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1 Introduction

Understanding how predator behaviour relates to the distribution and abundance of prey is a key objective in ecology (Hunsicker et al., 2011). This can be particularly challenging in marine environments, where predator-prey interactions occur in a dynamic three-dimensional environment (Bestley et al., 2015; Kuhn et al., 2015). Synchronous information on predator foraging behaviour and prey fields at spatiotemporal scales relevant to marine predators can be difficult to obtain. These survey efforts are both financially and logistically intensive, and are therefore, rarely undertaken (Grémillet et al., 2004; Bedford et al., 2015).

Studies investigating the fine-scale spatial overlap between marine predator foraging and prey fields have commonly coupled acoustic surveys with direct shipboard observations of predator density and feeding activity (Table 1). This can provide a snapshot of predator-prey spatial overlap in real time. However, these observational techniques have a very limited spatial coverage and only examine a small part of a predator’s foraging range. This limits inferences about predator-prey interactions occurring over larger spatial scales (Kuhn et al., 2015; Yamamoto et al., 2015). Furthermore, visual observations are generally restricted to surface foraging behaviour (in fair weather), omitting critical information on underwater foraging activity (Enstipp et al., 2007; Hazen et al., 2009). Bio-logging and telemetry devices are increasingly being used to provide a more detailed understanding of predator-prey relationships at a broader spatial resolution (horizontally and vertically) (Hunsicker et al., 2011). Marine surveys incorporating telemetry have developed understanding of predator-prey relationships in various temperate and polar ecosystems for a range of predator taxa (See Table 1 for examples).


Table 1 | Examples of studies on predator-prey relationship which couple prey field acoustic surveys with predator locations through biologging or shipboard observations.



Within the Southern Ocean, the area of interest in this study, regionally high abundances of Antarctic krill (Euphausia superba) support a diverse range of higher-order predators (Atkinson et al., 2009; Trathan and Hill, 2016). While the importance of krill-dominated energy pathways can vary over time and space, Antarctic krill (hereafter, krill) are an important forage resource for fish, squid, seabirds and marine mammals in Southern Ocean ecosystems (Croxall et al., 1999; Trathan et al., 2012). The substantial biomass of krill also supports a commercial fishery largely, concentrated around the Antarctic Peninsula (Watters et al., 2020).

A fundamental aspect of krill biology and ecology is their swarming behaviour resulting in their distribution being heterogenous and patchy (Tarling et al., 2009; Nicol and Brierley, 2010). In some regions, ~ 98% of krill biomass is contained in swarms (Fielding et al., 2014). Swarming plays an important role in krill reproduction (Watkins et al., 1992), foraging (Hamner and Hamner, 2000) and predator avoidance (Cox et al., 2009). Swarms can take a variety of shapes and can form large aggregations. Horizontal extent can span up to thousands of metres in length and can contain billions of krill in densities of several thousand individuals per cubic metre (Cox et al., 2010; Tarling and Fielding, 2016). The swarming behaviour of krill has a strong influence on the distribution and foraging strategies of Southern Ocean predators. Higher-order predators, such as seabirds and marine mammals, are reported to target and concentrate predation efforts in dense krill swarms (Veit et al., 1993; Santora et al., 2017).

In the Southern Ocean, krill harvesting is managed under the Commission for the Conservation of Marine Living Resources (CCAMLR). Through its ecosystem monitoring programme (CEMP), predator response parameters, such as breeding and foraging success, can be used to inform precautionary krill catch limits (Agnew, 1997; Constable et al., 2000). Adélie penguins (Pygoscelis adeliae) are a key indicator species under CEMP because they are important consumers of krill (Croxall et al., 2002). However, since the establishment of CEMP, there is increasing recognition Adélie penguin diets are more diverse than traditionally believed, with substantial spatial and temporal variability in the proportion of krill and fish consumed (Clarke et al., 2002; Ainley et al., 2003; Lynnes et al., 2004; Tierney et al., 2009; Gorman et al., 2021). The diet of Adélie penguin populations in the Scotia Sea, East Antarctic and regions of the Antarctic Peninsula are generally dominated by krill, while populations in the Ross Sea have a more varied diet and consume a mixture of fish and euphausiid species (Ratcliffe and Trathan, 2012). Despite establishing a greater understanding of the specific prey consumed, there remains a limited understanding of how the distribution and foraging behaviours of this indicator species are related to the spatiotemporal variability of krill patches (Ainley et al., 2015; Ford et al., 2015). Understanding foraging behaviour responses of Southern Ocean predators to krill distribution and abundance may provide insight into ecological factors influencing predator population dynamics.

