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We investigated how a planktivorous seabird adjusts its foraging behavior in response to different levels of prey biomass. We studied the diving behavior of Cassin’s auklets (Ptychoramphus aleuticus) breeding on Southeast Farallon Island and feeding in the highly variable California Current System. In recent years Cassin’s auklets have experienced mass mortality events and complete reproductive failure due to anomalous atmospheric and oceanographic conditions. We hypothesized that in years with low prey biomass, Cassin’s auklets work harder to collect food for themselves and for their chick and that reproductive success is lower during those years. To test this hypothesis, we equipped 133 Cassin’s auklets with Time Depth Recorders from 2008 – 2017. We estimated krill biomass levels in the top 30 m during oceanographic cruises carried out where Cassin’s auklets foraged. We measured the annual number of chicks fledged per pair. In years with high prey biomass reproductive success was very high and Cassin’s auklets collected prey in fewer, deeper and longer dives. They spent more time in the bottom of their dives and more time underwater. When krill biomass was low, they made shallow, shorter dives and a higher number of these dives during their foraging trips. Variability in the California Current System greatly influenced the diving behavior and reproductive success of the Cassin’s auklets. Climate anomalies that lead to extremely low krill biomass are expected to become more frequent. Cassin’s auklets are likely not going to able to increase their foraging effort enough to be able to survive and reproduce.




Keywords: Cassin’s auklets, Southeast Farallon Island, California Current System, time depth recorders, diving behavior, krill, seabird, climate change





Introduction

The purpose of this study was to investigate how a top predator adjusts its foraging behavior in response to variable levels of prey in a highly dynamic ecosystem. In the California Current System, seasonal upwelling of cold, nutrient rich water promotes blooms of phytoplankton, which in turn, support grazing zooplankton that are prey for upper trophic predators. The upwelling dynamics of the California Current System have become increasingly variable with higher frequencies and intensities of El Niño and La Niña conditions and other atmospheric anomalies (BjorkstEdt et al., 2011; Cai et al., 2014; Guilyardi and Jin, 2014; Piatt et al., 2020; Renner et al., 2024; Sydeman et al., 2014; Thompson et al., 2024). This variability in atmospheric and oceanographic conditions causes large inter-annual differences in the levels of zooplankton (Manugian et al., 2015). Coupled with this variability, there has been an overall decline in zooplankton (Roemmich and McGowan, 1995). These changes have been reflected in the inter-annual differences in diets, phenology and reproductive success of seabirds feeding in the California Current (Abraham and Sydeman, 2004; Ainley et al., 1995, 1996; Hipfner 2008; Jahncke et al., 2008; Sydeman et al., 2009).

Southeast Farallon Island, part of the Farallon Islands National Wildlife Refuge, has a large breeding population of Cassin’s auklets Ptychoramphus aleuticus (Figure 1). Cassin’s auklet reproductive success has been monitored on the Farallon Islands since 1972 (Ainley and Boekelheide, 1990). Cassin’s auklets are sensitive to variations in oceanographic conditions which influence prey availability (Abraham and Sydeman, 2004, 2006; Ainley et al., 1996). For example, anomalous oceanographic conditions in 2005 caused low marine productivity and complete reproductive failure in Cassin’s auklets (Jahncke et al., 2008; Sydeman et al., 2006), whereas in other years, abundant prey allows many pairs to raise a second chick during the breeding season (double brooding) (Ainley and Boekelheide, 1990; Johns et al., 2017).




Figure 1 | Southeast Farallon Island is south of Point Reyes in Northern California (below Line 6). Shipboard surveys of the ACCESS program with acoustic measurements of krill covered the area where Cassin’s auklet foraged. The circles indicate where net tows were carried out.



