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Abstract 10 

Understanding foraging strategies and decision-making processes of predators 11 

provide crucial insights into how they might respond to changes in prey availability 12 

and in their environment to maximize their net energy input. In this work, foraging 13 

strategies of Antarctic fur seals (Arctocephalus gazella, AFS) and Northern fur seals 14 

(Callorhinus ursinus, NFS) were studied to determine how they adjust their foraging 15 

behavior according to their past prey capture experiences. AFS on Kerguelen 16 

Islands are exclusively oceanic divers while NFS population of St Paul Island shows 17 

both oceanic and neritic divers. We thus hypothesized that the two species would 18 

respond differently to a change in prey capture success depending on their foraging 19 

strategy. To test this, 40 females were equipped with tags that measured tri-axial 20 

acceleration, dive depth and GPS coordinates, from which we derived prey capture 21 

attempts and behavioral metrics. Influence of prey capture success on horizontal 22 

and vertical movements of seals was investigated at different time scales: multi-dive, 23 

night and trip. Both AFS and NFS traveled further during the day if they encountered 24 

low prey capture periods during the previous night. However, at the multi-dive scale, 25 

neritic NFS differed from oceanic NFS and AFS in terms of decision-making 26 

processes, e.g. both AFS and oceanic NFS dived deeper in response to low prey 27 

capture rate periods, while neritic NFS did not. Similarities in decision-making 28 

processes between NFS and AFS foraging on pelagic prey suggest that pelagic vs. 29 

neritic prey type is a key factor in defining foraging decisions of diving marine 30 

predators. 31 
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1. Introduction 34 

Optimal Foraging Theory predicts that predators which adopt hunting strategies that 35 

maximize their net energy intake would have more energy to allocate to reproduction 36 

and survival over a lifetime, and thus should show a greater overall fitness (Boggs, 37 

1992; MacArthur and Pianka, 1966). According to this framework, predators should 38 

maximize acquisition and assimilation of prey and minimize the costs linked to the 39 

search, pursuit and capture of prey. In most environments, prey are distributed 40 

heterogeneously with areas where the local density of prey is higher than their 41 

average density (Charnov, 1976). When a predator is foraging within a prey patch, 42 

prey abundance will decrease with the time spent in the patch. The Marginal Value 43 

Theorem states that optimally a predator should leave a patch of prey to search for 44 

another more profitable one when the local capture rate (i.e. the marginal capture 45 

rate) decreases below the average capture rate of the environment (Charnov, 1976). 46 

As predators do not have a perfect knowledge of the spatial distribution and the 47 

quality of prey patches in their environment, they likely use their previous experience 48 

to estimate when they should leave a patch (Amano and Katayama, 2009; Klaassen 49 

et al., 2006). For air-breathing diving animals, the added constraint of having to 50 

return to the surface to breathe forces intermittent foraging at depth (Houston and 51 

Carbone, 1992; Kramer, 1988). It was initially assumed that the decision to terminate 52 

a dive should be based entirely on body oxygen (Houston and Carbone, 1992; 53 
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Kramer, 1988), but more recent studies showed that patch accessibility and quality 54 

are key factors in a predator’s decisions to stay or leave a patch (Costa et al., 2004; 55 

Jouma’a et al., 2016; Mori, 1998; Thompson and Fedak, 2001). 56 

Most studies on decision-making processes during foraging have been carried out 57 

on terrestrial species (e.g. insects (Detrain et al., 1999; Harder, 1990), primates 58 

(Hayden et al., 2011), chipmunks (Giraldeau and Kramer, 1982), sheep (Michelena 59 

et al., 2010)). For example, bumblebees respond to an increase in pollen availability 60 

by retuning more frequently to the flowers and spending more time visiting it (Harder, 61 

1990). Chipmunks, on the other hand, adjust the amount of food brought back to the 62 

burrow according to the distance with the foraging site (Giraldeau and Kramer, 63 

1982). For marine species, it is often impossible to directly observe individual 64 

behavior in their natural environment, limiting decision-making process studies to 65 

captive animals (e.g. grey seals (Sparling et al., 2007), Steller sea lions (Cornick and 66 

Horning, 2003; Goundie et al., 2015)). In recent years, biologging techniques provide 67 

simultaneous information on predator’s fine-scale foraging behavior and indices of 68 

prey density, opening a window into understanding decision-making processes in 69 

cryptic marine animals. Head accelerometers for example provide indices of prey 70 

capture attempts, revealing where and when predators forage, and how they may 71 

adjust their diving behavior according to prey encounter rate (Jouma’a et al., 2016; 72 

Le Bras et al., 2016; Suzuki et al., 2009; Viviant et al., 2016). Unravelling decision-73 

making processes in diving predators is essential to understand how they respond 74 
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to spatial and temporal heterogeneity and changes in prey availability (Mason and 75 

Brandt, 1996; Russell et al., 1992; Saunders et al., 2013). 76 

As air-breathing apex predators, marine mammals constitute great study models to 77 

investigate decision-making processes driven by changes in prey availability. They 78 

offer the opportunity to identify the temporal scale at which decision-making occurs, 79 

and how they impact foraging decisions and energetics (Jeanniard-du-Dot, 2015). 80 

