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Abstract


This study examines spatio-temporal patterns of dolphin species in a coastal ecosystem located in the Bay of Algeciras–Gibraltar (southern Spain), a highly anthropogenic coastal system influenced by a submarine canyon and exposed to intense anthropogenic pressure. Between 2017 and 2020, spatial and temporal relationships between short-beaked common dolphins (Delphinus delphis), striped dolphins (Stenella coeruleoalba), and bottlenose dolphins (Tursiops truncatus) were analysed. A solitary female bottlenose dolphin (Billie) was considered separately as an individual case due to its distinct behavioural patterns. Georeferenced data showed that distances between sightings of T. truncatus and subsequent observations of the other species ranged from 261 to 12,000 m, with temporal intervals spanning from 33 s to 5 h 38 min. Short temporal overlaps (≤300 s) were infrequent. These results indicate limited spatio-temporal overlap between D. delphis, S. coeruleoalba, and T. truncatus within the study area. While no statistically significant relationships were detected in the applied models, the observed patterns provide a descriptive quantitative characterisation of species distribution and co-occurrence in a highly anthropogenic coastal system. Given that D. delphis is classified as Endangered in the western Mediterranean and that both D. delphis and S. coeruleoalba are frequently observed with calves, these patterns may be relevant for understanding habitat use and potential implications for conservation. Overall, this study provides a detailed empirical characterisation of spatio-temporal patterns among sympatric dolphin species in this coastal system, highlighting the need for further research using targeted analytical approaches to assess interspecific dynamics.
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1. Introduction


The Bay of Algeciras–Gibraltar (hereafter BA-G), in southern Spain, is a highly trafficked coastal embayment located at the Atlantic–Mediterranean interface, where several delphinid species coexist (Ref. [1], Figure 1). This system is characterised by intense anthropogenic pressure due to the convergence of multiple maritime activities, including one of the busiest commercial shipping routes in Europe, heavy port operations, fishing activity, and a growing whale-watching sector, all occurring in close proximity to dolphin habitat [2,3]. These pressures contribute to frequent vessel–cetacean interactions and persistent human disturbance within the bay [3,4]. The system is also characterised by the presence of a single submarine canyon that likely influences local productivity and habitat structure [5].



The short-beaked common dolphin (Delphinus delphis) is the most frequently observed species throughout the year and regularly uses the bay for foraging, often in groups that include females with calves [6,7]. The striped dolphin (Stenella coeruleoalba) and the bottlenose dolphin (Tursiops truncatus) are also present, although T. truncatus is encountered less frequently [2]. A solitary female T. truncatus (Billie) has also been observed in the area since 2006 and is considered here as an individual case due to its long-term solitary behaviour and occasional associations with groups of D. delphis [1].



The sustained presence of these species in the BA-G is likely linked to its high productivity, driven by Atlantic inflow and local upwelling processes that promote prey aggregation [8]. These species exhibit partially overlapping diets, primarily composed of fish, cephalopods, and crustaceans, which may contribute to spatial and temporal patterns of habitat use within the bay [9].



Delphinid species exhibit a wide range of social structures and group sizes, which may influence their spatial distribution and habitat use. T. truncatus populations are typically characterised by fluid social organisation and complex associations [10,11], whereas D. delphis and S. coeruleoalba often form larger groups with varying degrees of cohesion [12,13,14]. Differences in social organisation and habitat preferences may contribute to patterns of space use in areas where multiple species co-occur.



In coastal systems, bathymetric features such as submarine canyons can play an important role in structuring habitat use by marine predators [15,16,17]. In the BA-G (Figure 2), the north–south canyon is likely associated with local upwelling processes and increased prey availability. Previous studies suggest that T. truncatus tends to use shallower waters, whereas D. delphis and S. coeruleoalba are more frequently associated with continental shelf and pelagic environments, respectively [8,18,19]. These ecological differences may contribute to variation in spatial distribution within the study area.



Previous research in the BA-G has examined the effects of vessel traffic on dolphin behaviour and the occurrence of mixed-species groups [3,20], based on the same long-term monitoring programme. These studies relied on overlapping survey effort and shared field protocols. While they focused on behavioural responses to anthropogenic pressure and interspecific associations, the present study specifically addresses sequential spatial and temporal proximity patterns within the system, using distances and time intervals between sightings as a descriptive approach to explore relative patterns of occurrence among species under the same survey conditions.



Despite these anthropogenic pressures, all three species continue to use the BA-G for foraging, socialising, and reproduction [3,4]. This persistence suggests that the bay provides ecological advantages that may offset the costs associated with anthropogenic pressure.



Given that D. delphis is classified as Endangered in the western Mediterranean [14,21] and that both D. delphis and S. coeruleoalba are frequently observed with calves in the BA-G, understanding patterns of habitat use and spatial and temporal proximity is particularly relevant from a conservation perspective.



