-fronted plover, by recording the behaviour of experimental plovers every 183 

30 seconds (see details in Parra et al., 2014) immediately after a resighting. The identity of other 184 

experimental plovers the focal individual interacted with during this time was also recorded. 185 

Although attempted, it was not possible to complete 30 minute behavioural samples for every 186 

resighting due to logistical survey limitations, i.e. if the focal individual flew off. Behavioural 187 

categories included social interactions such as fighting, courting and copulation. Two observers 188 

(M.B. and J.E.P.) collected the behavioural records, and both sampling methodology and 189 

behavioural categories were standardized between the observers. Since adults are sexually 190 

monomorphic in both species (Urban et al., 1986; Hockey et al., 2005) we used molecular sex 191 

typing to determine the sex of individuals (dos Remedios et al., 2010). Molecular sexing was 192 

carried out in NERC-Biomolecular Analysis Facility at the University of Sheffield (for details see 193 

dos Remedios et al., 2010; Parra et al., 2014, Supplementary Information). 194 

 195 

Home Range and Movement Analyses 196 
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The R package adehabitatHR (Calenge, 2006) was used to calculate the home ranges of individual 197 

plovers using the kernel method (Worton, 1989) using every observed sighting of each individually 198 

marked plover (termed ‘relocations’ henceforward). First, the utilization distributions (UD) of 24 199 

white-fronted (total relocations 327; mean 13.63 ± 5.75, min 6, max 26) and 32 Kittlitz´s plovers 200 

(total relocations 512; mean 16.0 ± 6.53, min 6, max 28) were calculated; 2 white-fronted and 4 201 

Kittlitz’s individuals were not included in the UD analyses because they had less than 6 relocations 202 

(Calenge, 2006). The kernel smoothing parameter, h, was optimised by the least-square cross 203 

validation (LSCV) method (Gitzen & Millspaugh, 2003). For several individuals the LSCV did 204 

not converge (Seaman & Powell, 1998), hence in order to produce a UD for every experimental 205 

individual, smoothing parameter limits were set beyond which the ad hoc method was used 206 

(Worton 1995; Calenge, 2011; Kie, 2013). These limits were set by eye to ensure there was not 207 

unrealistic fragmentation or over-smoothing of home ranges. The home range was then calculated 208 

from the UD as the area within which the probability of locating an individual is equal to a 209 

specified value (Worton, 1989, Calenge, 2011). To include the mate searching area as well as the 210 

core use area, a 90% home range was used in the analysis (Fig. 1, Fig. S1) as it provided the largest 211 

reliable home range size (Börger, 2006). 212 

 213 

Second, plover movement was investigated using step lengths of individuals (Marsh and Jones, 214 

1988; Turchin, 1998; Zeller et al., 2012), calculated with the R package adehabitatLT (Calenge, 215 

2006). Step lengths, calculated as the distances between consecutive points (Fig. 1, Fig. S1), were 216 

summed and then divided by the number of relocations to infer the mean step length for each 217 

individual Kittlitz’s plover (grand mean step duration: 1.88 ± 0.77 days) and white-fronted plover 218 

(1.04 ± 0.68 days). Third, breeding dispersal was investigated as the net distance between 219 
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territories (Fig. 1, Fig. S1. This was calculated from the distance between the first nest location in 220 

the original territory, i.e. the capture point; and the centroid point of the core-use area, i.e. the 221 

secondary territory. The core-use area was calculated as the 50% home range using the same 222 

technique used to find the 90% home range size (above).  223 

 224 

Generalized linear models (GLMs), with Gaussian error structure and identity link function, were 225 

used to test whether species, sex and their interaction predict the spatial behaviour of plovers (i.e. 226 

home range size, mean step length, and distance from previous territory). Log transformation was 227 

used for each response variable to normalise the data. Two models were fitted for each predictor 228 

variable, one basic model with fixed factors of species, sex, and species * sex interaction; and 229 

another model with additional control variables including number of days tracked, number of 230 

relocations, and captivity (i.e. released immediately after capture in the field, or released from 231 

captivity). ‘Number of relocations’ was not included in the GLM analyses of mean step length as 232 

it was used in the calculation of the variable. The models were compared using an Analysis of 233 