Antarctic fur seals (Arctocephalus gazella, AFS hereafter) and Northern fur seals 81 

(Callorhinus ursinus, NFS hereafter) are two ecologically and taxonomically close 82 

otariid species. During reproduction, females alternate between bouts of foraging at 83 

sea to replenish their reserves and visits ashore to suckle their pups. Efficient 84 

foraging conditions the growth rate and therefore the pre and post-weaning survival 85 

of their pups (Reid and Forcada, 2005). AFS on Kerguelen Islands are exclusively 86 

oceanic/pelagic divers (i.e. they forage in waters deeper than 500 m), while the NFS 87 

population of St Paul Island shows both oceanic/pelagic (i.e. seals that forage in the 88 

deep basin of the Bering sea, termed as oceanic NFS hereafter) and neritic/epi-89 

benthic (i.e. seals that forage on the shelf of the Bering sea, up to 200 m, termed as 90 

neritic NFS hereafter) divers (Jeanniard-du-Dot, 2015; Kuhn et al., 2009). No 91 

differences in trip durations, distance traveled and time-activity budgets were found 92 

between AFS and NFS as a whole (Jeanniard-du-Dot et al., 2018), however, when 93 

NFS are split into oceanic vs. neritic diving strategies, there were differences 94 

between these two groups and between NFS and AFS (Jeanniard-du-Dot et al., 95 

2018). Oceanic and neritic divers also differed in diet: AFS and oceanic NFS mostly 96 
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feed on small mesopelagic fish, such as myctophids, while neritic NFS rather feed 97 

on larger neritic species such as gadids (Jeanniard-du-Dot et al., 2017b). These two 98 

species display a cross pattern of similarities and/or differences in foraging 99 

preferences and targeted prey species and therefore provide an opportunity to study 100 

foraging decision-making processes. 101 

The main objective of this research is to investigate decision-making process while 102 

foraging, i.e. how NFS and AFS adjust their residency time and foraging behavior 103 

according to their local foraging success. A number of studies have shown that 104 

predators adjust their foraging decision depending on the time scale considered (e.g. 105 

Foo et al., 2016; Iwata et al., 2015; Viviant et al., 2016; Weimerskirch et al., 2007). 106 

As predicted by Hunt et al. (1999), at small time scales, immediate frequency of 107 

encounter with prey should play a major role in foraging behavioral adjustments, 108 

whereas at larger scales, decision should mainly be driven by past experience. For 109 

example, wandering albatrosses have been shown to adjust their searching behavior 110 

with previous prey encounter rates only at small temporal scales, but not at larger 111 

scales (Weimerskirch et al., 2007). Therefore, we investigated changes in foraging 112 

behavior of fur seals at three different time scales: multi-dive, foraging night and 113 

foraging trip. We hypothesized that fur seals adjust their foraging behavior according 114 

to their past prey-capture experiences depending on time scales and strategies. 115 

More precisely, we hypothesized that (1) at the multi-dive scale, AFS and oceanic 116 

NFS respond to a low prey capture rate by exploring a deeper part of the water 117 

column while neritic NFS should rather increase their dive duration, (2) at the night 118 
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scale, regardless of the species, nights of low capture rate should be followed by an 119 

increased traveling activity the following day to search for a more rewarding foraging 120 

area, and (3) fur seals being limited in time at sea by the fasting capacities of their 121 

pups, both species should increase their foraging effort prior returning to land in 122 

response to low capture rates.  123 

2. Material and methods 124 

2.1.  Devices and field deployments 125 

The data was collected on 20 lactating Antarctic fur seals from December 2011 to 126 

February 2012 at Pointe Suzanne, Kerguelen Islands (49°26’S – 70°26’E, Southern 127 

Ocean) and 20 lactating Northern fur seals from August to September 2011 at Reef 128 

rookery, St. Paul Island (57°6’N – 170°17’W, Bering Sea) during a total of 266 days 129 

(3-16 days per individual) under the ethical regulations approval of the French Polar 130 

Institute (IPEV), the US National Marine Fisheries Service (# 14329-01) and the UBC 131 

Animal Care Committee (# A10-0364). Females were captured with a hoop net, 132 

anaesthetized with isoflurane gas, measured (± 0.5 cm) and weighed (± 0.2 kg). 133 

They were equipped with (1) a Daily Diary Tag (DD Tag, Wildlife Computers, 134 

Redmond, WA, USA) that recorded tri-axial acceleration at 16 Hz and depth at 1 Hz; 135 

(2) a Fastloc GPS MK10 logger (Wildlife Computers, USA) that recorded GPS 136 

coordinates, as well as water temperature, light and depth at 1 Hz and (3) a Gulf 137 

