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Intrinsic markers, such as stable isotopes, are a powerful approach to trace wildlife movements because they do not require initial marking of the organism. The main limitation of the isotopic method is the lack of knowledge in spatio-temporal patterns and dynamics of stable isotopes in marine environments, especially at local scales. Here, we combine GPS-tracks and isotopic signatures from Cory’s shearwaters as a model species to define isoscapes in the North Atlantic, and assess δ13C and δ15N dynamics, from local to regional spatial scales. Tracking data and blood samples were collected seasonally (during pre-laying and chick-rearing periods) across 6 years (2010–2015) from a total of 191 birds breeding at both neritic and oceanic environments. Tracked birds encompassed a large latitudinal and longitudinal area of the mid-North Atlantic, from the Eastern to Central North Atlantic. Overall, the δ13C and δ15N values of birds’ plasma over the region ranged from -20.2 to -16.2‰, and from 10.8 to 15.5‰, respectively. As expected, strong biogeographic isotopic patterns were found in δ13C values at a regional scale, mostly driven by an inshore/offshore gradient and chlorophyll a concentration. Although a moderate expression of spatial isotopic gradients on δ15N values (i.e., latitudinal and inshore/offshore) in the whole region, these were primarily influenced by temporal drivers (i.e., annual variability). At a local scale (i.e., in a radius of 100 km around the colony, within the neritic environment), both δ13C and δ15N values were very influenced by temporal drivers, suggesting that wide-ranging top consumers are hard to trace locally. This study shows that the δ13C values of marine top consumers are good indicators of the foraging habitat at a regional scale in the mid-North Atlantic, especially in terms of inshore/offshore gradients and areas of higher productivity.
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INTRODUCTION

Intrinsic markers, such as stable isotopes, are increasingly used to study spatial ecology of individuals and wildlife movements (Bowen, 2010; Ceriani et al., 2014; Quillfeldt et al., 2015). Potentially, the initial marking of the individual is not necessary, reducing both sampling effort and associated costs, and increasing the number of individuals that can be processed (Hobson et al., 2010; Ramos and González-Solís, 2012). This technique can provide intrinsic tags to study the foraging, migratory and trophic ecology of elusive species, such as marine upper trophic level consumers (e.g., seabirds), but also to track the movements of marine lower trophic level species (e.g., fish), and their juvenile stages, that are not amenable to current electronic tagging devices (Graham et al., 2010; MacKenzie et al., 2011; Magozzi et al., 2017).

A prerequisite for animal isotopic tracking is the identification of isotopic geographic gradients, i.e., isoscapes (Jaeger et al., 2010). Stable isotope markers rely on the principle that individual consumers acquire the isotopic composition of their prey. Since isotopic patterns in food-webs will differ spatially, information on residency and movement patterns of species and populations can be gained by measuring isotopic values in consumer tissues (Hobson, 1999). For instance, in marine systems, stable isotopes of carbon (13C/12C, δ13C) and nitrogen (15N/14N, δ15N), both at the base of the food web and at the consumer level, typically vary with spatial and physical oceanic features, such as the latitude and the proximity to neritic or benthic habitats (Cherel and Hobson, 2007; Graham et al., 2010). There is a natural variation in both δ13C and δ15N values of consumers inhabiting different ecosystems (Navarro et al., 2013) related to spatio-temporal variations at the base of food chains that are, in turn, linked to environmental variables such as depth or temperature (MacKenzie et al., 2011, 2014; Chouvelon et al., 2012). In addition to the typical and strong spatial influence overall, isotopic values are often influenced by environmental and temporal drivers (Laakmann and Auel, 2010; Quillfeldt et al., 2015; Oczkowski et al., 2016). However, in some instances no major biogeographic gradients and temporal variations were found at a consumer level in regional areas of fairly homogeneous isotopic values (Roscales et al., 2011; Ceia et al., 2015b).

