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Sea turtles have various life-stages, typically being oceanic foragers as juveniles while shifting to more coastal habitats as they mature. The present study focuses on the least studied and well known of these, the juvenile oceanic life stage for the loggerhead sea turtle, Caretta caretta. Loggerhead sea turtles remain threatened by fisheries and their distribution and habitat change in the North Atlantic remains poorly understood. After hatching and swimming out to sea, turtles spend 7 or more years in the pelagic life stage. Madeira Island has an advantage of being situated in the middle of the North Atlantic developmental habitat for loggerheads originating both from the US, as well as, from Cape Verde and other mixed source rookeries. Understanding the demographics of this oceanic life stage has been described as a research priority. We here present a population trendline and the abundance variation of oceanic stage loggerheads, measured at a single geographic spot in Madeiran waters, over the period of 15 years. We find that the observed loggerhead distribution results from combined effects of physical and biological processes within the North Atlantic. We explore physical phenomena that influence abundance variability, and find that oscillations in climate affect the turtle migrations, as does the population recruitment from the nesting rookeries. For this, we use novel cost-effective census methods that take advantage of platforms of opportunity from the blue ecotourism industry. To study the time series and their correlations we use spectral analysis, a method not commonly used in traditional population assessments, including Wavelet and Fourier Transformations (WT and FFT), and Digital Signal Processing (DSP) techniques. A strong anti-correlation between sea turtle sightings and North Atlantic Oscillation seasonal components was found, which implies that loggerhead sea turtles are less abundant during positive NAO phases. We also detected long period trends in the sighting data which we relate to La Niña and El Niño oscillations. Source rookeries also influenced the sighting data with a time-lag of ~ 7 years, which coincides with the average time that turtles spend as oceanic juveniles.
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1 Introduction

Marine megavertebrates are a vulnerable and threatened group of organisms (Peltier and Ridoux, 2015). Widely migrating megavertebrates deserve special attention  (Furey et al., 2018) because of their longevity, the inaccessibility and international character of their habitat. This makes it more difficult to take coordinated protective actions  (Lascelles et al., 2014). Understanding their demographics is essential for the population assessments and the implementation of protective actions. Reliable long-term indicators of their abundances are needed, measured throughout their distributional and habitat range, allowing to assess the possible causes that may affect such abundances.

Sea turtles have complex life histories that involve ontogenetic habitat shifts and large scale migrations  (Hays and Scott, 2013), the usage of terrestrial, coastal and oceanic habitats and the passage through territorial waters of different countries. All species are classified as endangered. After emerging from their terrestrial nests, loggerhead sea turtles (Caretta caretta) typically move offshore as juvenile oceanic foragers and then shift to more coastal habitats as they mature  (Bolten, 2003a; Bolten, 2003b). They are found in all tropical and temperate seas worldwide with 10 subpopulations recognized by the IUCN  (Wallace et al., 2010; Wallace et al., 2011; Casale and Tucker, 2017). The North Eastern (NE) Atlantic where Madeira Island is situated is used exclusively by what is called the juvenile developmental oceanic life stage  (Dellinger, 1998; Bolten, 2003a; Saavedra et al., 2018). Around Madeira at least 3 different subpopulations are found: Western Atlantic (45%), Cape Verde (5%) and mixed origins (48%) that may include Mediterranean turtles  (Monzón-Argüello et al., 2009; Pipa et al., 2019). These proportions may vary seasonally in Madeiran waters  (Freitas et al., 2018).

Sea turtle population assessments are based on numbers of nesting females and their nests  (National Research Council, 2010; Casale and Tucker, 2017). Other life stages are used to estimate partial mortalities, though important knowledge gaps exist regarding the recruitment to the oceanic stage and the mortality during this stage. Although sea turtles can be monitored by in-water and remote sensing studies  (Kobayashi et al., 2008), most of these studies do not address long-term population abundances.

Juvenile mortality is thought to be high for small juveniles that recruit into the oceanic stage  (Bjorndal et al., 2003b; Sasso and Epperly, 2007; Salmon and Scholl, 2014) but rather low for animals during this life stage  (Bjorndal et al., 2003b). Survival during the oceanic stage is deemed critical for population maintenance and growth  (Crouse et al., 1987), however the oceanic stage is the least known and understood  (Bolten, 2003b). Previous studies in Madeira Island indicated that turtles remain in this stage on average for 7 years  (Bjorndal et al., 2003a). Individuals are thought to make the transition from the pelagic to the neritic life-stage at a minimum of 40 cm curved-carapace-length (CCL)  (Witherington et al., 2006) which would correspond to an estimated age of around 6 years  (Bjorndal et al., 2003a), although having the variable size and age  (McClellan and Read, 2007; Casale et al., 2008; Avens et al., 2013). Since the mean age at sexual maturity for the Western Atlantic sub-population was estimated as 36 – 42 years  (Avens et al., 2015), any variation in abundance during the oceanic stage will strongly affect the recruitment into the following life stages. Ideally, demographic parameters should be monitored across all life stages, but most importantly for the oceanic stage, as this would allow for a timely identification of potential threats.  (Turtle Expert Working Group, 2009; Bjorndal et al., 2011).