Coast Data Concept X6 or X8 accelerometers (CATs, Australia) that recorded tri-138 

axial acceleration at 16 Hz. DD Tags and MK10 loggers were glued to the dorsal 139 

mid-line fur while X6/X8 accelerometers were head mounted. Females were 140 
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recaptured after a single foraging trip at sea and anaesthetized to recover data 141 

loggers.  142 

2.2.  Data analyses 143 

Data recovered from the tags were analyzed using R software version 3.5.1 (R Core 144 

Team, 2018). NFS were divided into neritic divers and oceanic divers according to 145 

their GPS tracks and stable isotope 13C and 15N value signatures (see Jeanniard-146 

du-Dot et al., 2017). In brief, 15N values indicate the trophic level of the consumer 147 

(Hobson and Welch, 1992) and 13C values are used to identify its foraging location 148 

(Burton and Koch, 1999; France, 1995). According to Jeanniard-du-Dot (2017b), 149 

neritic NFS are characterized by higher values of both 15N and 13C than oceanic 150 

NFS. All AFS were oceanic divers.  151 

2.2.1. Prey capture attempts detection 152 

Prey capture attempts (PrCAs hereafter) were detected using acceleration data of 153 

the X6/X8 accelerometers or the DD Tag when the X6/X8 malfunctioned or stopped 154 

recording. The heave and surge raw acceleration channels were filtered using a 3rd 155 

order high-pass filter at 3 Hz to obtain the dynamic acceleration signal from rapid 156 

head movements. Then, dynamic acceleration signals were summed and a running 157 

variance was applied over a 2 s window. Finally, a cluster analysis on the resulting 158 

variance was performed using the k-mean function in R, which provided an individual 159 

threshold for each animal above which the signal is considered to correspond to a 160 

PrCA. Events detected within less than 1 s of each other were considered coming 161 
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from the same PrCA event (see Jeanniard-du-Dot et al., (2017a) for the detailed 162 

method). As there are differences in PrCA detection between the head and the back 163 

acceleration signals, a specific correction factor was applied when back acceleration 164 

was used (PrCAback = 34.25 + 1.00 x PrCAhead, see chapter 5 of Jeanniard-du-Dot 165 

(2015)).  166 

2.2.2. Prey capture rate 167 

Prey capture rate was calculated by applying a rolling slope (R Package “zoo”, 168 

(Zeileis and Grothendieck, 2005)) over a 1h-time window on the cumulative number 169 

of PrCAs during the night. The Marginal Value Theorem predicts that a predator 170 

should leave a patch of prey when the capture rate in the patch decreases below the 171 

mean capture rate in the environment, so behavioral adjustments were expected 172 

when the capture rate drops below this average. For each female, we calculated the 173 

mean capture rate over the whole foraging trip to separate ‘low capture rate periods’ 174 

(i.e. series of dives where the capture rate is below the trip mean capture rate) and 175 

‘high capture rate periods’ (i.e. series of dives where the capture rate is above the 176 

trip mean capture rate). 177 

2.2.3. Dive behavior 178 

Dive behavior was determined by using data recorded by the DD Tags or by the 179 

Fastloc MK10 when the DD Tags malfunctioned. A dive was defined as animals 180 

diving deeper than 3 m for more than 4 s. The dive depth (m), dive duration (s), 181 
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descent and ascent rates (m/s), and time spent at the bottom (s) were calculated for 182 

each dive. 183 

2.2.4. Time-activity budget 184 

Time-activity budget of seals (i.e. proportion of time spent in each activity, %) was 185 

determined as explained in Jeanniard-du-Dot (2017a). In brief, seal behaviors were 186 

split into four categories: (1) diving, (2) resting, (3) slow transiting/surface activities 187 

and (4) fast transiting. These behaviors were identified using a classification tree 188 

algorithm in R, parametrized as follows: 189 

- Diving occurred when seals were deeper than 3 m during more than 4 s.  190 

- Resting was defined as the periods when the average acceleration signal was 191 

lower than 2.0 m/s2 for more than 5 min.  192 

- Fast transiting was defined as the periods when the seals were neither diving 193 

nor resting and were moving at the surface faster than 1 m/s.  194 

- Slow transiting (surface activities, grooming and slow travel time) were 195 

defined as the periods when seals were neither diving nor resting and were 196 

moving at the surface slower than 1 m/s. 197 

2.2.5. Horizontal distance traveled 198 

At the night scale, horizontal distance traveled (km) was calculated by measuring 199 

the linear distance between two GPS locations taking into account the curvature of 200 

the Earth (Vincenty, 1975) within the R Package “geosphere” (Hijmans et al., 2017). 201 

