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ABSTRACT 38 

Animal migrations are unique phenomena involving mass movements of individuals, which 39 

pose significant challenges to develop conservation strategies. Migratory seabirds, particularly, 40 

face many anthropogenic threats across their distributions, and populations are declining 41 

worldwide. We provided a thorough isotopic method to characterise individual migratory 42 

patterns and identify main moulting areas of two closely-related Puffinus shearwaters breeding 43 

in the Mediterranean that produces minimal intrusion on birds. Using tracking data of 64 birds 44 

and the stable isotopic values (δ13C and δ15N) of one wing feather, we built a robust discriminant 45 

for rapid geographic assignment of post-breeding grounds, among Atlantic, Mediterranean and 46 

Black Sea basins. Afterwards, we applied the method to several wing feathers of non-tracked 47 

individuals and populations and assessed their most plausible post-breeding grounds. First, 48 

most tracked Balearic shearwaters from Ibiza and 7% from Minorca were moult-ascribed to the 49 

Atlantic; the remaining Balearic and all Yelkouan shearwaters displayed what resembled a 50 

longitudinal chain-migration, with an easternmost gradual proportion of individuals migrating 51 

towards the Black Sea. Second, the isotopic discriminant achieved high accuracy of correct 52 

classification (91.0%) with only six non-assigned individuals. Third, >80% of birds moulted all 53 

their primary feathers in a single location. Finally, we provided examples assigning moulting 54 

areas of non-tracked individuals (e.g., bycaught birds) and entire populations based on a single 55 

sampling. This isotopic approach and the examples we provided offer new insights into the 56 

study of seabird migration with minimal disturbance, requiring a single capture. The 57 

methodology offers valuable tools for studying endangered seabirds and supports conservation 58 

efforts by identifying key moulting areas and migration strategies. 59 

 60 

Keywords: Balearic shearwater, biologging, discriminant analysis, isotopic assignation, oceanic 61 

migration, Yelkouan shearwater. 62 
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1. INTRODUCTION  63 

Climate change, habitat alteration, invasive alien species and pollution are modifying 64 

landscapes and creating new conservation challenges, especially for migratory species due to 65 

their high mobility and reliance on multiple habitats to complete their life history (Lennox et al., 66 

2016). Indeed, the conservation status of many of these species is rapidly deteriorating (Runge 67 

et al., 2014), highlighting the urgent need to understand the spatial overlap between potential 68 

threats and their distribution throughout the annual cycle. Uncovering migratory patterns and 69 

understanding the linkages between areas (i.e., migratory connectivity) of populations or 70 

closely-related species is crucial to more directly implement effective conservation measures 71 

(Lascelles et al., 2014; Schuster et al., 2019), as there may exist migratory divisions within the 72 

species that result in divergent routes and different threats. 73 

Studies of seabird migrations have increased over the last decades with the 74 

improvements of tracking methods (López-López, 2016; Davies et al., 2021). Technological 75 

advances in tracking devices, such as Global Locators Sensors (GLS) have led to a remarkable 76 

expansion in studying the migratory behaviour of many seabird species, since they are durable, 77 

lightweight, capable of recording a wealth of data and relatively benign method (Carey, 2011). 78 

However, the study of the spatial and migratory ecology of these species through GLS devices 79 

has several drawbacks, such as devices must be retrieved from birds to download data and 80 

therefore are only useful for easily-recaptured and high site-fidelity species. Alternatively, the 81 

analysis of biogeochemical markers, such as the Stable Isotope Analysis (SIA), can complement 82 

the insights provided by biologging devices, as only one capture and tissue sampling is needed 83 

to assess the geographic location where the animal has generate the tissue (Ramos & González-84 

Solís, 2012). For instance, the isotopic composition of animal tissues typically reflects the 85 

isotopic elementary source of every geographic area and the processes that produce every 86 

specific tissue. Feathers, for instance, maintain the isotopic signal of resources used during their 87 
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moult, i.e., where and when they regrow (Pérez et al., 2008). Thus, tracking devices and 88 

biogeochemical analysis are often combined in current animal migration studies (e.g., Péron 89 

et al., 2013; Austin et al., 2019). 90 

The present study provides a thorough isotopic method, based on δ13C and δ15N of 91 

feathers, to characterize individual migratory patterns of two Puffinus shearwaters endemic as 92 

breeders to the Mediterranean basin, the Balearic (P. mauretanicus) and the Yelkouan 93 

shearwaters (P. yelkouan). In particular, we verified wing moult (i.e., primary feather 94 

replacement) of these species, described the isotopic variation of the moulted feathers in their 95 

main three post-breeding areas (Atlantic, Mediterranean, and Black Sea; Militão et al., 2013) 96 

for seven breeding populations, and developed a robust isotopic assignation method of post-97 

breeding areas for unmonitored and untracked individuals. Finally, we provided four different 98 

examples (with data and results) on the applicability of the method and discussed its reliability 99 

in ecological and conservation contexts. 100 

 101 

2. METHODS 102 

2.1 Study species 103 

In the Mediterranean, there are two recognised endemic species of shearwaters of the genus 104 

Puffinus: the Balearic shearwater (Lowe, 1921) and the Yelkouan or Mediterranean shearwater 105 