Given the variability in krill abundance and density around coastal Antarctic waters (Atkinson et al., 2004; Jarvis et al., 2010) and variation in key physical and environmental features (i.e. sea ice and proximity of land-based colonies to shelf break), it is likely krill-predators adopt different foraging strategies at the regional-scale (Ford et al., 2015; Cimino et al., 2016). In East Antarctica, Nicol et al. (2008) conducted fine-scale acoustic surveys during 2001 and 2003 to assess krill distribution and abundance using a standard two-dimensional grid-based approach, where the acoustic data are integrated to depths of 250 m and averaged over one nautical mile intervals. The simultaneous collection of Adélie penguin spatial [horizontal] movements via telemetry also enabled key predator foraging parameters to be interpreted in the context of krill data. Using horizontal information, Nicol et al. (2008) relied upon area-restricted search (ARS) assumptions to make broad spatial associations between penguin movements and krill distribution and abundance. Results showed that penguin breeding success, foraging trip duration and meal mass were broadly related to overall krill biomass estimates in those two years. In this same area of East Antarctica, Emmerson et al. (2015) considered the spatiotemporal variability of penguin response parameters in relation to the two years using krill biomass estimates and proposed that krill availability was a function of its abundance in the water column and its accessibility, primarily related to the presence of extensive fast-ice. However, neither of these studies were able to consider their results in the context of krill in the vertical dimension; how predator foraging effort and prey abundance are distributed in the underwater environment; and the extent of their three-dimensional spatial overlap.

Here, we further explore the concept of krill availability to penguins, specifically in relation to krill swarm distribution and abundance by reanalysing krill biomass estimates reported by Nicol et al. (2008) and integrating these estimates with the recent processing of extensive multi-year Adélie penguin dive data (Riaz et al., 2020) and quantitative integration of spatial location estimates from the same years (Riaz et al., 2021). Methods for swarm-based acoustic analyses (Tarling et al., 2009; Cox et al., 2010) offer an opportunity to re-examine acoustic prey-field data to characterise krill swarm structure (e.g., internal density, height, length) and location (depth) in the water column. Integrating this with penguin dive and location data provides an opportunity to examine where penguin underwater [vertical] foraging efforts are concentrated along horizontal movement trajectories in relation to krill swarm distribution and abundance. The benefits of examining krill abundance and distribution through a swarm-based analysis are twofold: (1) processing of acoustic information can be concentrated around the natural aggregation structures of krill swarms, reducing pre-processing, subjective noise removal and associated loss of acoustic information; (2) broad-scale summary information of the krill prey-field (e.g. swarm biomass and depth) are provided at a scale in which predator foraging decisions and prey encounters occur (Cox, 2017; Bestley et al., 2018). Combining horizontal-vertical predator movement with three-dimensional krill prey-field information can improve understanding of predator-prey spatial overlap and interactions (Ainley et al., 2015).

In this study, we investigated the spatial associations of krill swarm characteristics and Adélie penguin foraging effort by integrating predator-prey data streams collected simultaneously (in the same area and during the same seasons). We provide a novel reassessment of the krill acoustic data collected during surveys conducted in two years (2001 and 2003), using a swarm-based approach to estimate krill swarm distribution and physical structure. To understand how penguin foraging relates to krill swarm abundance and distribution we integrate contemporaneous horizontal and vertical movement information from chick-rearing Adélie penguins at Béchervaise Island, East Antarctica, which were dual-tagged with platform terminal transmitters (PTTs) and time-depth recorders (TDRs). We test whether foraging dive effort (summarised dive activity) changed in relation to krill swarm biomass and number across the gridded offshore survey domain. We expected all indices of underwater foraging effort would increase in areas with a greater krill abundance and number of swarms. Through this work, we provide an improved understanding of predator-prey interactions for this CEMP indicator species, and the prey-field characteristics critical to penguin foraging success at this colony.



2 Materials and methods


2.1 Prey-field data: Krill swarms

Shipboard acoustic surveys were performed off the coast of Béchervaise Island (67°35 S, 67°49 E) in East Antarctica in 2001 (KACTAS – Krill Availability, Community Trophodynamics and AMISOR Survey) and 2003 (KAOS – Krill Acoustics and Oceanography Survey). These surveys were conducted from 12 to 23 January, and from 16 January to 1 February, respectively. For both KACTAS and KAOS, the survey areas ranged from 66° to 67°S and 61.8° to 64.6°E, covering an estimated 11,921 km2. Due to operational curtailment, only 75% of transects within the survey area were completed during KACTAS. Full details of the survey design and acoustic data collection can be found in Nicol et al. (2008).