Deviance test, and in all cases the more complex model did not improve the fit of the basic model 234 

(see Supplementary Information), and so the basic models were retained. 235 

 236 

Spatial Interaction Analyses 237 

Spatial interaction between experimental plovers was estimated, using the Utilisation Distribution 238 

Overlap Index (UDOI) with the R package adehabitatHR (Calenge, 2011), as a proxy for 239 

behavioural connectivity within plover populations: greater overlap between home ranges 240 

indicates higher levels of space sharing and greater opportunity for social interaction, and 241 

potentially, increased gene flow through the population. The UDOI is an estimate for space use 242 
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sharing between individuals (Fieberg & Kochanny, 2005; Chynoweth et al., 2015), which utilises 243 

the UD described in the previous section. Thus, UDOI indices were calculated between the UD of 244 

individual plovers monitored during the study period. UDOI values range from 0.0 to 2.0, a value 245 

less than one indicates less overlap than expected whereas a value above one indicates higher 246 

overlap than would be expected relative to uniform space use (Fieberg & Kochanny, 2005). All 247 

interactions were temporally constrained, so that interactions between experimental individuals 248 

that had no temporal overlap in relocations were not included in the analysis. Although the two 249 

species had different numbers of individuals for the interaction analyses (32 Kittlitz’s and 24 250 

white-fronted plovers) and so UDOI could not be directly compared, we calculated two further 251 

characteristics using UDOI (see below): the (i) interaction network density, and (ii) relative spatial 252 

overlap between sexes. These measures are suitable for comparison as they describe overall 253 

network structure and are not affected by group size (Wey et al., 2008).  254 

 255 

The spatial interaction network was produced using the R package igraph (Csardi & Nepusz, 256 

2006). For each species an interaction matrix was created of UDOI weighted ties (edges) between 257 

individuals (nodes) where UDOI was positive. Thus, a node represents an individual plover, and 258 

edges represent its spatial interactions between individuals within the sampled population. 259 

Network density was then calculated as the proportion of potential edges, i.e. all of the possible 260 

interactions, which were observed in the network, i.e. UDOI greater than 0 (Wey et al., 2008). 261 

Standard errors for the species interaction network densities were calculated using 9,999 network 262 

bootstraps (Snijders & Borgatti, 1999), and two sample t-tests were carried out to test whether 263 

interaction networks significantly differed between species. 264 

 265 
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To test whether the spatial interaction network functioned as a suitable proxy for behavioural 266 

connectivity, a social interaction matrix was created using behavioural observations of 267 

experimental white-fronted plovers after release. Edges were weighted by the number of 30 second 268 

intervals in which either courtship or fighting behaviour was recorded with other experimental 269 

individuals, during the 30-minute observation period taken after each relocation. The observed 270 

interaction matrix was then compared to the UDOI matrix using a partial Mantel test, utilising the 271 

R package ecodist (Goslee & Urban, 2007) with the distances between territories, i.e. the centroid 272 

point of the 50% home range core-use area (see above), of individuals included as the control 273 

matrix. Data were not available to create a behavioural interaction matrix for Kittlitz’s plover. 274 

 275 

As overlap size is dependent on the number of conspecific experimental individuals within the 276 

study area, it is not possible to compare overlap, i.e. the UDOI value, directly between groups of 277 

differing network sizes, unlike network density. Hence sex-specific interactions were investigated 278 

separately for each species; total spatial interaction between individual plovers and either 279 

conspecific males, or females, was calculated. GLMs with Gaussian error structure and identity 280 

link function were fitted with sex as a predictor variable, and response variables of total UDOI 281 

between the focal bird and (i) all individually marked males, and (ii) all individually marked 282 

females involved in the study. The response variables, Y, were transformed to a normal distribution 283 

by adding one and then log transforming, i.e. ln(Yi+1). 284 

  285 

Spatial analysis was carried out in R (R Core Team, 2015) and ArcGIS 10.4 (Esri, Redlands, CA, 286 

USA), and spatial data was converted between them using R packages maptools (Bivand & Lewin-287 

Koh, 2016) and rgdal (Bivand et al., 2015). Figures were produced using the R packages ggplot2 288 
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(Wickham, 2009) and igraph (Csardi & Nepusz, 2006). Additionally, functions from the R 289 

packages plyr (Wickham, 2011) and sp (Bivand et al., 2013) were used during the analysis. 290 