(Acerbi, 1827). Recent genetic evidences suggested the possibility of re-considering both taxa 106 

as subspecies of a pan-Mediterranean species which might include certain differentiation 107 

among populations (Ferrer Obiol et al., 2023), although morphological and behavioural 108 

evidence still support the recognition of two species (Altaba, 1993; Curé et al., 2010; Gil-109 

Velasco et al., 2015) with an area of contact (i.e. a population showing signs of hybridization) 110 

in Minorca (NE Balearic Islands, Spain) (Genovart et al., 2012; Austin et al., 2019). Balearic 111 
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shearwater breeds in several islands and islets of the Balearic Archipelago, and most individuals 112 

move to the Atlantic Ocean during the post-breeding season (Guilford et al., 2012), with the 113 

exception of Minorcan birds, that largely remain in the western Mediterranean (Austin et al., 114 

2019). On the contrary, Yelkouan shearwater occupies areas spread across most of the 115 

Mediterranean for breeding, and the central and eastern Mediterranean and the Black Sea for 116 

post-breeding (Raine et al., 2013). 117 

The Balearic shearwater is listed as Critically endangered species by the International 118 

Union for Conservation of Nature (IUCN; BirdLife International, 2024) while the Yelkouan 119 

shearwater is listed as Vulnerable species, in both cases, due to their declining populations and 120 

susceptibility to both marine and terrestrial threats. Fishery bycatch is the main threat identified 121 

for both species at sea in the Mediterranean, as it poses a major source of mortality with a high 122 

influence on their demography due to reductions in adult survival (Arcos, 2011; Oppel et al., 123 

2011; Oliveira et al., 2015; Genovart et al., 2016; Cortés et al., 2017; Ramírez et al., 2024). On 124 

land, predation of eggs, chicks and even adults by introduced mammals, such as mice, rats and 125 

feral cats, are also relevant demographic constrains in the breeding colonies (Arcos, 2011; 126 

Gaudard, 2018). This had already ended with the extinction of, at least, eleven breeding colonies 127 

of Yelkouan shearwater over the last decades (Bourgeois & Vidal, 2008) whereas at least one 128 

colony of Balearic shearwater has also disappeared (Ruiz & Martí, 2004). 129 

 130 

2.2 Moult phenology 131 

As most Procellariiformes do (Ramos et al., 2009), Balearic shearwaters start moulting primary 132 

feathers early in the post-breeding period following a simple descending order from the 133 

innermost primary (P1) to the outermost primary feather (P10; Meier et al., 2017). Most of the 134 

moult of the Balearic shearwater occurs between June and October, while that of the Yelkouan 135 

shearwater could start one month later, i.e., in July (Militão et al., 2013; Bourgeois & Dromzée, 136 
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2014). Pictures taken at sea during the post-breeding period (collected in Figure S1) further 137 

supported these results for both species. 138 

 139 

2.3 Sampling strategy 140 

Main sampling sites of the study included ten breeding colonies across the Mediterranean Sea 141 

(Figure 1; Table S1): Es Bosc and Sa Conillera (Ibiza, Spain), La Mola de Maó (Minorca, 142 

Spain), Port-Cros and Porquerolles (France), Tavolara (Sardinia, Italy), Malta (Malta), 143 

Zaklopatica (Croatia), and Lipsi and Gyaros (Greece). At each site and across two study periods 144 

(2007-2013 and 2021-2022), breeding birds were captured and deployed with GLS (models 145 

MK19, BioTrack© and C65-COOL, Migrate Technology©). GLS weigh of about 2g and were 146 

fitted on the tarsus of the animals mounted on a Darvic ring (Pérez-Roda et al., 2017; Grissot 147 

et al., 2023). At the time of retrieving the devices, in subsequent breeding seasons, we also 148 

sampled one P1 feather of all tracked individuals, or, alternatively, one P3 feather if primary 149 

moulting eventually started. As mentioned above, P1-P3 of the breeding adults start moulting 150 

when they reach their post-breeding areas primarily, thus, we assumed these areas serve as main 151 

moulting areas for both species. 152 

We complemented the main sampling of old feathers from already-tracked birds, with 153 

four examples where the isotopic methods could be applied. First, we sampled small pieces of 154 

five primary feathers across the moult sequence, i.e., P1, P3, P5, P7, and P9, of 26 untracked 155 

individuals of up to four breeding colonies: Minorca (n=8), Sardinia (n=8), and Greece (n=5), 156 

and from another colony of the Central Mediterranean without any tracking information 157 

(Zembretta Island, Tunisia; n=5). These samplings should allow us clarifying the moulting 158 

sequence and areas for each of the populations. Second, we also sampled feathers from 159 

untracked individuals from the main study colonies to ascertain the potential winter locations 160 

of those individuals and populations. Finally, we collected P1-P3 feathers from bycaught birds 161 
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off the Catalan coast (NE Spain), both Balearic (n=110) and Yelkouan (n=77) shearwaters, and 162 

with unknown breeding origins to infer their moulting and post-breeding grounds, and thus, the 163 

potential breeding origins of those birds. 164 

 165 

2.4 GLS and tracking data 166 

GLS devices provide light data, among others, that can be converted into geographic locations. 167 

