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Predator–prey interactions are key drivers in structuring communities, with the potential to substantially impact the whole ecosystem when important predators and prey are involved. Squid are voracious predators and also important prey for other top predators. To date, the available data suggests that under current and projected ocean warming, the behaviour of ectotherms could be modified (for example, through individual movement, predator avoidance and escape speed), yet little is known of the influence of temperature on the predatory behaviour of cephalopods. Here, the predatory behaviour of adult southern calamari (Sepioteuthis australis) under different thermal scenarios was examined demonstrating that squid exhibited different behaviour and performance capabilities across temperature treatments. Overall, attempts of squid to capture prey were faster and more persistent at higher temperature treatments (25°C), suggesting that individuals need to increase their food consumption rate, presumably associated with the higher energetic costs of living at elevated temperatures. However, we also observed a possible decrease in capture efficiency and increased prey handling time at higher temperatures suggesting that implications for energetic balance are not straightforward and that trade-offs need to be carefully explored. As cephalopods are ecologically important species acting as key links in food webs around the world, the results here could have important implications for the dynamics of many marine ecosystems in future.
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1 Introduction

Marine ecosystems across the world are being affected by climate change, with impacts ranging from changes in species’ life histories (e.g. growth and development), distribution and interactions, through to shifts in ecosystem composition, stability and function (Hoegh-Guldberg and Bruno, 2010; Doney et al., 2012; Vergés et al., 2014; Payne et al., 2016; Pecl et al., 2017; Vergés et al., 2019). Ocean warming, induced by anthropogenic CO2 emissions, is expected to increase by between 2 and 4°C by the end of the century (IPCC, 2022), yet the velocity and magnitude of change differs regionally around the world.

In south-eastern Australia, ocean warming is occurring almost four times faster than the global average due to the intensification and poleward extension of the East Australian Current (Ridgway, 2007; Oliver et al., 2015), creating a regional ‘hotspot’. Such fast-warming regions can act as natural laboratories for climate change as climate-driven biological and ecological changes may be accelerated, occurring ahead of such changes in other regions (Hobday and Pecl, 2014). Across those waters, particularly Tasmania, extensive alteration of marine ecosystems has been linked with both heatwaves and trends of temperature increases, for example in the loss of habitat-forming species like kelp and the range extensions of many ‘new’ species (Johnson et al., 2011; Last et al., 2011; Pecl et al., 2019). However, most of the research effort has focused on understanding species current and projected distributional responses to warming, whereas very little work has been undertaken on how species might perform within their existing ranges and interact with existing or with novel species in response to warming waters. In this part of the world, squid have been identified as having a strong effect on ecosystems, acting as a link between food webs in different habitats (de la Chesnais et al., 2019). Consequently, squid performance under different thermal regimes could alter the stability and strength of the biotic interactions, leading into modification of whole marine community dynamics under warming conditions across waters.

Worldwide, cephalopods are considered marine keystone species, serving as important predators and prey (Villanueva et al., 2017; Chen et al., 2022). They are voracious carnivores and opportunistic animals, feeding on a wide variety of live prey including fish, cephalopods, gastropods, bivalves or crustaceans (Hanlon and Messenger, 2018). Furthermore, as fast-growing animals with the potential to respond quickly to environmental changes (Steer et al., 2003; Pecl et al., 2004), they are likely to play a significant role in the response of marine ecosystems to climate change (Pecl and Jackson, 2008; de la Chesnais et al., 2019). Therefore, the study of how temperature affects behavioural performance (e.g. predation and locomotion) (Gilman et al., 2010), in ecologically important species such as squid, could improve our capacity to more accurately forecast the dynamics of their associated ecosystems.

Ectotherms are particularly vulnerable to ocean warming, as temperature plays a vital role in physiological regulation and behavioural performance (Amarasekare, 2015) with the potential to impact ecological communities by altering the strength and stability of trophic interactions (Rall et al., 2010; Grigaltchik et al., 2012; Gilbert et al., 2014). Modification of these interactions could have significant consequences for whole marine communities when important predator or prey species are affected. As interactions of key species can determine the flux of nutrients among individuals through communities and ecosystems (Dell et al., 2014; Horwitz et al., 2020).