In the Atlantic Ocean, gradients of δ13C and δ15N based on plankton values were described at a large spatial scale (Graham et al., 2010). However, the spatial resolution of such maps is of 1000s of kilometers, therefore disregarding the highly variable local and regional spatio-temporal stability of the isoscapes (Ramos and González-Solís, 2012). More recently, Magozzi et al. (2017) developed a model that predicts the spatio-temporal distributions of the carbon isotope composition of phytoplankton across the global ocean at one degree and monthly resolution, highlighting the importance of this issue in global oceanic dynamics. There is also some information regarding the dynamics of stable isotopes only for specific marine environments in the North Atlantic, for the Bay of Biscay (Chouvelon et al., 2012), the North Sea (MacKenzie et al., 2014), the Gulf of Maine (Oczkowski et al., 2016), the Northwest Atlantic (Ceriani et al., 2014), and the oligotrophic North Atlantic waters (Montoya et al., 2002). However, local and regional maps of marine isoscapes in the Atlantic Ocean for high-trophic level organisms such as seabirds are still scarce and mainly limited to the Southern Atlantic (e.g., Jaeger et al., 2010; Quillfeldt et al., 2010, 2015; Ceia et al., 2015b). Marine isoscapes can be a powerful tool to study migrations, wildlife movements and trophic interactions in the region of the North Atlantic (Roscales et al., 2011; Ceriani et al., 2014), but to our knowledge no detailed reference maps are available nor studies focusing in the stable isotope dynamics of high-trophic level organisms at both local (i.e., dozens of km) and regional (i.e., hundreds of km) scales, comprising both oceanic and neritic waters. There is a great deal of interest in the development of marine isoscapes, assessment of their spatio-temporal variability and determination of their potential drivers (Cherel et al., 2008), especially in core foraging areas for top consumers, such as large marine regions worldwide. Once validated, isoscapes can be applied to assist the tracking of many species, focusing both on conservation (e.g., biodiversity hotspots) and commercial (e.g., fish stocks) interests. Although isoscapes cannot reach the fine-spatial scale details obtained with animal tracking using electronic devices, they may be more suitable for investigating animal origins and to answer population-level questions (e.g., population trends, stock discrimination) than tagging technologies or even genetic markers (Graham et al., 2010). Moreover, there is a clear need to develop indicators to follow marine ecosystems’ evolution in space and time (Chouvelon et al., 2012; Magozzi et al., 2017), and this knowledge is essential to understand the function and connectivity of the ocean.

We have selected a set of 15 potential drivers, including spatial (e.g., latitudinal, longitudinal or abrupt changes due to oceanic features), environmental (e.g., chlorophyll a concentration, sea surface temperature) and temporal (e.g., the North Atlantic oscillation – NAO – index, year, season) predictors, to assess spatio-temporal dynamics in stable isotope values. We expect to observe trends in δ13C and δ15N values measured in a top consumer with an unprecedented detail in the region of the North Atlantic by testing the existence of isotopic gradients within the studied area related with any of the selected potential drivers. The main objectives of this study are to: (1) illustrate marine isoscapes (δ13C and δ15N) for Cory’s shearwaters Calonectris borealis in both oceanic and neritic environments for the central and eastern North Atlantic during the study period, and (2) assess the most important drivers promoting stable isotopes dynamics from local (<100 km) to regional (hundreds of km) spatial scales. We expect relationships between δ13C and δ15N values with spatial drivers (especially at a regional scale), such as latitude or distance to coast, and thus mostly influenced by the habitat type (i.e., these relationships are expected to be more pronounced for δ13C values). δ15N values should be more influenced by dynamic environmental and/or temporal drivers due to potential variation in the diet of consumers across years, since δ15N values are more influenced by prey type (i.e., trophic level) than δ13C values.

MATERIALS AND METHODS

With the purpose of characterizing and defining the δ13C and δ15N values for top consumers in the North Atlantic in both neritic and oceanic environments, we analyzed a 6 years data set using a strictly marine and wide-distributed species within the target region, the Cory’s shearwater Calonectris borealis (Magalhães et al., 2008; Ceia et al., 2014, 2015a). Following Jaeger et al. (2010), we intend to link isotopic information to specific geographic areas (by using electronic devices to track the movements of the individuals during approximately 2 weeks and analyzing the stable isotopes of the appropriate tissue, i.e., plasma due to its high turnover rate), and reveal biogeographic isotopic patterns in the North Atlantic, with records from both oceanic and neritic environments. This allowed to model extensive reference maps of the isotopic landscape in the North Atlantic, and investigating any temporal changes (i.e., annual and seasonal fluctuations) of biogeographic stable isotopes values.

Study Area and Sampling Sites

Fieldwork was carried out on Cory’s shearwaters breeding in two colonies (Berlenga and Corvo Islands, Portugal), distanced by ca. 1850 km and located in distinct environments of the North Atlantic (Figure 1). Berlenga (39°24′N, 009°30′W) is a small neritic island of ca. 78.8 ha, about 11 km off the western Portugal coast, and Corvo (39°40′N, 031°06′W) is an oceanic island located in the North Atlantic in-between continental Europe (about 1850 km from western Portugal) and continental America (about 2500 km from eastern Canada). Berlenga Island is situated within the large Portuguese continental shelf system characterized by shallow waters (<200 m) and high marine productivity due to the coastal upwelling that lasts from April to September (Sousa et al., 2008). Corvo is the smallest out of nine islands of the Azores archipelago (ca. 17 km2), which are aggregated into three groups (western, central and eastern) straddling the mid-Atlantic ridge over a distance of about 600 km. The islands of the Azores have relatively narrow peri-insular shelves and are surrounded by deep, oceanic waters (>200 m).
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FIGURE 1. Map of the North Atlantic showing the location of Berlenga and Corvo islands.