The process consists of threshold levels of solar irradiance, arbitrarily chosen to identify the 168 

timing of sunrise and sunset (Lisovski et al., 2020) which allows generating a single location 169 

based on the estimated times of two successive twilights events. By considering the alternating 170 

sequence of sunrise/sunset and sunset/sunrise pairs, two locations can be estimated every 24h. 171 

Concurrent deployment of these loggers along with satellite transmitters during breeding has 172 

indicated a mean accuracy of 145-185 km in seabirds, which is reasonable for tracking 173 

migration ranges of pelagic species (Merkel et al., 2016; Halpin et al., 2021). Given the inherent 174 

error of the GLS data and the maximum foraging range of Puffinus shearwaters (Péron et al., 175 

2013; Meier et al., 2015), we modelled a Kernel Density Estimation (KDE) with a smoothing 176 

factor at 50% for August positions of all tracked individuals and populations to define main 177 

moulting areas of the first primary feathers, i.e., P1 to P3 feathers. Individual and population 178 

50% KDE and their respective centroids were calculated using the kernelUD() from package 179 

adehabitatHR in R (Worton, 1989; Calenge & Fortmann-Roe, 2024).  180 

 181 

2.5 Laboratory procedures and stable isotope analyses 182 

Feathers and pieces of the feather analysed in Spain were all washed in a 0.25M solution of 183 

NaOH, rinsed with distilled water to eliminate any possible residues that may interfere the 184 

analysis, and dried at 60 ºC for 48 h in an oven to extract all moisture. Then, the feather was 185 

cut into smaller pieces and 0.30 mg of every sample (± 0.05 mg) was enclosed and crimped in 186 
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tin (Sn) capsules for combustion (Chew et al., 2019). Every sample is combusted by means of 187 

elemental analysis-isotope ratio mass spectrometry using a ThermoFisher Scientific elemental 188 

analyser Flash IRMS coupled to a Delta-V Advantatge isotope ratio mass spectrometer via a 189 

CONFLO IV interface at the Serveis Científico-Tècnics of the Universitat de Barcelona (SCT-190 

UB; Spain). On the other hand, feathers analysed in France were rinsed in a 2:1 191 

chloroform:methanol solution, rinsed twice in the solution, dried for 48 h at 60°C and 192 

homogenized with scissors. Analyses were performed at the Institut Littoral Environnement et 193 

Sociétés (LIENSs, La Rochelle, France) on ca. 0,5 mg subsamples of material loaded into tin 194 

cups, using an elemental analyser (Thermo Fisher, Flash EA 1112) coupled in continuous flow 195 

mode to an isotope ratio mass spectrometer (Thermo Fisher, Delta V Advantage, Bremen, 196 

Germany). Stable isotope ratios in both cases were expressed in the standard δ-notation (‰) 197 

relative to Vienna Pee Dee Belemnite (VPDB; δ13C), and atmospheric N2 (AIR; δ15N). The 198 

isotopic ratio mass spectrometry facility at the SCT-UB applies international inorganic 199 

standards (IAEA CH7, IAEA CH6 and USGS-24 for C, and IAEA N1, IAEA N2 and IAEA 200 

NO3 for N) inserted every 12 samples to calibrate the system and compensate for any drift over 201 

time (Salazar-García, 2011). Replicate assays of standard materials indicated measurement 202 

errors of ± 0.2‰, for both C and N, but these are likely underestimates of true measurement 203 

error for complex organic compounds like feathers.  204 

 205 

2.6 Statistical analyses 206 

First, a total of 64 individuals from 10 colonies were sampled for the creation of the 207 

discriminant and the previous analyses (see Table S1). Using stable isotope ratios of feathers 208 

from tracked individuals, we evaluated potential differences in δ13C and δ15N between the two 209 

study periods (i.e., 2007-2013 and 2021-2022). To do so, we used glm() function from the 210 

Stats package for Generalised Linear Models (GLM) and selected the most parsimonious 211 
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models based on Akaike’s Information Criterion for small sample sizes (AICc) with dredge() 212 

and model.avg() functions from the MuMIn package in R.  213 

Second, we built a discriminant function based on the stable isotope ratios of feathers 214 

of GLS-tracked birds assigned to one specific moulting area (among Atlantic Ocean, 215 

Mediterranean basin and Black Sea). As the isotopic data did not comply with normal 216 

distribution, we conducted a Quadratic Discriminant Analysis (QDA) that justifies very unequal 217 

sizes categories and performs better on non-Gaussian data (Qin, 2018). In brief, the method 218 

estimates the probability that an observation, given specific isotopic values as of the predictors, 219 

belongs to each of the categories of potential moulting areas (Sohil et al., 2022). QDA was 220 

conducted using the qda() function from Caret package in R. Finally, we determined the 221 

correct assignation rate using a cross-validation method and set a threshold of reliable 222 

assignment probability to >80% (Rocque et al., 2006). 223 

Finally, we applied the discriminant function to more than 400 feathers from non-224 

tracked individuals, including here primary feathers of moult sequence from four breeding 225 

populations (n= 26 individuals), P1 or P3 from individuals of various localities (n=79), and 226 