Study objective. Obtaining data for spatio-temporal distribution during oceanic stage remains notoriously challenging  (Carr, 1987; Putman et al., 2020). Oceanic stage turtles distribute widely on a basin-wide scale  (Bolten et al., 1998; Dellinger, 1998; McCarthy et al., 2010; Putman et al., 2020). Reasons for local abundance changes can be due to spatial shifts or actual abundance changes. To address these questions we monitored loggerhead turtles on a single location within their distribution range for the period of 15 years. We used these data to test various variables that could influence both abundance as well as spatial shifts. Madeira Archipelago is situated within the NE Atlantic oceanic developmental area that includes the Azores, Madeira and the Canary Islands. We used the growing local touristic whale watching activities  (IFAW, 2009; Sequeira et al., 2009; Krasovskaya, 2018; Radeta et al., 2018; Nunes et al., 2020) as platforms of opportunity to monitor the pelagic loggerhead sea turtles since year 2007 for the period of 15 years. Using spectral analysis we found climatic factors that correlate with abundance variations and indicate area shifts of turtle distribution, while the correlation with nesting data hint at abundance variations. These results contribute to a better understanding of the oceanic stage ecology, highlight the importance of hemisphere-wide influences on ocean life, and point to cost-effective methods capable of monitoring widely dispersed low-density species such as sea turtles.



2 Methods


2.1 Study Location

The study was carried out in Madeira Island, Portugal (32°45’N, 17°00’W) located in the NE deep Atlantic Ocean. Since the conditions on the leeward marine area south of Madeira Island are more protected and warmer  (Caldeira et al., 2002; Caldeira and Sangra, 2012; Alves et al., 2020), large traction of touristic activities focus on these areas  (Sambolino et al., 2022). The insular platform of Madeira is rather steep  (Geldmacher et al., 2000), such that whale-watching activities are mostly conducted over deep water and trenches reaching depths of up to 2000 m. Waters are oligotrophic with some localized small-scale upwelling cells at the island’s flanks. They also include enriched mesoscale eddies of oceanic origin that interact with the islands  (Caldeira, 2019; Narciso et al., 2019). Turtles mostly use the calmer and warmer southern waters to bask at the surface and are thus more easily spotted  (Dellinger et al., 1997; Dellinger, 1998).



2.2 In-Water Monitoring

The crews from commercial whale watching boats were asked to record sea turtle sightings (STS) during each of their trips, primarily conducted once daily. Observers were instructed verbally by the authors of the study, while given a small booklet with all relevant information including a sea turtle identification key and the observation forms. Emphasis was placed on the request to record every trip, even if no turtles were seen.

In a separate dataset of the Madeira Turtle Project (MTP 1994-ongoing), turtles are sampled regularly by trained researchers (using methods as those described in Dellinger et al. (1997) and Delgado et al. (2010), where the frequencies of other species except loggerheads are negligible (99.83% of 1800 sightings and captures). Thus all turtle sightings were considered loggerheads, and the boat crew abilities were not rigorously validated as in other studies  (Houghton et al., 2003). For instance, Leatherback-turtles (Dermochelys coriacea), Hawksbills (Eretmochelys coriacea) and Kemp’s Ridleys (Lepidochelys kempii) are easily distinguished as different, however their frequencies, as recorded by an experienced researcher (TD), are in Madeira Island below 0.06%. Conversely, Greens (Chelonia mydas) are rare (~ 5 residents), only appeared regularly at Madeira since 2018, tend to stay close to the shore, and thus do not frequent the same areas as the boats. Most crew members were very experienced local seafarers and would register any turtle as different if they spotted it, since the observation form included specific areas for “other species”.

We used 3 different whale watching companies, two based at Funchal marina (32°38.7’N, 16°54.6’W), and one at Calheta marina (32°43.1’N, 17°10.3’W) further westward (Figure 1). On average, single trip duration was generally between 2.5 - 3 hours. Crews consisted of 2 - 3 persons, with the one completing the observation forms typically being a marine biologist. Used sea vessels varied and included: rigid inflatable boats (RIB 9m), a wooden former fishing boat (12m), and large catamarans (20 – 24m). The distributed observation forms were printed on paper and were kept succinct, not to overload crew-members with data registration. Crew members performing the data entries were asked to write down the number of sighted turtles during the trip. Additional data registered included weather, the Beaufort scale (0-12, byWorld Meterological Organization, 2012), including the estimates of maximum distance to shore and average distance to the shore during the trip, but were not used in this study. Furthermore, crews were asked to record other important species for turtles such as jellyfish (as food species). In the remainder of the paper, to all of the observed loggerhead turtles by the boat crew, we will refer to as sea-turtle sightings (STS).