Based on previous ecological knowledge, we expected that T. truncatus would be more frequently associated with shallower near-shore waters, whereas D. delphis and S. coeruleoalba would occur more frequently in shelf and relatively more offshore areas. We also expected differences in habitat preferences and ecological traits among species to be reflected in variable patterns of spatial and temporal proximity within the study area.



This study aims to describe the spatial and temporal patterns of occurrence of D. delphis, S. coeruleoalba and T. truncates, within the BA-G coastal system. In addition, we examine the occurrence of the solitary T. truncatus known as Billie as a particular case within the same framework. Specifically, we quantify the distances and time intervals between sightings of T. truncatus and subsequent observations of the other focal dolphin species in order to characterise patterns of spatial and temporal proximity within the study area, using a sequential event-based approach to explore relative occurrence patterns among species under the same survey conditions.




2. Materials and Methods


2.1. Study Area and Data Collection


The study was conducted in southern Spain, in the BA-G; 36°9′0″ N, 5°27′0″ W to 36°3′0″ N, 5°21′0″ W), located on the northern shore of the Strait of Gibraltar (Figure 2). This semi-enclosed embayment constitutes a dynamic transitional ecosystem at the Atlantic–Mediterranean interface, influenced by tidal exchange, intense maritime traffic, and recurrent hydrodynamic mixing processes associated with the Strait of Gibraltar, which contribute to elevated local productivity [5]. Seasonal variability in currents, tidal dynamics, and water mass exchange between the Atlantic Ocean and the Mediterranean Sea contribute to marked environmental heterogeneity within the bay. A single submarine canyon runs north–south across the bay, forming a specular S-shape and reaching a maximum depth of 450 m [5]. This canyon is associated with local mixing processes and prey aggregation and likely contributes to the spatial distribution of dolphin species within the BA-G.



Data were obtained in collaboration with a licensed dolphin-watching operator conducting regular boat surveys between March 2017 and March 2020. These surveys were part of a long-term dataset that has also been used in previous studies examining vessel effects [3,4] and mixed-species groups in the BA-G [20] and therefore represent overlapping survey effort and shared field protocols.



The vessel was a 14 m catamaran that navigated almost daily, covering both coastal and offshore sectors of the bay. Survey routes were non-systematic and designed to maximise encounter rates across the study area; therefore, sampling effort was not evenly distributed, and this limitation was considered when interpreting spatial and temporal patterns.



All surveys followed the official ethical approach protocol established under the Mobile Cetacean Protection Zone (Royal Decree 1727/2007, 21 December), ensuring minimal disturbance to the animals. In total, 25,610 km were surveyed over 1690 h of navigation. Observers used Nikon 7 × 50 binoculars to detect and identify cetaceans.



For each sighting, the following data were recorded: species, number of individuals by age class (adults, juveniles, calves, neonates), geographical position (GPS), vessel course, and the Initial and Final times of each encounter. Complete sighting records corresponding to the sequential occurrence dataset analysed in this study are provided in Supplementary Tables S1–S3.



The orientation of each focal group was initially recorded relative to the bow of the vessel (0–359°, clockwise) and subsequently corrected according to the vessel’s heading (obtained via GPS or digital compass) to derive a true-north bearing. This correction was computed using modular conversion (mod 360°) to ensure angular consistency.




2.2. Distance, Time, and Overlap Measurements


For each T. truncatus (hereafter Tt) sighting, the Final position and time were used as reference points to calculate the distance and elapsed time until the next sighting of D. delphis (hereafter Dd), S. coeruleoalba (hereafter Sc), or, secondarily, the individual case Bi(Tt) on the same day. Distances (m) were measured in ArcGIS Pro 3.7 (Esri, Redlands, CA, USA). using the “measure tool” between the final GPS position of Tt and the initial GPS position of the subsequent species. Time intervals (seconds, s) were calculated as the difference between the Final time of the Tt sighting and the Initial time of the next encounter.



This approach allowed the quantification of spatial and temporal separation between consecutive sightings, providing a standardised framework to describe patterns of occurrence among species. In this context, co-occurrence refers to sequential spatio-temporal proximity under the same survey conditions and should not be interpreted as evidence of social association sensu [22], which requires dedicated analyses of coordinated behaviour or stable affiliative relationships.



Five cases of temporal overlap (Δt ≤ 300 s) between the Final of a Tt sighting and the beginning of another species’ sighting were identified. These events were considered separately as short-term overlaps and were excluded from summary statistics (mean, median, and dispersion) to avoid biasing the description of separation patterns.



Annual and seasonal maps were produced to illustrate the spatial relationship between Tt and subsequent sightings of the other focal species. When more than one focal species (Dd, Sc and/or Bi(Tt)) was recorded after a Tt sighting within the same survey day, all detections corresponding to the same sequential observation context were retained for analysis. These records could reflect either spatially proximate sightings or simultaneous detections recorded within the same observational sequence. Events showing direct temporal overlap between Tt and subsequent focal species detections were excluded from both descriptive analyses and GLM fitting procedures.