Predation is a key process in structuring communities with cascading effects across trophic levels (Steffan and Snyder, 2010; Warren et al., 2017). Furthermore, predation pressure can alter prey morphology, and regulate population size, as well as prey species composition by trophic cascades (Warren et al., 2017). Any encounter between predator and prey depends on a complex interaction of physiological and behavioral capacities such as locomotion, escape speed and foraging patterns (Lienart et al., 2014; Öhlund et al., 2015). Different factors may affect the motivation to make an attack, including predation risk, hunger or prey availability (Sentis et al., 2012). Yet, the behavioural functional response still mainly depends on two parameters – search rate and handling time (the time that a predator takes to kill and consume the prey), and both parameters are directly related to the water temperature (Sentis et al., 2012). Handling time is the time taken to capture and kill the prey, and the rate of gut clearance (Jeschke et al., 2002), whereas searching is an active predator’s behaviour, directly associated with locomotor performance. For example, in Stylocheilus striatus (sea hare), an increase in water temperature (from 28 to 31°C) leads to a reduction in locomotion speed (Horwitz et al., 2020), and in the predator Macquaria novemaculeata (Australian bass), the number of attacks increases under warm conditions (25°C) in comparison with cold acclimation (15°C) (Grigaltchik et al., 2012).

In previous studies of fish and marine invertebrates, predator behaviour has been shown to be affected by temperature (Kidawa et al., 2010; Grigaltchik et al., 2012; Sentis et al., 2012; Horwitz et al., 2020), and some species of squid have responded to other environmental stressors like acidification (Spady et al., 2018), yet the behavioural responses of cephalopods to warming waters have been under-represented in the literature (Higgins et al., 2012). To date, studies have examined how changes in temperature affect the anti-predatory behaviour or escape speeds of cephalopods (Neumeister et al., 2000). However, to the best of our knowledge, no studies have examined the effect of acclimation temperature on their predatory behaviour. This is an important gap in our understanding of how future warming conditions could affect ecologically important species, with potential flow-on effects for community stability.

The main objective of this study was to examine the effect of acclimation temperature on the predatory behaviour of southern calamari (Sepioteuthis australis). Specifically, the predatory interaction with a common prey, Australian salmon (Arripis trutta), under different thermal scenarios, simulating current (13°C, 16°C, 19°C) and possible future (22°C, and 25°C) environmental conditions was examined. Southern calamari are a large loliginid species, endemic to southern Australia and northern New Zealand. They are commonly found in shallow waters (< 20m deep) over seagrass meadows or sandy habitats with a lifespan of an approximately one year (Moltschaniwskyj and Steer, 2004; Pecl, 2004). Australian salmon can be found sharing a similar geographical distribution to southern calamari across south-eastern Australia, from western Victoria and Tasmania to north New South Wales, although Australian salmon distribution extends around southern Queensland (Paulin, 1993). Within their geographical Tasmania range, both species experiences average summer temperatures of 19°C with a maximum of 21°C, while in winter the average temperature is 12.5°C with a minimum of 10°C. Still, Australian salmon could encounter water temperatures as high as 24.6°C on their northern distribution. The study of how environmental temperature affects a species’ behavioural performance in key predator–prey interactions is crucial to potentially identify any climate-driven major changes in species interactions, which may in turn influence future population trends and ecosystem dynamics in response to climate change.




2 Materials and methods



2.1 Squid collection and holding conditions

A total of 100 adult squid were caught (mantle length 110–247 mm with a mean of 244 ± 91.67 g in weight) by hand-jigging from the south-east coast of Tasmania (43°00’27.0”S 147°19’32.5”E) from December 2018 to May 2019, with groups of 10 individuals captured within 24-hour periods. Collection depths varied from 5 to 15 m, as southern calamari are a largely inshore species. For acclimation to temperature and the experimental procedures, squid were transported to the IMAS Taroona research facilities at the University of Tasmania. During the animals’ transport, as well as their initial time in the holding tanks, water temperature was maintained at the same temperature as that of collection (± 0.5°C), which ranged between 14°C and 19°C over the capture months. In total, five temperature treatments were conducted (13°C, 16°C, 19°C, 22°C, and 25°C), representing current and possible future conditions, with 20 squid acclimated per treatment.