The acoustic data processing was carried out using Echoview (v5.4 Myriax, Hobart, Australia). The swarm-based acoustic analysis used 38 and 120 kHz frequencies of calibrated Simrad (Horten, Norway) EK500 echosounder for the KACTAS survey and EK60 for the KAOS survey. Echosounder transducers were hull-mounted split-beam transducers with a 7° beam width. Krill swarms were identified up to a 250 m depth limit at a 2 Hz pulse repetition rate. The mean vessel speed was 7.8 knots with a mean inter-pin space of 2 m. Surface noise, seabed and false seabed returns were isolated and removed from acoustic observations. Calibrations parameters applied to acoustic data are provided in Table S1. Time varied gain noise correction was performed using the procedure described in De Robertis and Higginbottom (2007).

Individual krill swarms were isolated in Echoview using the schools detection algorithm of Barange (1994). School detection was carried out on a 7 x 7 identity matrix convolution of the 120 kHz pre-processed data using the detection parameters established in Tarling et al. (2009) and a mean volume backscattering strength (Sv) threshold of -70 dB re 1 m-1, equivalent to a krill wet mass density of 0.9 g m-3. A description of acoustic terminology, symbols and units are provided by MacLennan et al. (2002). These aggregations are assigned a krill or non-krill status by applying a validated ‘dB-difference’ technique to the 7 x 7 convolution of 120 - 38 kHz pre-processed data falling within the detected aggregation boundaries (Madureira et al., 1993). As implemented here, the dB-difference technique is a binary classification, with aggregations falling within a dB difference range deemed to be krill. Outside of this range an aggregation is classified as coming from other species and excluded from further analysis. The dB-difference ranges were calculated using the distorted-wave Born approximation (DWBA) krill acoustic target strength model developed by McGehee et al. (1998), and extended by Conti and Demer (2006) to account for stochastic variation in the received signal phase. Consistent with CCAMLR recommendations, the Calise and Skaret (2011) krill target strength model was applied, using a tilt angle distribution, a wrapped normal distribution with mean -28° (head down) and standard deviation 20°. Stochastic DWBA krill target strength model parameters were set at their default values as given in Calise and Skaret (2011).

Once an aggregation was identified as krill, volume integrations were carried out on 120 kHz data falling within the boundary of individual krill swarms at a -80 dB re 1 m-1 threshold, equivalent to average (across length frequency clusters) krill wet mass density of 0.09 g m-3, and swarm internal density (ρ) was calculated using ρ=10(Sv−TSkg)/10 , where TSkg is the krill length cluster specific target strength of 1 kg (wet mass) of krill. Once krill swarms were identified, a range of physical properties were calculated within the Echoview software. For each individual swarm, this included the mean depth (m), cross-sectional area (m2), length (m), height (m), internal density (g wet mass per m3) and nautical area scattering coefficient (NASC) (m2 n mile-2). To calculate swarm biomass, we assumed swarms had a cylindrical shape an applied the following [Equation 1]:

	

We note that in some instances, the cylindrical shape assumption may underestimate swarm biomass, since swarms can take complex 3D shapes and structures which have volumes larger than cylindrical or ellipsoid shapes (Brierley and Cox, 2010).



2.2 Predator data: Movement and diving

Béchervaise Island is an Adélie penguin nesting site located in East Antarctica home to over 2000 breeding pairs. It is a CEMP site which has been the focus of a long-term Adélie penguin monitoring program since 1990 (Kerry et al., 2000). During 2001 and 2003, spatial location and dive data were collected from adult chick-rearing Adélie penguins at the Béchervaise Island colony through dual-tagging of individuals with PTTs and TDRs. These data were comprised of 18 dual-tagged individuals over 19 foraging trips during the guard and crèche chick-rearing periods (one individual from the 2003 season recorded two foraging trips). Individuals tagged in the two years were different individuals. Penguin movement data ranged from 12 to 25 January in 2001, and 9 to 26 January in 2003. Full details of PTT and TDR deployments and data processing are provided by Riaz et al. (2020); Riaz et al. (2021).

Archived dive data were downloaded using Wildlife Computers software packages. A zero-offset correction and surface noise exclusion (< 3 m) were applied to dive profiles (Riaz et al., 2020). All subsequent processing and analyses of data was performed using R statistical software version 3.5.1 (R Core Team, 2018). A series of dive indices were calculated for each dive. This included the maximum dive depth (m); bottom duration of dives (s) (defined as the maximum time spent within 50% of maximum dive depth and where the rate of change in depth during descent or ascent did not exceed 50%); and wiggles (the number of undulations in a dive profile > 2 m in depth).

