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Highly mobile odontocetes need habitats with environmental conditions with the potential of aggregating enough and high-quality prey, to maximize foraging success. Until now, the characterization of those habitats was in terms of physical and biological indicators of high production, capable of attracting and sustaining prey. Nevertheless, there has been no approach to quantifying the effects of a biophysical characteristic of the ocean with proven effects on the vertical distribution of prey for cetaceans: The oxygen minimum zone (OMZ) depth. In the northern branch of the Humboldt Current System off Peru (~6-18° S), a shallow OMZ (30-50 m) affects the distribution of the Peruvian anchovy (Engraulis ringens), main prey for several marine predators, including dolphins. We hypothesized these predators would aggregate in productive areas, but with preference for places where the relative OMZ depth can constrain prey vertically, making it more accessible and maximizing foraging success. We fitted Bayesian habitat models for three dominant odontocete species in this region, with multiple combinations of environmental covariates, smoothing techniques, and temporal and spatial random effects. Cetacean data came from 23 dedicated surveys spanning 2001-2019. Habitat predictors included the spatial anomalies of sea surface temperature, surface chlorophyl-a, pycnocline depth and OMZ depth. Dusky (Lagenorhynchus obscurus) and common dolphins (Delphinus delphis) preferred productive, cold areas with a very shallow OMZ, regardless of the season, while bottlenose dolphins (Tursiops truncatus) aggregated in both cold and warm waters, also with shallow OMZ. The former two species of higher metabolic demands would maximize energy intake by selecting areas with highly aggregated prey, while the latter, of more moderate metabolic needs and more diverse prey, would exploit less restricted habitats.
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1 Introduction

Predators must make foraging decisions based on fluctuations of prey in space and time (Stephens, 2008). These fluctuations are often related to changes in the environment that trigger or deplete biological production, modulating prey availability (Redfern et al., 2006). Marine predators such as seabirds and cetaceans tend to occupy diverse types of habitats according to specific needs (Ballance et al., 1997; Manocci et al., 2014). Red-footed boobies (Sula sula), wedge-tailed shearwaters (Ardenna pacifica) (Ballance et al., 1997), common dolphins (Delphinus delphis spp), harbor porpoises (Phocoena phocoena), and minke whales (Balaenoptera acutorostrata) (Spitz et al., 2012), occupy intense productivity areas where prey is abundant and highly caloric. In contrast, species such as sooty terns (Onychoprion fuscatus) (Ballance et al., 1997), pygmy sperm whales (Kogia breviceps), Cuvier’s beaked whales (Ziphius cavirostris), or sperm whales (Physeter macrocephalus) (Spitz et al., 2012), may occur in more oligotrophic areas, where they feed on less caloric and more intermittent prey.

However, although prey abundance is an important aspect, prey accessibility could also play a relevant role in areas selected by predators. In the northern Humboldt Current System (NHCS), the depth of prey aggregations explained better the areas with high seabird diving probability than only the their size (Boyd et al., 2015). Likewise, in South Georgia, king penguins (Aptenodytes patagonicus) forage in areas with predictably dense fish schools but also occurring at shallow depths (Proud et al., 2021). Physical barriers such as water-column stratification associated to deep thermoclines restricts prey to upper layers, making it more accessible for predators (Ropert-Coudert et al., 2009; Kokubun et al., 2010; Meyer et al., 2020).

The NHCS exhibits the oxygen minimum zone (OMZ) restricts oxygenated coastal waters to depths shallower than 100 m (Fuenzalida et al., 2009). This region is dominated by the biogeographical zone known as the Humboldt Province (~6-18° S; Ibanez-Erquiaga et al., 2018), where a rapid vertical decrease in dissolved oxygen usually occurs at ~25-50 m depth, from surface concentrations of ~6 ml l-1 to hypoxic conditions of <1 ml l-1 (Graco et al., 2017). Contrary to physical barriers, these low concentrations constrain vertically the epipelagic species at a physiological level, since they can tolerate only moderate to high dissolved oxygen concentrations, such as the Peruvian anchovy (Engraulis ringens) (Bertrand et al., 2008; Bertrand et al., 2011), which is the preferred prey for local seabird and sealion populations (Soto et al., 2006; Barbraud et al., 2018).

The OMZ depth fluctuates seasonally (Passuni et al., 2016; Graco et al., 2017) and interannually (Espinoza-Morriberón et al., 2019) in the NHCS. It is very shallow during summer and early autumn (up to 20 m), less so during spring (~20-40 m), and deeper in winter (~50 m) (Passuni et al., 2016; Graco et al., 2017). Although this seasonality could be partially correlated to that of the pycnocline at local scales (e.g., Bertrand et al., 2014), this is unclear for the entire region. Local respiration, vertical mixing/stratification, and mesoscale circulation can modulate the OMZ (Thomsen et al., 2016; Vergara et al., 2016). Interannually, El Niño Southern Oscillation forces OMZ depth fluctuations, deepening it below 100 m and displacing it ~60 km offshore during warm El Niño events; and shoaling it up to 10 m during cold La Niña events (Graco et al., 2007; Gutiérrez et al., 2008; Gutiérrez et al., 2016; Graco et al., 2017; Mogollón and Calil, 2017).