Once at the research facility, 10 individuals were placed in a holding tank (2.2 m diameter x 0.8 m high, two per temperature treatment) connected to a recirculating system supplied with ocean water subjected to multiple stages of filtration (drum filter, foam fractionator, biofilter, and UV treatment) and a heater/chiller unit (Aquahort heat pump LWH030SC). After the first 12 hours of the squid being in the holding tank, temperatures were increased/decreased progressively by 1°C every 12 hours until the treatment temperature was reached to avoid any possible thermal shock to the animals. Squid were acclimated to the treatment conditions for a full week prior to any procedures being undertaken. Water quality parameters in the holding tanks (checked 3 times per day) were kept constant and at a suitable level for the squid; salinity 34–36‰; NO3 <10 mg L-1; NO2 <0.1 mg L-1; NH4< 0.25mg L-1; and oxygen saturation < 110%, and the water delivery was maintained at a constant 30 ± 2 L/h. Additionally, a photoperiod cycle of 13 hr/11 hr light–dark was established, with 30 minutes each of programmed sunset and sunrise. Squid were fed daily (approximately 1:30 pm) with small live fish (body size >150 mm), including locally caught Australian salmon (Arripis trutta) or garfish (Hyporhamphus melanochir).




2.2 Experimental set-up and trial

The experimental behavioural arena (Figure 1) consisted of a circular tank (1.0 m diameter and 0.5m high) receiving water supply at ~ 20 l/h. Temperature in the arena was controlled by a heater/chiller unit (Aquahort heat pump VL130R), and an air stone kept the dissolved oxygen at around 100%. The arena was divided by a transparent acrylic window, with a GoPro HERO 4 camera mounted behind the window to record a lateral view of the squid during trials. A GoPro HERO 5 was mounted on top of the tank at a height of 0.5 m and two lamps (10 W RGB LED) were mounted parallel to but 5 cm higher than the GoPro HERO 5 to eliminate the shadow of the squid. The arena was completely covered with a black curtain, to isolate it from any external stimuli.




Figure 1 | Diagram of the experimental arena used to measure predatory behaviour in southern calamari (examples of the video recording of interaction predatory-prey trial can be found in the Supplementary Materials).



Prior to behavioural trials, squid were exposed to metabolic activity trials for 22 hours refer to Peinado (2021) for more information on the methodology. During these trials, squid were exhausted in order to obtain the maximum metabolic rate (MMR), with squid swimming until they could no longer maintain equilibrium. As a result, mortality increased at higher temperature treatments, reducing the sample size to 38 squid across all the treatments, resulting in an unbalanced design (n = 6, 10, 10, 5 and 7 individuals at 13°C, 16°C 19°C, 22°C and 25°C, respectively). Additionally, individuals that showed unusual behaviour in the arena, such as curled arms or resting on the bottom for periods longer than two minutes were discarded from the trials.

To begin each trial, a single squid was moved from the respirometry chamber, placed in the behavioural arena and allowed to acclimate for 1 hour. Predatory trials started within 13-14 hours after exhaustive exercise was conducted. Furthermore, to increase hunger levels they were fasted for 47 hours (24 h starvation + 22 h of metabolic experiments + 1 h acclimation) prior the predator–prey trial commencing. Cameras began recording two minutes before the prey was introduced to record squid activity. A single live prey (Australian salmon) was then placed into the arena, and the resulting interaction was recorded for a further 15 minutes. Individual fish were always introduced into the tank in the same position with less than a second of air-exposure before the individual was placed in the behavioural arena. Once the fish was introduced into the tank, squid could immediately attack the prey. In the event that a squid did not eat the prey during this period, it was removed immediately and placed back into the holding tank. This period was chosen due to our previous observations as well as other studies (Sugimoto and Ikeda, 2013; Spady et al., 2018), where squid are generally able to capture their prey within 10 minutes. All the Australian salmon (103 ± 27.6 mm in length) used in the experiments were acclimated for one week to the same water temperature and conditions as the particular squid treatment in question.




2.3 Behavioural analysis

The behavioural parameters chosen for this study were established in previous studies as good proxies of squid predation behaviour (Jantzen and Havenhand, 2003; Sugimoto and Ikeda, 2013; Spady et al., 2018).

Individual behavioural parameters observed included:

	Number of attacks – number of attempts the squid made to capture the prey.