Raw Argos location estimates were subjected to several quality control measures. Location estimates were removed when they occurred within 120 s of each other (n = 200), and we ensured our dataset did not contain foraging trips with fewer than 10 location fixes or lasting less than 1 day in duration. After quality control processing, PTT location estimates were fit with a continuous-time correlated random walk state-space model (SSM) using the ‘foieGras’ package (version 0.7.6; Jonsen and Patterson, 2021). This accounted for observation error in tracking data and provided location estimates at regular time intervals (Jonsen et al., 2013; Ropert-Coudert et al., 2020). Process models and equations are established in Jonsen et al. (2020). Spatial locations were regularised to 1-hour time steps, consistent with Riaz et al. (2021).

We binned diving activity into 1-hour periods corresponding to SSM location estimates. At each hourly location estimate along regularised tracks, we quantified underwater foraging effort by summing dive parameters (Pütz et al., 2006; Zimmer et al., 2008). The sum of the maximum dive depth (m), bottom duration (s), number of dives, and number of wiggles for each hour of an individual’s foraging trip were calculated. Summed dive parameters over regular time-steps are commonly used to quantify marine predator foraging effort underwater (Pütz et al., 2006; Zimmer et al., 2010; Kuhn et al., 2015; Riaz et al., 2021).



2.3 Predator-prey statistical integration

To examine the spatial associations of krill swarm characteristics and penguin foraging effort, we integrated the horizontal-vertical movements of Adélie penguins with krill survey estimates. We summarised our prey and predator indices across the entire survey area at a 0.05° latitude x 0.38° longitude resolution (approximately 5.5 x 17 km). The size of our spatial grid was chosen for three reasons. First, krill swarm characteristics are expected to have a greater variability over latitudinal gradients (i.e. offshore-inshore), associated with oceanographic conditions and food availability (Klevjer et al., 2010); second, it generally captures survey estimates from two adjacent transect lines, which were longitudinally spaced at approximately 5 – 10 nautical mile intervals (Nicol et al., 2008); and third, it is sufficiently broad to cater for prey horizontal transport through time, accommodating the temporal mismatch between survey estimates and penguin location estimates, which is a common challenge of survey efforts linking predators and prey (Santora et al., 2010; Kuhn et al., 2015; Hinke et al., 2017). The gridded approach adopted here is analogous to other studies examining prey-fields in the context of predator-prey relationships (Santora and Reiss, 2011; Sveegaard et al., 2012).

Using the raw acoustic transects, we calculated the geometric mean [hereafter referred to as ‘mean’] swarm biomass within defined 0.05° x 0.38° grid cells. The geometric mean is demonstrated to be an effective parameter in describing skewed prey-field data, as is it less sensitive to large outlier values (Cade et al., 2021). We also calculated the total number of swarms per grid cell and standardised this metric by the total length of the survey transect in each spatial bin to account for survey effort.

Gridded krill indices were overlaid with the horizontal-vertical movements of chick-rearing Adélie penguins at Béchervaise Island. To quantify foraging effort in corresponding 0.05° x 0.38° bins, for each penguin we calculated (1) total dive depth, (2) total number of wiggles, (3) total bottom duration, and (4) total number of dives per grid cell. By gridding the predator-prey data, spatial autocorrelation present within the high-resolution along-transect and along-track datasets is reduced (Warwick-Evans et al., 2022).

With the integrated final predator-prey dataset, we make inferences about how penguin foraging effort is associated with krill metrics using generalised linear mixed effects models to (‘glmmTMB’ package; version 1.1.4; Brooks et al., 2017). For independent models of each of the four penguin diving response variables [depth, bottom duration, number of wiggles, and number of dives], we fitted as predictor variables the two krill swarm metrics [mean krill biomass and number of swarms]. Prior to analysis, predictor variables were assessed for any collinearity issues [Pearson correlation coefficient = -0.13] (‘corrplot’ package; version 0.92; Wei and Simko, 2021). All four models were configured with individual penguin ID nested within year (i.e. Year/Bird ID) to allow relationships to vary among individuals. The small sample size of penguin individuals from 2003 (due to logistical, financial, and field constraints) precluded us from examining the influence of year as a fixed effect. To account for overdispersion and right skew in data, number of wiggles and dives (count data) models were fitted with a negative binomial distribution, while depth and bottom duration were configured with a gamma distribution and log link function. Both krill predictor metrics were scaled and centred to aid model convergence. Model covariates were considered significant at p-values< 0.05.