As GPS coordinates were sampled at low frequency, they could not be used to study 202 
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the horizontal movements of seals at the multi-dive scale. Therefore, using the dead-203 

reckoning method (R package “TrackReconstruction” (Battaile, 2019)), we 204 

reconstructed the tri-dimensional track of seals between GPS locations at a minute 205 

scale.  206 

2.3. Statistical analyses 207 

Differences between strategies (AFS, oceanic NFS and neritic NFS) in terms of trip 208 

duration, distance traveled, number of dives, number of PrCAs and time-activity 209 

budgets were tested using two-sample t-tests or Mann-Whitney test when 210 

assumptions of t-tests were not met. Difference in time-activity budgets and in 211 

duration of low capture rate periods between strategies were tested using 212 

generalized linear mixed models (GLMM hereafter) (R package “MASS” (Ripley et 213 

al., 2013)) to account for the multiple measures within an individual. Individual 214 

identities were nested in species and were used as random effects. 215 

2.3.1. Behavioral adjustments at the multi-dive scale 216 

Behavioral adjustments at the multi-dive scale were studied only during complete 217 

foraging nights. We computed dive parameters (mean dive depth, dive duration, 218 

bottom time, descent and ascent rates) and horizontal distance traveled during each 219 

low capture rate period (i.e. series of dives where the capture rate is below the trip 220 

mean capture rate). We then compared these behavioral parameters with those 221 

computed during the previous high capture rate period. We used GLMM with gamma 222 

distribution to test the differences between low capture rate periods and previous 223 

high capture rate periods in terms of dive behavior and horizontal movements. Dive 224 
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depth, dive duration, bottom time, descent/ascent rates and horizontal distance were 225 

used as response variables. The period (before or during a low capture rate period) 226 

and the strategy were used as fixed effect. Interaction between the period and the 227 

strategy was tested and was removed from the models when not significant (all P > 228 

0.05). Individual identities were nested in species and were used as random effects. 229 

Moreover, to understand how seals adjust their foraging behavior during low capture 230 

rate periods according to their strategy, we also built one model for each of the three 231 

foraging strategies (i.e. AFS, oceanic NFS, neritic NFS). 232 

2.3.2. Behavioral adjustments at the night scale 233 

We used GLMM with a gamma distribution to investigate the effect of the mean 234 

capture success during a foraging night on the horizontal movements during the 235 

following day, with horizontal distance during the day t+1 as response variable, the 236 

strategy and the mean capture rate during the night t as fixed effects and individual 237 

identities nested within species as random effects. We also fitted a generalized 238 

additive mixed model (R package “mgcv”, (Wood, 2015)), to test for non-linear 239 

relationship between the distance and the capture rate, but as the smoothing factor 240 

was 1, we only kept GLMM for the analysis. We used GLMM with a beta distribution 241 

to investigate the effect of the mean capture success during a foraging night on the 242 

time-activity budget (i.e. proportion of time spent resting, diving, fast transiting or 243 

slow transiting) during the following day, with the time-activity budget during the day 244 

t+1 as response variable, the strategy and the mean capture rate during the night t 245 

as fixed effects and individual identities nested within species as random effects. 246 
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Finally, we used GLMM with a gamma distribution to investigate the effect of the 247 

overall capture success during a night on seals dive behavior during the following 248 

foraging night. Dive parameters (i.e. dive depth, dive duration, bottom time, descent 249 

and ascent rates) during the night t+1 were used as response variables. Fixed effects 250 

were the overall capture rate during the night t and the strategy. Individual identities 251 

were nested in species and were used as random effects. For all models, interaction 252 

with strategy was tested, and was removed from the models when not significant (P 253 

> 0.05). Moreover, to understand how seals adjust their foraging behavior at the 254 

night scale according to their strategy, we also built one model for each of the three 255 

foraging strategies. 256 

2.3.3. Behavioral adjustments at the trip scale 257 

We used GLMM with a gamma distribution to test the effect of the progress of the 258 

trip (i.e. night number) on decision-making processes, with dive parameters as 259 

response variables. The strategy and interaction between night number and capture 260 

rate (either as a continuous variable or as a discrete variable, i.e. high or low prey 261 

capture success) were used as fixed effect. Individual identities were nested in 262 

species and were used as random effects. Moreover, to better understand the likely 263 

effect of the period of the trip on decision-making processes of each strategy, we 264 

also built one model for each of the three foraging strategies. 265 

For all models, assumptions were checked. As the datasets represents a time-266 

series, an autocorrelation structure of order 1 was added to the models. When it was 267 

necessary, heterogeneity of variance was corrected.  268 
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3. Results 269 

Seven DD Tags failed to record any data. As one AFS female showed a marginal 270 

behavior and displayed a very low capture rate during the whole foraging trip (i.e. 271 

2.1 ± 2.6 PrCA/h), it was considered as an outlier and was removed from the 272 

analyses. Consequently, a total of 15 NFS and 17 AFS were studied, totaling 191 273 

complete foraging nights. 274 

3.1. General at-sea behavior 275 

All seals traveled independently from each other and foraged almost exclusively at 276 

night through their whole foraging trips (Figure 1). AFS foraged East of Kerguelen 277 

Islands, on the Kerguelen plateau and the outer edge of the Kerguelen plateau 278 

(Figure 1). Oceanic NFS foraged in the deep basin of the Bering Sea while neritic 279 

NFS stayed over the Bering Sea shelf (Figure 1). Oceanic NFS spent significantly 280 

more time at sea and traveled over greater distances than neritic NFS and AFS did 281 

(Table 1, P < 0.05).  282 
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 283 