	Latency time to attack (min) – time between the introduction of the prey in the arena and the first attack.

	Attack distance (mm) – the distance between the end of the arms (immediately before the tentacle’s extension) and the prey (Figure 2).

	Tentacle elongation (mm) – the length of the tentacles when fully extended to capture the prey. To measure tentacle elongation and attack distances ImageJ software was use it. For that, images were extracted for the videos and three measures of the distance were taken. The data present here is the mean of the three replication measures.

	Attack direction/position – the orientation of the squid’s body in relation to the prey when the attack occurred. Attack position was classified as ‘horizontal arms’, ‘downward pointing’ and ‘upward pointing’. The ‘Horizontal arms’ position is when the arms and tentacles are held together in a horizontal body plan. ‘Downward pointing’ and ‘upward pointing’ postures are defined as the orientation when the whole body exceeded 45° from the horizontal plane in the corresponding direction (Jantzen and Havenhand, 2003) (Figure 2).

	Body pattern – display of body pigmentation once in the attack position, categorised as ‘clear (transparent)’, where chromatophores are reduced in size, and ‘dark’, where most of the chromatophores are expanded (Jantzen and Havenhand, 2003; York and Bartol (2016)).

	Handling time – the time that squid took to kill the prey.






Figure 2 | Southern calamari (Sepioteuthis australis) parameters observed in the experimental arena; (A) Attack distance and body pattern ‘dark’, (B) ‘downward pointing’ attack position, (C) ‘upward pointing’ attack position, (D) ‘horizontal arms’ attack position.



Additionally, the proportion of squid that attacked the prey, captured the prey, and captured the prey on the first attempt were recorded.




2.4 Data analysis

R software (www.r-project.org) was used to perform all the statistical analysis in this study. Generalized linear models (GLMs) with a binomial distribution and a logic link function were used to investigate the relationship between acclimation temperature (13°C, 16°C, 19°C, 22°C and 25°C) and the proportion of squid that attacked the prey and the capture success. GLMs with a negative binomial distribution were used to compare the effect of acclimation temperature on the number of strike attempts. Preliminary analyses were performed for those variables using generalized linear mixed models (GLMM), including capture group (date and location caught) and acclimation days as random effects. The variance and standard deviation were zero and consequently, they were dropped from the model, fitting simple GLM models.

For the remainder of the behavioural performance measures (attack position, distance, body pattern, latency and handling time) results were only examined for the individuals that successfully captured the prey. As a result of the small numbers of squid attacking the prey (n=1) at lower temperature treatments (13°C and 16°C), both these treatments were necessarily eliminated from further statistical analysis. GLMs with a binomial logistic regression were used to examine the relationship between acclimation temperature, the ability to capture the prey at the first strike, and body pattern, where the attack position was examined using a multinomial logistic regression. To investigate the relationship between attack distance, and tentacle elongation, GLMs with a gaussian distribution and a log link were used, and GLMs with a gamma distribution and a log link were used to model latency and handling time.

Additionally, squid mantle length and total weight were included together with the acclimation temperature as a factor as well as the relation between predator and prey size in all models. Those factors show no statistical differences across variables. Akaike information criterion (AIC) values were used to establish the best fit of the model for each measure of performance (data not shown), and model assumptions were verified by examining residuals compared to the fitted values by inspection of the residual-fit plots.





3 Results

Acclimation temperature had a significant effect on the probability of a squid making an attack (X2 = 12.4; df=1, P <0.0001), as well as the capture success (X2 = 7.1; df= 1; P <0.001). The proportion of squid that attacked the prey increased substantially between treatments. Around 30% of the squid acclimated to lower temperatures (13°C and 16°C) made an attack strike, increasing to 80% at 19°C and 22°C, and reaching 100% at 25°C (Figure 3). Similar percentages were observed in the proportion of squid that successfully captured the prey, with 16.6% and 10% of the squid capturing the prey at 13°C and 16°C respectively, compared to 50% at 19°C, 80% at 22°C and 100% at 25°C. The number of strikes also increased significantly with acclimation temperature (X2 = 4.8; df=1, P <0.05) (Figure 3), where 71.4% of the individuals at 25°C strike the prey more than twice in compared with 16% at 13°C, 20% at 16°C and 22°C and 40% at 19°C.