3 Results


3.1 KACTAS characteristics

The KACTAS voyage performed eight north-south acoustic transects spanning a 9374 km2 area (Figure 1). At a 0.05° latitude x 0.38° longitude resolution, there were 106 grid cells across the survey area (Figure 2). A total of 5792 krill swarms were recorded with a total estimated biomass of 8123 t. The mean krill swarm biomass was 3.83 kg. On average, swarms were 124.7 m2 in area (where area is the intersection between the acoustic beam and the swam) with an internal density of 5.87 g m-3. The mean NASC was 53.4 m2n mile-2, with 1% of swarms exceeding 5000 m2n mile-2 (see Table 2 for means and 95% CI).




Figure 1 | Distribution of krill swarm biomass in the waters off Béchervaise Island collected during KACTAS and KAOS. To aid visual presentation, krill swarms are grouped in discrete biomass categories. Swarms within transects are overlaid with SSM-filtered location estimates for chick-rearing Adélie penguins (n = 18 individuals on n = 19 foraging trips). Major land features are in grey and major bathymetric features (shelf break and other bathymetric features > 1000m) are illustrated by black dashed lines. Bathymetric contours are displayed at 100m intervals. Inset panel in (A) shows the study region (red circle) in East Antarctica.






Figure 2 | Maps displaying the distribution of krill metrics (mean biomass and number of swarms) and four penguin diving metrics (depth, wiggles, bottom duration and # of dives) over the KACTAS and KAOS survey area. Grid cell metrics are binned at a 0.05˚ latitude x 0.38˚ longitude spatial resolution. The black points represent krill transect (A, B) and penguin tracking observations for krill and penguin plots (C–F), respectively. Maps displayed illustrate spatially grided predator-prey data, as inputed into models. Land and bathymetric features are displayed as per Figure 1.




Table 2 | Summaries of physical properties of krill swarms and the depth-stratified total number of swarms and biomass recorded during KACTAS and KAOS voyages that occurred over the entire survey area.



The mapped distribution shows mean swarm biomass was higher in grid cells located over the eastern part of the shelf break, with high biomass also patchily distributed further north (Figure 2 upper panels). The number of krill swarms across the survey area showed a different and more consistent pattern, largely concentrated in the middle of the survey area in waters over the shelf break and north (Figure 2).

In vertical space, KACTAS krill swarms were observed at depths in the water column ranging between 4 – 246 m, with an average depth of 42 m. Most swarms (68%) were located in the upper 50 m (Figure 3) but the sum of the krill biomass was mostly concentrated between 25 – 50 m depths (81%) (Table 2).




Figure 3 | Time-series showing krill swarm distribution through time for KACTAS and KAOS (left and right panels, respectively). Each panel represents a vertical snapshot of the water column (0 – 250 m) over a specific period of time during survey efforts. Each circle represents a krill swarm observed and are sized and coloured in relation to their biomass values (see Methods for details). To aid visual presentation, biomass estimates are grouped into discrete categories. Shaded areas represent the diurnal period in which krill swarms were observed. Using the ‘maptools’ package, we calculate the solar position values during survey effort period (Bivand and Lewin-Koh, 2016). Solar positions values > 12° were assigned as day and those between -12° and 12° were assigned as crepuscular; at this time of year there are no night (< -12°) values.





3.2 KAOS characteristics

The KAOS voyage covered a larger spatial extent compared to KACTAS. Active acoustics were recorded over 13 transects, covering approximately 11,921 km2 (Figure 1). There were 144 grid cells when binned at a 0.05° latitude x 0.38° longitude spatial resolution (Figure 2). A greater number of swarms (n = 7192) were recorded compared to KACTAS, however total biomass (2909 t) was substantially lower. The mean biomass of krill swarms during KAOS was 4.80 kg. While the average internal density of krill swarms was also larger compared to KACTAS (11.41 g m-3), the mean swarm area was around half the size (64.63 m2). The mean NASC was 73.1 m2n mile-2 (see Table 2 for means and 95% CI). Similar to KACTAS, 1% of swarms exceeded 5000 m2n mile-2.

During KAOS, mean swarm biomass showed a relatively uniform distribution of low biomass across the survey area, with the majority of biomass concentrated across few grid cells. In comparison, the horizontal distribution of swarm frequency was patchily distributed along the eastern part of the shelf break and was most pronounced in grid cells located in more northern waters (Figure 2).

Over the KAOS survey area, swarms were observed within 6 – 248 m depths, but at 46 m on average. The distribution of swarms through the upper water column was relatively even, although 43% were recorded in waters shallower than 25 m. In contrast, most (66%) of the krill swarm biomass was in depths greater than 75 m (Figure 3).