Figure 1 | Map of Madeira Island showing the divisions into counting sectors as well as the locations of the marinas of Funchal and Calheta. The numbers represent sampling effort in each sector as number of trips and percent of all trips (NA indicates trips with no recorded sector).



The observation form was improved through time. Until 2009, we solely recorded trip starting time since the average duration of whale-watching trips had a little variation. In 2009, we started recording return times and were thus able to compute the actual time-at-sea for each trip. We furthermore subdivided the island into 7 radial sectors based on conspicuous shoreline features (Figure 1). All crews were asked to register their visited sectors during each single trip. Starting in 2011, the observers were asked to record the data based on times spent in each sector for each trip. The last version was integrated into the local law on marine vertebrate observation  (Regional da Madeira, 2013). In summary, turtle abundance is available in the collected database as “sightings per trip” (complete set), “sightings per hour at sea” (available since 2009), or “sightings per hour and sector” (available since 2011). Though all sectors were sampled, sampling of sectors 4 - 6 was negligible, as most sampling occurred in sectors 1 - 3 and to a lesser extent in sector 7.



2.3 Data Pre-Processing

We use the spectral decomposition by wavelets  (Torrence and Compo, 1998) and Fast Fourier Transform  (Brigham and Morrow, 1967) – WT and FFT, as well as DSP techniques to isolate, analyze, and correlate the most dominant periods in the time series of observed STS against Hurrell North Atlantic Oscillation (NAO) index  (Hurrell and Deser, 2010) and Florida Index Nesting Beach Survey of loggerhead sea turtles nesting (NEST) by the Fish and Wildlife Research Institute’s (FWRI). All three signals (Figure 2) were matched to the same period of the complete STS set (from 2007 - 01 to 2021 - 07).




Figure 2 | Used datasets, top to bottom: (A) STS – 10-day average points of sea turtle sightings, (B) NAO – interpolated NAO index average air pressure, and (C) NEST – yearly nesting of loggerhead sea turtles in peninsular Florida. Abscissa depicts points matching the sampled STS period (from 2007 - 01 to 2021 - 07).



STS Dataset. During 15 years of sampling, a total of 20032 records were obtained, representing 5300 days. Out of these, 1554 days had no surveying trips, 691 days had only a single record, while all remainder days had more than 1 record up to 28 records per day. Raw data were summarized by month and 10-day blocks by adding all turtles sighted in the period. The last block of a month can vary between 8-11 days. A maximum of 523 data points (i.e. 5230 days, Figure 2A) were formed. STS further contained 15 missing records which were linearly interpolated from nearby points.

NAO Dataset. NAO signal was obtained from its online repository.1 Since the NAO signal points were given as a monthly average, we boosted the signal time resolution by applying a cubic spline interpolation on in-between points (Figure 2B). This way we introduced 10-day average points after each succeeding monthly point, thus matching the STS time series format. Due to this, in the analysis of NAO signal we neglected any time periods shorter than the original time resolution of 1 month.

NEST Dataset. This dataset was also obtained from its online repository2. The default NEST contained the number of loggerhead turtle nests counted on core index beaches in peninsular Florida. The signal contained yearly plots with sampling during a 109-day time window (May 15 through August 31). Since the dataset is given solely as an image, we used R software to extract the data points from the obtained graph (Figure 2C).



2.4 STL Decomposition

We perform an initial signal decomposition using STL  (Cleveland et al., 1990), pointing to the limitations of its use in the present case. For the initial data transformations and STL decomposition we used “R”  (R Development Core Team, 2021) as well as various packages, i.e.: dplyr  (Wickham et al., 2022), reshape  (Wickham, 2007), TSA (Chan and Ripley, 2020), car (Fox and Weisberg, 2019). To avoid problems arising from the present zeros, a value of 1 was added to each value of the time series  (Cowpertweit and Metcalfe, 2009). Seasonal decomposition and trend extraction was done using STL  (Cleveland et al., 1990), a locally weighted loess regression technique  (Cowpertweit and Metcalfe, 2009).



2.5 Spectral Analysis

Since STL decomposition is limited, we propose a method of using DSP in signal decomposition. The spectral analysis is conducted on STS, NAO and NEST datasets, including the cross-correlations between them. At first we analyze all signals time series by isolating the most dominant signal periods using DSP. We inspect how they are related to each other, to distinguish whether individually observed periods correspond to higher harmonics of fundamental modes, or whether they appear as independent oscillations in the time series. For that purpose we use Wavelet Transform (WT) allowing us to recognize patterns of most dominant periods, and time intervals of their appearance in the signal. By applying digital filters (high-, low-, and band- pass respectively, hereinafter abbreviated as HP, LP and BP), as well as smoothing average, we isolate characteristic periods from the signal, presented in following section.