Cassin’s auklets are sub-surface foragers that use wing-propelled dives to capture zooplankton prey, primarily the krill species Euphausia pacifica and Thysanoessa spinifera (Abraham and Sydeman, 2006; Ainley and Boekelheide, 1990; Ainley et al., 1996; Manugian et al., 2015). Both male and female Cassin’s auklets take turns incubating the egg, brooding the chick in the early stages, and foraging for the chick (Manuwal, 1974). Cassin’s auklets spend the entire day out foraging in areas where krill are abundant (Manugian et al., 2015). They leave their nests before sunrise and return after sunset (Manuwal, 1974). During the breeding season they are Central Place Foragers which means that they must return to their nest to feed their chick and so that places limits on how far they can travel to find food (Orians and Pearson, 1979). Cassin’s auklets have extremely high energy demands due to their energetically expensive flights in and out of the water; they need to consume 67% of their body mass a day in krill (Hodum et al., 1998).

Manugian et al. (2015) found that the number of dives and the numbers of birds that dove to maximum dive depths varied interannually in Cassin’s auklets breeding on the Farallon Islands from 2008 - 2013. In this study, we extend the analyses of diving behavior in these same Cassin’s auklets along with others breeding on Southeast Farallon Island in 2014–2017 in order to understand how inter-annual variations in krill availability influence the diving behavior of Cassin’s auklets.

We hypothesized that in years with lower krill biomass, the birds work harder to collect krill for themselves and for their chicks. We also hypothesized that in years with lower levels of krill, Cassin’s auklets have lower productivity (chicks fledged per pair). We predicted that during years with lower levels of prey, Cassin’s auklets would need to make more dives during foraging trips. We predicted that in years with lower levels of available krill, Cassin’s auklets would search for prey by making shallower, shorter dives with shorter post-dive intervals before diving to search again.

In contrast, in years with high biomass of krill, we predicted they would make longer dives to collect abundant prey and would swim to deeper areas to target the dense layers of krill. We predicted they would spend more time diving within dive bouts, but make fewer dives. Additionally, we predicted that in those years with abundant prey, they would spend more time in the bottom portion of the dive (collecting krill) and therefore would make more U-shaped (versus more V-shaped) dives.





Methods

We carried out this study for 10 consecutive breeding seasons from 2008 to 2017 on Southeast Farallon Island (37°41’N, 123° 0’W), part of the Farallones Islands National Wildlife Refuge (Figure 1). During those years, we used time-depth recorders (TDRs) to measure the diving behavior of Cassin’s auklets during the chick rearing period of their breeding cycle. The parent wearing the TDR had a chick aged between 5–35 days old. Most (85%) were between 5 and 15 days old. Cassin’s auklets typically nest in burrows they dig in the dirt which are often too deep and fragile to extract birds from safely without damaging their nest site. We selected Cassin’s auklets that breed in artificial nest boxes so that we could easily install and recover the TDRs as well as band and monitor the reproductive success of the birds with minimal handling and disturbance to the nest site (Ainley and Boekelheide, 1990, Figure 2).




Figure 2 | A Cassin’s auklet on Southeast Farallon Island with a TDR affixed to feathers on its ventral side (photo N. Karnovsky).



We affixed CEFAS G5 TDRs (CEFAS Technology Limited, Suffolk, United Kingdom) to the belly feathers of breeding Cassin’s auklets with Loctite glue (Figure 2). We used TDRs that were rounded at the “head” end to reduce drag (Wilson and Culik, 1994). The TDRs measured 8mm x 31mm and weighed 2.7g in air (1.3g in water) which is less than 2% of the body weight of an adult Cassin’s auklet. We programmed the TDRs to record pressure and temperature every five seconds when at the surface or in flight. When the bird dove deeper than 1.5db (1.5m), we increased sampling frequency to every 0.5 seconds until the end of the dive (“fast-logging”) (Karnovsky et al., 2011). The TDRs measured depth to within 4 cm of accuracy, and temperature to within ±0.1°C. We retrieved most TDRs after 2–5 days. We removed the TDRs by snipping the few feathers that were glued to the TDR. We estimated Cassin’s auklet annual productivity by following pairs of Cassin’s auklets throughout the breeding season to determine the number of chicks fledged per breeding pair, per year.