This study was carried out in accordance with the recommendations of the ICNF – Institute for Nature Conservation in Portugal who also approved the study protocol. The regional permits required to develop this study at Corvo Island were obtained by the ‘Direção Regional do Ambiente - Azores Regional Government.’

Field Procedures

Between 2010 and 2015, a total of 191 birds were sampled in Berlenga and Corvo Islands. This study was conducted on Berlenga Island, each pre-laying (April–May) and chick-rearing (August–September) periods between 2010 and 2015, and on Corvo Island during the chick-rearing (August) period in 2010 and 2015. Two birds were also sampled during the early 2014 incubation period (June) in Berlenga Island.

Each bird was fitted with a GPS logger (IgotU GT-120; Mobile Action Technology Inc., Taiwan), which weighted 15 g after removing the plastic case. The GPS device plus the tape to make it waterproof summed up to 17 g deployed on each bird. This corresponded to 1.6–2.7% of individuals’ body mass (620–1060 g), which is below the recommended 3% threshold reported to have no deleterious effects on seabirds during short-term deployments (Phillips et al., 2003), including Cory’s shearwaters (Igual et al., 2005). Each GPS logger was attached to feathers in the mantle region with Tesa® tape, and set to record bird’s GPS coordinate (median error of <10 m) every 5 min.

Birds were ringed, and body mass was measured both at capture and recapture (to the nearest 10 g). Blood samples (about 0.5 ml from the tarsal vein) were collected from each bird on recapture using 1 ml syringes, and within 2–3 h separated into plasma and blood cells using a centrifuge (15 min at 2,910 g) and then stored frozen (-20°C) until preparation for stable isotope analyses. Deployment or retrieval of devices and collection of blood samples took 10–15 min, and birds were returned immediately to their nest.

Stable Isotope Analysis (SIA)

For each bird, δ13C and δ15N values were measured in the blood plasma fraction collected during recapture. The complete turnover rate of plasma in birds is high (ca. 20 days), with a half-life of components of around 3 days (Hobson and Clark, 1993). During this study, only birds with more than 3 days tracking record were used (n = 191) both in Berlenga (n = 142) and Corvo (n = 49) Islands. All birds were tracked continuously from 3.6 to 20.5 days (mean ± SD: 11.4 ± 3.9 days). Hence, the isotopic signature of plasma on recapture was largely representative of diet and feeding locations during the trips in which each bird was tracked (Jaeger et al., 2010).

Because high lipid concentrations in plasma can result in depleted 13C values, lipids were removed using successive rinses in a 2:1 chloroform–methanol solution (Cherel et al., 2005b). We did not control for possible changes in plasma δ15N values after lipid extraction; however, lipid extraction generally does not affect plasma δ15N values (Cherel et al., 2005b), although some studies reported slight differences (both increased and decreased values) after lipid removal in whole blood (Bearhop et al., 2000; Cherel et al., 2005a). The mean ± SD C:N mass ratios of the delipidated plasma was 3.5 ± 0.1. Carbon and nitrogen isotope values were determined via Finnigan conflo II interface to a Thermo Delta V S mass spectrometer (Thermo Scientific, Bremen, Germany) coupled to a Flash EA1112 Series elemental analyser. Approximately 0.3 mg of each sample was combusted in a tin cup for the simultaneous determination of carbon and nitrogen isotope values. Stable isotope values are present in the usual δ notation based on the Vienna Pee-Dee Belemnite (V-PDB) for carbon and atmospheric N2 (Air) for nitrogen and expressed as: δ13C (‰) or δ15N (‰) = [(Rsample/Rstandard) - 1], where R = 13C/12C or 15N/14N, respectively. Replicate measurements of secondary isotopic reference material (acetanilide STD, Thermo scientific-PN 338 36700) in every batch, indicating precision < 0.2‰ for both δ13C and δ15N values.

Data Analysis

GPS data were separated into individual foraging trips. GPS locations at the colony were excluded from analyses by calculating the time from when the birds departed the colony until their return. Then, only the relocations (between consecutive tracking points) corresponding to an active feeding were selected according to flight speed (i.e., by separating active feeding from traveling, search flights, and resting); according with Louzao et al. (2009), we only used GPS relocations, which exclusively represented the areas where Cory’s shearwaters were in active feeding (2–10 km h-1). Given the impossibility of using several feeding positions in the model due to the mobile characteristic of birds, we assume the mean location of feeding activity for each bird as representative of the average stable isotopic values measured in plasma of Cory’s shearwaters during their tracking period (Jaeger et al., 2010). Although there is an inherent bias associated with the exploitation of different foraging patches and locations during the tracking period, these birds typically demonstrate short-term consistency in their diet and foraging habitats (see Ceia et al., 2014, 2015a). Finally, a distance-to-colony filter of 2 km was applied, to remove relocations before landing or after leaving the colony.