Global warming affects dissolved oxygen in the ocean due to lower solubility at higher temperatures (Oschlies et al., 2018; Limburg et al., 2020). Consequences include OMZ shoaling in the northeast Atlantic Ocean, reducing the vertical habitat for tropical pelagic fishes such as billfishes (Order: Istiophoriformes) and tunas, and their prey (Prince and Goodyear, 2006; Stramma et al., 2012). Since future scenarios of OMZ shoaling remain unclear for the NHCS, it is relevant to understand its role in the current distribution of marine apex predators for taking timely management and conservation decisions.

In the NHCS, dusky (Lagenorhynchus obscurus), common (Delphinus delphis), and bottlenose (Tursiops truncatus) dolphins are dominant predators. The first two have high energy demands (Mckinnon, 1994; Spitz et al., 2012), feed mainly on high caloric prey (Spitz et al., 2010), and conform large pods, from hundreds to thousands of individuals (Van Waerebeek and Würsig, 2018; Perrin, 2018). In the analogous upwelling ecosystem of the California Current, common dolphins also exhibit the largest biomass and highest prey consumption among cetaceans (Barlow et al., 2008). In contrast, bottlenose dolphins present more moderate metabolic costs (Spitz et al., 2012). In the NHCS, diets of common and dusky dolphins are based mainly on anchovies, an abundant high-quality energy prey; while bottlenose dolphins prefer lower energy prey such as myctophids, mackerels, and opportunistically, anchovies and sardines (Mckinnon, 1994; García-Godos et al., 2007). Our aim was to evaluate analytically the potential importance of the OMZ depth for these species’ distributions and habitat suitability, in agreement with their different requirements, already described. We hypothesized that these predators would prefer productive areas with spatially shallower OMZ, which would constrain prey vertically, and that these distributions would vary strongly at the seasonal scale.



2 Methods


2.1 Cetacean data

We recorded sightings of delphinid species from 2001 to 2019 during 23 dedicated scientific surveys for stock assessment of Peruvian anchovy (Engraulis ringens) by Instituto del Mar del Perú (IMARPE), throughout Peruvian territorial waters. Overall, cruises were conducted twice a year: February to April and August to October, but also included July, November, and December. In summary, here were three surveys in the austral hemisphere’s winter, six in spring, eight in summer, and six in autumn. Surveys consisted of parallel cross-shore transects of ∼185 km long and ∼27.8 km of parallel separation between them (Supplementary Material, Appendix 1, Figure A.1). Sampling effort summed 59,874 km; 4,950 km in winter; 18,383 km in spring; 19,421 in summer; and 17,120 km in autumn (Supplementary Material, Appendix 1, Figure A.1). Navigation was at a constant speed of ~10 knots.

One or two observers equipped with 10x50 hand-held binoculars scanned visually the water surface from the top of the vessel’s bow (i.e. 12.3 m above the sea level in the R/V Humboldt and 5.1 m in the R/V Olaya), within a semicircular area of 180° in front of the vessel. Searching effort was conducted during daylight hours only (~6:00-18:00 h), with pauses at 7:00-8:00 h and 12:00-14:00 h, and only when weather conditions were ideal (i.e., Beaufort < 3). GPS coordinates were taken automatically each 1.8 km or every six minutes, and used to obtain on-effort small transects of similar lengths (7 to 8 km; Supplementary Material, Appendix 1, Figure A.2). Each cetacean sighting was then assigned to its closest transect in time and space, along with the species identity and group size. Only sightings of common dolphins (213 groups; 12,239 individuals), dusky dolphins (403 groups; 10,455 individuals), and offshore-ecotype bottlenose dolphins (hereafter, bottlenose dolphins) (222 groups; 8,653 individuals) were analyzed, although all cetacean species were recorded during navigation. The inshore-ecotype bottlenose dolphin was not included since they only inhabit very shallow coastal waters in this region (within one kilometer offshore; Van Waerebeek et al., 1990), which were not covered by our surveys due to navigation constraints.



2.2 Habitat predictors

Dynamic oceanographic variables are important descriptors for understating marine mammal distributions through bottom-up processes. We used some of those described in previous studies as potential indicators of habitat suitability for cetaceans (e.g., Ballance et al., 2006; Forney et al., 2012; Roberts et al., 2016). We excluded the use physiographic variables since our study aimed to the comprehension of dynamic habitats.