Figure 3 | Relationship between behavioural responses of southern calamari (Sepioteuthis australis) and the five different acclimation temperatures (13, 16, 19, 22 and 25°C). (A) GLM with binomial distribution of the probability that individual squid will make an attack. (B) GLM with binomial distribution, of capture success of squid per treatment (C) GLM with a negative binomial distribution modelling the total number of strike attempts, including when squid were not successful. The thick line represents the expected value of the model for the variable measured. The shadow band corresponds to the 95% confidence interval, and the individual squid values are represented by the red points.



For individuals that caught the prey at 19°C, 22°C and 25°C, there were no statistical differences in the proportion of squid that successfully captured the fish at the first strike attempt (X2 = 1.4; df=1, P >0.05). Although an overall decrease occurred with temperature from 60% (3 out 5 individual) at 19°C, and 75% (3 out 4 individuals) at 22°C, to 28.5% (2 out 7 squid) at 25°C. The lack of statistical significance could be related to the low sample size. Latency and handling time were also different among treatments (X2 = 57.3; df=1, P <0.001; X2 = 24.3; df=1, P <0.001). At higher temperatures (22°C and 25°C), the time that squid took to initiate the attack was reduced compared to individuals acclimated at 19°C, in contrast to the increase in handling time at higher temperatures (Figure 4). At 19°C, squid took between 1 and 11 min to attack, whereas squid at 22°C and 25°C started the attack only seconds after the prey had been placed in the arena (0.15 min ± 0.08; 0.07 min ± 0.01, respectively). Furthermore, individuals at 19°C only handled the prey for a mean of 0.5 min (± 0.3 SD), rising to 1.5 min (± 0.6 SD) and 2.2 min (± 0.7 SD) in squid acclimated to 22°C and 25°C, respectively. The distance from which squid started the attack, and the elongation of tentacles, also significantly differed across temperature treatments (X2 = 10.3; df=1, P <0.01; X2 = 8.7; df=1, P <0.01), increasing with acclimation temperature (Figure 5). Individuals at 19°C chose to be closer to the prey when the attack occurred (66.1 ± 30 mm), compared with individuals at 22°C (96.5 ± 30.9 mm) and 25°C (106.1 ± 24.3 mm). Moreover, the elongation of the tentacles was also shorter at 19°C (78.9 ± 36.1 mm), while it was 102.1 mm (± 24.6) at 22°C and 108.5 mm (± 14.6) at 25°C.




Figure 4 | Southern calamari (Sepioteuthis australis) which successfully attack prey at different temperatures of acclimation (19, 22 and 25°C). (A) GLM model with a gamma distribution of latency time (min) that squid took to make the first attack (B) GLM with a gamma distribution of the handling time (min) to capture and kill the prey. Thick line represents the expected value from the model for the variable measure. The shadow band corresponds to the 95% confidence interval, and the individual values are represented by the red points.






Figure 5 | Behavioural measures of southern calamari (Sepioteuthis australis) that successfully attacked prey at different temperatures of acclimation (19, 22 and 25°C). (A) the proportion of squid exhibiting the different positions of attack (downward, horizontal arms, and upward). (B) the proportion of squid exhibiting different body display patterns (dark and transparent). (C) boxplots of the attack distance (mm) and (D) tentacle elongation (mm). In the boxplot, points indicate individual values and boxes represent the first and third quartiles. Within each box, the median is represented by the solid line and the mean by the red point.



Neither attack position nor body color choice differed between treatments (X2 = 2.0; df=2 P=0.7; X2 = 0.11; df=1 P=0.73). However, the preferred body pattern of southern calamari during the attack, across the three treatments, was the dark color display, with 80%, 75% and 71% of the squid choosing it at 19°C, 22°C, and 25°C respectively (Figure 5). Additionally, there was no effect of mantle length or squid body weight for any of the behavioural parameters (data not shown).