Ethical Note 291 

Both experiments were approved by the Ministry of Environment, Forests and Tourism of the 292 

Republic of Madagascar (Research permit No: 053/11/MEF/SG/DGF/DCB.SAP/SCB of 11 293 

March 2011 and 132/10/MEF/SG/DGF/DCB.SAP/SSE of 6 May 2010) and Madagascar National 294 

Parks (No: 398-10/MEF/SG/DGF/DVRN/SGFF of 18 May 2011). Blood sampling was also 295 

covered by these research permits. The blood transport permit was approved by Service de la 296 

Gestion de la Faune et de la Flore, Direction de la Valorisation des Resources Naturelles, Ministère 297 

de l'Environnement et des Forêts Madagascar (authorization number 080N-EA06/MG11). 298 

Kittlitz's and white-fronted plovers are common breeding birds in much of Africa and Madagascar 299 

and not considered threatened by the IUCN (BirdLife International, 2014).  300 

The experiment was designed to reduce adverse effects on local plover populations and all 301 

necessary precautions were taken to ensure their welfare was suitably protected. Captive plovers 302 

were monitored daily and kept under standard conditions (see Parra et al., 2014) to reduce their 303 

stress levels. In addition, translocated eggs coped with the natural breeding conditions of local 304 

clutches in the two plover populations. Although monitoring the augmented clutches was beyond 305 

the scope of the experiment, nest checks suggest that at least 33.3% and 19.4% of augmented nests 306 

survived until hatching in the Kittlitz's plover (N = 36 nests) and the white-fronted plover (N = 20 307 

nests), respectively. Survival in these nests appeared to be higher than for unmanipulated nests 308 

(13.4% and 8.9%, based on N = 101 Kittlitz's plover nests and N = 56 white-fronted plover nests, 309 

respectively; J.E. Parra et al., unpublished data). 310 
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 311 

RESULTS 312 

Home Range Size and Movement 313 

Kittlitz’s plovers had significantly larger home ranges (9.02 ± 8.21 ha, N = 32 plovers) than white-314 

fronted plovers (3.27 ± 4.74 ha, N = 24 plovers; Table 1), although home range sizes did not differ 315 

between males and females (Figure 2, Table 1). Kittlitz’s plovers also had a higher mean step 316 

length (223.8 ± 194.1 m, N = 34 plovers) than white-fronted plovers (94.0 ± 117.3 m, N = 26 317 

plovers), and a marginally significant species * sex interaction suggests sex-difference between 318 

the two species (Table 1). Although the mean step duration was longer in Kittlitz’s plover (two 319 

sample t-test: t54 = 3.84, p < 0.001), days of tracking (duration) did not explain significant variation 320 

in mean step length (Table S2). 321 

 322 

Contrary to expectations, the distance between the former territory and the new territories was not 323 

different between Kittlitz’s plovers and white fronted plovers, nor did it differ between males and 324 

females (Table 1). However, Kittlitz’s plovers were found to have greater variation in their 325 

breeding dispersal distances than white-fronted plovers (F-test: F31,23 = 0.290, p = 0.003, Figure 326 

2). 327 

 328 

Spatial Interaction 329 

Kittlitz’s plovers were more spatially interconnected than white-fronted plovers. The density of 330 

the Kittlitz’s plover spatial association network (0.742 ± 0.093 [SE], N = 32 plovers) was 331 

significantly higher (two sample t-test: t54 = 4.399, p < 0.001, Figure 3) than that of the white-332 
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fronted (0.284 ± 0.047 [SE], N = 24 plovers). Additionally, the white-fronted spatial association 333 

network was significantly correlated with the observed behavioural interaction network (partial 334 

Mantel test: rm = 0.351, p < 0.001) controlling for distance between territories. 335 

 336 

The spatial interactions of Kittlitz’s plovers were less sexually structured than those of white-337 

fronted plovers (Figure 3). In Kittlitz’s plover, an individual’s spatial overlap with both males and 338 

females was not predicted by the sex of the interacting individual indicating a lack of sex-specific 339 

spatial interactions (GLMs, males: t = 1.633, p = 0.113; females: t = 1.341, p = 0.190; Figure 4; 340 