2.3. Statistical Analysis


To explore whether the occurrence of Dd, Sc, and Bi(Tt) varied in relation to the spatial and temporal separation from previous Tt sightings, we fitted separate generalized linear models (GLMs) with binomial error distribution for each category (presence = 1, absence = 0), where presence (1) indicated that the focal species was recorded as the first subsequent sighting following a Tt event on the same survey day, and absence (0) indicated that it was not, as an exploratory approach to describe patterns of occurrence.



Predictor variables included the following: (1) elapsed time since the previous Tt sighting, (2) distance (m) from the previous Tt sighting, and (3) season (categorical: spring, summer, autumn, winter). Summer was selected as the reference category because it included the most representative number of observations and corresponded to the period of highest survey intensity.



Elapsed time was log-transformed (log[x + 1]) and distance square root transformed to reduce skewness and improve model fit [23,24]. Model evaluation included coefficient significance (z-test) and Nagelkerke’s pseudo-R2 [25]. Residuals were visually inspected to identify non-random patterns or influential cases. All analyses were conducted in a Python 3.11 environment using the packages statsmodels, pandas, and numpy. Because multiple sequential events could originate from the same survey effort, model outputs were interpreted cautiously as exploratory descriptors of relative occurrence patterns rather than as fully independent ecological observations. Summary information on the number of observations, presences, and absences used in each GLM is provided in Supplementary Table S4.





3. Results


3.1. Sightings


A total of 2410 sightings were recorded across 593 survey days during the study period. The seasonal distribution of Dd, Sc, Tt, and Bi(Tt) (Figure 3) showed that although the three species were sometimes detected on the same day, they were rarely recorded in close temporal or spatial proximity within individual observation sequences.



Dd was the most frequently sighted species, with increasing numbers from summer to autumn, whereas Tt was the least observed, with 102 records. A chi-square test detected no significant seasonal variation in Tt occurrence across years and seasons (χ2 = 5.53, df = 6, p = 0.477), indicating a relatively stable presence throughout the study period.



Group sizes varied among species. Tt groups generally comprised 10–40 individuals, although smaller aggregations were occasionally observed. Dd typically formed groups of 30–90 individuals, and on several occasions, aggregations exceeding 1000 individuals were recorded, including adults, juveniles, calves, and neonates. Sc groups, composed mainly of mothers with calves, ranged from 30 to 40 individuals and occasionally formed mixed aggregations with Dd. During summer, Sc was frequently observed in larger juvenile-dominated groups (up to ~200 individuals), whereas in winter and spring, small juvenile groups (5–20 individuals) were common and often associated with Dd.



No direct mixed-species groups involving Tt with either Dd or Sc, or with Bi(Tt), were recorded within the observation sequences analysed. In contrast, direct mixed-species groups of Dd and Sc, as well as repeated joint sightings between Dd and Bi(Tt), were repeatedly documented during the study period.



In a few instances (e.g., 25 March, 16 and 24 April, and 29 May 2018), no dolphins were sighted despite favourable conditions; these survey days are labelled as ‘No dolphins’ in the Supplementary Tables S1–S3, which detail all sighting sequences and corresponding metadata.




3.2. Times and Distances


Temporal and spatial separation patterns between Tt and subsequent sightings differed among categories. Sc showed the shortest recorded separations from Tt, whereas Bi(Tt) generally exhibited longer temporal intervals between sightings. Detailed seasonal and annual values are summarised in Supplementary Table S5. Because only one Tt event occurred in summer 2017, the corresponding values represent both the seasonal minimum and maximum. On one occasion, a Dd group was detected outside the BA-G 52 min 24 s after a Tt sighting. Since this sighting occurred beyond the study area limits, no spatial distance was calculated, and the event was retained only as part of the descriptive sequence of same-day sightings.



The shortest recorded separation corresponded to the event Tt024-19 → Sc192-19 (261 m and 33 s), whereas the largest distance was recorded for Tt014-19 → Dd172-19 (12,000 m; 1 h 29 min). The longest time interval recorded overall corresponded to Tt011-18 → Sc039-18 (5 h 38 min 47 s). These spatial and temporal extremes are summarised in Table 1; the minimum distance and minimum elapsed time are illustrated in Figure 4, and the maximum elapsed time and maximum distance are illustrated in Figure 5.



A total of five short-lived temporal overlaps were identified (Figure 6), defined as Δt ≤ 300 s between the Final of a Tt sighting and the Initial of a subsequent sighting of another species within the same day. These overlaps were brief (≤300 s) and occurred at relatively short distances (generally <800 m). The shortest overlap event corresponded to Tt045-18 → Dd361-18 and was recorded at 150 m, as shown in Figure 6b).



Descriptive statistics of time intervals and distances across species and seasons are summarised in Supplementary Table S6, while details of the five overlap events are provided in Supplementary Table S7.