2.2.1 Oxygen minimum zone depth

During the same scientific surveys described above, vertical profiles were cast at stations every ~2-4 hours of navigation. A total of 3,191 profiles of dissolved oxygen concentration were used to estimate the depth at which such concentration drops to 2 ml l-1 for each profile, which we interpreted in this study as the oxygen minimum zone depth. This threshold was chosen because it limits the physiology and therefore vertical distribution of epipelagic prey species for dolphins, such as the Peruvian anchovy (Vaquer-Sunyer and Duarte, 2008; Ekau et al., 2010; Bertrand et al., 2011).

We used oxygen concentrations estimated with the Winkler method at fixed depths of 0, 10, 25, and 50 m, spanning 2001-2005, from the World Ocean Database (Garcia et al., 2010). The rest of the data (2007-2019) consisted of Conductivity-Temperature-Depth-Oxygen (CTDO) casts from the surface to 500 m, provided by IMARPE (www.gob.pe/imarpe). Winkler test for dissolved oxygen were also used to verify the accuracy of CTDO readings (IMARPE, unpublished data). CTDO data were smoothed as 9-m depth running means to avoid noise from the original depth resolution of each cast. Only casts with more than 13 casts were selected.

Given the horizontal sparsity of these OMZ depths, it was not possible to pair the nearest values to each transect of cetacean survey effort. First, we had to build a continuous layer of predicted OMZ depth values for each survey within the study area. For this, we fitted a Bayesian regression model of the OMZ depth (OMZD) as a function of a spatial autocorrelation random effect (W), applying stochastic partial differential equations (SPDE), and a second-order random walk effect (u) of the horizontal distance to the coast (DC) (Supplementary Material, Appendix 2). The former was approximated by a Gaussian Markov Random Field (GMRF) (Zuur et al., 2017). This procedure involves dividing the study area into an irregular spatial mesh called the Delaunay triangulation, created from the geographic coordinates of the observations (Supplementary Material, Appendix 2, Figure A2.1). This allows for predictions in non-sampled sites, accounting for the explicit spatial structure. Equation 1 shows the main regression and the parameters’ likelihoods (intercept and residuals are omitted):

	

Where Σ is a covariance matrix quantified through the Matérn correlation function (Zuur et al., 2017). Default Gamma distributions were used as vague priors for unknown parameters given the absence of previous information for them. This analysis followed the integrated nested Laplace approximation (INLA) (Rue et al., 2009), implemented by the R-INLA package (Rue et al., 2009) in R (R Core Team, 2021). The final OMZD layers had a 0.1° resolution, and each pixel was paired to the nearest transect from the same survey.



2.2.2 Pycnocline depth

We used 1,745 vertical profiles of conductivity, temperature, and depth (CTD) collected during cetacean surveys to estimate the pycnocline depth (PD), since a shallow pycnocline is typically associated to productive regions and potential prey aggregation for cetaceans (e.g., Reilly, 1990; Scott et al., 2012). Prior to the pycnocline depth estimation, the vertical array of CTD values were smoothed for each cast to avoid noise, through 9-m running means. Then, we calculated the Brunt-Väisälä frequency (cycles h-1) for each depth to measure the degree of stratification, using the gsw package (Kelley et al., 2017) within R. The PD was the depth with the maximum Brunt-Väisälä frequency in each cast. Finally, we modeled a continuous spatial layer of the variable for each survey, following the same INLA procedure described above for the OMZ depth (Subsection 2.2.1; Equation 1). The final layer of PD also had a 0.1° resolution and transects were paired to the nearest pixel from the same survey.



2.2.3 Sea surface temperature

Remotely sensed sea surface temperature (SST) data were obtained from the National Oceanic and Atmospheric Administration (NOAA), through the AVHRR Pathfinder Version 5.2 (PFV52) database, at a daily 0.04° cell resolution (https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst; Saha et al., 2018). We only used data of quality level >3 according to both criteria provided by the database’s metadata. We estimated a mean values per pixel spanning the duration of the survey and scaled the variable to a 0.1° resolution pixels, which were then paired to the nearest survey transect from the same survey.



2.2.4 Chlorophyll-a

Remotely sensed sea surface chlorophyll-a concentration (CHL) was obtained from two sources, with 8-day, 9-km original resolution: (i) NOAA’s ERDDAP (https://coastwatch.pfeg.noaa.gov/erddap/) database from the SeaWiFS sensor (1997-2002), and (ii) the Ocean Color website (http://oceancolor.gsfc.nasa.gov) database, derived from the Aqua-MODIS sensor (2002-2019). We estimated means for the duration of each survey and the variable was produced at 0.1° resolution, for pairing pixels to the closest transect of the same survey.