A set of 15 predictor variables (Table 1), including seven spatial (latitude, longitude, distance to Iberian coast, distance to coast, distance to colony, distance to Nazaré canyon and distance to main river), three environmental (chlorophyll a concentration, sea surface temperature and depth) and five temporal variables [year, month, stage, monthly NAO index (NAO; for each tracking month) and extended winter NAO index (wNAO; December – March; for each winter prior to the tracking period)], were chosen to assess spatio-temporal dynamics in stable isotope values (δ13C and δ15N) within the studied area. Monthly composites of remote sensing data (i.e., chlorophyll a concentration and sea surface temperature), from the corresponding tracking months (i.e., April, May, June, August, and September) between 2010 and 2015, were used in the model. The effect of the island (i.e., Berlenga or Corvo) was also tested (see Table 1 for detailed specifications on these variables). We used these variables together in the models (random forests) although some were obviously correlated (see Supplementary Tables 1–4). Random forest models handle quite well correlated/redundant variables. Thus, we were able to assess their interconnectivity and show which variables should be more prone to drive isotopic values. Some of these (or related) variables have been applied in other studies on stable isotope patterns in the marine environment both spatially and temporally (e.g., Chouvelon et al., 2012; Ceia et al., 2015b; Quillfeldt et al., 2015; Oczkowski et al., 2016). Due to the peculiarity of the existence of a large canyon very close to the colony of Berlenga (Nazaré canyon), the distance to this feature was considered as a potential explanatory variable. In addition, the distance to the closest main river within the continental neritic area was also considered (i.e., rivers Landro in Spain, and Minho, Mondego, Tejo and Sado in Portugal).

TABLE 1. Predictor variables used for modeling spatio-temporal dynamics in stable isotope values (δ13C and δ15N) measured in the plasma of tracked Cory’s shearwaters (Calonectris borealis) in the North Atlantic.
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A random forest modeling was used to explore the spatio-temporal dynamics in the stable isotopes values (δ13C and δ15N), considering the 15 above nominated explanatory variables. Random forest is a classification technique based on regression trees, which is able to model and obtain a consensus prediction of the response variable from a number of explanatory variables (see Breiman, 2001 for specific details on this method). The number of trees needs to be sufficiently high, thus, we created 5000 trees for each model. As a result, this method accounts a rank importance of each explanatory variable for each model performed, having the flexibility in capturing non-linear relationships. After identifying the most relevant variables, complementary approaches to the outcome of the random forest were performed. We examine the effects of explanatory variables in δ13C and δ15N values using mixed-effects ANOVA models, and the relationship between the response variable and each explanatory variable using a Spearman’s correlation.

Analyses were performed for the pooled data, and for birds nesting in Berlenga and Corvo Islands independently, due to the distinct characteristics of these two areas. Therefore, to check for overall spatio-temporal patterns in stable isotopes, and for neritic and oceanic areas specifically, only appropriate explanatory variables were included in each model. Moreover, we had multiple birds feeding around Berlenga Island and therefore appropriate data to assess possible temporal variations in δ13C and δ15N values within a small area in the neritic environment. For this local scale, a random forest modeling was conducted using birds with a mean active feeding at less than 100 km from the colony of Berlenga (n = 90; 37.0 ± 25.5 km), which encompassed data from every year and breeding stage, with the only exception of the pre-laying in 2015 (where all birds engaged in trips with an average feeding activity > 100 km).

All data were tested for normality (Shapiro–Wilk test) and homogenous variances (Levene’s test) and non-parametric tests were used when appropriate. Values are presented as mean ± SD. All statistical tests were performed with Statistica 10.0.

Data Visualization

To create a visualization of geographic gradients in isotopic values, we used ArcGIS v.10.1 (ESRI, Redlands, CA, United States) to plot the distribution of the mean location of feeding activity by each tracked bird for each island separately. We used a kriging interpolation in the Spatial Analyst Tool to model and visualize continuous δ13C values within the study area across 2010–2015 in Berlenga and during 2010 and 2015 in Corvo (Figure 2). Only δ13C values are represented because random forest analyses indicated that temporal variables (year, month and stage) were not the main drivers of the observed patterns in δ13C values, in opposition to δ15N values, where temporal variables showed a large influence at the regional scales.
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FIGURE 2. Estimated isoscapes after kriging interpolation for the North Atlantic from (A) plasma δ13C values of the 142 Cory’s shearwaters (Calonectris borealis) tracked with GPS between 2010 and 2015 in Berlenga Island (neritic environment), and (B) plasma δ13C values of the 42 Cory’s shearwaters tracked with GPS in 2010 and 2015 in Corvo Island (oceanic environment). Points represent the mean latitude and longitude of feeding activity.