Minimum and maximum distances (m) and times (s) by species, excluding overlap events, are shown in Table 1. Dd exhibited the largest recorded distance (12,000 m), whereas Sc showed the shortest recorded separation from Tt (261 m; 33 s). Bi(Tt) generally exhibited longer temporal intervals between sightings, frequently exceeding 4000 s (~1 h), although these values should be interpreted cautiously because they correspond to an individual case and a smaller number of observations. Median (IQR) and mean ± SD values for both variables by species and season are reported in Supplementary Table S6.



Geographic distributions of minimum and maximum values and the events generating them are presented in Figures S1–S4.




3.3. Statistical Results


Dd and Sc showed broadly similar distance distributions relative to preceding Tt sightings, whereas Bi(Tt) tended to occur at greater distances and after longer temporal intervals, although based on fewer observations. However, these descriptive tendencies were not supported by statistically significant effects in the GLMs (Table 2). Mean distances for Dd and Sc were also comparable (~4.9 km and 4.7 km, respectively), with similar dispersion (standard deviation, SD ~2.6 km). Time intervals also varied among categories, with broader ranges for Dd and Sc than for Bi(Tt). These descriptive patterns are summarised in Figure 7.



Distances and time intervals were generally lower in winter, whereas spring and summer showed greater variability and dispersion. Distributions were slightly right-skewed in most seasons, reflecting the presence of longer intervals between successive sightings and should be interpreted in light of the uneven sampling effort among seasons. Although seasonal variability was descriptively apparent, this pattern was not supported by statistically significant effects in the exploratory GLM analyses. Seasonal distributions of both variables are displayed in Figure 8.



Dd, which represented the largest sample size (n = 102), showed greater variability in distances during spring and autumn, whereas shorter intervals were more frequent in summer and winter. Time distributions were right-skewed in spring, reflecting the occurrence of longer delays between Tt and subsequent Dd sightings. Overlap events (Δt ≤ 300 s) were excluded from summary statistics, yielding an effective sample size of n = 97. Despite these descriptive seasonal differences, the GLM did not detect significant relationships between occurrence patterns and the analysed predictors. These seasonal patterns for Dd are illustrated in Figure 9.



The joint distribution of distance and time by season and species is presented in Figure 10. Patterns varied across species and seasons, with no consistent directional relationship between both variables.



Generalized linear models (GLMs) were fitted to explore whether time since the last Tt sighting, distance from that sighting, and season were related to the occurrence of Dd, Sc, or Bi(Tt) on the same day as an exploratory analysis of spatio-temporal occurrence patterns. Although several descriptive spatio-temporal tendencies were observed across species and seasons, none of the predictors included in the GLMs were statistically significant (all p > 0.15), and model fit was low (Nagelkerke pseudo-R2 < 0.10 for all species; see additional model summary information in Table 2).





4. Discussion


4.1. Sighting Patterns


Interactions among sympatric cetaceans are important for understanding how marine predators use space and time within shared habitats [8,26]. In the BA-G, the patterns observed in this study provide a descriptive framework to examine the spatial and temporal distribution of multiple dolphin species in a highly anthropogenic coastal system [2,3].



The seasonal distribution patterns observed in the BA-G likely reflect a combination of variation in survey effort and other uncontrolled ecological factors. As described in Section 3.1, Dd was the most frequently sighted species, particularly during the summers of 2018 and 2019, coinciding with periods of increased sampling effort. Sc showed a more variable pattern, with a marked increase in 2019, while Bi(Tt) was mainly recorded during summer months. In contrast, Tt showed a more consistent presence throughout the study period, with a peak in spring 2018. Although sampling effort likely influenced sighting frequency [27], seasonal variation in occurrence has also been described in relation to changing ecological conditions in other cetacean systems [28].



A solitary Dd individual associating with Tt has previously been described in a context where Dd had become rare [29]. In the BA-G, Bi(Tt) also represents an atypical association, although it occurs in a system where conspecifics are present. This case should be interpreted cautiously, as it reflects individual-level behavioural variation rather than a species-level pattern, and the mechanisms underlying this association cannot be determined from the present data.



For Tt, the apparent seasonal variability observed in the records may reflect interannual variability or uneven sampling effort [30,31]. The limited number of sightings in some periods reduces the statistical power of the analyses [32], which may explain the absence of clear seasonal trends. Further studies with larger datasets and more standardised sampling effort will be necessary to better characterise the seasonal and spatial use of the BA-G by this species.