2.2.5 Spatial anomalies of dynamic variables

Considering that dolphin species in our study area occur year-round, it is likely their distributions and aggregations are driven by the spatial environmental variability regardless of time. To partially remove variations in time of each of the dynamic variables described in sections 2.2.1 to 2.2.4, we subtracted the mean value of the study area to each pixel at any given time or survey, generating new predictors which we named for this study ‘spatial anomalies’ (i.e. OMZDA, PDA, SSTA, and CHLA), which would maximize the horizontal structure and gradients (Supplementary Material, Appendix 3, Figures A.3.1–A.3.3). Thus, negative values of SSTA and CHLA represent colder and more productive sites than the rest of the study area, while positive values, the opposite. Likewise, negative values of OMZDA and PDA represented shallower OMZ and pycnocline relative to the study area, whilst positive values, the contrary. Finally, these new derived variables were additional predictors within the different competing models.



2.2.6 Interannual variations

El Niño Southern Oscillation (ENSO) affects the western and eastern tropical Pacific, especially along the equator and off Ecuador and Peru (Wang and Fiedler, 2006). Coastal local effects of exceptional intense warming are called “coastal El Niño” and can occur despite the absence of high temperature anomalies in the central equatorial Pacific (Takahashi and Martínez, 2017, Echevin et al., 2018). We included this scale of environmental variability using the El Niño Coastal Index (ICEN). It is based on temperature anomalies in the Niño 1 + 2 region (90°W-80°W, 10°S-0°) which extent from 3 to 10° S and categorizes interannual scenarios of different intensity: La Niña strong, moderate, and weak conditions (< -1.4 to -1), neutral conditions (-1 to 0.4), El Niño weak, moderate, strong, and extreme conditions (0.4 to > 3) (Takahashi et al., 2014).




2.3 Habitat suitability models

INLA framework was also used to model dolphin groups (g) at each transect (i) as a function of several (k) combinations of the environmental predictors (X) described above. We assessed collinearity and correlation among variables through the variance inflation vector (VIF) and Pearson’s correlation, using the R packages usdm (Naimi et al., 2014) and the Performance Analytics (Peterson and Carl, 2020). Competing models included only uncorrelated variables (r < 0.5) (Supplementary Material, Appendix 4, Figure A.4). It is important to point out that the available amount of data for pycnocline estimations was lower than that used for OMZ depth. We also tested for Poisson, negative binomial, and zero-inflated Poisson likelihood functions for the response variable, as well as incremental complexity of polynomials (β), as smoothing techniques, for each predictor and/or combinations of them. These included the additive and multiplicative effects of covariate pairs (e.g., SSTA-OMZDA, CHLA-OMZDA, SSTA-PDA, and CHLA-PDA).

Following the spatial techniques explained above for the OMZ depth and the pycnocline depth layer estimations, we included a spatial autocorrelation random effect (W) (Supplementary Material, Appendix 5, Figure A.5) to account for the evident lack of independency among transects. For each species, we also tested the effect of the seasonal variability as a cyclic random effect (θ) of the season of the year (S; winter, spring, summer, and autumn), as well as the interannual effect (φ) of ICEN:



Since there was some heterogeneity of the survey effort among transects, and dolphin group sizes were highly variable among groups, we included an offset variable (E) that balanced the response variable as a known component of the animal count likelihood’s mean. This would produce predictions in terms of encounter rates of animals, instead of group counts, even if the main response variable of the model was the latter (e.g., Cañadas et al., 2002):



Where   represent the mean transect length,   the mean group size and gi the number of groups in each transect. Natural logarithm was used to maintain homogeneous quantities considering the high variability of group sizes. Default Gamma distributions were used as vague priors for all unknown parameters.

The best model among competing structures was chosen according to the lowest value of the Watanabe Akaike Information Criterion (WAIC), checking also for the Conditional Predictive Ordinate (CPO) to assure a good fit. We scaled predictions to values from 0 to 1, since we interpreted them as an index of habitat suitability, potential for the aggregation of each dolphin species. We also used the position of dolphin sightings without available environmental information (i.e., independent of the model) to evaluate graphically the models’ spatial predicting performance. Finally, model outputs of habitat suitability were projected onto both environmental and geographical space to infer the changes in the distribution of each species, seasonally and inter-annually, depending on the best model structure chosen. Since during the study period (2001-2019), ICEN fluctuated between -1.08 and 2.2, we projected our model results accordingly, only on three scenarios: La Niña weak conditions, El Niño strong conditions, and neutral conditions.


2.3.1 Distance to shore of the most suitable habitats

To evaluate the ocean-coast habitat extension or contraction, we estimated the mean distance to shore of all pixels whose habitat suitability predictions were > 0.7. These posterior means and their differences among seasons were estimated with a Markov Chain Monte Carlo procedure implemented in the JAGS language (Plummer, 2003). Non-informative uniform priors were used. Three chains were run in parallel with 200,000 iterations each. Ten percent were discarded as a burning phase, and only one of every 10 iterations was retained to avoid chain state autocorrelations.