3 Results


3.1 STL Decomposition

The turtle abundance (STS) has a strong seasonal pattern showing peaks during the summer months. By using STL decomposition on the span of 36 annual 10 day blocks for the loess window for seasonal extraction, the time series was divided into seasonal, trend and remaining components (see Supplementary Figure 1 in Supplemental Data). To ensure that the sampling effort did not influence our STS signal the same analysis was performed using only boat effort measured as hours-at-sea (Figure 3, left plot). The population trend and boat effort are uncorrelated, thus effectively showing a consistent relative population abundance index for oceanic loggerhead turtles off Madeira. Since STL provides solely seasonal components (Supplementary Figure 1), it cannot be sensitive to other important modes in the signal which can be modulated. Moreover, STL analysis of STS seasonal mode   provides a monotonic and repetitive signal which is caused by the digital filtering from the libraries that were used. Such signals are typically not found in natural processes, thus we propose the usage of a detailed spectral analysis using the wavelet and Fast Fourier Transforms in combination with DSP techniques.




Figure 3 | The left plot shows STL decomposition trend lines and boating search effort measured as hour-at-sea (blue) and turtle sightings (black). The right plot shows the trend extracted by using the spectral analysis. It shows a long-period variation in the number of turtle sightings. All trends are shown for the whole interval: 01.01.2007. — 01.07.2021.





3.2 Spectral Analysis

STS Signal Components. The wavelet spectra of the STS signal is shown in Figure 4. It is possible to notice the strong seasonal component which appears as an oscillation with the fundamental period of Ts ~ 365 days, and represents the most dominant component in the signal. This component however includes also the higher harmonic groups around Ts / 2, Ts / 3, and Ts / 4 modes. These higher harmonics are added to the fundamental mode in a way that keeps the integrity of the whole seasonal component. It means that the seasonal component is thus presented (see Supplementary Figure 2 in Supplemental Data) by a periodic change over one year (the fundamental mode) which has a peaked rather than sine-like shape (due to the distortion induced by its higher harmonics). In Supplementary Figure 2, we also show a strong monthly variation (with Tm ~ 30 days) that we isolated from the signal (by HP filtering with Tcut ~ 50 days).




Figure 4 | WT of the STS signal with overplotted contours of the significance interval of 0.95 %, and the confidence interval (COI) curve.



As expected, the seasonal component is amplitude modulated (AM) by longer period components which constitute a general long-periodic trend (see Figure 3, right). This trend naturally emerges here as a long period band which is actually the part of the amplitude modulated seasonal component.3 In Supplementary Figure 4, we show the result of cross-correlation between the envelope of the STS seasonal component amplitude change that we get after the demodulation of Ts mode, and, the STS long-period trend. High correlation coefficient (R ~ 0.94) and negligible (relative to Tcut) differential phase shift4 imply that the long-period trend is the modulating signal, and Ts mode is the carrier signal in this case. It means that the original long period trend (the low-frequency band of the envelope) can be simply extracted from the signal by using the LP filtering. The advantage of using the spectral analysis over STL resides in the fact that the STL technique is used to extract the constant amplitude seasonal component, thus pronouncing the remaining long period part as a trend. This however induces the appearance of artificial shorter period components in the trend (as seen in Figure 3, left), for which, the spectral analysis is immune. In Supplementary Figure 3, we show the trend decomposition to the individual wave modes. One of the trend components has the period Tnino ~ 1700 days ~ 4.7 years which is likely to be caused by El Niño cycle (Trenberth, 1997). It is the same component that we also found in the NAO signal (presented in the following section). Beside the possible El Niño mode, the long-period trend is also composed of one extra long Tlong ~ 2600 days ~ 7 years, and one mid-period Tmid ~850 days period components. Although, the largest period component together with the constant background falls out of the confidence interval (COI) curve (Figure 4), it can still be isolated from the trend by applying the LP filter (bottom plot in Supplementary Figure 3). Its presence in the signal may be attributed to some long scale climate change which is unknown to us at the present moment. The mode with Tmid, though looking like being a first harmonic of Tnino, actually appears as superimposed over it.5 Therefore, we argue that Tmid component could possibly be related to some shorter period climate variation such as La Niña, or to some other nature factor.6

NAO Signal Components. The WT of NAO signal is depicted in Figure 5. As in the STS case, here we also notice the strong seasonal variation Ts ~ 365 days, and the mid-period component Tmid ~ 850 days that is similar to the STS one. Both components are amplitude modulated (AM). The interesting property which shows up in the NAO case is that the modes Tnino and Tlong actually modulate the Ts and Tmid components, respectively. The presence of El Niño and extra-long period climate variations in the NAO signal we therefore find by demodulating the seasonal and mid-range components, since the former do not appear directly as independent components in the NAO signal.