Beyond spatio-temporal patterns, trophic differences among species may provide relevant ecological context for interpreting distribution and coexistence patterns [8,9]. Although all three species primarily feed on fish, previous studies indicate differences in prey composition and trophic overlap among Tt, Dd and Sc [9]. For example, reviewed prey taxa include small pelagic and mesopelagic fish such as Sardina pilchardus, Engraulis encrasicolus, Micromesistius poutassou and Myctophidae, as well as benthic or demersal-associated fish families such as Sparidae, Sciaenidae and Haemulidae [9]. Such trophic differences have been proposed as potential mechanisms contributing to coexistence in sympatric delphinids [8,9], although these processes were not directly evaluated in the present study and should therefore be considered hypothetical in the context of the BA-G system. However, the extent to which trophic interactions influence the spatial and temporal patterns described here cannot be directly assessed with the present dataset.




4.2. Spatio-Temporal Patterns


The patterns observed in the distance variable suggest seasonal variability in the spatial distribution of Dd, Sc, and Bi(Tt) relative to Tt. The positive skew recorded in spring, summer, and autumn indicates that, although encounters often occur at moderate or short distances, larger separations are also occasionally observed. In contrast, winter observations were characterised by comparatively higher median distances and fewer close-range records than in other seasons (Table S6).



Regarding time intervals, the overall positive skew indicates that sightings of Dd, Sc, or Bi(Tt) frequently occurred after relatively short intervals following Tt sightings, although with considerable variability. The presence of longer intervals, particularly in spring, reflects that an extended gap between successive sightings also occurred under certain conditions.



Seasonal variability in these patterns has been discussed in relation to multiple ecological and social factors, including environmental conditions, prey availability, population structure, group composition, presence of calves, and behavioural state, all of which may contribute to spatial and temporal patterns among cetacean species [33,34,35].



When considering Dd, which provided the most extensive dataset, a combination of relatively shorter distances and variable time intervals was observed during summer. This pattern may reflect multiple processes, including variation in survey conditions or differences in habitat use across the day. Additionally, longer time intervals (e.g., exceeding two hours) may correspond to separate survey periods conducted on the same day, in which case consecutive sightings may not reflect continuous spatial use of the area.



Although none of the predictors (time, distance, or season) showed statistically significant effects in the GLMs (see Section 3.3), the descriptive patterns reported here provide descriptive context for understanding species occurrence within the BA-G and should not be interpreted as evidence of interspecific interactions or avoidance. The variability observed across species and seasons indicates that spatial and temporal patterns were not uniform during the study period and may have been affected by multiple observational and uncontrolled ecological factors, including uneven sampling effort [32,36].



Comparable patterns of spatial and temporal separation among cetaceans have been described in other regions. For example, spatial partitioning has been reported between killer whales and pilot whales in the eastern Atlantic [37], and between harbour porpoises (Phocoena phocoena) and Tt in Monterey Bay [38]. However, the extent to which similar processes operate in the BA-G cannot be directly inferred from the present results and requires targeted analytical approaches.




4.3. Statistical Patterns


The independent logistic models allowed exploration of whether time and distance since the last Tt sighting were related to the occurrence of the other species as an exploratory assessment of occurrence patterns rather than direct interspecific interactions. No statistically significant effects were detected, which may reflect the relatively limited and uneven number of observations, despite the overall sampling effort. In addition, the high variability observed among sightings may have further reduced the ability of the models to detect consistent patterns.



The absence of statistically significant relationships may also reflect the omission of potentially relevant ecological variables, such as depth, prey distribution, or the behavioural state of Tt at the time of observation [39], which were not systematically incorporated into the present analyses. These variables were not included because the surveys were conducted from a whale-watching platform following non-systematic routes and were primarily designed to record sighting sequences rather than simultaneous habitat or behavioural covariates. Similar ecological factors have been examined in previous studies of habitat partitioning and coexistence patterns among cetaceans [40,41]. Future analyses incorporating these variables, as well as more flexible modelling approaches (e.g., generalized additive models or Bayesian frameworks), may provide a more detailed understanding of these dynamics.



Summer was selected as the reference category due to the higher number of observations, which ensured a more stable baseline for comparison. Seasonal variation in cetacean distribution and behaviour has been widely documented in the northeastern Atlantic and western Mediterranean [21,42], and may contribute to the variability observed in this study.



Although the models did not identify statistically significant relationships, the descriptive patterns presented in this study provide a useful framework for examining spatial and temporal distributions of sympatric dolphin species in the BA-G and should be interpreted cautiously given the limitations of the modelling approach and sampling design. Future analyses incorporating effort-standardised approaches may help disentangle ecological patterns from potential observation biases. Taken together, these results may reflect the ecological complexity of the BA-G system, where multiple environmental, behavioural and anthropogenic factors may interact simultaneously to shape species distributions and spatio-temporal occurrence patterns [3,5,42]. In this context, the statistical results should be interpreted as exploratory indicators rather than evidence of ecological independence among species. Overall, these findings highlight the complexity of species coexistence in a highly dynamic and anthropogenic coastal system and underline the need for further research using targeted analytical approaches.



An additional limitation of the present approach is that the “next sighting” metric reflects the sequential order of detections during surveys rather than direct evidence of association, coordinated movement, or behavioural interaction among species. Consequently, these patterns may also be influenced by detectability and survey routing effects and should therefore be interpreted cautiously.