RESULTS

The GPS tracking record for the 191 Cory’s shearwaters sampled in Berlenga and Corvo Islands, from 2010 to 2015, encompassed a large latitudinal and longitudinal area of the North Atlantic, from the Eastern to Central North Atlantic, including representatively both neritic and oceanic environments. Overall, the latitude and longitude of mean feeding activity were distributed from 31.6°N to 43.9°N and 7.7°W to 39.1°W, respectively (Figure 2). The δ13C and δ15N values of delipidated plasma of all birds varied between -20.2 and -16.2‰ (-18.8 ± 0.7‰), and between 10.8 and 15.5‰ (12.9 ± 0.9‰), respectively (Tables 2, 3). The δ13C and δ15N values were positively and linearly correlated (Pearson’s correlation: r = 0.44, F1,189 = 146.2, p < 0.001). For specific information on the effect of explanatory variables in δ13C and δ15N values using mixed-effects ANOVA, see Figure 3 and Supplementary Tables 5–8; relationships between both isotopic values and explanatory variables are shown in Supplementary Figures 1–4.

TABLE 2. Predictor variables for the neritic environment and plasma δ13C and δ15N values of Cory’s shearwaters (Calonectris borealis) breeding in Berlenga Island during the pre-laying (PL), incubation (I) and chick-rearing (CR) periods in 2010–2015.
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TABLE 3. Predictor variables for the oceanic environment and plasma δ13C and δ15N values of Cory’s shearwaters (Calonectris borealis) breeding in Corvo Island during the chick-rearing (CR) period in 2010 and 2015.
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FIGURE 3. Variable importance plot of the explanatory variables used in the random forest models for plasma δ13C (left panels) and δ15N (right panels) values from Cory’s shearwaters (Calonectris borealis) sampled during this study. (A,B) Correspond to the pooled data (191 individuals from Berlenga and Corvo Islands, between 2010 and 2015); (C,D) correspond to the 142 individuals from Berlenga Island between 2010 and 2015; (E,F) correspond to the 49 individuals from Corvo Island in 2010 and 2015; and (G,H) correspond to the 90 individuals from Berlenga Island that actively fed within 100 km from the colony between 2010 and 2015. Significant results resulted from mixed-effects ANOVA for the effect of explanatory variables in δ13C and δ15N values (with year, stage, month and island treated as fixed effects) are also shown (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05; n.s. non-significant). See Table 1 for a description of each explanatory variable.



For the pooled data (hence for full regional scale within the studied area), the most important predictors of plasma δ13C values were, in descending order, distance to Iberian coast (D_ICoast), longitude (Long), chlorophyll a concentration (Chl a), distance to coast (D_Coast), and Depth (Figure 3A). Temporal variables had little importance, according to the same model. On the other hand, temporal variables (Year and wNAO) assumed great importance in the prediction of δ15N values. Random forest model indicate that plasma δ15N values were driven by Year, Long, wNAO, D_ICoast and Lat (Figure 3B).

Considering only birds from Berlenga Island (neritic environment), the random forest model indicates that the stronger predictors of plasma δ13C values were, in descending order, Long, Chl a, distance to Nazaré canyon (D_Canyon), D_ICoast and D_Colony (Figure 3C). Year was the most important predictor of plasma δ15N values, followed by Long, Depth, wNAO and D_ICoast (Figure 3D).

Random forest identified that plasma δ13C values of birds sampled in Corvo Island (oceanic environment), were mostly driven by Chl a, D_Coast, Lat, D_Colony and Depth (Figure 3E). On the other hand, plasma δ15N values were mostly driven by wNAO, Year, NAO, SST and D_Coast (Figure 3F).

Contrary to analyses performed at regional spatial scales (i.e., 100s of km), random forest identified strong temporal predictors for both plasma δ13C and δ15N values at a local scale, within a small area around Berlenga Island (i.e., <100 km). Moreover, the model behaved in a similar way in the prediction of both isotopes, for the three major drivers. The major drivers of local plasma δ13C values were, respectively, Year, wNAO, Long, Month and Chl a (Figure 3G). Similarly, Year, wNAO and Long were the stronger predictors of plasma δ15N values, followed by NAO and D_ICoast (Figure 3H).