Figure 5 | WT of the NAO signal with overplotted contours of the significance interval of 0.95 %, and the confidence interval (COI) curve.



The isolated seasonal and mid-period components are shown in Supplementary Figure 5, together with their envelopes (the periods Tnino and Tlong, respectively) which are extracted by demodulation. It is interesting to note that Tlong mode modulates Tmid component which, together with Tnino mode, both modulate the amplitude of the seasonal component, resulting in the wavelet spectra observed in Figure 5.



3.3 Signal Correlations

To find relations between the climate component (NAO) and the measured turtle components (STS, NEST) we use only the strong seasonal components in NAO and STS data, since they show a great statistical significance. Therefore, in STS and NAO signals, we detect and isolate the seasonal carrier signal (the unmodified 1 year period mode), as well as, its envelope (composed of the longer period modes, and represents the rate of change of the carrier mode amplitude), and then cross-correlate them mutually and with NEST data. In this process, we search for the highest obtained correlation coefficients (Pearson’s R) found by shifting the STS and NAO signal components in time.7 Conversely, terms “components”, “modes” and “trends” indicate the same word for a filtered signal. Coefficients of determination (R2) are also depicted including the error in days within 1 σ. All obtained correlations are depicted in Table 1.


Table 1 | Correlation between sea turtle sightings (STS) in Madeira, Hurrell North Atlantic Oscilation Index (NAO) and nests on core index beaches in peninsular Florida (NEST).



STS-NAO Correlation (seasonal mode). To verify interdependence between two signals, we apply a linear regression method based on the least squares, to STS (as dependent variable) and NAO (as independent variable). Both STS and NAO signals were filtered to extract their amplitude modulated seasonal components (Ts = 365 days).   and   were filtered out by using 1 × BP 350 - 380 days. The very narrow band window is used in order to extract the unmodified seasonal components (which does not represent the full signal). The obtained correlation results are depicted in Table 1 and Supplementary Figure 6 respectively. The correlation coefficient dependence on the time shift is shown in Supplementary Figure 6A. Without any STS shift, a strong negative linear relationship is observed (R = - .96, p < .001, Supplementary Figure 6B), where p is the p-value statistical significance. Further obtained R-squared was computed (R2 = .97) with the standard deviation σ = ± 24 days (Supplementary Figure 6C). The STS time shift ΔT = -10 days (R = - .98, p < .001, Supplementary Figure 6D) does not deviate significantly relative to the non-shifted case. On the other hand, a strong positive correlation was found for ΔT = + 170 days (R = 0.98, p < .001, Supplementary Figure 6F) with uncertainty of 1 σ = ± 22 days. The components used in cross-correlation   and   are shown in Supplementary Figure 6. These results indicate that there is a strong anti-correlation present between the STS and NAO signals. The loggerhead sea turtles thus increase traction with the decrease of NAO (Tm), which implies their migration to the locations with calm weather.

STS-NAO Correlation (El Niño mode). As in the previous correlation, we analyze the relation between the seasonal components in STS and NAO data. The difference here is in that we now cross-correlate the El Niño modes (Tnino ~ 1700 days ~ 4.7 years) which we detect in the envelopes of seasonal components. The STS component   was obtained with the following procedure: (i) 1 × BP 240 - 750 days; (ii) 1 × LP 1400 days - with demodulation; (iii) 1 × LP 1400 days; and (iv) 7 × HP 3000 days. Conversely, for the NAO component   we used similar steps: (i) 1 × BP 260 - 570 days; (ii) LP 1400 days - using the envelope of the signal (demodulation); (iii) LP 1400 days - additional low-pass to clear further interference from other side lobes; (iv) 5 × HP 3000 days - clearing large periods; and (v) 2 × HP 1500 days - solving further harmonic issues. Such strict band limits are used in order to encompass all components of the AM seasonal signal (the carrier and both side lobes), and also to filter out the specific mode from the envelope. The correlation coefficients in the case without and with STS shifts of Tnino modes are depicted in Figure 6A. Obtained correlations are given in Table 1 and in Figure 6 respectively. Moderate negative linear relationship was observed (R = - .54, p < .001, Figure 6B) with no STS shift with R2 = .6, a = ± 64 days (Figure 6C), where again the NAO troughs match the peaks of STS, indicating loggerhead sea turtle increase as a response to lower NAO. Very strong negative relationship is also observed with the time shift of STS signal Δ T = - 220 days (R = - .77, p < .001 seen in Figure 6D and R2 = .6, σ = ± 84 days seen in Figure 6E). We also find a moderate strong positive relationship with STS time shift ΔT = - 1110 days (R = - .58, p < .001 in Figure 6F and R2 = .62, σ = ± 95 days in Figure 6G). STS peaks are seen as delayed reactions to NAO troughs and vice-versa (Figure 6H).