Table 2). In contrast, male white-fronted plovers had more spatial interaction with females than 341 

males (GLM: t = 4.137, p < 0.001; Figure 4). Likewise, female white-fronted plovers had a larger 342 

amount of spatial interaction with males than females (GLM: t = 5.652, p < 0.001; Figure 4; Table 343 

2).  344 

 345 

DISCUSSION 346 

The analyses of experimental data that have not been presented previously showed that spatial 347 

movement and interaction of unmated individuals varies between closely-related species. These 348 

results augment the analyses of Parra et al. (2014) that reported different mating times, courtship 349 

behaviour and pair bonds between the two Malagasy plover species. The work presented here 350 

provided two novel results; species differences in both spatial behaviour and inferred social 351 

interactions with conspecifics. 352 

 353 

Firstly, both mean step length and home range size were larger in Kittlitz’s than in white-fronted 354 

plovers. This result showed that the polygamous Kittlitz’s plovers exhibit less restricted 355 
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movements than the socially (and genetically) monogamous white-fronted plover. The smaller 356 

home ranges in white-fronted plover may be due to more restricted mate search behaviour and/or 357 

to more limited movements of experimental birds once they found a mate. We believe both 358 

explanations are likely and more work is needed to disentangle the movements of un-mated and 359 

mated individuals possibly by recording the movements of radio-tagged individuals. Furthermore, 360 

although field observations were carried out as consistently as possible between the two species, 361 

the relocations were not necessarily uniformly spaced between the two species.   362 

 363 

Contrary to expectation, new Kittlitz’s and white-fronted plover territories were similar distances 364 

from their previous territories, and hence the breeding dispersal distances do not seem to explain 365 

differences in gene flow within these populations of plovers. However, the other measures of 366 

spatial distribution and search effort did align with the observed genetic structure, and for future 367 

studies we recommend using territorial or social metrics alongside distance metrics where possible 368 

to understand fine-scale spatial patterns. Other studies have also found social interactions and 369 

spatial behaviour explaining gene flow, in addition to or in absence of dispersal (Burland et al., 370 

1999; Pilot et al., 2010; McGuire et al., 2013). Although migration did not predict genetic 371 

differentiation in shorebirds (D’Urban-Jackson et al., 2017) it remains important to consider the 372 

role between-season movement plays, such as natal dispersal (Ronce, 2007; Mabry et al., 2013), 373 

which is not investigated in this study. Further work is needed to distinguish the relative 374 

importance of natal versus breeding dispersal in generating gene flow (Wey et al., 2015). 375 

Importantly, although there was no difference in the dispersal distance between the species, 376 

Kittlitz’s plovers showed greater variation in their dispersal distances: the furthest Kittlitz’s plover 377 

dispersed was 2202m, compared to 462m in white-fronted plover. This demonstrates the capability 378 
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to disperse greater distances within a breeding season, and deserves further study in the context of 379 

other forms of dispersal. 380 

 381 

Secondly, consistent with our predictions, Kittlitz’s plovers were more spatially interconnected 382 

than white-fronted plovers. The Kittlitz’s plover spatial interaction network density was 383 

significantly higher, and therefore birds likely interact with higher numbers of conspecific 384 

experimental individuals. The spatial association network of white-fronted plover correlated with 385 

the observed social interaction network, indicating that results from the spatial interaction network 386 

may also be considered in the context of a social network. 387 

 388 

In Kittlitz’s plover, home ranges of both males and females overlapped with several other 389 

experimental individuals. The high levels of spatial interaction suggest flocking behaviour; 390 

Kittlitz’s plovers exhibit complex gregarious social behaviour where individual plovers join to 391 

flock for feeding and resting; even members of breeding pairs join flocks (Urban et al., 1986; 392 

Hockey et al., 2005), but the relative numbers of paired and un-paired individuals within these 393 

flocks is not currently known. This greater degree of sociality increases the potential for high levels 394 

of gene flow across a population; however, a recent study of genetic structure in the social, but 395 

monogamous, red-billed chough Pyrrhocorax pyrrhocorax found strongly segregated populations 396 