4.4. Interspecific Interactions Among Odontocetes


Previous studies have documented agonistic interactions involving Tt and other cetacean species, including harbour porpoises and several odontocetes [43,44,45,46,47]. However, such processes are highly context-dependent and were not directly assessed in the present study.



In the BA-G, no direct aggressive interactions between Tt and other species were recorded during the study period, and no mixed groups involving Tt were observed within the analysed sequences. Therefore, the present results only support interpretation of spatio-temporal occurrence patterns and do not allow inference regarding aggression, avoidance, dominance, or other forms of interspecific behavioural interaction.



Bi(Tt) represents an unusual case within this context. Despite the presence of conspecific Tt groups in the BA-G, this individual was consistently observed associating with Dd rather than with other Tt. While this pattern may reflect individual-level behavioural variation [48], it should not be interpreted as representative of species-level interactions, and the underlying causes cannot be determined from the present data.



Further behavioural research is needed to better understand the ecological and social factors underlying interspecific occurrence patterns in the BA-G.




4.5. Biological and Ecological Factors Influencing Interspecific Interactions


Biological and ecological differences among odontocete species, including body size, group composition, and ecological niche, have been proposed as factors potentially influencing interspecific interactions and spatial segregation in sympatric delphinids [49,50,51,52]. However, no direct aggressive interactions involving Tt were recorded in the BA-G during the study period, and no mixed groups including Tt were observed within the analysed sequences, consistent with previous observations from the same study system [20]. Consequently, the extent to which these biological factors may influence the spatio-temporal patterns described here cannot be directly assessed with the present dataset. These observations reinforce the need for cautious interpretation of potential interspecific interaction mechanisms in the BA-G system.




4.6. Potential Impacts


The underlying causes, ecological function, and long-term consequences of agonistic interactions among cetaceans remain insufficiently understood. Nevertheless, if such interactions occur, their potential impact could be considerable, particularly in contexts of spatial and temporal overlap between species [51]. In contexts where such interactions involve aggression, injuries or mortality have occasionally been reported [45,52,53].



The descriptive patterns identified in this study suggest limited spatial and temporal overlap between Dd, Sc, Bi(Tt), and Tt. Similar patterns of spatial separation have been documented in other regions. For example, in southern Brazil, Sotalia guianensis has been displaced by Tt [54], while in the Azores, Dd has been displaced from feeding aggregations involving Tt, even in the absence of direct aggression [55]. These studies indicate that interspecific interactions may influence spatial distribution under certain ecological contexts. However, the extent to which similar processes operate in the BA-G cannot be determined from the present results and no direct evidence of such processes was detected based on the available data.



Since Dd is classified as Endangered in the region and both Dd and Sc are frequently observed with calves, any factors influencing their spatial or temporal use of the habitat could have ecological consequences. Changes in habitat use during key periods such as calving or lactation may affect energetic balance, feeding efficiency, or exposure to stressors, with potential implications for calf survival and population dynamics [34,35].



Despite intense anthropogenic disturbance, the three delphinid species (Tt, Dd and Sc) continue to use the bay throughout the year, although with differing frequencies of occurrence and spatio-temporal patterns. Previous work based on the same long-term monitoring period documented the presence of calves and neonates in Dd and Sc groups and analysed seasonal variation in age-class composition [20], supporting the relevance of the BA-G for groups including young individuals. However, because the present study does not provide a dedicated spatial or demographic analysis of age-class distribution, we do not formally characterise the bay as a breeding or nursery habitat here. The continued use of this highly impacted environment highlights its ecological importance for these species.




4.7. Future Perspectives and Conservation Applications


From a conservation perspective, the spatio-temporal patterns described in this study highlight the importance of considering interspecific interactions when managing shared marine habitats [26], although such interactions were not directly assessed here. Variability in species co-occurrence may be relevant for interpreting habitat use and informing ecosystem-based management, particularly in systems exposed to intense anthropogenic pressure such as the BA-G. Therefore, conservation strategies and marine spatial planning should integrate not only species presence but also patterns of coexistence, in order to support more effective ecosystem-based management approaches [56].



In addition, the sequential occurrence patterns identified in this study, including the temporal and spatial separation frequently observed between Tt and subsequent Dd or Sc sightings, may help refine future monitoring protocols. Considering these spatio-temporal dynamics when designing survey effort and observation windows could improve the interpretation of sympatric species occurrence patterns in the BA-G.



Among the species studied, Dd has been identified as a high-priority taxon for conservation in the BA-G due to its frequent occurrence and its vulnerability to increasing human activities, particularly maritime traffic, which has been shown to significantly alter its activity patterns [3,57]. The recent proposal of a micro-sanctuary for this species aims to preserve critical habitats and mitigate the impacts of human disturbance [2]. In this context, improving our understanding of species coexistence within the BA-G is essential for the development of targeted and effective conservation measures [56].