Figure 6 | STS-NAO Cross-correlation and linear regression of El Niño modes – Tnino ~ 1700 days ~ 4.7 years. From top to bottom, left to right: (A) Correlation coefficients R for default STS (no shift) and shifted STS signals; (B–G) Linear regression results including coefficients of determination (R2) and error in days within 1σ; and (H) Positions of NAO peaks and STS troughs. Both El Niño modes are anticorrelated.



STS-NEST Correlation. Finally, we compare the STS signals with the loggerhead sea turtles nesting from Florida peninsula (NEST) using the yearly points of STS centered at July 1st (as the NEST data collection period). STS signal was filtered with following steps: (i) 1 × BP 240 - 750 days; (ii) 1 × LP 600 days - with demodulation; (iii) 3 × LP 1400 days; and (iv) 3 × HP 3000 days. Conversely, NEST signal was filtered with 3 × HP 10 years. Obtained correlations are depicted in Supplementary Figure 7 and Table 1, with highest correlation coefficient (R) shifts with ΔT = 7 days (Supplementary Figure 7B). Using linear regression with no time shift (ΔT = 0), although there is a mild correlation present (R = - .26 and R2 = .07 in Supplementary Figure 7B, C), there is no statistically significant correlation (p > .5). Such is expected as sea turtles can not travel the greater distance from Florida to Madeira Island. However, 7-year time shift (ΔT = - 7 years) provides statistical significance and strong negative correlation (R = - .52, R2 = .27) as seen in Supplementary Figures 7D, E. Such indicates that sea turtles may have 7-year period since nesting until to be observed in Madeira Island. Additional correlation with ΔT = 7 years showed mild negative correlation (R = - .26, R2 = .27), however being not statistically significant (p > .05) as seen in Supplementary Figures 7F, G. Additional position of default and shifted STS signals, relative to NEST is seen in Supplementary Figure 7G, where the troughs of NEST match the STS peaks and vice-versa.




4 Discussion

This study provides a first in-water assessment of relative abundance of oceanic stage loggerhead turtles around Madeira Island, and the second for the North-Atlantic developmental habitats (Vandeperre et al., 2019), though a preliminary version of reported results was already integrated into the 1st Portuguese National Report for the EU Marine Strategy Framework Directive  (S.R.A, 2014). Our relative abundance trend spans almost 15 years and provides an opportunity to study influencing factors. We show the direct evidence of basin-wide influence of climatic and oceanographic factors on local loggerhead abundance and distribution, emphasizing the fact that turtle conservation has to be addressed on basin-wide international levels. The oceanic life stage is the least studied life stage among all, where the quantitative assessment of abundance and distribution is key to understand turtle recruitment into subsequent life stages and habitats.

In both STS and NAO datasets, we found the strong seasonal component to be amplitude modulated by the longer (than one year) period modes. We detected the long period trend in STS data, and showed that it is composed of few independent periods of 850, 1700, and 2600 days, which altogether modulate the seasonal change in the number of turtle sightings. By the measured period, the first two components we relate to La Niña and El Niño, respectively. We refer to the longest period one as to some possibly new, still unexplained or undetected climate change trend. We also found the same long period components to appear in the envelope of the seasonal change in NAO index. Apart from the seasonal component and long periodicities, in STS time series we also detected an independent monthly oscillation which is being amplitude modulated by the seasonal and long period components.

The strong anti-correlation between the unmodified and non-shifted STS and NAO seasonal components, implies that loggerhead sea turtles increase traction with the decrease of NAO index (less turtles are sighted when NAO is positive), meaning that their migration is directed toward the warmer weather locations. Indeed, performed cross-correlation analysis between El Niño components which were previously detected in the envelopes of STS and NAO signals, showed the appearance of two maxima – one at the lag of ~ 7 months, and the other at the time shift of ~ 3 years. The shorter lag implies an anti-correlation between STS and NAO signals, suggesting the larger traction of loggerhead sea turtles with the decrease of air pressure difference. With an average turtle speed of half a knot, one circuit of the midocean North Atlantic Gyre would take around 440 days  (Carr, 1987). Since Florida to Madeira travel time would be half of this period, it may explain the detected ~ 7 months lag. On the other hand, the longer lag which leads to the positive correlation between STS and NAO signals, represents about half the time that turtles spend in oceanic life stage.

Interestingly, the rather strong maximum in the cross-correlation coefficient of cumulative NEST and STS time series reveals the time lag of ~ 7 years which finely coincides with the period of 7–9 years during which turtles stay in the eastern side of the Atlantic. The oscillation with the same period of ~ 7 years is also present in the long period pool of both, STS and NAO time series.