(Morinha et al., 2017), suggesting both mating opportunities and social interaction are needed to 397 

facilitate high levels of gene flow.  Flocking behaviour may facilitate gene flow through lower 398 

energy costs associated with mate searching due to high densities, and reduced risk of predation 399 

while searching (DeRivera et al., 2003; Kasumovic et al., 2007).  400 

 401 
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Kittlitz’s plover’s exhibit uni-parental brood care, whereas white-fronted plovers are biparental 402 

(Zefania & Székely, 2013), and this brood care strategy may allow them to interact more frequently 403 

with other members of the population due to less time spent on parental care. In contrast, white-404 

fronted plovers exhibit greater philopatry and are less social when searching for a mate, and males 405 

and females had few interactions with conspecifics, inherently leading to strongly spatially 406 

structured populations. This suggests polygamous plover species have a plastic, flexible social 407 

structure which spreads over a broad geographical range (Küpper et al., 2012; Eberhart-Phillips et 408 

al., 2015), whereas monogamous plovers exhibit social rigidity with few social interactions within 409 

a restricted home range. A recent genetic analysis of 79 geographically distinct populations of 10 410 

plover species provided consistent results with the latter argument, since polygamous plovers 411 

exhibited less geographic differentiation than monogamous ones (D’Urban Jackson et al., 2017). 412 

 413 

Additionally, interactions between plovers were not sexually structured in Kittlitz’s plovers, but 414 

were in white-fronted. We found that a significant difference in spatial overlap between the sexes 415 

was only found in white-fronted plovers; overlap with the opposite sex was significantly higher 416 

for both males and females than same-sex overlaps.  Small home range overlap with same-sex 417 

individuals, combined with the previous results of fewer interactions and less movement, suggests 418 

strong territoriality in white-fronted plovers (Ostfeld, 1986). This fits in with the expectation that 419 

pair bonding and bi-parental care will generally see an individual be more fixed in its range of 420 

movement (Fricke, 1986; Sommer, 2003). In line with the latter argument, female pied flycatchers 421 

Ficedula hypoleuca exhibit similar restricted mate searches as a consequence of competition with 422 

conspecifics for nest sites (Slagsvold et al., 1988). 423 

 424 
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An explanation of the spatial patterns observed in white-fronted plover may be the costs of finding 425 

nest sites leading to high territoriality (Brashares & Arcese, 1999). Strong competition for breeding 426 

vacancies would prevent formation of a floating population of single plovers as any paired plover 427 

has a high probability of losing their breeding status if they leave a nesting territory in an attempt 428 

to find a new mate. Therefore, if the costs of searching are related to defending a nesting site, 429 

males and females should stay together to protect a territory and spend less time searching for a 430 

mate to reduce the risk of losing both their nest site and breeding status (Ens et al., 1996). 431 

Consistently, white-fronted plovers exhibit high breeding site-fidelity and territory retention 432 

within and between years (Lloyd, 2008). Consequently, monogamy and biparental care associated 433 

with territoriality are probably the best strategy to maximize reproductive success in white-fronted 434 

plovers as demonstrated in other shorebird species (Lessells, 1984; Gratto et al., 1985). 435 

Conversely, breeding sites do not seem to be limited for Kittlitz’s plovers, they can breed with 436 

nests of different pairs 10 – 30 metres apart (Urban et al., 1986; Hockey et al., 2005). Hence, the 437 

observed tight sexually-structured spatial behaviour in white-fronted plovers may be indicative of 438 

territoriality, resulting in low gene flow through a population due to confined search behaviour 439 

and low interaction rate. 440 

 441 

In conclusion, we found different spatial movements and inferred social interaction patterns in 442 

unmated individuals of closely related plover species exhibiting different breeding systems. These 443 

findings may have important implications for the role of spatial interaction in gene flow and 444 

speciation; as well as how spatial behaviour and social interactions are shaped by competition, 445 

mating opportunities and territoriality. Taken together, the different spatial behaviour and social 446 

structure in two sympatric plover populations are consistent with molecular results obtained from 447 
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populations along the west coast of Madagascar (Eberhart-Phillips et al., 2015). Our study 448 

demonstrates that spatial and network analyses provide valuable tools in investigating, and 449 