4 Discussion

    
Southern calamari predatory behaviour differed depending on acclimation temperature, suggesting a potentially major influence of temperature on predator-prey dynamics under current and future climate change. Two of the most notable differences between temperature treatments was the proportion of squid attacking the prey and the capture success, with both measures increasing with the temperature of acclimation. All individuals acclimated to 25°C successfully attacked and captured 100% of prey provided, whereas at low temperatures (13°C and 16°C) only 30% of squid attacked the prey and with less than 16% success. These results suggest that environmental temperature has a profound effect on the predatory behaviour of southern calamari, with greater consumption rate at higher acclimation temperatures. This could be a function of physiological changes that affect the squid’s ability to recognize and strike prey, however, it is likely linked to increased metabolic demand at higher temperatures. Cephalopods are well known for having a high metabolic rate (O’Dor and Webber, 1986; O’Dor et al., 2002), and in a previous study, metabolic activity (routine metabolic rates) of southern calamari increased with temperature by 30% at 25°C (471.1 ± 91.7 mg O2 h-1 kg-, mean ± SD) compared to 13 and 16°C (312.2 ± 112.8 and 324.3 ± 37.1 mg O2 h-1 kg-1, respectively) (Peinado, 2021). Squid will thus be expected to have a higher energetic requirement to support basal and maintenance processes under future warming conditions (Peinado, 2021) and the predatory behaviour results observed here in the current study suggest that squid will need to increase food consumption rates to compensate for the energetic costs associated with living at elevated temperatures. Similar results have been found in other species of marine fish (Bethea et al., 2007; Grigaltchik et al., 2012) and invertebrates (Morón Lugo et al., 2020), where individuals at elevated acclimation temperatures were more motivated to attack than those at lower temperatures.

The decrease in number of individuals that attack at lower temperature (13°C and 16°C) may also be a consequence of a reduction decreased (~ 30%) in southern calamari metabolism (Peinado, 2021), having reduced energy/feeding requirements and possibly saving energy by not trying to capture the prey. It has also been suggested that similar reductions in other species of squid could be linked to the depression of metabolic rates due to environmental factors (Spady et al., 2018). Additionally, even if southern calamari across Tasmania experience minimum temperatures of 10°C, 13°C could be at the lower end of their thermal window which might limit their fitness and other physiological performances (e.g., olfactory clues or vision), triggering the no or slow response of squid here. Yet, due to the limited understanding of the lower thermal limits and their associated performance in cephalopods, it is difficult establish the main cause of the attack decrease. Future research should consider the role of cold adaptation in squid to identify if cephalopods respond with the same magnitude to cold or warm acclimation temperatures.

Australian salmon were also acclimated to the same temperature as the squid, which might influence the prey performance during the experiments, as temperature could influence locomotion in ectotherms (Angilletta et al., 2002) as well as escape responsiveness (Preuss and Faber, 2003). Here, we attempted to measure prey response to the squid attack, however, in many of the cases, the squid strike was successful at the very first attempt eliminating the opportunity for the prey to react and consequently the potential to record meaningful prey response data.

Even with the limitations of our experiment, behavioural differences were found in the squid which attacked the prey at the different temperature treatments (19°C, 22°C and 25°C). An increase in acclimation temperature greatly reduced the latency time of squid to attack the prey. At 22°C and 25°C, individuals strike the prey in seconds, whereas at 19°C squid took between 1 and 11 min to attack. Time until first attack could be interpretated as measure of predation motivation (Grigaltchik et al., 2012), consequently results here suggest the motivation of squid to make an attack is directly influenced by temperature. In contrast, the handling time that squid needed to kill the prey increased with temperature, rising to over a min at 22°C and above 2 min at 25°C compared with a 0.5 min at 19°C. Furthermore, the capacity of squid to successfully strike the prey on the first attempt was also reduced at 25°C, with only 28% (2 out of 7) of squid capturing the prey in the first attempt compared with 60% and 75% at 19°C and 22°C, respectively. These results indicate that the physical capabilities of squid might be impacted at elevated temperatures, reducing their ability to handle (capture and kill) the prey effectively, although at this time, any potential prey co-response cannot be assessed. In other marine invertebrates, for example the Antarctic sea star (Odontasted validus), some physical abilities such as motor coordination or speed were also reduced at increased temperatures (Kidawa et al., 2010). Findings of a possible decrease in capture efficiency and increased prey handling time suggest that further research should consider the energetic balances and trade-offs involved in the need for increased predation among squid at elevated temperatures. Nevertheless, the effect of acclimation temperature on the prey could potentially be linked with the increase in handling time and the success rate of strikes on the first attempt, as higher temperatures may increase prey mobility. Future studies exploring these effects could examine how changes in water conditions affect the prey, to determine if those effects could be influencing squid ability to capture their prey.