bycaught animals with an unknown origin (n=187). All spatial analyses, exploratory models 227 

and QDA were performed in R version 4.2.0.  228 

 229 

3. RESULTS  230 

3.1 Moulting and post-breeding areas of Balearic and Yelkouan shearwaters 231 

Dated images we collected (Figure S1) evidenced that individuals of both species retain old 232 

primary feathers until mid-June and start the primary feather replacement (i.e., from P1-P3 233 

onwards) primarily somewhen between July and August, when most birds are already in their 234 

main post-breeding grounds. Outermost primary feathers, i.e., P7-P10, are likely to be replaced 235 
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along September, also in the post-breeding grounds of the species (Mouriño et al., 2003; Raine 236 

et al., 2013; Meier et al., 2017). 237 

GLS tracking data identified the main moulting areas of the studied populations and 238 

defined the most probable non-breeding grounds for every tracked individual (Figure 1 & Table 239 

1). Most individuals from Ibiza wintered in the Atlantic Ocean (90.9%, Table 1), while the four 240 

individuals from Minorca remained in the Western Mediterranean, around the breeding area. 241 

The individuals from the French population mostly remained in the western-central 242 

Mediterranean for post-breeding period, and only 7.7% of them migrated towards the Black 243 

Sea. Sardinian and Croatian birds distributed similarly between the Mediterranean Sea 244 

(specifically Adriatic and Aegean seas, respectively) and the Black Sea. Most birds from Malta 245 

spent the post-breeding period in the Black Sea (83.3%), and finally, all GLS-tracked 246 

individuals from Greece spent the post-breeding period in the Black Sea (Table 1). 247 

According to these results and considering the isotopic essence of most marine basins 248 

across the distribution of both species (Figure 1), we defined three most regions that are 249 

characterized by their isotopic resemblance and consistency: Atlantic waters, Mediterranean 250 

basin or Black Sea.  251 

    252 

3.2 Effect of the study period and moulting area on stable isotope ratios of feathers 253 

We found larger and more relevant differences among moulting areas than between periods in 254 

both δ13C and δ15N modelling (Table S2 & Figure S2). Models only including the moulting area 255 

factor always showed the lowest AICc values, although they cannot be preferred above others 256 

that considered the study period as factors, because ΔAICc between models did not go over 2.0 257 

units (Table S2). However, even when carrying out model averaging, the estimates of the study 258 

period factor were always much smaller in magnitude and contribution than those of the 259 
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moulting area factor (Table S3). Thus, we omitted the study period effect while performing the 260 

discriminant analysis and only considered the moulting area as a relevant factor influencing the 261 

stable isotope ratios of the feathers of both species of shearwaters.  262 

Each isotopic value belonging to specific area allowed us to ascribe the feathers in 263 

Atlantic if the isotopic signal is -16.18 δ13C ± 0.55 and 15.07 δ15N ± 0.67, Mediterranean 264 

whether it is -17.21 δ13C ± 0.50 and 11.84 δ15N ± 1.60 or in Black Sea if it is -19.42 δ13C ± 0.60 265 

and 12.80 δ15N ± 2.27 (Figure 2). Separating the moulting areas was possible thanks to the 266 

isotopic difference between them. The higher δ13C in the Atlantic and Mediterranean than in 267 

the Black Sea expose a gradient. Due to the influence of Atlantic waters entering the 268 

Mediterranean the sea has a higher concentration of carbon than Black Sea. And in contrast 269 

δ15N have higher values on Atlantic than the other two moulting areas, highlighting the possible 270 

difference in trophic levels.  271 

 272 

3.3 Discriminant analysis and assignment method to non-tracked birds 273 

First, and importantly, the cross-validation method of the isotopic discriminant analysis to 274 

ascertain potential post-breeding areas showed a 91.0% of correct classifications (Figure 2). 275 

Likewise, the correct classification for the test matrix of each group was 75.0% for Atlantic and 276 

100% for both Mediterranean and Black Seas. 277 

Second, the classification of the non-tracked individuals from breeding colonies using 278 

their first primary feathers revealed that (1) most of Balearic shearwaters from Ibiza moulted 279 

these feathers in the Atlantic (83.4%), (2) some Yelkouan shearwater individuals from the 280 

Balearic-Yelkouan hybrid colony of Minorca (6.6%) moulted them in the Atlantic, (3) about 281 

78.4% of the Yelkouan shearwaters from France and the 50.0% from Sardinia moulted the 282 

feathers, apparently, in the Mediterranean, while the remaining, i.e., 13.5% and 50.0%, 283 

respectively, did that in the Black Sea. Unfortunately, (4) we could not classify 16.7% of the 284 
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feathers of birds from Minorca and 8.1% from France due to the assignation below the 285 

threshold. 286 

Third, the assignation of moulting areas along the sequence of primary feathers, i.e., P1, 287 

P3, P5, P7, P9 from some individuals, unravelled that some of them (19.2%) may change areas 288 

along the moulting period as feathers were ascribed to different moulting areas (e.g., see two 289 

individuals from Minorca in Figure 3). As a whole, 67.5% of these sequenced feathers of birds 290 

from Minorca were assigned to the Mediterranean, 27.5% to the Atlantic, and 5.0% non-291 

assigned. For the feathers of individuals from Sardinia, we assigned 75.0% of them to the 292 