The findings of this study open new perspectives for research on interspecific dynamics among cetaceans in shared ecosystems. Future work should prioritize increasing sample size and incorporating additional ecological variables to better characterize spatial and temporal patterns. The integration of acoustic, behavioural, and habitat-use data would provide further insight into the processes underlying species distribution [36,58]. Comparative studies across different geographic regions would also help determine whether the patterns observed in the BA-G are site-specific or reflect broader ecological dynamics.



By linking descriptive spatial ecology with conservation, this study contributes to a broader understanding of how multiple factors, including species interactions, environmental conditions, and human disturbance, may shape coexistence patterns in coastal marine mammals within the limitations of a descriptive framework.
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Figure 1. Dolphins observed in the Bay of Algeciras–Gibraltar (BA-G). (a) Tursiops truncatus, (b) Delphinus delphis, (c) Stenella coeruleoalba, (d) the solitary female T. truncatus known as Billie, and (e) Billie associating with D. delphis in the same group. Photos were taken during boat-based surveys conducted in the BA-G between 2015 and 2023. 
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Figure 2. Geographical context of the study area. (a) Regional setting of the Bay of Algeciras–Gibraltar (BA-G) at the Atlantic–Mediterranean interface; (b) submarine canyon running north to south; (c) overall spatial distribution of dolphin sightings recorded in the BA-G during the study period, showing Tursiops truncatus (orange dots; n = 102), Delphinus delphis (yellow dots; n = 1662), Stenella coeruleoalba (blue dots; n = 445), and Billie (turquoise dots; n = 202); (d) spatial distribution of Tursiops truncatus sightings; (e) spatial distribution of D. delphis sightings; (f) spatial distribution of S. coeruleoalba sightings; and (g) locations of the solitary female T. truncatus Billie. Basemap source: Esri, Maxar, Earthstar Geographics, and the GIS User Community. Shapefile data: https://datos.gob.es/es/catalogo/a01002820-datos-espaciales-de-referencia-de-andalucia-dera (accessed on 1 May 2026). 
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Figure 3. Number of sightings recorded. Total number of sightings of Tursiops truncatus (Tt), Delphinus delphis (Dd), Stenella coeruleoalba (Sc), and the solitary female T. truncatus Billie (Bi(Tt)) recorded seasonally in the BA-G during the study period. Abbreviations for seasons: Spring (S), Summer (Su), Autumn (A), and Winter (W). 
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Figure 4. Minimum distance and minimum elapsed time. Georeferenced map showing the minimum distance (m) and minimum elapsed time between a Tursiops truncatus sighting and the subsequent sighting of Stenella coeruleoalba in the Bay of Algeciras–Gibraltar (BA-G). In this panel, the initial and final positions of the T. truncatus sighting are represented by an orange circle (Tt-I) and an orange triangle (Tt-F), respectively, and the initial and final positions of the S. coeruleoalba sighting are represented by a blue triangle (Sc-I) and a blue circle (Sc-F), respectively. The yellow circles correspond to georeferenced positions of Delphinus delphis recorded within the same sequential context. Because D. delphis does not form part of the specific minimum-distance/minimum-time event illustrated in this figure, its positions are shown as circles only. The distance and elapsed time were calculated from the final position of the T. truncatus sighting, represented by the orange triangle, to the initial position of the subsequent S. coeruleoalba sighting, represented by the blue triangle. The curved arrow represents the elapsed time between sightings, whereas the dashed arrow represents the distance measured between the analytical reference and comparison points used in the calculation. Double quotation marks denote seconds. 
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Figure 5. Maximum elapsed time and maximum distance. Georeferenced maps showing the maximum elapsed time (h, min) and maximum distance (m) recorded between sightings of Tursiops truncatus and subsequent sightings of Delphinus delphis and/or Stenella coeruleoalba in the Bay of Algeciras–Gibraltar (BA-G). The T. truncatus initial position is represented by an orange circle (Tt-I), and the T. truncatus final position by an orange triangle (Tt-F). For the subsequent species involved in each calculation, the initial position is represented by a triangle in the corresponding species colour, and the complementary/final position by a circle. Thus, S. coeruleoalba is represented by a blue triangle (Sc-I) and a blue circle (Sc-F), and D. delphis by a yellow triangle (Dd-I) and a yellow circle (Dd-F) when it is the species involved in the calculation. The maximum elapsed time or maximum distance was calculated from the final position of the T. truncatus sighting, represented by the orange triangle, to the initial position of the subsequent species sighting, represented by the triangle in the corresponding species colour. In panel Tt011-18, the maximum-time event illustrated involves T. truncatus and S. coeruleoalba; the yellow circles correspond to georeferenced positions of D. delphis recorded within the same sequential context, as D. delphis was observed together with S. coeruleoalba in that sighting, but was not part of the specific maximum-time calculation represented in that panel. In panel Tt014-19, the maximum-distance event illustrated involves T. truncatus and D. delphis. Elapsed time is expressed in hours and minutes. 
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Figure 6. Georeferenced maps showing temporal-overlap events between sightings of Tursiops truncatus and subsequent sightings of Delphinus delphis and/or Stenella coeruleoalba in the Bay of Algeciras–Gibraltar (BA-G). The T. truncatus initial position is represented by an orange circle (Tt-I), and the T. truncatus final position by an orange triangle (Tt-F). For the subsequent species involved in each temporal-overlap event, the initial position is represented by a triangle in the corresponding species colour, and the complementary/final position by a circle. Thus, D. delphis is represented by a yellow triangle (Dd-I) and a yellow circle (Dd-F) when it is the species involved in the event, and S. coeruleoalba by a blue triangle (Sc-I) and a blue circle (Sc-F) when it is the species involved in the event. (a) Tt044-18; (b) Tt045-18; (c) Tt008-19; (d) Tt017-19; and (e) Tt002-20, the temporal-overlap events illustrated involve T. truncatus and D. delphis. In panel (c), the temporal-overlap event illustrated involves T. truncatus and S. coeruleoalba; the yellow circles correspond to georeferenced positions of D. delphis recorded within the same sequential context, as D. delphis was observed together with S. coeruleoalba in that sighting, but was not part of the specific temporal-overlap event represented in that panel. 
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Figure 7. Boxplots showing distances (a–c, metres, m) and times (d–f, seconds, s) recorded between sightings of Tursiops truncatus and subsequent Delphinus delphis, Stenella coeruleoalba, and Billie events on the same day. Boxes indicate the interquartile range, horizontal lines indicate the median, whiskers indicate the range, and crosses (×) mark the mean. Sample sizes are shown next to each box. 
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Figure 8. Seasonal distribution of distance (a) and time (b). Boxplots of distance (m) and time (s) between sightings of Tursiops truncatus (Tt) and all subsequent Delphinus delphis (Dd), Stenella coeruleoalba (Sc), and Billie (Bi(Tt)) sightings (March 2017–March 2020). Sample sizes (n) are shown next to each box. Crosses (×) indicate mean values. 
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Figure 9. Boxplots showing (a) distances (m) and (b) times (s) between sightings of Tursiops truncatus (Tt) and subsequent sightings of Delphinus delphis (Dd) during the study period (March 2017–March 2020). The total number of records was n = 102, including five brief overlap events (Δt ≤ 300 s). For statistical calculations of means, medians, and dispersion, these overlap cases were excluded (effective n = 97). Crosses (×) indicate mean values. 
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Figure 10. Representation of distance and time by season. Lines show recorded distances (left axis, m) and times (right axis, s) for each sighting of Delphinus delphis (Dd) (a), Stenella coeruleoalba (Sc) (b), and Billie (Bi(Tt)) (c) following sightings of Tursiops truncatus (Tt) during the study period. 
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Table 1. Overall minimum and maximum distances (m) and times (s) recorded for each species category between sightings of Delphinus delphis (Dd), Stenella coeruleoalba (Sc), and Billie (Bi(Tt)) and the preceding sighting of Tursiops truncatus (Tt). The T. truncatus sighting corresponding to each value is indicated in parentheses. All sightings are represented and georeferenced in Figures S1–S4 of the Supplementary Material.
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	Species
	Minimum Distance (m)—(Tt)
	Maximum Distance (m)—(Tt)
	Minimum Time (s)—(Tt)
	Maximum Time (s)—(Tt)