Diving variables

For each foraging trip (Figure 3a), we calculated the number of dives the bird made. Diving during foraging trips occurs in discrete bouts of diving. We considered a dive bout to be a set of dives in which each dive was separated by a short interval (<2min) at the surface (Figure 3b, Monaghan et al., 1994). For each bout we calculated the number of dives and the percentage of the time in each bout that was spent diving. For each dive, if the time elapsed before the next dive was <2min, it was defined as the post dive interval (PDI – recovery time) for that dive, while if the time elapsed before the next dive was >2min, we considered that dive to be the last of the diving bout.




Figure 3 | (a) Temperature and pressure patterns of a typical foraging trip of a Cassin’s auklet foraging in 2008. This bird flew out from the colony around 4:43 in the morning and returned after 21:15 in the evening, (b) a single diving bout; a series of dives with less than 2 minutes between dives, (c) a single dive.



We defined a dive as the underwater period in which the bird reached a depth of at least 1.5db (1.5m, Figure 3c). To analyze the dives, we used the fast-logging portion of each TDR deployment. We considered a decrease in pressure to be a dive only if there were more than 4 points (2 seconds) to be analyzed. We also removed from the analyses dives which had a pressure read of more than 40db (40m), as these were most likely increases in pressure from other causes (for example, when the bird leans on the TDR while in the nest box). For each dive we calculated the maximum depth (m), length of the dive (sec), and the time spent in the bottom portion of the dive (sec). We defined “bottom time” as the amount of time of each dive spent within 80% of the maximum depth of that dive (Kuroki et al., 2003). We determined dive shape (frequency) by dividing bottom time by dive duration (high values = U-shaped dives). We then averaged these values over all the trips corresponding to each individual bird. We developed a Python script to automate the analyses.





Prey biomass

To assess how diving behavior is affected by prey levels, we estimated the level of krill biomass (g m-2) from data collected during oceanographic cruises that were part of the Applied California Current Ecosystem Studies (ACCESS) program. The ACCESS cruises occurred during the Cassin’s auklet chick rearing period. While the ship travelled along transect lines within the foraging range of the Cassin’s auklets, we used a Simrad EK60 echosounder to measure the backscatter of zooplankton during acoustic surveys (Figure 1, Manugian et al., 2015). We only used data from the top 30 meters of the water column (minus the backscatter in the top 5 meters that are influenced by surface interference). The top 30 meters encompasses the foraging depths of the Cassin’s auklets (Manugian et al., 2015). We confirmed that the backscatter was primarily from T. spinifera and E. pacifica, the two krill species that constitute most of the Cassin’s auklet diets, from hoop net samples taken during the annual cruises at standardized locations within the foraging range of the Cassin’s auklets (Manugian et al., 2015). We towed the hoop net (1m diameter, 333 µm mesh, equipped with a General Oceanics model 2030R mechanical flowmeter) obliquely for approximately 10 minutes to sample the upper 50 m of the water column during daytime hours; we sampled at six stations on each of the three oceanographic lines (Figure 1). We preserved all zooplankton samples in 10% formalin and identified the species, age classes of the zooplankton. We also measured and weighed subsamples of the zooplankton (Manugian et al., 2015). Based on these data, we derived a single value of krill biomass in the upper 30 m for each year for the study. In order to meet the technical conditions of the linear model, we used a log2 transformation on krill biomass, the explanatory variable. We considered a year to be a “high” krill year if it was greater than 0.5 from the standardized mean of 0 and a “low” krill year if it was less than -0.5 away from the standardized mean. We considered years to be “fair” krill years if they were close to the standardized mean (between +0.5 and -0.5 Figure 4).