Figure 1: Foraging tracks of 9 lactating 

neritic NFS (A), 6 lactating oceanic NFS 

(B) from St Paul Island in 2011, and 17 

lactating AFS females (C) from 

Kerguelen Islands in 2011-2012 during 

a single foraging trip at sea. Black lines 

indicate daytime, yellow sections of the 

tracks indicate periods of high capture 

rate and red of low capture rate during 

nighttime (the split was made using the 

mean capture rate over the whole 

foraging trip for each female 

independently). Dashed blue lines 

represent the 200 m-depth contour for 

NFS and the 500 m-depth contour for 

FS, used to separate between neritic 

and oceanic divers. 
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AFS displayed the highest capture rate (P < 0.05) while neritic NFS had the lowest 284 

(P < 0.05). For all strategies, the capture rate was significantly higher during the 285 

darkest hours of the night than at the beginning (Table 1, P < 0.001) and the end 286 

(Table 1, P < 0.001) of the night (i.e. twilight). 287 

Table 1: Foraging and dive parameters during both day and night for 9 lactating neritic NFS, 288 

6 lactating oceanic NFS females from St Paul Island in 2011 and 17 lactating AFS females 289 

from Kerguelen Islands in 2011-2012. Values are mean ± SD, and letters in superscript 290 

indicate significant differences between strategies (P < 0.05).  291 

 Neritic NFS Oceanic NFS AFS 

Trip duration (d) 8.2 ± 2.2 a 9.8 ± 0.75 b 7.8 ± 4.1 a 

Number of complete 

foraging nights 
4.9 ± 2.5 6.5 ± 1.4 6.4 ± 3.8 

Distance traveled 

(km) 

Total trip 

Per day 

Per night 

 

 

598.6 ± 219.2 a 

 

 

708.3 ± 39.3 b 

 

 

456.5 ± 293.9 a 

40.2 ± 23.2 a 34.6 ± 26.4 a,b 31.8 ± 27.0 b 

35.6 ± 17.4 a 33.4 ± 19.5 a 25.1 ± 14.6 b 

Number of dives 

Total trip 

Day 

Night 

 

1956 ± 1323 a 

 

4215 ± 2005  b 

 

3804 ± 2666 b 

290 ± 289 a 99 ± 66 a 83 ± 74 a 

1666 ± 1400 a 4116 ± 1974 b 3721 ± 2668 b 

Total number of PrCA  

Total trip 

Day 

 

 

698 ± 509 a 

 

 

2199 ± 890 b 

 

 

3102 ± 2277 b 
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Night 30 ± 24 a 6 ± 7 b 45 ± 76 a,b 

668 ± 513 a 2195 ± 891 b 3057 ± 2242 b 

Dive parameters    

Dive depth (m) 20.6 ± 8.8 a 12.1 ± 5.5 a 20.2 ± 13.2 b 

Dive duration (s) 84.6 ± 37.8 a 41.6 ± 34.7 b 80.0 ± 55.5 a 

Bottom time (s) 31.4 ± 26.6 a 23.8 ± 24.5 b 32.1 ± 26.4 b 

Descent rate (m/s) 0.4 ± 0.3 a 0.4 ± 0.3 a 0.4 ± 0.3 a 

Ascent rate (m/s) 0.5 ± 0.4 a 0.4 ± 0.3 a 0.3 ± 0.2 b 

Capture rate (PrCA/h)    

Night 9.0 ± 9.7 a 26.7 ± 11.3 b 56.8 ± 21.9 c 

Dusk 1.5 ± 1.9 a 1.0 ± 1.2 a 4.1 ± 3.5 b 

Dawn 0.8 ± 0.8 a 0.4 ± 0.4 a 6.7 ± 5.3 b 

 292 

When removing twilight periods, 38 of the 191 nights were characterized by a nearly 293 

constant capture rate and 153 showed variable capture rate. High capture rate 294 

periods lasted 1.72 ± 1.57 h, 2.88 ± 2.13 h and 1.97 ± 1.76 h for neritic NFS, oceanic 295 

NFS and AFS respectively, meanwhile the mean duration of low capture rate periods 296 

was 1.64 ± 1.87 h, 1.65 ± 1.56 h and 1.07 ± 1.21 h for neritic NFS, oceanic NFS and 297 

AFS respectively. High capture rate periods lasted longer for oceanic NFS than for 298 

AFS (P = 0.020) or neritic NFS (P= 0.005) but lasted the same duration for AFS and 299 

neritic NFS (P = 0.277). Low capture rate periods lasted longer for AFS than for 300 

neritic NFS (P = 0.005) and oceanic NFS (P < 0.001), with no differences between  301 

neritic and oceanic NFS (P = 0.996).  302 
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3.2. Behavioral adjustments at the multi-dive scale 303 

For all strategies combined, seals dived on average 19.6% deeper (P < 0.001) and 304 

18.6% longer (P < 0.001) during low capture rate periods compared to previous high 305 

capture periods. They also spent 26.3% longer at the bottom of the dive (P < 0.001) 306 

and increased their descent and ascent rates by 13.2% and 8.1% respectively (P < 307 