3 Results


3.1 Correlated predictors

Initially, no collinearity was detected among variable pairs (VIF < 5; Supplementary Material, Appendix 4, Table A.4). However, since SSTA and CHLA, and OMZDA and PDA pairs showed high correlations (r > 0.5; Supplementary Material, Appendix 4, Figure A.4), they were discarded within the same model structure.



3.2 Models selected

For all species, the response variable was best represented by a zero-inflated Poisson likelihood. CHLA and OMZDA were the best predictors of dusky dolphin habitat suitability, whilst SSTA and OMZDA performed better for common and bottlenose dolphins (Table 1). Second-degree polynomials were selected as smoothers for dusky and common dolphins, and a first-degree polynomial for bottlenose dolphins. The inclusion of the seasonal effect improved the model’s performance for all species (Table 1). Nevertheless, interannual effects benefited model performance only for common and bottlenose dolphins (Table 1). The best models for each species were:


Table 1 | Comparison of the best five model structures for predicting the habitat suitability of dusky, common, and bottlenose dolphins in northern Humboldt Current System.



Dusky dolphins:



Common dolphins:



Bottlenose dolphins:





3.3 Inferred dolphin distributions

Dusky dolphins showed preferences for highly productive areas where the OMZ was spatially shallower. Highly positive CHLA (0 to +4 mg m-3) and negative OMZDA (0 to -100 m) predicted the highest habitat suitability (0.7 to 1), especially during summer, autumn, and spring (Figure 1). In general, the species aggregated in the coastal zone off central and southern Peru (8-18°S) (Figure 2). During summer, the model showed an expansion to more oceanic waters (median distance to the coast: 57.6 km; 95%-CI: 54.7 – 64.6) (Supplementary Material, Appendix 6, Figure A.6.1). In contrast, during winter, the distribution was notoriously restricted to coastal waters (median: 19.4 km; 95%-CI: 13.3 – 32.2) (Supplementary Material, Appendix 6, Figure A.6.1). During autumn and spring, the distribution expanded again, with medians of 48.1 km (95%-CI: 43.7 – 53.1) and 56.5 km (95%-CI: 51.8 – 62.1) from the coast, respectively, although in a lesser extent than that of the summer (Supplementary Material, Appendix 6, Figure A.6.1). Likewise, the highest values of habitat suitability were predicted for summer, autumn, and spring (up to 1) and lower values in winter (up to 0.8) (Figure 2).




Figure 1 | Predicted values of habitat suitability of dolphin species in the northern Humboldt Current System for a theoretical environmental space, based on the covariates included in the best models: the oxygen minimum zone depth spatial anomaly (OMZDA), the remotely sensed chlorophyll-a concentration spatial anomaly (CHLA) and the remotely sensed seas surface temperature anomaly (SSTA). Empty circle sizes represent the observed group counts in each sample unit (i.e., transect).






Figure 2 | Predicted values habitat suitability of dolphin species in the northern Humboldt Current System for the geographical space. Empty circle sizes represent the observed group counts in each sample unit (i.e., transect). Crosses are validation data, not included in the model’s fitting.



Common dolphins showed affinity to cold waters also with very shallow OMZ. Negative values of SSTA (0 to -6 °C) and OMZDA (0 to -100 m) predicted the highest habitat suitability (0.7 – 1) during all seasons (Figure 1). The species was mainly distributed in the coastal zone off northern-central Peru (3 - 12° S) (Figure 2). Specifically, the highest habitat suitability (0.8 - 1) were observed in two spots between 5-8° and around 10° S. Models also showed a coastal retraction of the species during winter (median: 46.8 km; 95%-CI: 34.4 – 68.2) (Supplementary Material, Appendix 6, Figure A.6.2). During summer and autumn, the distribution extended to more oceanic waters, with medians of 68 km (95%-CI: 61.9 – 75.2) and 64.9 km (95%-CI: 58.3 – 73.1), respectively (Supplementary Material, Appendix 6, Figure A.6.2). During these two seasons, the largest groups were observed, mainly at 7° S and 10° S. During spring, the species retracted again to the coast (median 57.6 km; 95%-CI: 51.3 – 65.7) (Supplementary Material, Appendix 6, Figure A.6.2) with higher habitat suitability around 7° S. The model highlights southern Peru (17 - 18° S) as a potential distribution area, although with lower values (0.7 - 0.8). Interestingly, a coastal area between 14 - 17° S presented very low habitat suitability (0.3 - 0.6), where dusky dolphins exhibited the highest. In summer and autumn, common dolphins showed the highest habitat suitability predictions (up to 1 and 0.9), while during winter and spring, they reached up to 0.8 and 0.9, respectively (Figure 2). According to ICEN’s effects, El Niño conditions triggered higher habitat suitability (up to 1) than La Niña (up to 0.9) for common dolphins. The most favorable habitat was characterized by colder waters (SSTA: 0 to -6 °C) and shallower OMZD (0 to -90 m) during both interannual conditions (Figure 3). Spatially, this pattern suggested a higher degree of the species aggregation and wider coverage during warm years, at ~6 and between 7 and 11°S, while lower habitat suitability persisted off southern Peru (Figure 5).