To test the hypothesis that krill biomass influences Cassin’s auklet reproductive success, we carried out a regression of Cassin’s auklet productivity on the log of krill biomass (hereafter ‘krill biomass’) for the years 2008–2017 and calculated R2 value for that relationship. We used ordinary least squares (OLS) linear regressions for each of the diving variables to see how differences in krill biomass levels influence the diving variables. We also determined if there was a non-linear relationship of krill biomass with diving variables. If those models were a better fit than the linear ones, we reported those results instead. In order for each data point to be independent, we averaged each measure of diving for each of the individual Cassin’s auklets. We recognize that due to the large number of tests, we may have additional false positive results. Overall, we tested 11 hypotheses. Using a Bonferroni p-value adjustment (dividing p-value 0.05 by 11), we used p-value <0.0045 for significance.

To assess interannual differences in diving parameters of Cassin’s auklets, we created a multi-dimensional scaling plot (MDS) and used a PERMANOVA to assess overall differences and then used multiple pairwise comparisons to understand which years were most different. We used four parameters that we considered independent: average dive depth (m), bottom time (sec), number of dives per bout and number of dives per foraging trip.

Only one bird in a pair wore a TDR. We determined the reproductive success of pairs with and without one member wearing a TDR. We carried out a paired t-test on the average reproductive success for each year of each of the two groups paired by year to determine if there were differences between the two groups over the 10 years of the study.






Results

We found that from 2008 to 2017, the annual average biomass of krill in the top 30 m of the water column varied from a low of 0.16 g/m2 in 2008 to a high of 6.01 g/m2 in 2010. Likewise, Cassin’s auklet productivity varied from 0.64 chicks raised per pair in 2008 to a high of 1.62 chicks fledged per breeding pair in 2010, when many pairs raised a second chick. The variation in krill biomass from 2008–2017 explained much of the variation in Cassin’s auklet productivity (Figure 4, R2 = 0.77).




Figure 4 | The relationship between krill biomass (red) and Cassin’s auklet productivity (blue) for the ten years of this study (2008 – 2017).



From 2008 to 2017, we caught and affixed TDRs to 162 Cassin’s auklets. Of those, we recovered 152 TDRs, and of those, 133 had usable data (several of the TDRs suffered battery failure or had connectivity problems). The Cassin’s auklets wore the TDRs during a total of 381 foraging trips during which they made a total of 107,552 dives (Table 1).


Table 1 | The number of Cassin’s auklets that wore TDRs over the ten years of this study and the total number of foraging trips made by those birds.



We found that when krill biomass was high, the number of dives made during foraging trips decreased (Figure 5, t = -4.36, df = 131, p = 0.000). For every unit increase in krill biomass, the number of dives during entire foraging trips declined by 32 dives. However, the average number of bouts made per foraging trip did not vary with krill biomass (Supplementary Figure 1, t = -1.83, df = 131, p = 0.069). The fraction of time spent diving during a bout of diving increased with krill biomass. With every unit increase in the krill biomass, the fraction of time spent diving increased by 2% (Figure 6, t = 4.93, df = 131 p = 0.000).




Figure 5 | The average number of dives made per foraging trip (time from departure of colony to return to colony) in relation to krill biomass. Each dot represents the average for a single Cassin’s auklet, n=133.






Figure 6 | The fraction of time spent diving within a dive bout (consecutive dives + post dive intervals with less than 2-minute intervals between dives) in relation to krill biomass.



We found that the number of dives within a bout of diving had a quadratic relationship with krill biomass. That is, the number of dives was lowest when krill biomass was lowest but was also low when krill biomass was high (Supplementary Figure 2, F = 6.57, df = 2,130, p = 0.009). However, with the Bonferroni correction factor, this test is not-significant (p = 0.009 > 0.0045).

Cassin’s auklet diving depth was positively correlated with high krill biomass (R2 = 0.28, Figure 7a). For every one unit increase in the level of biomass of krill the predicted average dive depth was 1.7m deeper (t =7.2, df = 131, p = 0.000). We found that dive depth and dive length were correlated (R2 = 0.815). Therefore, as krill biomass increased, so did dive length (R2 = 0.35). For every unit increase in krill biomass, dive length is predicted to increase by 5.1 seconds (Figure 7b, t = 6.8, df = 131, p = 0.000). We found that the length of the post dive interval was positively correlated with the lengths of the dives (R2 = 0.35) such that longer dives required a longer recovery period. For every unit increase in the krill biomass, the Cassin’s auklets increased their PDI by 2 seconds (Figure 7c, t = 3.2, df = 131, p = 0.002). We found that when krill biomass was high, Cassin’s auklets spent more time at the bottom of their dives. Bottom time increased by 2.1 percent with increases in krill biomass, (Figure 8, t= 4.965, df = 131, p = 0.000). However, we found that average dive shape did not vary with krill biomass (Supplementary Figure 3, t = -0.046, df = 131, p =0.964).