4.1 Index Credibility

Our relative abundance index took advantage of platforms of opportunity and records the number of turtles sighted per time spent searching per island sector, thus configuring a catch-per-unit-effort type of index. Giving that whale-watching companies have often more than 1 daily offshore trip, our temporal sampling density exceeds by greater extent most other applied methodologies, for instance distance sampling as in (Vandeperre et al., 2019), adding to statistical credibility. Since whale-watching trips varied little in their trip time, we have essentially a constant-effort scheme  (Quinn and Deriso, 1999) and thus a reliable and cost-effective population sampling methodology, for an otherwise challenging oceanic life stage sampling. For turtles, these types of indices have previously been used mainly to access bycatch rates  (Coelho et al., 2013; Carlson et al., 2016) and only recently have citizen science studies addressed population distribution and abundance  (Hof et al., 2017; Casale et al., 2020; Hanna et al., 2021). It furthermore represents an example of the contribution of ecotourism to conservation. However, since data recording was done by trained biologists or boat captains, our data cannot be considered citizen science proper (see Vohland et al. (2021) for definitions).



4.2 Population Trend

The population trend was derived using two very different methodologies (Figure 3). Both essentially coincided in overall curve shape, showing low population counts between 2010 and 2018 with marked lows in 2013 and 2018. Comparable datasets are from the Azores  (Vandeperre et al., 2019) and the Florida nesting (aforementioned NEST). The Azores dataset shows lows between 2005 and 2012 with a 3 year time lag to the Florida nesting data. Given the large distributional area of juvenile oceanic loggerheads from the Great Banks down to Mauritania  (Brazner and McMillan, 2008; McCarthy et al., 2010; Varo-Cruz et al., 2016; Freitas et al., 2018; Chambault et al., 2019; Freitas et al., 2019), local changes in population abundance can be caused by two complementary reasons: (1) a lower migration rate to oceanic habitats by juveniles from the production beaches or (2) spatial rearrangements due to oceanic conditions. Furthermore, different populations may use the waters in different ways.



4.3 Ocean-Atmosphere Influences

As widely roaming ectotherms sea turtles are sensitive to temperature variations and thus climate forcing and change  (Patrício et al., 2021). Our data indicate a strong STS and NAO seasonal trend components (  and  ). Indeed, STS and NAO are anti-correlated, meaning that during positive NAO phases less turtles are sighted around Madeira. The influence of NAO on western Atlantic and Gulf pelagic communities is known (Stenseth et al., 2003; Roberts et al., 2019). Moreover, Johns et al. (2020) showed that Sargassum can be transported eastward during negative NAO phases and under extreme anomalous NAO conditions can reach the Canaries and Gibraltar. DuBois et al. (2020) described the influence of hurricanes on turtle hatchling dispersal within the Gulf of Mexico. Positive NAO indices are associated with more storms, where strengthened westerly winds are moved northwards and produce increased temperatures over northern Europe. Such causes dry anomalies and cooler than usual temperatures in the Mediterranean, while negative indices with the roughly the inverse  (Stenseth et al., 2003; Herceg-Bulić and Kucharski, 2014). The NAO index thus correlates with sea surface temperature (SST) in specific areas showing the tripole aspect of the NAO with negative correlation centers south of Greenland and in the western subtropics and a positive center off the US east coast  (Rodwell et al., 1999). Storm-forced dispersal of loggerheads, though not linked to NAO, was shown by Monzón-Argüello et al. (2012). They are also associated with reduced water surface layer thickness and higher stratification in the western part of the subtropical gyre and the Sargasso Sea  (Visbeck et al., 2003). Off New England positive NAO raises SST and affects local cod recruitment  (Meng et al., 2016). Warmer SST can induce turtles to migrate further North as found by  (Griffin et al., 2019), and thus be prone to a higher probability of cold-stunning when conditions change. Migrating further North may also be a behavioral adaptation to search for more productive colder waters as found by Plotkin (2010) for Olive Ridley’s in the eastern tropical Pacific. On the eastern North Atlantic and Mediterranean, positive NAO phases are associated with increased turtle stranding events  (Báez et al., 2011). NAO even seems to influence turtles in the eastern tropical Atlantic further south  (Báez et al., 2018).

We here found El Niño components in both STS and NAO signals (  and  ) using the same WT/FFT spectral analysis and DSP techniques. These components are being lagged at ~ 7 months (anti-correlation) and ~ 3 years (correlation). The El Niño Southern Oscillation (ENSO) has global effects that also influence the North Atlantic, for instance affecting the path of the Gulf Stream with a time lag of 2 years  (Taylor and Stephens, 1998; Taylor et al., 1998). Bjorndal et al. (2017) showed that ecological regime shifts were influenced by unusually strong ENSO events and reduced turtle growth rates in the North and South Atlantic. As DuBois et al. (2020) wrote: “Both subtle differences in the position of oceanographic features (such as meandering currents) and major disturbances (such as hurricanes) can greatly alter dispersal outcomes.” As a result this will affect local abundances of sea turtles as those we measured in Madeira waters in the present study, driven by basin wide and larger climatic forcing. This is specially true if we consider that turtles are active swimmers, and not passive dispersers  (Dellinger, 1998; McCarthy et al., 2010; Putman and Mansfield, 2015; Freitas et al., 2018; Freitas et al., 2019) and will look up their best habitat given the environmental cues available to them.