Figure 3 | Predicted values of common dolphin (Delphinus delphis spp.) habitat suitability for a theoretical environmental space during La Niña and El Niño conditions, based on the covariates included in the best model: the oxygen minimum zone depth spatial anomaly (OMZDA) and the remotely sensed chlorophyll-a concentration spatial anomaly (CHLA). Empty circle size represents the observed group counts in each sample unit (i.e., transect).



Bottlenose dolphins showed preferences for both cold and warm waters in areas with shallow OMZ. Broad values of SSTA (-4 to 4 °C) and negative OMZA (0 to -80 m) predicted the highest habitat suitability (0.7 – 1) mainly in summer. During the rest of the seasons, the pattern persisted with lower habitat suitability values (up to 0.8) (Figure 1). The species aggregated mainly in oceanic waters along the entire Peruvian coast (Figure 2). However, two spots of high habitat suitability (0.7-1) were predicted between 6-11° and 14° S, during all seasons. During autumn, the species retracted to more oceanic waters in the central spot with higher habitat suitability off north central Peru, with median distances to the coast of 86.2 km (95%-CI: 82.3 – 90.4) (Supplementary Material, Appendix 6, Figures A.6.3). During summer, the potential distribution was broader in both oceanic and coastal areas (81.9 km; 95%-CI: 78.3 – 85.5; Supplementary Material, Appendix 6, Figures A.6.3), mainly in the north-central (7 - 11° S) region, where the largest groups were observed in transitional waters on the continental shelf-edge. During winter and spring, the species retracted partially to coastal waters in the central spot with higher habitat suitability off north central Peru, 76.3 km (95%-CI: 72 – 80.5) and 71.8 km (95%-CI: 67 – 76.7), respectively (Supplementary Material, Appendix 6, Figures A.6.3). The coastal area between 14-17°S also presented low habitat suitability values (0 - 0.4) for bottlenose dolphins, like those of common dolphins. Although the species’ habitat suitability did not present strong seasonal effects, the northern spot (7 - 11° S) showed the highest values during summer (Figure 2). Higher values were predicted during El Niño (up to 1) compared to those during La Niña (up to 0.9) (Figures 4, 6). The best habitats concentrated mainly at 7 - 11° S and ~14° S, and were broader during El Niño strong conditions, especially in summer (Figure 6).




Figure 4 | Predicted values of bottlenose dolphin (Tursiops truncatus) habitat suitability for a theoretical environmental space during La Niña and El Niño conditions, based on the covariates included in the best model: the oxygen minimum zone depth spatial anomaly (OMZDA) and the remotely sensed chlorophyll-a concentration spatial anomaly (CHLA). Empty circle sizes represent the observed group counts in each sample unit (i.e., transect).






Figure 5 | Predicted values of common dolphin (Delphinus delphis spp.) habitat suitability for the geographical space during La Niña and El Niño conditions. Empty circle sizes represent the observed group counts in each sample unit (i.e., transect). Crosses represent validation data, not included as data in the model.






Figure 6 | Predicted values of bottlenose dolphin (Tursiops truncatus) habitat suitability for the geographical space during La Niña and El Niño conditions. Empty circle size represents the observed group counts in each sample unit (i.e., transect). Crosses represent validation data, not included as data in the model.



It is important to point out that model predictions for the austral winter were less represented by data than those from the rest of the seasons, both for cetacean observations and for OMZD and DP casts. Nevertheless, the effect of this weakness of sample size on the prediction was quantified in terms of uncertainty. Indeed, the winter predictions showed higher values of posterior standard deviations for all three species (Figures A7.1–A7.3).




4 Discussion

This is the first study estimating the importance of the OMZ depth for cetacean distributions. Our results showed dusky and common dolphins occupy cold productive waters with shallow OMZ. This suggests both species would exploit areas where their main prey, the Peruvian anchovy, is constrained and thus more accessible. Bottlenose dolphins depicted a different pattern. Although their distribution was related to relative shallow OMZ areas, their habitat preferences were wider in terms of water temperature, suggesting plasticity for more diverse prey and the use of different foraging strategies.