DISCUSSION

This study highlights the relevance of δ13C values for tracing the movements of top consumers, and potentially general marine life, in the mid-North Atlantic at regional spatial scales in both neritic and oceanic environments. However, these results and particularly Figure 2 should be interpreted cautiously because: (1) although gradients of δ13C may be potentially inferred to support studies on other species within the study area, and particularly other top predator species, the isotopic values obtained during this study are species- and tissue-specific, (2) results may be of little value outside the breeding season of Cory’s shearwaters (i.e., during winter), (3) averaging several feeding locations (for every individual) may blur any potential isotopic gradient, and (4) the effect of temporal drivers were overall significant and found to have a major influence on δ13C values at a local spatial scale. Thus, Figure 2 should be only used as a reference for the potential spatial gradients existing in the area and not to the resulted specific δ13C values. Notwithstanding, this study reflects the high complexity in the North Atlantic waters showing that the stable isotope dynamics (δ13C and δ15N) is driven by distinct variables according with different spatio-temporal scales, and these variations are transferred up food webs. This is most evident because all non-categorical explanatory variables tested had a significant relationship with both δ13C and δ15N values in some of the models built (i.e., regional, including both neritic and oceanic environments, and local scales).

This is the first study to assess the spatial and temporal variability of δ13C and δ15N values on top consumers in the North Atlantic, using a combination of GPS loggers and isotopic signatures of plasma from a wide-ranging seabird, i.e., the Cory’s shearwater. According with Phillips et al. (2009) and Jaeger et al. (2010) the tracking of wide-ranging seabirds provide us an excellent opportunity to assess stable isotope dynamics at various spatio-temporal scales, recommending this approach to increase our knowledge of the marine environment. Moreover, the best way to interpret isotopic signatures of top consumers is to describe isoscapes using their own isotopic values (Jaeger et al., 2010). The amount of data collected was sufficiently robust to test which drivers promote stable isotope dynamics, both overall and on neritic and oceanic environments. Due to the high number of birds sampled in Berlenga Island, across several consecutive years and seasons, it was also possible to examine in detail local temporal variations in stable isotopes for the neritic environment. However, our data set prevented us from investigating isotopic temporal variability considering the winter.

Spatial drivers greatly influenced δ13C values within the study area although related environmental variables, and particularly chlorophyll a concentration, also had a high influence. On the other hand, δ15N values were not spatially consistent, in both neritic and oceanic environments, due to annual variability. It should be noticed that temporal drivers had a general significant effect in both δ13C and δ15N values. In particular, both isotopes were very influenced by temporal drivers at a local spatial scale (i.e., <100 km), suggesting that top consumers such as seabirds should be difficult to trace locally. Overall, spatial drivers (presumably in association with environmental drivers such as chlorophyll a concentration) have greatly influenced δ13C values (and moderately δ15N values) at regional spatial scales.

The δ13C and δ15N Dynamics in Neritic and Oceanic Environments

There are general patterns in spatial trends of both δ13C and δ15N values in pelagic marine environments. These are more evident for δ13C, where higher values are typically observed at lower latitudes and closer to the shore (Newsome et al., 2007; Graham et al., 2010; Magozzi et al., 2017). The isotopic patterns of δ15N are not so clear, especially for use in animal tracing because 15N can be highly influenced by the trophic level of the organisms and consequent transmission trough foodwebs (Hobson et al., 2010). In addition, processes occurring in the marine environments influencing baseline isotopic values are complex making difficult to drawn patterns in marine isoscapes for specific regions deprived of a local focus (but see Magozzi et al., 2017).

Although the trophic niche and its association with geographical structure in the North Atlantic have already been depicted in a study by Roscales et al. (2011) using 11 seabird species, they use less accurate tracking devices (i.e., GLS) and isotopic composition of feathers during migration. They suggest that both δ13C and δ15N values in consumers are primarily influenced by the feeding ecology of each species rather than by local values or biogeographic trends in the baseline isotope levels. In fact, the diet of seabirds can vary significantly among species, and that will have a high influence in the resulted isotopic values. This study shows that within the same species, spatial patterns have a significant influence on isotopic values of top consumers (especially in δ13C values) at large spatial scales. However, temporal drivers (presumably associated with differences on birds’ diet or baseline isotopic levels) might influence significantly both isotopic values, although with a much larger influence in δ15N values.

According to our expectations, spatial drivers assumed great importance in the patterns of δ13C values in both neritic and oceanic environments. This supports the general assumption that δ13C can be used as a spatial (or habitat) tracer (Newsome et al., 2007; Magozzi et al., 2017), and particularly in the North Atlantic pelagic environments (e.g., Ceriani et al., 2014; MacKenzie et al., 2014). According to our models, higher δ13C values are present within the continental shelf and toward the Iberian coast, in line with the general inshore vs. offshore pattern (Cherel and Hobson, 2007), but also at higher latitudes. Significant positive relationships between δ13C values and latitude were found independently for both neritic and oceanic models, contrasting with the general latitudinal pattern (i.e., negative relationship) in other pelagic areas (e.g., Jaeger et al., 2010; Quillfeldt et al., 2010). This was particularly evident in the oceanic environment (Figure 2B), where increasing latitude was an important spatial driver of higher δ13C values toward the Canadian coast. In fact, according to patterns in δ13C values described by Graham et al. (2010) for zooplankton and modeled by Magozzi et al. (2017) for phytoplankton, higher δ13C values were found in direction to the American continent at higher latitudes. In accordance with the same studies, higher δ13C values were also found within and along the neritic area – from the Southwest of Portugal, closer to the Strait of Gibraltar and the African coast, up to the Northwest of Iberian Peninsula, Figure 2A). Thus, δ13C values obtained in this study fit well with the overall spatial pattern obtained for lower trophic levels within the study area, and the relative importance of latitude was lower than the inshore vs. offshore pattern. Therefore, our results suggest that δ13C values can be proper used to trace inshore vs. offshore movements of top predators within the continental platform and adjacent areas within the study area. On the other hand, in the North Atlantic oceanic environment δ13C values could be valuable to estimate the latitudinal foraging locations of top consumers.