Mediterranean, 22.5% to the Black Sea, and 2.5% went below the threshold. Similarly, 72.0% 293 

of feathers from Greece were assigned to the Black Sea, 16.0% to the Mediterranean, and 12.0% 294 

were non-assigned. Lastly, 56.0% of the feathers of birds from Tunisia were assigned to the 295 

Mediterranean, 36.0% to the Black Sea, and only 8.0% of them were non-assigned. 296 

Finally, we assigned the moulting areas of the majority of Balearic shearwaters bycaught 297 

along the Catalan coast to the Atlantic (70.9%), while the bycaught Yelkouan shearwaters were 298 

more prone to use Mediterranean (67.5%), and the Black Sea (29.9%) for moulting. As before, 299 

7.5% of the feathers from bycaught animals were non-assigned to any group due to the threshold 300 

settled.  301 

 302 

4. DISCUSSION 303 

The present metapopulation study confirms that Balearic and Yelkouan shearwaters moult and 304 

spend the post-breeding period in discrete areas in the Atlantic Ocean, the Mediterranean, and 305 

the Black Sea. Interestingly, these areas have distinct isotopic natures (Militão et al., 2014) that, 306 

with the support of tracking data, have allowed us to build a robust assignment method for 307 
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determining the post-breeding areas of the birds merely sampling and analysing small pieces of 308 

their feathers.  309 

First, the tracking data showed that populations of both taxa display differentiated 310 

patterns of migration: most individuals of Balearic shearwater migrated towards the Atlantic 311 

Ocean, while those of Yelkouan shearwater spread along the Mediterranean and the Black Sea 312 

to spend the post-breeding period (Austin et al., 2019). Therefore, we considered the Atlantic 313 

Ocean, the Mediterranean and the Black Sea as the main oceanic basins with discrete 314 

biogeochemical natures (Nieblas et al., 2014) where Balearic and Yelkouan shearwaters 315 

eventually replace their wing feathers during the post-breeding period. Interestingly, while 316 

westernmost populations of Yelkouan shearwater tended to stay in the Mediterranean during 317 

the post-breeding period, including the Balearic-Yelkouan hybrid population of Minorca, a 318 

gradual proportion of individuals of populations of Yelkouan shearwater seemed to migrate 319 

longitudinally towards the Black Sea, in a chain-migration resemblance (e.g., Fort et al., 2012). 320 

These migration patterns in Balearic and Yelkouan shearwaters could reflect the differential 321 

population sizes across their longitudinal breeding distribution and, possibly, the higher 322 

productivity of the Atlantic and Black Sea during the non-breeding season of the species i.e., 323 

from July to October (Demidov, 2008; Huguet et al., 2024).  324 

Second, although stable isotopic values of feathers differed between the periods they 325 

were sampled (i.e., 2007-13 and 2021-2022), much larger isotopic differences appeared when 326 

comparing them among the aforementioned moulting areas (i.e., Atlantic, Mediterranean, and 327 

Black Sea). The slight differences between the two considered periods may arise from the small 328 

sample size of the present study, the larger variability on the stable isotope ratios associated to 329 

specific areas, or, likely, a combination of both factors (Gómez-Díaz & González-Solís, 2007) 330 

as well as, the variation in baseline isotopic values (Militão et al., 2014). Therefore, given the 331 

magnitude and contribution of the period differences, compared to those provided by the three 332 



15 
 

moulting areas described above, we omitted the potential temporal variability and focussed the 333 

study solely on the spatial variability of SIA. 334 

 Third, we reported a clear longitudinal gradient in feather values of δ13C along the three 335 

oceanic basins. The highest values were always found in feathers moulted in the Atlantic, while 336 

the lowest ones were those from Black Sea, and showing the Mediterranean the mid-term δ13C 337 

values. The relatively small size and close nature of the Black Sea compared to the larger size 338 

of the Mediterranean and the vast extension of the Atlantic Ocean could mediate in this gradient, 339 

as non-renewal or mixing of water can lead to bicarbonate concentration gradients, which, in 340 

turn, leads to differences in carbon availability (Pérez et al., 2008). Additionally, as Black Sea 341 

has mainly influence of fluvial discharges, the isolation from the flushing effects of the open 342 

ocean, as the Mediterranean Sea has from the Atlantic Ocean (Wells et al., 2021), and long 343 

residence time of water masses, have made the Black Sea particularly susceptible to increased 344 

production of organic matter with the consequent poor input of inorganic carbon (Bănaru et al., 345 

2007). This phenomenon, combined with factors such as increased primary productivity and 346 

degradation processes (Graham et al., 2010), can reflect the local configuration of the Black 347 