3.3 Penguin activity in the survey area

Over the two breeding seasons, we recorded diving activity from 18 dual-tagged individuals on 19 foraging trips (Figure 1). Within the KACTAS and KAOS survey areas, we documented 12,278 dives spread across 787 at-sea locations. In 2001 (KACTAS), 14 individuals and 14 foraging trips were recorded. Within the KACTAS survey area, 8821 dives were logged over 500 spatial locations. This accounted for 48% of dives at 22% of locations over the entire foraging trip distribution. In 2003 (KAOS), 4 individuals and 5 foraging trips were recorded, and 3457 dives over 247 spatial locations occurred within the KAOS survey area (Figure 1). This comprised 40% and 31% of foraging trip dives and at-sea location, respectively.

At the trip level, mean dive effort (total depth travelled, bottom duration and number of wiggles and dives) across KACTAS and KAOS grid cells (n= 106 and n= 144 cells, respectively) were broadly similar but slightly higher during KACTAS (Table 3). Generally, higher values (i.e. greater dive effort, longer bottom duration, more wiggles and more dives) of all penguin dive metrics were centred in the vicinity of the shelf-break during both surveys (Figure 2).


Table 3 | Summaries of chick-rearing Adélie penguin activity at Béchervaise Island that occurred over the KACTAS and KAOS survey areas.





3.4 Predator-prey relationships

The total depth and bottom duration travelled, and number of wiggles and dives performed were consistently greater in areas where there were a higher number of krill swarms. In contrast, penguin foraging effort was not significantly related to mean swarm biomass in any model (Table 4; Figure 4).


Table 4 | Results of the four generalised linear mixed effects models for each dive metrics in relation to krill swarm metrics (number of swarms and mean swarm biomass).






Figure 4 | Results from the generalised linear mixed effects models showing the diving responses [summed depth, bottom duration, number of wiggles, and number of dives over each spatial grid; y-axes] modelled in relation to krill swarm number within spatial grid cells across the acoustic survey domain. Diving parameters showed no association with krill swarm biomass; full model results are given in Table 4.



Within a given grid cell (covering approximately 100 km), a change of 0 to 3 krill swarms would correspond with a predicted average change in penguin behaviour from 33 to 89 dives, and 255 to 656 wiggles. Similarly, predicted summed vertical dive distance would increase from 810m to 2527 m, and bottom time would increase from 1331 s (~ 22 mins) to 3656 s (~ 61 mins) (Figure 4).




4 Discussion

By spatially integrating krill swarm data with location and dive data for Adélie penguins, this study advances our understanding of Southern Ocean predator-prey relationships and contributes to a longstanding objective in ecosystem monitoring efforts. Our findings show areas of increased penguin diving effort corresponded with high krill swarm numbers. In contrast, areas of increased mean krill biomass did not influence the spatial distribution of penguin foraging activity. These results indicate that while the spatial distribution of penguin underwater foraging effort could be used as a proxy for krill presence (and/or availability), it may not necessarily indicate krill abundance. We discuss this in the context of Adélie penguin foraging ecology and how this information can be used to inform ecosystem assessment and management.


4.1 Acoustic prey field characteristics

Shipboard acoustic surveys provide a powerful means to record krill abundance and swarming characteristics over vast three-dimensional spatial scales (Cox et al., 2009; Cox et al., 2010). Our swarm-based analyses indicated substantial differences in krill biomass between the 2001 KACTAS and 2003 KAOS survey efforts. KACTAS recorded 8123 t of krill biomass within swarms, and KAOS recorded only 2909 t. While KAOS covered a spatial area that was 21% larger than KACTAS, it recorded only 36% of the biomass observed during KACTAS. Differences in biomass magnitude between survey years were consistent with previous grid-based analyses in Nicol et al. (2008), which characterised KACTAS and KAOS as krill rich and krill poor years, respectively.

For 2001 KACTAS, the biomass distribution was broadly similar to what was in reported in Nicol et al. (2008), occurring mostly over the eastern survey area. However, our analyses indicated the horizontal distribution of 2003 KAOS biomass to be aggregated in relatively small patches over the central and western area of the survey box, whereas previous analyses located biomass largely over the eastern survey area. These qualitative differences between swarm- and grid-based analyses were unexpected. Preliminary comparisons of the two approaches have yielded broadly similar density estimations (Cox, 2017), however comprehensive comparisons of krill distribution and abundance parameters are yet to be performed. Further work is needed to quantitatively assess the comparability in prey-field characteristics generated by swarm- and grid-based acoustic techniques; particularly if swarm-based approaches are likely to be the future of krill biomass mapping.