Models predicted an extended westward distribution of both dusky and common dolphins mainly during austral summer and autumn, and a contraction to the coast in winter. During summer, weak upwelling maintains cold water masses with high primary productivity only in coastal areas (Figure 7; Supplementary Material, Appendix 3, Figures A.3.2; A3.3), restricting the horizontal distribution of anchovy (Swartzman et al., 2008). During winter, an intense upwelling and the occurrence anticyclonic eddies (Chaigneau et al., 2008) promote a westward expansion of cold waters (Figure 7; Supplementary Material, Appendix 3, Figures A.3.2; A3.3) and consequently the horizontal distribution of anchovy (Swartzman et al., 2008). Initially, this could indicate a larger extension of foraging areas for predators, however, results showed a spatial contraction during this season. This apparent contradiction could result from the seasonal variation in OMZ depth, because it modulates prey accessibility. During summer, OMZ is shallow (ca. 20 m; Graco et al., 2017) over the continental shelf (negative spatial anomalies: Supplementary Material, Appendix 3, Figure A.3.1), constraining the vertical distribution of anchovy (Passuni et al., 2016) and the consequent expansion of easily catchable prey for dusky and common dolphins. Contrastingly, OMZ was relatively deeper (ca. 60 m; Graco et al., 2017) in winter over the continental shelf (positive spatial anomalies: Supplementary Material, Appendix 3, Figure A.3.1), allowing for the anchovy’s vertical dispersion (Passuni et al., 2016). Only a narrow coastal strip maintained a shallow OMZ where prey would be still easily catchable to dusky and common dolphins (Supplementary Material, Appendix 3, Figure A.3.1).




Figure 7 | Conceptual model of habitat suitability of dusky, common, and bottlenose dolphins in the northern Humboldt Current System. Two contrasting seasons (summer and winter) are shown to represent differences in the species spatial distribution, mainly over the continental shelf. PP: Primary productivity. Dolphin shapes were modified from those of Chris Huh (https://creativecommons.org/licenses/by-sa/3.0/).



The persistent affinity of these two species to areas with shallow OMZ regardless of the season could respond to their higher metabolic costs of living (Mckinnon, 1994; Spitz et al., 2012), the large pods of hundreds to thousands of individuals they conform, and their very active behavior. Such high demands would imply these two species must maximize the energy intake by foraging on intense productivity areas around upwelling cores (Jefferson et al., 2009; Manocci et al., 2014; Llapapasca et al., 2018), and consume abundant prey (Sih and Christensen, 2001) of higher caloric density, such as clupeids (Spitz et al., 2010; Spitz et al., 2012), and anchovies (6.5 Kj g-1; Mckinnon, 1994). However, the fact that the best habitat suitability models for these two species included always shallow OMZ relative depths as key driver during all seasons, suggests they also select areas of high prey accessibility to maximize energy intake. Therefore, the limited vertical distribution of anchovies by a shallow OMZ could confer an important advantage to these predators, arguably improving foraging success. This relation was slightly weaker in common dolphins than in dusky dolphins, probably because the former also distributes in northern Peru (3 - 6° S), where there is a strong influence of the southern branch of the Cromwell subsurface current of more oxygenated waters (> 1 ml l-1) (Zuta and Guillén, 1970), and therefore the OMZ deepens to ~100 m (Graco et al., 2007).

A shallow pycnocline or thermocline could also aggregate prey for predators since it triggers productive cores, as observed in the eastern tropical Pacific (Reilly, 1990; Scott et al., 2012). Nevertheless, this variable was less relevant in our models likely due its strong seasonal pattern. It is developed during summer, up to 50–60-m depth off north Peru, but virtually absent during winter (Zuta and Guillén, 1970). Also, a shallow thermocline assures nutrient rich waters occupy the euphotic zone, triggering high primary production and prey aggregation, but it does not limit prey physiologically as the OMZ does. However, this interpretation must be taken with caution due to the least amount of data to this variable in our study.

In general, a more oceanic distribution was predicted for bottlenose dolphins, in areas of persistently shallow OMZ with both cold and warm waters. In general, the species showed a more oceanic distribution pattern which would allow them to exploit a niche not occupied by dusky or common dolphins. The potential habitat of the species displaced to more coastal areas in winter and spring when the distribution of dusky and common dolphins was also more restricted towards the coast. Bottlenose dolphin’s diet is more diverse, consuming epipelagic and mesopelagic species (Jefferson et al., 2008). In Peruvian waters, the species also feeds mainly on mackerels, myctophids, and barracudas, as well as lower quantities of anchovies (García-Godos et al., 2007). The energy supply of its dominant prey is lower than that of anchovies (6.5 kJ g-1). Myctophids contain 4.1 kJ g-1 and mackerels 5.4 kJ g-1 (Mckinnon, 1994; Spitz et al., 2010). The lower energetic requirements of bottlenose dolphins, compared to those of common dolphins, have been confirmed by their lower mitochondrial density in muscles (Spitz et al., 2012). Their prey could react differently to the OMZ depth. Jack mackerels rest in the upper limit of the OMZ reducing its activity (Bertrand et al., 2006). Likewise, it is known that mesopelagic species such as myctophids remain lethargic under very low oxygen concentrations (Jones, 1971; Kramer, 1987), as a strategy for avoiding epipelagic predators not adapted for hypoxic conditions (Barham, 1970). This prey behavior is arguably exploited by cetaceans adapted for deeper diving such as bottlenose dolphins, which could easily catch immobile prey. Such strategy would compensate for the lower prey quality in terms of energy.