Sea. Besides, spatial patterns of δ15N showed a distinct pattern with higher values in the Atlantic 348 

than in the Mediterranean and the Black Sea (McMahon et al., 2013). This δ15N variability in 349 

the tissues of shearwaters may be attributed to either differential baseline rates of oceanic basins 350 

or differences in food chains and trophic levels (Adams & Sterner, 2000) where shearwaters 351 

feed on. N2 fixation and nitrogen recycling can cause a decrease in the stable isotope 352 

composition which occurs in the oligotrophic Mediterranean (Pantoja et al., 2002). Black Sea 353 

also has a lower δ15N when the river flow reduces in autumn (Bănaru et al., 2007). Therefore, 354 

the differentiated gradients in isotopic values enable the delineation of ranges for discrete 355 

geographic regions. This approach allows for the identification of discernible patterns in these 356 

three water masses. 357 
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Fourth, the three end-point (Atlantic, Mediterranean, Black Sea basins) discriminant 358 

analysis we performed based on δ13C and δ15N of feathers moulted in post-breeding areas 359 

demonstrated an excellent and reliable accuracy of assignment, as indicated by the validation 360 

results. Note that P1 and P3 feathers exhibit highly similar values in most cases, which indicates 361 

that the discriminant is not influenced using two different feathers. Consequently, the reliability 362 

of the discriminant is not compromised. Consistently with tracking results, our discriminant 363 

analysis assessed the moulting region of already-tracked individuals correctly in 91% of the 364 

cases, with a margin of error of less than 10%. Such assignment methods based on intrinsic 365 

biogeochemical markers become very useful for species that are unable to carry GPS or GLS, 366 

for whom key knowledge on their migratory pathways would be beneficial (Flockhart et al., 367 

2013). In addition, other migratory species could be favoured from our method study, 368 

particularly those endangered seabirds for those a single capture and a piece of feather sampling 369 

would be required. For example, there is poor knowledge on the migration of the European 370 

storm petrels (Hydrobates pelagicus) that breed along the Mediterranean basin (Metzger et al., 371 

2015; Militão et al., 2022). It is known that western populations of Mediterranean European 372 

storm petrels migrated towards the Atlantic (Militão et al., 2022), but there is a gap of 373 

knowledge on the rest of populations (Lago et al., 2019), particularly those easternmost. 374 

Finally, this approach provides valuable information using only a single capture and isotopic 375 

analysis of a feather, being lot less invasive than deploying tracking devices and giving the 376 

possibility of applying it to a large number of individuals (Ramos & González-Solís, 2012). 377 

Following up on the reliability of the method, we also found that a few animals of 378 

untracked shearwaters sampled opportunistically at colony sites, showed two distinct moulting 379 

areas in their primary feather sequence. This could be since a few birds moult their outermost 380 

primaries (from P7 to P10), the last to be replaced, in the breeding grounds, after returning from 381 

post-breeding areas. Yelkouan shearwaters from Greece showed the highest percentage of non-382 
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assigned birds, which unravel that these birds could replace their feathers both in the 383 

Mediterranean and the Black Sea, integrating the isotopic signal of both basins in different 384 

feathers (e.g., Ramos et al., 2009). In addition, we also unravelled a relevant proportion of 385 

shearwaters sampled and breeding in Minorca moulted their primary feathers in the Atlantic 386 

Ocean, so, confirming that the animals from this small population exhibit a mixed migratory 387 

behaviour between Balearic and Yelkouan shearwaters (Austin et al., 2019). The isotopic 388 

assignment method we proposed can also be applied with confidence to other colonies of 389 

Balearic and Yelkouan shearwaters for which there is no information on their moulting or post-390 

breeding grounds. We evidenced that Tunisian Yelkouan shearwaters have similar migratory 391 

and moulting behaviours than those shearwaters from other central colonies, e.g., Sardinia or 392 

Malta. These examples well prove that the isotopic approach based on feather sampling could 393 

unravel moulting sites of other Yelkouan shearwater populations, such as those in Corsica, 394 

Algeria, Albania or Turkey. Finally, our discriminant method was also useful to infer 395 

information from bycaught animals, something that provide useful tools to evaluate the impact 396 

of these episodes of high mortality. In our case, as low percentage of Balearic shearwaters were 397 

ascribed to the Mediterranean waters, we can tell that Balearic birds prefer to migrate to the 398 

Atlantic in the post-breeding period instead of being year-round residents. We assumed that 399 

most of the 77 bycaught Yelkouan shearwaters we processed originated from the western-400 

central colonies (e.g., Minorca, France or Sardinia; Courbin et al., 2024) as their moult 401 

behaviour matched that of the animals we included in the discriminant analysis.  402 

From the conservation and taxonomic point of view of studied taxa, our study supports 403 

the idea that the involved populations show differentiated migratory strategies (cf. Austin et al. 404 

2019). This differentiation in migratory patterns and post-breeding habitats eventually promote 405 

local adaptation and could lead to ecological divergence. Combined with high natal philopatry, 406 

this often results in a strong genetic structure and evolutionary divergence among populations 407 
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(Friesen et al., 2007; Rayner et al., 2011; Friesen, 2015; Ramos et al., 2020; but see Quillfeldt 408 

et al., 2017). However, such differentiation in migratory strategies could also merely reflect a 409 

behavioural gradient along the breeding range of a given species, previously described in many 410 

other seabirds (e.g., Fort et al., 2012). In the case of the Minorcan population, often referred as 411 

a Balearic-Yelkouan hybrid population (Austin et al., 2019), it exhibited an intermediate 412 

behaviour between the two species, and individuals shared moulting and non-breeding grounds 413 

with other populations of Balearic and Yelkouan shearwaters. In addition to this, the low 414 

percentage of birds from the French coast moulting in the Black Sea, also supported a 415 

longitudinal gradient hypothesis related to the chain migration strategy (Fort et al., 2012). The 416 

hypothesis is describe as “individuals residing at higher latitudes will migrate to even higher 417 

latitudes, and vice versa” and they will orientate uniformly as a metapopulation (Newton, 418 