The swarm-based reanalysis showed that the greatest aggregations of swarm biomass generally occurred near the shelf break. Around the Antarctic coastline, this bathymetric feature is widely reported as an area where high krill biomass predictably occurs (Trathan et al., 2003; Jarvis et al., 2010; Silk et al., 2016; Bestley et al., 2018). These spatial patterns are driven by multiple factors, including krill food abundance and predictability, and oceanographic dynamics (Nicol et al., 2008; Silk et al., 2016). We found swarm biomass was highly patchy, with the majority of biomass concentrated in a small number of swarms (Lascara et al., 1999; Lawson et al., 2008; Klevjer et al., 2010). Hence the prey field in this region is largely comprised of an abundance of small, low-biomass krill aggregations, consistent with observations from other surveys in East Antarctica (Pauly et al., 2000; Jarvis et al., 2010) and elsewhere in the Southern Ocean (Lascara et al., 1999; Lawson et al., 2008).

Comparisons of krill swarm parameters across studies can be challenging due to differences in techniques and reported metrics (Nicol et al., 2008; Klevjer et al., 2010). During krill surveys in 2001 and 2003, swarms were mostly recorded at ~ 40 m depth, but were also observed as deep as the 250 m acoustic detection limit. The mean and range of water column depths occupied by krill swarms were similar to reports in the Scotia Sea and East Antarctic (Tarling et al., 2009; Bestley et al., 2018). Similarly, surface area values were broadly similar to observations from other Antarctic regions (Cox et al., 2009; Cox et al., 2010; Klevjer et al., 2010). However, the internal density of swarms recorded during both surveys in this part of East Antarctica was higher than elsewhere in Antarctica with several krill swarms having an internal density greater than 1000 g m-3, which is three times higher than previous swarm density observations in the region (Bestley et al., 2018). Further research is needed to understand the biophysical factors influencing krill swarm dynamics and aggregation structures in this region of East Antarctica.



4.2 Penguin foraging strategies

Examining the spatial links between prey distribution and abundance and predator foraging effort can provide critical insight into ecosystem-level trophodynamics and response to environmental change associated with harvesting and climate scenarios (Forcada and Trathan, 2009; Lynch et al., 2012). In this region, broad-scale predator foraging parameters (e.g. trip duration and meal mass) have been widely used to understand the role of krill in supporting penguin energetic needs during the breeding season (Clarke, 2001; Clarke et al., 2002; Nicol et al., 2008; Tierney et al., 2009; Emmerson et al., 2015; Southwell et al., 2015). Here, we extend these analyses by quantitatively integrating empirical data on penguin movement and krill abundance and distribution.

Our findings indicate the foraging effort of the Adélie penguin, one of the most abundant seabirds in East Antarctica, increases in areas where there are more krill swarms. All penguin dive metrics (total depth travelled, dive bottom time, number of wiggles and dives performed) were greater in areas corresponding with a higher number of swarms. This suggests chick-rearing penguins preferentially target and forage in areas where krill aggregations are more frequently encountered. This highlights the importance of krill availability (i.e., encounter frequency) to penguin foraging effort, and by association, foraging success. In contrast to our expectations, penguins did not increase their foraging activity in areas with a high mean swarm biomass. Through highlighting the spatial importance of krill swarm number, our results extend the concept of krill availability provided in Emmerson et al. (2015), which was centred on prey abundance and ice-driven access to foraging grounds.