Attack distance and tentacle elongation of squid increased at higher temperatures; this could also be related to the impatience of squid to capture the prey instead of a predatory strategy per se. Yet, greater attack distance could be beneficial for the squid if prey mobility is increased due to warmer waters by better disguising the incoming attack and reducing the chances of escape. In some cephalopod species, environmental stresses like acidification also lead to an increase in striking distances (Spady et al., 2018). Regarding their other predatory tactics, neither the attack direction nor body pattern showed differences between temperature treatments. However, across treatments 19°C, 22°C and 25°C, the most preferable body pattern was a dark color. This pattern (banded or totally dark) possibly acts as a disrupting coloration, distracting the attention from the extending tentacles (York and Bartol, 2016; Hanlon and Messenger, 2018) which might confuse the prey, and confer an advantage to the squid.

As the metabolic demands of squid are likely to increase due to ocean warming, in situ individuals might have different options for maintaining their energetic balance and overall fitness including, for example, consuming prey with higher energetic/nutritional content or increasing their feeding rates (Horwitz et al., 2020). If the individuals choose the latter option, squid may be more willing to actively search for prey, perhaps resulting in bolder behaviour and exposing them to a higher predation risk (Biro and Stamps, 2010; Killen et al., 2011; Careau and Garland, 2012; Cornwell et al., 2020). If individuals are more active, more energy would be allocated to locomotion, limiting energy available for other important traits and processes such as reproduction or growth. Furthermore, the metabolic thermal optimum (Topt) indicated by the aerobic scope for this species is between 19°C and 22°C (Peinado, 2021), beyond that point individual performance maybe be limited (Peck et al., 2009; Pörtner and Peck, 2010).

Modifications to predatory performance could alter the outcome of predator–prey interactions, potentially resulting in a cascade effect throughout food webs (Warren et al., 2017). Cephalopods are important and opportunistic predators, where changes in their feeding rates could have significant consequences for the structure of ecosystems (Spady et al., 2018; de la Chesnais et al., 2019). Southern calamari are likely to increase feeding intake rates as ocean warming continues in Tasmanian waters, putting greater pressure on their prey and potentially triggering a cascade effect on the food web, altering community and ecosystem stability.

To date, in an ocean warming context, information on feeding rates (especially in the wild), energy budgets and prey preferences in cephalopods is limited and future research could further examine these key concepts to better understand species performance under the various climate change scenarios. In the experiments reported here, trends across treatments were clear and consistent. However, further work could expand our results by exploring differences with sex, life stages and growth rate. This would be influential in more accurately predicting the responses of this critical animal group to future environmental challenges. Moreover, marine ecosystems are not only being altered by ocean warming, including changes in size structures (Audzijonyte et al., 2020), but also acidification, pollution, changes in productivity, and oxygen content, as well as overfishing (Hoegh-Guldberg and Bruno, 2010; Payne et al., 2016). The physical capacities of other species of squid to capture their prey were reportedly not impacted by environmental stressors such as acidification, although their decision-making processes and strategies have been shown to be affected (Spady et al., 2014; Spady et al., 2018) However, we have an extremely limited understanding of how multiple stressors will combine to impact the predatory behaviour of this group – an important gap in our knowledge of how future squid populations will respond to climate change over coming decades(Pecl and Jackson, 2008).




5 Conclusion

Ocean warming will modify ecosystems by affecting the interactions of existing predator–prey combinations, as well as creating novel ones as new species enter regions and existing species depart (Pecl et al., 2017; Bonebrake et al., 2018), In this context, it is important to examine how species predatory performance alters due to environmental changes (Twiname et al., 2020). Our study demonstrated that environmental temperature has a major impact on the behaviour of southern calamari. Overall, our findings indicate that elevated temperatures, in line with those predicted for the future, could alter the predatory behaviour of southern calamari by increasing consumption rates, as well as potentially increasing the number of attempts they need to capture their prey, and their prey handling times. Individuals would then need to be more active to capture prey to maintain energetic balance and as a result they will be more exposed to predation risk, as well as experiencing greater trade-offs.
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