2008). In our case, the pattern can be considered longitudinally analogous, with individuals 419 

breeding in the easternmost longitudes (i.e., populations in Greece), also winters in the even 420 

more easterly non-breeding areas, and the reverse for the westernmost populations (i.e., 421 

Balearic populations). These findings agree with recent genomic studies that evidenced gene 422 

flow between these taxa, suggesting that both could be in an early phase of divergence (Ferrer 423 

Obiol et al., 2023; Genovart et al., 2012). Thus, by unravelling a continuous longitudinal trend 424 

in the distribution of Balearic and Yelkouan shearwater populations during the moulting period, 425 

our results also contributed in defining appropriate limits and robust Conservation Units of 426 

these threatened taxa. Defining such Units is an important task for marine conservation aiming 427 

at preserving key biodiversity areas in such a rapidly changing and impacted environment. 428 

 429 
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5. CONCLUSIONS 430 

Our discriminant analysis, based on SIA of specific feathers, has been proved successful in 431 

identifying the post-breeding areas of both Balearic and Yelkouan shearwaters. Our study 432 

unravelled the primary moult of the Balearic and Yelkouan shearwaters; for both species and 433 

for most of the individuals, primary feathers were replaced in a single moulting area, which 434 

depended on the breeding population of the individual. This highlights the utility of SIA in 435 

assessing moult strategies of species which are hardly accessible during the moulting period, 436 

such as seabirds. The discriminant represents a very useful tool for assessing moulting areas of 437 

untrack individuals of any of the study species, but also any other seabird inhabiting similar 438 

areas (i.e., Northeast Atlantic, Mediterranean and Black Sea). The method can be applied to a 439 

large number of individuals, and it is particularly adequate for endangered species as 440 

information can be obtained with minimal intrusion and single captures.  441 

Finally, although our results contributed to define Conservation Units for Balearic and 442 

Yelkouan shearwaters, there is an urgent need for complimentarily research that help 443 

concluding on this complex of species. For instance, SIA studies on non-tracked populations, 444 

on sabbaticals or non-breeding birds, on massive sampling of key populations (e.g., Minorca) 445 

and on potential prey should reveal key information on the trophic and migratory ecologies of 446 

these birds. These new isotopic results will help developing appropriate conservation strategies, 447 

for such endangered species, but also for any other migratory species facing similar constraints. 448 

 449 

 450 
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 715 

Table 1: Number of GLS-tracked individuals of Balearic (Puffinus mauretanicus) and 716 

Yelkouan (P. yelkouan) shearwaters sampled in each colony and the percentage (%) of 717 

individuals ascribed to each moulting area (among Atlantic, Mediterranean and Black Sea 718 

basins). 719 

 720 

 

 

Species Population Colony 

nº of 

tracked 

individuals  

Individuals 

 in Atlantic 

(%) 

Individuals in 

Mediterranean 

(%)  

Individuals in 

Black Sea (%) 

 

Balearic Ibiza 
Es Bosc 7 

90.9 9.1 0 
Sa Conillera 15 

Balearic-

Yelkouan 
Minorca La Mola 4 0 100 0 

 

Yelkouan France 
Porquerolles 3 

0 92.3 7.7 
Port Cros 11 

Yelkouan Sardinia Tavolara 5 0 0 100 

Yelkouan Malta Malta 6 0 16.7 83.3 

Yelkouan Croatia Zaklopatica 9 0 44.4 55.6 
 

Yelkouan Greece 
Gyaros 3 

0 0 100 
Lipsi 1 

 721 

 722 

 723 

FIGURE LEGENDS 724 

Figure 1: Moulting areas for the seven GLS-tracked populations of Balearic and Yelkouan 725 

shearwaters represented as 50% Kernel Density Estimations (KDE) of the positions of each 726 

population for the month of August (when P1-P3 feathers are replaced) and depicted as light 727 

blue polygons. Additionally, individual centroids of the 50% KDE of every tracked individual 728 

for that month are also depicted in brown dots. Colony sites are depicted as yellow rhomboids, 729 
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and sample sizes are: n=22 for Ibiza, Spain (A); n= 4 for Minorca, Spain (B); n= 14 for France 730 

(C); n= 5 for Sardinia, Italy (D); n= 6 for Malta (E); n= 9 for Croatia (F); n= 3 for Greece (G). 731 

 732 

Figure 2: Carbon (δ13C) and nitrogen (δ15N) isotopic values in decision boundary plot for P1-733 

P3 feathers of GLS-tracked shearwaters (n= 64). Colours represent the three moulting areas we 734 

established: green for NE Atlantic, blue for Mediterranean Sea and in red the Black Sea. 735 