4.4 Nesting Data and STS

Our STS data appears to be correlated with the NEST data form the Florida Index Nesting Beaches. However, in contrast to the findings of Vandeperre et al. (2019) who found a time lag of ~ 3 years, our time lag was double that amount with its ~ 7 years. This coincides with 7+ year average duration of the oceanic life stage (Bjorndal et al., 2003a). Why this might be so is unclear to us. The production beaches add on average 1/7th each year to the oceanic turtle population, producing a regular turnover, and thus one year’s production should not influence overall abundance too much. However, Madeira waters serve as confluence developmental habitat for turtle from other origins as well, namely the Cape Verde Islands  (Lino et al., 2010; Marco et al., 2012; Marco, 2013), and these inputs probably influence the sightings at Madeira. Our satellite tracking data  (McCarthy et al., 2010; Freitas et al., 2018; Freitas et al., 2019) showed clearly that turtles tagged at summer onset migrated preferentially northward towards the Azores, while those tagged after the summer preferentially migrated SE towards the Canary Islands and Cape Verde. Interestingly enough the oscillation with very similar period of ~ 7 years was detected in the long period pool of both, STS and NAO time series.



4.5 Limitations and Future Work

Several planned studies can expand the present analysis. Some potential explanatory variables need testing: (1) the Cape Verde nesting data are needed which we could not secure for our time window, (2) lunar cycles may also prove relevant and (3) we should also check for longer timescale oscillations like the Arctic Oscillation (AO) that influences synchronously the whole Northern Hemisphere  (Beaugrand et al., 2015). Furthermore, since estimated turtle size was recorded, it would be important to check if size classes are affected differentially by climatic forcing or if the smallest size class has a stronger influence from nesting beaches  (Mansfield et al., 2014). Oceanic stage turtle movements are still poorly understood. Combined individual decisions results in collective movements through the interaction of biological processes and physical processes. Passive drift and active swimming (Polovina et al., 2000; Putman and Mansfield 2015) maintain turtles within appropriate habitat boundaries (Putman et al., 2012). Overall, and mainly for conservation purposes, it would be important to obtain a better picture of more or less synchronous area shifts of oceanic turtles within the North Atlantic which the present paper hints to, and for this more locations should be sampled in comparative ways.



4.6 Conclusions

Turtle populations are typically monitored by using the nesting data, including in-water and remote sensing studies  (Kobayashi et al., 2008; National Research Council, 2010). Such species are large organisms with long lifespans which produce large numbers of unnurtured offspring  (Hendrickson, 1980). A high mortality seems to occur around the transition to pelagic life  (Bjorndal et al., 2003b; Sasso and Epperly, 2007; Salmon and Scholl, 2014), thus making the monitoring of oceanic turtles an important tool to access both, their population status, as well as, the good environmental status of the high seas. To do this effectively, natural causes of the variation have to be understood and separated from anthropogenic causes. The present paper shows that in-water monitoring of juvenile oceanic loggerheads is feasible by using the platforms of opportunity and relative abundances. This points the way toward the implementation of more monitoring programs. Indeed, such programs can cover the wider spatial areas, since relative abundances are much more cost-effective to acquire, compared to the absolute abundances. Our results point to possible natural causes of the detected variation. These different variation time scales were only detectable by using the spectral analysis, a method not typically used in population assessments. Understanding natural causes of the population abundance variation is therefore critical to address anthropogenic factors more directly, e.g. fisheries bycatch or marine litter impact.
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Footnotes

1NAO dataset: http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.

2NEST dataset: https://myfwc.com/research/wildlife/sea-turtles/nesting/beach-survey-totals/

3The spectrum of the amplitude modulated signal whose average value is zero, is composed of a carrier and two side lobes. If the modulated signal has no negative part (thus having the constant and positive average value), the frequency information of the modulating signal (the envelope spectrum) is not only contained in the two side lobes, but it is also present as an additional low-frequency band in its original form.

4A time delay introduced between the signals, for which their cross-correlation coefficient reaches its maximum value.

5The criteria that we used to determine whether some period is a harmonic or an independent mode, lies in the property of the phase of the mode itself, i.e. if the mode is coupled to the observed fundamental period as its harmonic – it thus makes the fundamental oscillation to appear as a more sharp change, or, if the mode is superimposed over that period – it therefore appears as being simply added over the fundamental oscillation.

6La Niña has a period of 2–4 years, while El Niño is 2–7 years.

7We use terms ”shift” and “lag” for the same meaning indicating the delay of the signal by amount of time (ΔT).
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