Our study region is characterized by both physical and environmental features, especially in the neritic environment where enhanced primary productivity is supported by nutrients from continental runoff and upwelling events (Sousa et al., 2008). Although spatial drivers had a high influence in the distribution of δ13C values, its dynamics seem to be somehow related with environmental drivers. For instance, laboratory experiments conducted by Barnes et al. (2007) showed an effect of water temperature on both δ13C and δ15N values measured in a marine predator the European sea bass Dicentrarchus labrax, particularly in the trophic fractionation between diet and consumer. Also, MacKenzie et al. (2014) found that, although indirect, temperature is a good predictor of spatial variations in baseline isotopic values in the North Sea. Thus, although our study only found a weak effect of temperature in the dynamics of isotopic values measured in top consumers (particularly in δ15N), this variable can affect potential isotopic gradients that could exist at lower trophic levels and/or in isotopic pathways between prey and consumers (i.e., discriminant factors). However, as suggested by Magozzi et al. (2017), temperature supposedly play a higher influence on baseline isotopic compositions at higher latitudes such as polar regions, where δ13C values strongly reflect SST gradients. This means that δ13C values in phytoplankton are increasingly decoupled from SST at lower latitudes, where smaller and seasonal changes in phytoplankton physiology may have greater influences than the relatively homogenous temperature (Magozzi et al., 2017). Our study region is located in a temperate environment in the North Atlantic and chlorophyll a concentration (Chl a) had a high influence in the distribution of δ13C values for the whole region, including both neritic and oceanic environments. High concentration of Chl a is a proxy for higher productivity and, as suggested by this study, greater δ13C values in the studied area (see also MacKenzie et al., 2011). Indeed, Chl a is typically higher in the Portuguese neritic coast and North of the Azores Islands where Cory’s shearwaters often forage (Paiva et al., 2010). Although dynamic, Chl a is predictable in space and time due to fixed oceanographic features associated with specific currents, leading for instance to local upwelling events. It is important to note the relevance of the Nazaré Canyon in such dynamics within the neritic environment, as it favors upwelling events close to the shore. These results suggest that environmental variables should be taken into account in the dynamics of isotopic values for all marine organisms from different habitats.

In general, our study showed a moderate influence of spatial drivers on the distribution patterns of δ15N values, decreasing considerably from inshore to offshore and increasing discreetly with latitude. Accordingly, other studies reported similar spatial patterns in δ15N values of zooplankton (Graham et al., 2010), fish and squid (Chouvelon et al., 2012), sea turtles (Ceriani et al., 2014) and seabirds (Roscales et al., 2011) in the North Atlantic. However, our study highlights the higher importance of temporal drivers in the distribution patterns of δ15N values in top consumers for the whole study area, corroborated independently for both neritic and oceanic environments. Temporal variability in δ15N values of consumers may be a consequence of changes in the baseline δ15N levels (Graham et al., 2010). Annual variations presumably associated with NAO values (and particularly winter NAO) triggered temporal variability in δ15N values detected during this study. However, we can argue that differences in prey consumed by Cory’s shearwaters between years and/or seasons may alter significantly δ15N values measured in plasma. As δ15N values are much more sensitive to diet variation (i.e., prey type) than δ13C values (Newsome et al., 2007), this is the most plausible explanation for temporal variability in δ15N values. Although we do not have yearly data on diet, it is known that Cory’s shearwaters may vary their foraging behavior and diet (based on fish and squid) among years (Alonso et al., 2014), and that NAO index is known to be related with prey availability in the North Atlantic (Paiva et al., 2013, 2017).