Our results showed spatial segregation among species, suggesting habitat partitioning of the NHCS. Dusky and common dolphins showed preference for the continental shelf, although separated latitudinally. Bottlenose dolphins preferred the shelf-break and oceanic waters. Habitat and niche partitioning occur as response to the resource competition (Bearzi, 2005; Oviedo et al., 2018). Indeed, dusky and common dolphins shared the environmental space related to cold-productive waters with shallow OMZ, therefore latitudinal differences would allow reduce partially the inter-specific competition. In the same way, the occupation of oceanic waters by bottlenose dolphin allows the exploitation of a different niche not occupied by coastal dolphins. Models also showed a seasonal effect on the habitat suitability of the three dolphin species, which could be related to different factors. The spatial distribution of the predictors varying seasonally could have been captured, but also potential seasonality in the species’ life history, not necessarily linked to the predictors, such as their reproductive cycles. Dusky dolphins exhibit a highly seasonal reproductive cycle in Peruvian waters, with a peak breeding season during the austral winter and a calving season during late winter-early spring (Van Waerebeek and Read, 1994), when high habitat suitability predictions restrict more to the coast. Although there is no information about a seasonal reproductive cycle for common dolphins in the HCS, it cannot be discarded. The southern ETP’s population of short-beaked common dolphins (Delphinus delphis delphis) has a well-defined breeding period from January to July (Perryman and Lynn, 1993) while the central ETP’s population exhibits it throughout the year (Perryman and Lynn, 1993; Danil and Chivers, 2007). It seems this difference is due to the strong productivity pulses in temperate waters compared to those of more tropical waters. Bottlenose dolphin habitat suitability was also affected by the seasonal signal; however, its reproductive cycle is unknown for the study area and adjacent zones.

Interannual effects improved common and bottlenose dolphins habitat suitability models but not that of dusky dolphins. This could be due to the ICEN’s spatial coverage, which encompasses mainly the northern-central Peru (3-10° S), less occupied by dusky dolphins. The main interannual effect was an increase of habitat suitability in the main aggregation spots of common and bottlenose dolphins during ‘El Niño strong condition’ indicating a major aggregation of dolphins in these areas that arguably remained relatively productive and therefore would exhibit highest habitat suitability values. These warm anomalies also deepen the OMZ (> 100 m) off northern-central Peru in coastal areas (Graco et al., 2007) allowing the anchovy to disperse vertically (Gutiérrez, 2001), which would force common dolphins to forage in deeper waters. The increase in high habitat suitability coverage for bottlenose dolphins could respond to the incursion of more oceanic prey, which follow the eastward intrusion of warm oceanic waters (Ñiquen and Bouchon, 2004). No evident latitudinal changes were detected in warm conditions, coinciding with the reports for 1997-98 El Niño, during which coastal upwelling cells remained active, exporting primary production offshore, and providing refuge areas to anchovies, mackerels, other pelagic fish (Bertrand et al., 2004), and delphinids (Llapapasca et al., 2018). Contrastingly, ‘La Niña weak conditions’ produced very similar habitat suitability predictions to those of ‘neutral conditions’, suggesting a weak or null impact on the distributions of both species during weak anomalies.

Our findings suggest the OMZ relative depth in space plays a relevant role in the distribution of the dominant dolphin species of the NHCS, potentially modulating the accessibility to their main prey, the Peruvian anchovy. In fact, areas with relatively shallow OMZ were selected during all seasons, mainly by dusky and common dolphins. These two species would maximize their energy gain by consuming highly caloric prey, restricted vertically to the upper oxygenated layers. Bottlenose dolphins showed affinity for more oceanic and warmer waters, where they could exploit more mesopelagic prey.

Some predictions of climate change for the next 78 years in the NHCS include intense surface warming (2 - 4.5 °C) of waters on the oceanic shelves and lower values of dissolved oxygen concentrations could be expected (Echevin et al., 2020). Such future conditions would be similar to those of the last interglacial period (130 to 116 thousand years ago), when the fish community was dominated by goby and mesopelagic fishes instead anchovies (Salvatteci et al., 2022). For the latter, these conditions are detrimental, especially for recruitment, in spite of the species broad thermal tolerance (Echevin et al., 2020). This in turn, can trigger the species poleward migration toward cooler waters (Cheung et al., 2018). According to our results, these could mean a long-term effect on the habitat quality and distribution of dolphins in the NHCS.
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