	Dd
	540 (Tt018-19)
	12,000 (Tt014-19)
	145 (Tt018-19)
	17,700 (Tt003-19)



	Sc
	261 (Tt024-19)
	8997 (Tt047-18)
	33 (Tt024-19)
	17,700 (Tt011-18)



	Bi(Tt)
	3337 (Tt043-18)
	9530 (Tt009-17)
	4620 (Tt009-17)
	10,560 (Tt016-19)










 





Table 2. Logistic regression coefficients and p-values. Binomial logistic regression models were fitted independently for Delphinus delphis (Dd), Stenella coeruleoalba (Sc), and Billie (Bi(Tt)). The model for Bi(Tt) should be interpreted as an exploratory individual-case analysis. Predictor variables were the time since and the distance from the last sighting of Tursiops truncatus (Tt).
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	Species
	Predictor
	Logit Coefficient
	p-Value





	Dd
	time_since_Tt
	−0.000091
	0.1547



	Dd
	distance_from_Tt
	+0.000088
	0.4139



	Sc
	time_since_Tt
	+0.000063
	0.3435



	Sc
	distance_from_Tt
	−0.000157
	0.2028



	Bi(Tt)
	time_since_Tt
	+0.000118
	0.3403



	Bi(Tt)
	distance_from_Tt
	+0.000085
	0.6473
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