0.001) during low capture rate periods. Finally, a slight increase of horizontal 308 

distance traveled was observed, but only by 1% (P < 0.001). Interaction between the 309 

period and the strategy was not significant so was removed from the analysis (P > 310 

0.05).  311 

Figure 2: Multi-dive scale adjustments of horizontal and vertical movements associated with 312 

a decrease of prey capture success of 9 lactating NFS and 6 lactating oceanic NFS females 313 

from St Paul Island in 2011, and 17 lactating AFS females from Kerguelen Islands in 2011–314 

2012. Red bars represent mean behavioral parameters (dive depth (A), dive duration (B), 315 

descent rate (C), ascent rate (D), time spent at the bottom of the dive (E) and horizontal 316 

distance traveled (F)) computed during low capture rate periods (i.e., series of dives where 317 

the capture rate is below the trip mean capture rate) and yellow bars represent mean 318 

behavioral parameters computed during previous high capture rate periods (i.e., series of 319 

dives preceding the low capture rate periods where the capture rate is above the trip mean 320 

capture rate). Black arrows represents 95% CI on the predicted values, and asterisks 321 

indicate significant differences between low and high capture rate periods within strategy (P  322 

< 0.05). 323 
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For each strategy separately, AFS dived on average 32.3% deeper (P < 0.001, 325 

Figure 2), 21.6% longer and increased their bottom time by 43.6% (P < 0.001, Figure 326 

2) during low capture rate periods compared to previous high capture rate periods 327 

(P < 0.001). They also increased their descent and ascent rates by 25.0% and 14.3% 328 

respectively (P < 0.001, Figure 2). Similarly, oceanic NFS responded to a decrease 329 

in prey capture rate by diving 31.0% deeper (P = 0.0024), 21.0% longer (P = 0.05) 330 

and increasing their bottom time by 20.1%, even if this increase was not significant 331 

(P = 0.8127, Figure 2). However, unlike AFS, they did not increase their transit rates 332 

during low capture rate periods (P = 0.9862 for descent rate and P = 0.7092 for 333 

ascent rate, Figure 2). Finally, neritic NFS slightly increased their dive depth (+ 5.8%, 334 

P < 0.001), and dive duration (+13.7%, P < 0.001) but did not adjust their time spent 335 

at the bottom (P = 0.2100) or their transit rates (P = 0.6217 for descent rate and P = 336 

0.0594 for ascent rate, Figure 2).  337 

3.3.  Behavioral adjustments at the night scale 338 

For all strategies, when the capture rate during the night was low, seals traveled 339 

more the following day (P < 0.001, Figure 3, Equation 1), with no difference in 340 

distance traveled between the three strategies (all P > 0.05). Interaction with the 341 

strategy was not significant so was removed from the analysis (all P > 0.05).  342 

Equation 1: 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑𝑎𝑦 𝑡+1 = (46.9 ± 6.2) − (0.2 ± 0.05) ∙ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑛𝑖𝑔ℎ𝑡 𝑡 +  𝜀 343 

For all strategies, no relationship was found between the capture rate during the 344 

night and the time-activity budget during the following day (all P ≥ 0.125). Similarly, 345 
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no significant relationship was found between the dive behavior during the night t+1 346 

and the capture rate during the night t (all P ≥ 0.317) despite a very slight decrease 347 

of bottom time and transit rates after low capture rate nights (P < 0.01). Interaction 348 

with the strategy was not significant so was removed from the analysis (all P > 0.05). 349 

Figure 3: Relationship between the capture rate during the night and the distance traveled 350 

during the following day for 9 lactating neritic NFS and 6 lactating oceanic NFS females from 351 

St Paul Island in 2011 and 17 lactating AFS females from Kerguelen Islands in 2011–2012. 352 

The black line indicate the predicted values of the model: distance day t + 1 ~ (46.9  ±  6.2) 353 

– (0.2 ± 0.05) * capture rate night t, fitted with GLMM, and the dotted lines the 95% CI on 354 

the predicted values. Interaction with the strategy was not significant so was removed from 355 

the analysis (P > 0.05). 356 

 357 
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3.4.  Behavioral adjustments at the trip scale 358 

Neritic NFS adjusted dive depth and dive duration according to prey capture success 359 

differently over the course of the trip: both metrics decreased over the course of the 360 

trip, but the decrease was more intense during low capture rate periods by 1.2 ± 0.6 361 

m and 3.1 ± 1.4 s per night compared to high capture rate periods (P = 0.0476 and 362 

P = 0.0303 respectively, Figure 4). On the other hand, the effect of the period of the 363 

trip on decision-making processes was not significant for oceanic NFS and AFS (all 364 

P > 0.05). 365 

Figure 4: Trip scale adjustments of dive behavior associated with a decrease of prey capture 366 

success of nine lactating NFS females from St Paul Island in 2012. Red bars represent mean 367 

dive parameters (dive depth (A) and dive duration (B)) computed during low capture rate 368 

periods (i.e., series of dives where the capture rate is below the trip mean capture rate) and 369 

yellow bars represent mean dive parameters computed during previous high capture rate 370 

periods (i.e., series of dives preceding the low capture rate periods where the capture rate 371 

is above the trip mean capture rate). Black arrows represents 95% CI on the predicted 372 

values, and asterisks represent significant differences in adjustment of dive behavior in 373 

response to a decrease in capture rate between the beginning and end of the trip. 374 
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 375 