Figure 7 | The changes in (a) dive depth (m), (b) dive length (sec), (c) post-dive interval (PDI in second) in relation to krill biomass. Each dot represents the average for a single Cassin’s auklet, n=133.






Figure 8 | The fraction of time spent in the bottom 80% portion of the dives in relation to krill biomass. Each dot represents the average bottom time of a single Cassin’s auklet, n=133.



We found that there were interannual differences in diving behavior of the Cassin’s auklets based on the parameters average depth (m), bottom time (sec), dives per bout and dives per foraging trip (Figure 9. PERMANOVA, Pseudo-F=7.8997 df = 9, 123 p = 0.0001). Pairwise comparisons of differences revealed many significant differences even with a Bonferroni corrected p-value of 0.001 (21 of the 44 comparisons, Supplementary Table 1). There are several years when Cassin’s auklets clustered together with very little overlap with other years. Of those years, 2008 is one of the most distinct (Figure 9).




Figure 9 | A multi-dimensional scaling (MDS) plot of all the Cassin’s auklets. In this plot each symbol represents a single Cassin’s auklet. This plot was derived from measures of average depth (m), bottom time (sec), number of dives per bout and dives per foraging trip.






Impact of TDRs on Cassin’s auklets

The mean reproductive success (chicks fledged) of Cassin’s auklet pairs in which one member of the pair wore a TDR was 86% (2008 -2017). The mean reproductive success of Cassin’s auklets that were followed but did not have a TDR was 104%. This number is above 100% due to double brooding. Pairs with TDRs had higher reproductive success than the non-TDR study birds in some years (2008, 2009, 2015, 2016) or equal reproductive success (87%, 2017). In the other years they had lower reproductive success. Overall, there was no significant difference between the two groups (paired t-test, t= 1.87, df = 9, p = 0.09).






Discussion

We found that Cassin’s auklet diving behavior varied in concrete ways during the ten years of this study. Cassin’s auklet reproductive success and diving behavior varied with the low, fair, and high levels of krill biomass. There was only one year (2008) that had lower than average biomass of krill and this year had lower than average reproductive success (0.64 chicks fledged per pair) compared to the long-term average (0.74). There were, however, several years (four) with high krill biomass levels and reproductive success (>100% reproductive success due to double brooding in 2010-2013) and five years with fair levels of krill biomass and reproductive success (Figure 4). Therefore, our analysis did not capture the diving responses of Cassin’s auklets foraging in a very bad year with extremely low krill biomass and reproductive success. Recovering TDRs during very poor years when the Cassin’s auklets abandon the colony (as they did on Southeast Farallon Island for the first time in 2005 and 2006) would be very difficult, therefore, we consider it fortunate that extremely poor conditions did not exist during our study.

We found that when krill biomass was low (2008), the birds made more dives during their foraging trips. This increase in number of dives may indicate that they may have had to work harder to collect food for themselves and for their chicks. In contrast, in high krill biomass years, Cassin’s auklets made fewer dives, however, the dives they made were longer and deeper with more time on the bottom portion of their dives. This pattern is likely an indication that they were foraging on dense patches of krill. They were able to fill up on krill in fewer but longer and deeper dives and found enough krill to successfully raise a chick. Some individuals in those high krill years (such as 2010) were in good enough condition to raise a second chick during the breeding season (Johns et al., 2017).