quantifying, how social interaction, competition and mating strategies impact on gene flow and 450 

speciation. In particular, we emphasise the need for social and/or territory metrics to be used in 451 

accordance with distance metrics when investigating genetic structure. Future investigations with 452 

detailed movements of focal species, in an explicit phylogenetic framework, are needed to fully 453 

understand the roles of mating system and social interaction, as well as the relative importance of 454 

intra- and between-season movements in speciation. 455 

 456 
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Table 1. General linear models of home range size, mean step length and dispersal from previous 646 

territory (response variables) of male and female Malagasy plovers. Figures in bold indicate 647 

statistically significant relationships. The data were natural log transformed prior to the analyses. 648 

 
Home range size Mean step length 

Dispersal from previous 

territory 

 Estimate t value Estimate t value Estimate t value 

Intercept 
11.104 

(0.241) 

46.092  

(<0.001) 

4.978 

(0.171) 

29.202 

(<0.001) 

4.354 

(0.336) 

12.960 

(<0.001) 

Species 
-1.264 

(0.375) 

-3.374  

(0.001) 

-0.598 

(0.259) 

-2.310 

(0.025) 

0.160 

(0.522) 

0.305 

(0.761) 

Sex 
-0.074 

(0.352) 

-0.211 

(0.833) 

0.315 

(0.241) 

1.307 

(0.197) 

-0.051 

(0.491) 

-0.103 

(0.918) 

Species * Sex 
-0.121 

(0.537) 

-0.225  

(0.823) 

-0.647  

(0.366) 

-1.767 

(0.083) 

-0.242 

(0.749) 

-0.323 

(0.748) 

 649 

General linear models using Gaussian error structure and identity link function were fitted 650 

separately to home range size, mean step length and dispersal from previous territory. These 651 

models were compared with models including additional control variables; these were found not 652 

to improve the model fit, and hence the more basic models were sufficient (see Supplementary 653 

Information). Standard errors and p-values are in presented in parentheses for the estimates and t-654 

values, respectively. ‘Female’, ‘white-fronted’, and ‘white-fronted female’ were used as reference 655 

levels. 656 

  657 
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Table 2. General linear models of total spatial overlap of the focal individual with males, and 658 

females (response variables) in two species of Malagasy plovers. Figures in bold indicate 659 

statistically significant relationships.  The data were natural log transformed prior to the analyses. 660 

 661 

  Male overlap Female overlap 

  Estimate t value Estimate t value 

White-fronted 

Intercept 
0.191 

(0.062) 

3.061 

(0.006) 

0.554 

(0.052) 

10.642 

(<0.001) 

Sex 
0.365    

(0.088) 

4.137 

(<0.001) 

-0.416 

(0.074) 

-5.652 

(<0.001) 

Kittlitz’s 

Intercept 
0.733 

(0.097) 

7.531 

(<0.001) 

0.896 

(0.095) 

9.418 

(<0.001) 

Sex 
0.232 

(0.142) 

1.633 

(0.113) 

-0.186 

(0.139) 

-1.341 

(0.190) 

 662 

General linear models using Gaussian error structure and identity link function were used to 663 

analyse spatial overlap. As inter-species analysis was not appropriate due to differing sample sizes, 664 

the only explanatory variable included was Sex, with Female the reference factor level. Estimate 665 

standard errors and t values’ corresponding p-values are in parentheses. 666 

 667 

  668 
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Supplementary Information 669 

Molecular sexing 670 

A small blood sample was taken from each adult's brachial wing vein, by puncturing, collecting 671 

drops of blood (25 ȝl approx.) in capillary tubes, and storing this in Eppendorf tubes of Queen's 672 

Lysis Buffer. DNA was extracted from blood samples using the ammonium acetate extraction 673 

method (Parra et al., 2014). For molecular sex typing, Z- and W-chromosome-specific genes were 674 

amplified via polymerase chain reaction (PCR) using Z-002B/Z-002D primers. For additional 675 

certainty in sex assignment, W-chromosome-specific Calex-31 primers, developed in the genus 676 

Charadrius, were utilized (Parra et al., 2014). PCR amplification was conducted on a DNA Engine 677 