Boxplots on the margin indicate the distribution of the data and intervals in isotopic composition 736 

of the basins.  737 

 738 

Figure 3: Puffinus shearwater wing scheme with grey-coloured primary feathers used in the 739 

analysis (a), primary moult pattern is shown by the orange arrow (Ramos et al., 2009). δ13C and 740 

δ15N of the primary feathers analysed from non-tracked individuals sampled along the moult 741 

sequence, i.e., 1st, 3rd, 5th, 7th and 9th primary feathers (P1, P3, P5, P7 and P9, respectively). 742 

The colours represent the post-breeding area: green (Atlantic), blue (Mediterranean Sea), red 743 

(Black Sea) and grey non-assigned. Colony sites are depicted as different symbols: Minorca as 744 

dots, Sardinia as rhomboids, Tunisia as triangles and Greece as squares. Symbols belonging to 745 

the same individual are connected by a line. 746 

  747 
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Figure 1. 748 

 749 
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Figure 2.  755 

 756 

 757 

 758 

Figure 3. 759 
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 788 

 789 

Figure S1: Flight moult pattern of Puffinus shearwaters. Compilation of photographs of Balearic 790 

and Yelkouan and shearwaters actively moulting feathers. The moulting feathers are marked 791 

with arrows. P refers to primary feathers. A-C. Yelkouan shearwater. D-F. Balearic shearwater. 792 

A) Actively moulting, P1-P2, 15th August 2014, Topkapı Saray, İstanbul, Turkey, Frank 793 

Hawkins. B) Actively moulting P1-P2, France, July 20,12 Porquerolles island, Provence-Cote 794 

d’Azur, France, Aurélien Audevard. C) Actively moulting P5-P6, 8th of July 2020, Portland 795 

Bill, United Kingdom, Ewan Urquhart. D) Non-active moult yet, 18th of June 2014, Barcelona, 796 

Spain, JM Arcos. E) Actively moulting P7-P8, 4th September 2016, Aveiro, Portugal, Pmde 797 

Esteves. F) All primary feathers already moulted, 1st of November 2007, Roses, Catalunya, 798 

Spain, JM Arcos.  799 
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Figure S2: Isotopic values of (A) δ13C and (B) δ15N from feathers collected in two study 803 

periods and assigned to different moulting areas. 804 

 805 

 806 

 807 

Population Colony 

nº of tracked 

individuals from 

2007-2013  

nº of tracked 

individuals from 

2021-2022 

  

Ibiza Es Bosc - 7   

Ibiza Sa Conillera - 15   

Minorca La Mola - 4   

France Porquerolles - 3   

France Port Cros - 11   

Sardinia Tavolara 5 -   

Malta Malta 6 -   

Croatia Zaklopatica 9 -   

Greece Gyaros 3 -   

Greece Lipsi 1 -   

        

Table S1: Summary of GLS-tracking data for each colony that contributed to the study, i.e., 808 

number of recovered devices from birds with an associated feather sampling. 809 

 810 

 811 

 812 

 813 
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Models for δ13C df AICc ∆AICc wAICc 

Wintering area 4 109.1 0.0 0.538 

Period:Wintering area 6 110.3 1.2 0.295 

Wintering area + Period 5 111.4 2.3 0.167 

Period 3 184.9 75.8 0.000 

Null 1 550.3 441.2 0.000 

          

Models for δ15N         

Wintering area 4 247.9 0.0 0.558 

Wintering area + Period 5 248.9 1.0 0.334 

Period:Wintering area 6 251.1 3.3 0.108 

Period 3 280.7 32.8 0.000 

Null 1 514.6 266.7 0.000 

      

Table S2: Model-selection for all GLM evaluating the wintering area and the period of 814 

sampling on both stable isotope ratios. Degrees of freedom (df), Akaike’s Information 815 

Criterion corrected for small sample size (AICc), difference in the AICc from the top-ranking 816 

model (ΔAICc) and the Akaike weight (wAICc). The models are sorted from lowest to highest 817 

AICc, i.e. from the most parsimonious ones. 818 

 819 

 820 

Averaged model for δ13C Estimate 
Adjusted 

SE 
z value P- value 

WAAtlantic -10.45 7.74 1.35 0.177 

WAMediterraneanSea -11.49 7.72 1.49 0.137 

WABlackSea -13.75 7.65 1.80 0.072 

Period07-13 -5.73 7.74 0.74 0.459 

Period21-22 -5.69 7.68 0.74 0.459 

Period07-13: WABlackSea 0.39 0.64 0.61 0.542 

Period07-13: WAMediterraneanSea 0.00 0.00 NaN NaN 

          

p averaged δ15N Estimate 
Adjusted 

SE 
z value P- value 

WAAtlantic 9.43 7.30 1.29 0.196 

WAMediterraneanSea 6.12 7.40 0.83 0.409 

WABlackSea 6.91 7.63 0.91 0.365 

Period07-13 5.64 7.30 0.77 0.439 

Period21-22 5.90 7.65 0.77 0.440 
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 821 

Table S3: Averaged model parameters from the most parsimonious models in Table S2. 822 

Wintering Areas (WAAtlantic, WAMediterraneanSea, WABlackSea), and study periods 823 

(Period07-13 (2007-2013) and Period21-22 (2021-2022)). 824 

 825 