Intercepting many small krill swarms likely represent a reliable prey-field feature which Adélie penguins can exploit. From the perspective of a penguin, a profitable krill prey field in this region appears to be dependent upon a high encounter rate with swarms rather than their specific biomass. We suggest this is likely due to opportunistic diving and prey-capture attempts in areas where krill patches are frequent and closely spaced, which maximises food intake and reduces energy loss associated with commuting between forage opportunities (Santora et al., 2009; Bernard and Steinberg, 2013; Ford et al., 2015). These behavioural results are consistent with Adélie penguins feeding continuously and opportunistically during foraging trips (Ford et al., 2015; Warwick-Evans et al., 2019; Riaz et al., 2021). Larger predators, such as baleen whales, must consume relatively high densities of krill to satisfy their high energetic requirements. For example, humpback whales are conservatively estimated to each consume 390 – 874 kg of krill per day (i.e. a substantial biomass) (Reilly et al., 2004). Adopting an engulfment-feeding strategy and consuming bulk quantities of krill during high velocity lunges (Goldbogen et al., 2013), baleen whales maximise efficiency by selectively targeting large/dense krill aggregations (Santora et al., 2010; Goldbogen et al., 2012; Miller et al., 2019; Harrison et al., 2020). In contrast, penguins forage on individual krill, even when foraging within a swarm (Watanabe et al., 2014), and require a much smaller energy load (total prey kg consumed). Bioenergetics models for breeding Adélie penguins at Béchervaise Island indicate that foraging success is achieved if daily per capita ingested energy is equivalent to 579 - 635 g of krill (Southwell et al., 2015). Our results suggest that penguins at this colony do not necessarily need to selectively target large krill aggregations to satisfy their energy requirements. Frequent prey encounters are likely to be an efficient way to meet the required energy intake. While penguins consume individual prey items at a time, they have been observed foraging together in flocks of varying size (Ainley et al., 2015). Smaller and more frequent krill swarm encounters may be conducive to penguin group foraging strategies. It is also plausible the foraging effort of whales disperses large biomass krill swarms, creating a krill prey-field more favourable to penguins. Further work is needed to assess how predation pressure exerted by penguins and other marine predators alter the physical structure, size and distribution of krill swarms in the region, and how this affects penguin foraging behaviour (Ainley et al., 2015).

Our findings provide valuable insight regarding how Adélie penguins respond to krill swarm distribution, abundance and biomass. These results provide insight for CEMP which assumes that foraging efforts of land-based predators, such as Adélie penguins, respond to krill availability, and can therefore assist in monitoring ecosystem change associated with climate change or harvesting (Nicol et al., 2008). Although our study only examined data from two seasons and may not reflect the full range of Adélie penguin response parameters (Emmerson et al., 2015), our results suggest Adélie penguin foraging effort may not reliably indicate total krill biomass. Instead, we provide evidence that the spatial distribution of foraging effort reflects krill distribution in terms of the number of swarms present. While studies in this area indicate that penguin foraging trip durations, meal mass and breeding success vary in relation to overall krill biomass (Clarke et al., 2003; Nicol et al., 2008; Emmerson et al., 2015; Southwell et al., 2017), our study extends understanding of predator-prey dynamics within the water column as a first step towards a mechanistic understanding of penguin response reflected in different demographic parameters. This is particularly relevant amidst potential changes in prey availability associated with climate change (Bestley et al., 2020; McBride et al., 2021), and renewed interests to expand krill fishing operations in the Mawson region (Kelly et al., 2018; Watters et al., 2020).



4.3 Spatiotemporal predator-prey linkages

When investigating the spatial overlap of marine predators and their prey, selection of appropriate spatiotemporal scales is critical (Fauchald et al., 2000). This can be challenging when trying to integrate predator and prey information that are derived from separate data streams and recorded at different spatial and temporal resolutions. Inferences regarding predator-prey relationship can vary depending on the spatial scales selected to assess these interactions (Rose and Leggett, 1990; Reid et al., 2004; Bailey and Thompson, 2009; Kuhn et al., 2015). Addressing temporal disparities arising from predator-prey data via spatial design should be guided by an informed understanding of how prey dynamics shift over space and time (Hunsicker et al., 2011). In terms of krill distribution, horizontal displacements over time are poorly understood. A key driver of horizontal advection is obviously oceanographic currents (Bestley et al., 2018; McBride et al., 2021; Nocera et al., 2021). However, krill can also swim at high speeds for extended periods of time against local currents (Krafft et al., 2015). Clearly, understanding rates of advection and structural persistence of swarms in the Southern Ocean is a complex and challenging task (Tarling and Thorpe, 2014). Furthermore, it is unknown how krill swarm horizontal-vertical distribution, aggregation and structure may be altered by penguin foraging activity and predation pressure through time (Ainley et al., 2015).

Through our gridded approach to summarising penguin foraging effort and krill swarm information, we assume the large spatial area chosen to bin predator-prey information adequately captures the spatiotemporal krill displacements over the penguin foraging period (Sveegaard et al., 2012; Kuhn et al., 2015; Hinke et al., 2017). We also assume the entire prey field within grid cells are accessible and available to penguins during their foraging efforts, disregarding the swarm depths during surveys. While this enables us to make broad-scale conclusions regarding predator-prey spatial overlap, further research is needed to understand finer-scale spatiotemporal associations (real- or near-time representation). The complementary use of devices capable of recording contemporaneous three-dimensional predator-prey interactions, such as underwater gliders (Ainley et al., 2015; Reiss et al., 2021) or animal-borne echosounders (Goulet et al., 2019) may advance this field.
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