Tetrad 2 Peltier Thermal Cycler under the following conditions: 95 °C for 15 min, followed by 35 678 

cycles of 94 °C for 30 s, 56 °C for 90 s, 72 °C for 60 s with a final extension of 60 °C for 30 min. 679 

Samples were visualized on an ABI 3730 automated sequencer. IR Dye-labelled tailed primers 680 

separated the products of Z-002B/Z-002D primers into either one (ZZ) or two (ZW) bands, 681 

indicating male or female, respectively. The W-specific Calex-31 product only appeared as one 682 

band indicating female. Images were scored using GeneMapper software version 4.1 (Applied 683 

Biosystems, Foster City, CA, U.S.A.). To maximize reliability, all samples were sexed using two 684 

markers. Additionally, for 8% of the total samples (11 Kittlitz's plover and 10 white-fronted plover 685 

individuals) molecular sexing was repeated; in all cases, repetitions concurred with the original 686 

results. 687 

 688 

Table S1. Home range sizes of male and female Malagasy plovers.  689 
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 Model 1 Model 2 

 Estimate t value Estimate t value 

Intercept 
11.104 

(0.241) 

46.092 

(< 0.001 ***) 

11.526 

(0.539) 

21.396 

(< 0.001 ***) 

Species 
(white-fronted) 

-1.264 

(0.375) 

-3.374 

(0.001 **) 

-1.725 

(0.427) 

-4.038 

(< 0.001 ***) 

Sex 
(female) 

-0.07438 

(0.352) 

-0.211 

(0.833) 

0.054 

(0.34352) 

0.158 

(0.875) 

Number of relocations - - 
0.027 

(0.025) 

1.075 

(0.288) 

Captivity 
(yes) 

- - 
0.195 

(0.274) 

0.714 

(0.479) 

Duration - - 
-0.036 

(0.015) 

-2.325 

(0.024 *) 

Species*Sex 
(white-fronted female) 

-0.121 

(0.537) 

-0.225 

(0.823) 

-0.166 

(0.528) 

-0.315 

(0.754) 

 690 

Two GLMs were used to analyse home range size using Gaussian error structure and identity link 691 

function. The first including only Sex, Species, and their interaction; and the second including a 692 

number of additional control variables (above). The two models were tested and including control 693 

variables was not found to improve the fit of the model (Analysis of Deviance, F = 2.371, dflarge = 694 

52, dfsmall = 49, p = 0.082). Duration refers to the number of days that a plover was tracked in the 695 

field; captivity, whether or not the bird was held until its previous mate re-mated; and number of 696 

relocations, the number of GPS recordings taken. Reference factor level, estimate standard errors 697 

and t values’ corresponding p values are in parentheses. 698 

 699 

Table S2. Mean step length of male and female Malagasy plovers.  700 

 Model 1 Model 2 
 Estimate t value Estimate t value 

Intercept 
4.978 

(0.171) 
29.202 

(<0.001***) 
4.722 

(0.339) 
13.912 

(<0.001 ***) 
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Species 
(white-fronted) 

-0.598 
(0.259) 

-2.310 
(0.025 *) 

-0.471 
(0.300) 

-1.566 
(0.123) 

Sex 
(female) 

0.315 
(0.241) 

1.307 
(0.197) 

0.330 
(0.248) 

1.332 
(0.189) 

Captivity 
(yes) 

- - 
0.091 

(0.192) 
0.474 

(0.638) 

Duration - - 
0.008 

(0.009) 
0.832 

(0.409) 

Species*Sex 
(white-fronted female) 

-0.647 
(0.366) 

-1.767 
(0.083 .) 

-0.677 
(0.375) 

-1.805 
(0.077 .) 