The δ13C and δ15N Dynamics at a Local Scale in the Neritic Environment

Analyses performed at a local scale, specifically a small area around Berlenga Island within the neritic environment (i.e., <100 km), showed that both δ13C and δ15N values measured in plasma of Cory’s shearwaters were essentially driven by the same variables, mainly temporal drivers. The year and the winter NAO index were the two most important predictors of both δ13C and δ15N values followed by longitude (and month showed similar results to longitude for δ13C values). This suggests that differences in diet should have influenced stable isotope dynamics at a local scale among years (Paiva et al., 2013; Ceia et al., 2014). This is expected in top consumers because at a local scale even slight δ13C differences in prey type (i.e., supposedly all pelagic in this case) should overflow small spatial variations based on specific habitat isotopic signatures. Mobile prey species such as fish and temporal changes in the environment might alter the ability of the consumer to find, acquire, and consume its prey, influencing δ13C and δ15N dynamics at the level of consumers (Yeakel et al., 2016). Moreover, local episodic events such as spring blooms, eddies, currents, river flows, warm core rings among others, may have dramatic, although ephemeral, effects on δ15N and δ13C values at baseline levels (Oczkowski et al., 2016); however, such effects could be not conspicuous in high-trophic level organisms. According with Magozzi et al. (2017) the transfer of temporal variations in baseline levels to consumer tissues decreases with increasing trophic level, potentially leading to the averaging of temporal baseline variations in high-trophic level organisms. In general, seabirds such as the Cory’s shearwater are top consumers that feed on mid-trophic level prey that integrate (and then buffer) spatio-temporal isotopic variations (especially at a local scale) that could weak the seasonal effect effectively present in prey (Ceia et al., 2015b).

CONCLUSION

This study identify relevant relationships between δ13C values and spatial drivers at regional spatial scales, for both neritic and oceanic pelagic environments, emphasizing the relevance of δ13C values for tracing marine life in the North Atlantic. On the other hand, δ15N values in plasma of Cory’s shearwaters were highly influenced by annual variability supposedly associated with variation in diet and/or baseline isotopic levels. δ13C spatial gradients depicted during this study were not marked as, for instance, in areas of the Southern Atlantic (e.g., Cherel and Hobson, 2007; Jaeger et al., 2010; Quillfeldt et al., 2015) for seabirds, especially concerning latitudinal gradients. However, an inshore vs. offshore pattern in the neritic area and adjacent waters was evident, and δ13C values were generally lower within the oceanic environment. This study also highlights the relevance of chlorophyll a concentration as an important environmental driver of δ13C values in the central and eastern North Atlantic. This suggests that local oceanographic events should have a significant effect on the distribution of δ13C values by altering environmental dynamic variables such as the SST or Chl a. Moreover, this study shows that within the neritic environment, at a local spatial scale (<100 km), both isotopes were very influenced by temporal drivers, suggesting that top consumers such as pelagic seabirds are very difficult to trace locally.

In summary this study shows that spatial drivers (presumably associated with environmental drivers) are efficient predictors of δ13C values in both neritic and oceanic environments at regional spatial scales (i.e., central and eastern North Atlantic). However, both isotopes were strongly influenced by temporal drivers at a local spatial scale (i.e., a radius of 100 km within the neritic area). Thus, this study highlights that biogeographic δ13C gradients could help to assist the study of wildlife movements (of 100s of km) of top consumers in the North Atlantic. However, the use of δ15N values should be used cautiously due to high temporal variability.
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Sea Surface Temperature (°C) 23.2+0.8 199+1.8
Depth (m) 2294 + 653 3161 + 1311

Number of tracking days and trips performed are shown for reference and
documentation. Values are means £+ SD. NAO, North Atlantic oscillation index.
#Extended (December — March) winter North Atlantic oscillation (NAO) index.
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Mean Latitude (in decimal degrees) where birds were in active feeding (2-10 km h~")
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Distance of the mean active feeding position from the colony
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Minimum distance of the mean active feeding position from the coast (mainland or
island)

Minimum distance of the mean active feeding position from the Nazaré canyon system
Distance of the mean active feeding position from the main closest river

Chl a data (monthly estimates) were downloaded for a spatial resolution of 0.04° (ca.
4 km) of Aqua-MODIS mapped products from https:/oceancolorgsfc.nasa.gov/
SST data (monthly estimates) were downloaded for a spatial resolution of 0.04° (ca.
4 km) of Aqua-MODIS mapped products from https:/oceancolorgsfc.nasa.gov/
Bathymetry data were extracted from a grid of 0.01° (ca. 1 km) selecting the ETOPO1
blended product from http://www.ngdc.noaa.gov/mgg/global/global.html

Temporal (Year, Month and Stage are also categorical variables)

Year
Month
Breeding Stage
NAO (month)

NAO (winter)

Between 2010 and 2015

Apri, May, June, August, and September

Breeding stage (L., pre-laying, incubation or chick-rearing)

North Atlantic oscillation. Monthly index values from:
fip//ftp.cpe.ncep.noaa.goviwd52dg/data/indices/nao_index.tim

NAO Winter (December thru March) station-based index values:
https:/climatedataguide.ucar.edu/sites/default/fles/nao_station_djfm.txt
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