 376 

4. Discussion 377 

A total of fifteen female NFS and seventeen female AFS were equipped with high-378 

resolution movement and depth sensors in order to better understand how they 379 

adjust their foraging behavior according to the frequency of encounters with their 380 

prey. Differences in foraging behavior and targeted prey between these two species 381 

provide an opportunity to study decision-making processes in two biologically and 382 

ecologically similar species and therefore to better understand the mechanisms 383 

behind foraging success, which is ultimately linked to fitness of animals and 384 

population dynamics. We predicted that seals were able to adjust their foraging 385 

behavior according to their past prey-capture experiences at different time scale and 386 

that the two species would not respond similarly to a decrease of prey capture rate. 387 
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Given that AFS and oceanic NFS forage on highly mobile prey, we predicted that at 388 

the multi-dive scale these two strategies would respond to a decrease in prey 389 

capture rate by exploring other vertical layers of the water column while neritic NFS 390 

(that forage mostly in the benthic/neritic habitats) would rather increase their time 391 

spent foraging. As predicted, our results show that oceanic NFS and AFS increased 392 

their dive depth, dive duration and bottom time by respectively 30%, 20% and 20-393 

40% during low capture rate periods, suggesting that they were exploring other parts 394 

of the water column to search for other patches of prey. Similar behavior was 395 

observed in King penguins (Aptenodytes patagonicus) and Macaroni penguins 396 

(Eudyptes chrysolophus) that changed their foraging depth when the prey capture 397 

rate during the previous dives was low (Tessier and Bost, 2020). Conversely, no 398 

adjustment of dive depth was observed for neritic NFS, likely dependent on the 399 

bathymetry rather than prey encounter rate during previous dives. Therefore, 400 

differences in foraging areas between neritic NFS and oceanic NFS or AFS were 401 

likely causing dissimilarities in dive depth adjustment between the oceanic and 402 

neritic strategies.  403 

For neritic NFS, for which dive depth is mainly dependent on the bathymetry, we 404 

would expect to observe an adjustment of time spent foraging and/or transit rates to 405 

increase chances to find prey. We did observe a slight increase in dive duration 406 

however this increase was only by 10%, compared to more than 20% for oceanic 407 

divers. Moreover, other dive parameters were not adjusted during low capture rate 408 

periods, suggesting that neritic NFS did not respond to a decrease in prey capture 409 
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rate at the multi-dive scale. Neritic divers are known to exceed their aerobic dive limit 410 

(i.e. total oxygen stores divided by the metabolic rate during the dive) while oceanic 411 

strategies usually dive below their ADL (Costa et al., 2004; Costa and Gales, 2000). 412 

Therefore, it is likely that oceanic divers kept their energy expenditure below their 413 

metabolic ceiling, which could allow them a greater flexibility to adjust their dive 414 

behavior during low capture rate periods compared to neritic NFS.  415 

Moreover, it is likely that differences in behavioral adjustment patterns between 416 

neritic and oceanic divers may also be related with differences in targeted prey. 417 

Indeed, prey type and behavior may play an important role in the decision-making 418 

processes during foraging (Viviant et al., 2016) even though this is not taken into 419 

account in theoretical models. Neritic NFS mainly feed on big demersal prey such 420 

as the walleye Pollock (Gadus chalcogrammus) while oceanic NFS and AFS mostly 421 

feed on small mesopelagic prey known to gather in schools and perform nycthemeral 422 

migrations (Cherel et al., 1997; Jeanniard-du-Dot et al., 2017b). These different 423 

types of prey likely require contrasted hunting tactics (i.e. Bowen et al., (2002) on 424 

grey seals (Halichoerus grypus), implying differences in handling or pursuit times 425 

between prey types. Indeed, bigger prey often require longer handling times (Bowen 426 

et al., 2002; Hoyle and Keast, 1987; Werner, 1974) and are often more reactive than 427 

smaller ones (Breck and Gitter, 1983; Webb, 1976). Therefore, prey targeted by 428 

neritic NFS likely require more energy and time to capture than prey targeted by 429 

oceanic NFS/AFS, which likely influence decision-making processes. However, in a 430 

previous study made on the same dataset, no significant difference in overall energy 431 
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expenditure at sea between neritic and oceanic NFS was observed (Jeanniard-du-432 