With low krill biomass, the shallow, short dives may be indicative of a higher proportion of unprofitable dives in which they pick up low numbers of krill per dive. The frequent shallow dives could be an indication of patchily distributed krill or low densities of krill. They may be making more searching dives when there is low krill biomass. Lastly, these shorter, shallower and more frequent dives when krill biomass was low might reflect feeding on non-krill types of prey that are less aggregated. In 2008, when the biomass of krill was low, a large portion of the Cassin’s auklet chick diets were made up of mysids (Manugian et al., 2015). Mysids occur in low densities in the upper part of the water column. Frequent diving for these mysids may explain the shallower and shorter dives in 2008. Reproductive success was lower in 2008 (0.64 chicks per pair) therefore diving for mysids may have been energetically expensive, bringing reproductive success down. When we compared multiple dive parameters within Cassin’s auklets foraging in different years, birds foraging in 2008 had very little overlap with birds other years although other years differed as well (MDS plot, Figure 9).

Even though Cassin’s auklets increased their bottom time in years with higher biomass (Figure 8), we did not find any change in dive shape across years. There are several possible explanations for this counter-intuitive result. Both deep dives in high krill years and the shallow dives when krill biomass was low, may be U-shaped. Another possibility is that in all years, Cassin’s auklets make a mixture of both V-shaped and U-shaped dives and, by taking the average dive shape (frequency) per bird, we were not able to distinguish differences amongst years.

Little auks (Alle alle) are similar in size to Cassin’s auklets and are also planktivorous members of the Family Alcidae. Little auks foraging in the Greenland Sea exhibit similar responses to prey biomass differences as Cassin’s auklets. For example, little auks feeding on smaller prey made more dives per 24 hours (Karnovsky et al., 2011) just as Cassin’s auklets made more dives in low krill years. Another similarity was in the number of dives per bout. In both species, when prey biomass was low (in the case of little auks, where the size of prey was small) birds made dive bouts with low numbers of dives which might indicate a series of searching dives for patches of prey (Karnovsky et al., 2011).

In this study, we used annual measures of krill biomass and diving parameters. Given that there is a clear link between food availability, diving effort and reproductive success, future investigations should focus on how diving behavior of Cassin’s auklets changes as the food web in the California Current System develops within a breeding season. Abraham and Sydeman (2004) found that Cassin’s auklets switch to targeting more T. spinifera during the chick rearing period and that low abundances of T. spinifera are associated with slower chick growth in Cassin’s auklets breeding on Southeast Farallon Island (Abraham and Sydeman, 2004, 2006).

This study contributes to our understanding of the mechanisms by which Cassin’s auklets are sensitive to bottom-up forcing. Their behavior at-sea is linked to their zooplankton prey which in turn, is linked to oceanographic conditions driven by atmospheric forcing. Except for 2008, the krill abundance and reproductive success in the years of this study were near or above average. However, the frequency of anomalous years with low krill biomass are increasing (Cai et al., 2014; Thompson et al., 2024). Anomalous climate conditions which lead to declines in zooplankton have severe consequences for Cassin’s auklets (Jahncke et al., 2008; Jones et al., 2018; Lee et al., 2007; Sydeman et al., 2006, 2014; Wolf et al., 2009). During this study, there was a marine heatwave event which led to unprecedented die-offs of seabirds (Piatt et al., 2020; Renner et al., 2024). In 2014, thousands of Cassin’s auklets died of starvation and washed up on beaches (Jones et al., 2018). After these high mortality events, Cassin’s auklets had increases in their populations due to high recruitment into empty nest sites (Johns et al., 2022). Therefore, the Cassin’s auklet population on Southeast Farallon Island was able to rebound, to some extent, after these anomalous events.

We found that low biomass of krill leads to increases in foraging effort. With frequent and extreme climate change induced perturbations to the California Current System, there may be more breeding seasons when the Cassin’s auklet may not be able to increase its foraging effort to buffer low availability of krill biomass.

This study contributes to our understanding of the behavioral responses of Cassin’s auklets to variations in prey biomass and points to the importance of long-term measurements of oceanographic conditions, breeding success, and foraging behavior.
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