 701 

Two GLMs were used to analyse home range size using Gaussian error structure and identity link 702 

function. The first including only Sex, Species, and their interaction; and the second including a 703 

number of additional control variables (above). The two models were tested and including control 704 

variables was not found to improve the fit of the model (Analysis of Deviance, F = 0.387, dflarge = 705 

56, dfsmall = 54, p = 0.681). Duration refers to the number of days that a plover was tracked in the 706 

field; and captivity, whether or not the bird was held until its previous mate re-mated. Reference 707 

factor level, estimate standard errors and t values’ corresponding p values are in parentheses. 708 

 709 

Table S3. Breeding dispersal of male and female Malagasy plovers.  710 

 Model 1 Model 2 
 Estimate t value Estimate t value 

Intercept 
4.354 

(0.336) 
12.960 

(<0.001 ***) 
4.174 

(0.791) 
5.276 

(<0.001 ***) 

Species 
(white-fronted) 

0.160 
(0.522) 

0.305 
(0.761) 

-0.086 
(0.627) 

-0.137 
(0.892) 

Sex 
(female) 

-0.051 
(0.491) 

-0.103 
(0.918) 

0.006 
(0.505) 

0.012 
(0.991) 

Number of relocations - - 
0.0434 
(0.037) 

1.198 
(0.237) 

Captivity 
(yes) 

- - 
0.044 

(0.402) 
0.108 

(0.914) 

Duration - - 
-0.020 
(0.023) 

-0.895 
(0.375) 
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Species*Sex 
(white-fronted female) 

-0.242 
(0.749) 

-0.323 
(0.748) 

-0.161 
(0.775) 

-0.208 
(0.836) 

 711 

Two GLMs were used to analyse home range size using Gaussian error structure and identity link 712 

function. The first including only Sex, Species, and their interaction; and the second including a 713 

number of additional control variables (above). The two models were tested and including control 714 

variables was not found to improve the fit of the model (Analysis of Deviance, F = 0.525, dflarge = 715 

52, dfsmall = 49, p = 0.667). Duration refers to the number of days that a plover was tracked in the 716 

field; captivity, whether or not the bird was held until its previous mate re-mated; and number of 717 

relocations, the number of GPS recordings taken. Reference factor level, estimate standard errors 718 

and t values’ corresponding p values are in parentheses. 719 

 720 

Figure legend 721 

Figure 1. Maps of study sites of Kittlitz’s and white-fronted plover in SW Madagascar, with the 722 

study area in the left panel and illustrative detail in the right. Dashed lines represent the breeding 723 

dispersal between the original nest capture sites (denoted by crosses), and secondary territories of 724 

male (white circles) and female (black circles) experimental plovers used in the spatial analyses. 725 

As an illustration of data used in analysis, the home ranges of three male (white fill, solid outline) 726 

and female (grey fill, dashed outline) Kittlitz’s plovers and five white-fronted male and female 727 

plovers are shown. 728 

 729 

Figure 2. (a) Home range size, (b) mean step length and (c) dispersal from previous territory in 730 

two Malagasy plover species. The data were normalised using natural log transformations. 731 
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Numbers of individuals are shown beneath categories. The lower and upper borders of the box are 732 

lower and upper quartiles, respectively; the horizontal bar is the median; and whiskers represent 733 

the lowest and highest observations apart from the outliers. Circles denote outliers that are between 734 

the first and third interquartile from the nearer edge of the box. 735 

 736 

Figure 3. Spatial association networks of Kittlitz’s and white-fronted experimental plovers. Nodes 737 

represent adult males and females; vertices represent the amount of overlap (UDOI) of individual’s 738 

home ranges. The Kittlitz’s network was more interconnected than the white-fronted network, as 739 

the densities differed significantly (two sample t-test, t54 = 4.462, p < 0.001). 740 

 741 

Figure 4. Total spatial overlap of individual home ranges with conspecific experimental males or 742 

females in white-fronted and Kittlitz’s plover, quantified using the utilization distribution overlap 743 

index (UDOI). Inter-species comparison of UDOI size is not appropriate due to differing sample 744 

sizes, but the relationship between male and female overlap within species can be compared. The 745 

lower and upper borders of the box are lower and upper quartiles, respectively; the horizontal bar 746 

is the median; and whiskers represent the lowest and highest observations apart from the outliers. 747 

Circles denote outliers that are between the first and third interquartile from the nearer edge of the 748 

box. 749 

Figure S1. Typical spatial data collected. The home range size is the area of the 90 % home range 750 

(shaded grey). The mean step length was calculated as the total distance between consecutive 751 

relocation points (solid circles), divided by the number of points. The breeding dispersal (dashed 752 

line) was taken to be the distance between territories; between the original nest location (hollow 753 

circle, moved for visualisation purposes) and the centroid of the 50% core use area (hollow square). 754 
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