Dot et al., 2018), although this could be due to a too low statistical power. Moreover, 433 

demersal and benthic prey are generally more predictable and evenly distributed 434 

than patchily-distributed pelagic prey (Miller and Sydeman, 2004), which may also 435 

explain why we did not observe behavioral adjustments for neritic NFS.  436 

Fur seals must satisfy a minimum net energy gain during their foraging trip to provide 437 

enough energy to feed their pup to ensure their growth rate and therefore their pre 438 

and post-weaning survival. They must decide whether they should continue hunting 439 

in a prey patch or move to another one in order to be as efficient as possible during 440 

their foraging trip. Therefore, the absence of behavioral adjustments at the multi-dive 441 

scale by neritic NFS could make these seals less efficient at foraging, although this 442 

hypothesis could not be tested here. Nevertheless, even if oceanic divers appeared 443 

to have more flexibility to adjust their dive behavior during low prey abundance 444 

periods, these behavioral adjustments may have some negative repercussions on 445 

individual energetics. Indeed, we found that oceanic divers increased their dive 446 

depth, dive duration and time spent at the bottom by minimum 20%, and up to 45%, 447 

and this could result in a significant increase in energy expenses. Consequently, on 448 

the longer term, periods of limited prey availability may have negative consequences 449 

on energetics and survival of fur seals species (Ladds et al., 2020). 450 

At the night scale, the two species showed some similarities in terms of decision-451 

making patterns. At this time scale, both species responded to low prey encounters 452 

by increasing their distance traveled during the following day, but no adjustment of 453 
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dive behavior was observed. This suggests that prey encounter rate during a night 454 

did not affect the dive behavior during the following foraging night, and that dive 455 

behavior was mostly adjusted at the dive/multi-dive scale. Similarly, for both species, 456 

the amount of time spent resting, fast and slow transiting during the day was 457 

unaffected by the prey encounter rate during the previous night. Even if they do not 458 

have the same foraging preferences, both species exhibit close overall at-sea 459 

behavior, and it is likely that time-activity budgets of both species do not depend on 460 

previous prey encounter experiences. Therefore, at the night scale, seals mainly 461 

adjusted their horizontal movements to search for a more rewarding patch of prey 462 

as predicted by the Marginal Value Theorem (Charnov, 1976). This was also seen 463 

in Southern elephant seals (Le Bras et al., 2016) that adjusted their horizontal 464 

movements at a finer scale (i.e. dive/multi-dive scale), unlike AFS and NFS, for which 465 

horizontal movements are adjusted at the night scale. During their foraging trips, 466 

elephant seals forage continuously, both during night and day, while fur seals mostly 467 

forage during the night period. The restriction to nighttime foraging may explain, 468 

among other factors, the differences in behavioral adjustments between fur seals 469 

and elephant seals. The similar nycthemeral foraging patterns between NFS and 470 

AFS could explain the similarities in their decision-making processes at the night 471 

scale. Moreover, the fact that fur seals moved continuously during the nights and did 472 

not adjust their horizontal movements during series of low capture rate dives may 473 

also indicate that prey may not be distributed in discrete patches but within a 474 

continuous prey field exhibiting variations in local density, with very few areas without 475 

any prey (Klaassen et al., 2006). 476 
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Finally, at the trip scale, we showed that neritic NFS displayed different behaviors 477 

based on prey capture rates throughout the trip, while for oceanic NFS/AFS, no 478 

effect of the period of the trip was observed. At the beginning of the trip, no 479 

adjustment of dive behavior was highlighted during low capture rate periods, 480 

however, as the trip progresses, we observed a gradual decrease in dive depth and 481 

duration during low capture rate periods. The modification in decision-making 482 

processes as the time spent away from their pups increased likely reflect the lower 483 

efficiency of neritic NFS compared to oceanic ones (Jeanniard-du-Dot et al., 2018), 484 

which consequently may try to reduce time searching for prey in poor foraging areas 485 

and to increase their foraging effort in areas of high prey density to satisfy a minimum 486 

net energy gain before returning to land to feed their pups.  487 

5. Conclusion 488 

Our results suggest that both species adjusted their foraging behavior according to 489 

prey encounter rates at different time scales. While behavior of oceanic NFS and 490 

AFS were largely similar, neritic NFS displayed contrasted decision-making 491 

processes, which can be explained by the differences in targeted prey, foraging 492 

areas and strategies (i.e. benthic vs. pelagic) between neritic and oceanic divers. 493 

Even if decision-making processes may be linked to a lower foraging efficiency in 494 

neritic NFS, this hypothesis could not be tested here, and further studies must be 495 

conducted to better understand whether the decision to leave or stay in a patch could 496 

have an impact on individual fitness on the longer term. Similarities in decision-497 

making processes between the two strategies that feed on the same type of prey 498 
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suggest that prey type and behavior may play an important role in foraging decisions 499 

of top predators. However, at present, prey type is inferred from scat-related dietary 500 

studies (e.g. Jeanniard-du-Dot et al., 2017b), and direct fine-scale information on 501 

prey of foraging individuals are still missing. Newly developed miniaturized sonar 502 

tags have been shown to provide precious information on prey type and behaviors 503 

(Goulet et al., 2019), and micro-cameras should also shed light on some of these 504 

missing prey information. Further deployments on fur seals could be used to 505 

investigate the effect of prey characteristics on fine-scale foraging decisions of seals, 506 

and therefore increase our knowledge on processes behind decision-making in top 507 

predators. 508 
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