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ABSTRACT 14 

The presence of multiple predators can lead to variation in predator behavior and ultimately altered risk for 15 

shared prey. This concept has seldom been accounted for in studies that consider predator-driven biotic 16 

resistance from native marine predators against invasive prey. This study compared the prey selection of 17 

whelks and rock lobsters when co-occurring and when foraging in isolation. When in isolation, both 18 

predators preferred the native mussel Choromytilus meridionalis, regardless of the abundance of alternative 19 

prey. However, when co-occurring, predation risk for all prey species, including the invasive mussel 20 

Semimytilus algosus, increased. This was largely driven by greater variation in prey selection by rock 21 

lobsters in the presence of whelks. This indicates that predatory efforts from co-occurring predators can 22 

result in stronger predation pressure on invasive prey than would be recognized if predators were assessed 23 

in isolation. 24 

Keywords: invasive prey, Jasus lalandii, multiple predator effects, native predators, rock lobsters, 25 

Semimytilus algosus, whelks 26 

1. Introduction 27 

Native predators can affect the invasion success of alien prey in multiple ways. Predators that are 28 

able to prevent the establishment and spread of alien prey often preferentially consume such prey in large 29 

quantities and at rapid rates, providing effective biotic resistance (De Rivera et al., 2005; Carlsson et al., 30 

2009; Twardochleb et al., 2012). In contrast, when predators do not feed as effectively on such novel prey, 31 

resistance against the alien is likely to fail (Carlsson et al., 2009; Joyce et al., 2019).  32 

Various factors can influence foraging decisions made by native predators, including the presence 33 

of co-occurring predators utilizing the same prey, which may result in strong competition in cases where 34 

these resources are limited (Osenberg, 1989). Classic ecological theory predicts that the strength of any 35 

resulting competitive interactions will increase as more species attempt to occupy similar niches and/or 36 

when resources become limited (Pianka, 1974). Consequently, inferior competitors can be pressured to 37 

select for alternative, perhaps sub-optimal resources or, in extreme cases, be excluded from a community 38 

(Sánchez‐Hernández et al., 2017; Klompmaker and Finnigan, 2018). It is well-established that most natural 39 

communities contain multiple predators (Sih et al., 1998; Navarrete et al., 2000; Van Son and Thiel, 2006) 40 

and their co-occurrence can have a variety of direct and indirect effects on their prey (Siddon and Witman, 41 

2004) and thus community composition (Navarrete et al., 2000). While direct effects of predators are easily 42 

determined (e.g. either a prey is eaten or not), indirect effects can be complicated and may account for 43 

significant differences in interaction outcomes and community composition (Morgan et al., 2016).  44 



  Indirect effects can manifest via two mechanisms: density-mediated indirect interactions and trait-45 

mediated indirect interactions (Werner and Peacor, 2003). Classic examples of density-mediated indirect 46 

interactions are trophic cascades, whereby the density of a predator population affects the density of their 47 

prey’s population, which in turn affects other species that also interact with the prey (Menge, 1995; 48 

O’Connor et al., 2013). Trait-mediated indirect interactions, also referred to as behavioural indirect 49 

interactions (Abrams, 1995), are behavioral changes of one species in the presence of another that can 50 

indirectly affect the abundance of a third species (Werner and Peacor, 2003; Siddon and Witman, 2004). 51 

For example: when alone, predator A may select for prey A, whereas in the presence of predator B, predator 52 

A modifies its foraging behavior which can result in a different net predatory impact on the prey (Sih et al., 53 

1998; Navarrete et al., 2000). This can result in multiple predator effects (MPEs) on prey, which are defined 54 

as the effect(s) of multiple predators on prey that cannot be predicted by simply summing the effects of 55 

each predator species in isolation (Sih et al., 1998). A study by Siddon and Witman (2004) of a rocky 56 

subtidal community illustrated MPEs of crab and lobster predators on their shared prey, sea urchins. When 57 

crabs were the only predators present, urchins were their main prey. However, when lobsters were added 58 

to the community, crab predation on the urchins decreased, even though the lobsters did not display strong 59 

preference toward urchins. The strength of the crab-urchin interaction further decreased when an alternative 60 

prey (mussels) was added to the local prey base (Siddon and Witman, 2004). Similarly, Gaymer et al. (2001) 61 

found that two predatory starfish species preferred prey of the same species and size when foraging in 62 

isolation. When they co-occurred, however, prey selection became more variable and alternative prey were 63 

incorporated into their diets, suggesting character displacement as a means of minimizing competition 64 

(Gaymer et al., 2001).   65 

Indirect effects of multiple predators on prey may have important implications for alien prey 66 

invasions and the potential for predator-driven biotic resistance. The majority of studies examining 67 

predator-driven biotic resistance focus on direct effects of native predators on alien prey. This leaves a 68 

substantial research gap regarding the possible changes in consumption rates and/or prey selection of 69 

multiple, co-occurring, native predators and the potential consequences for alien prey. Such studies may 70 

provide valuable insight into the potential for biotic resistance at a community level. 71 

In subtidal habitats on the South African west coast, rock lobsters (Jasus lalandii) and whelks 72 

(Burnupena spp.) are co-occurring predators that share a common prey in the form of mussels. The feeding 73 

preferences of J. lalandii and its effects on subtidal communities have been well-studied in South Africa 74 

(Blamey and Branch, 2012; Mayfield and Branch 2000; Mayfield et al. 2000a). Even though this predator 75 

is regarded as a generalist, it is known to preferentially feed on mussels (Pollock, 1979; Mayfield et al. 76 

2000a). Less is known about the feeding ecology of whelks in the Burnupena genus.  Previous research has 77 

demonstrated that adults of Burnupena papyracea, one of the main species involved in this interaction (see 78 



Materials and Methods), are protected by a coat of the toxic brozoan Alcyonidium nodosum  on their shells 79 

(Gray et al., 2005), and when it occurs at high densities, B. papyracea can prey on J. lalandii at extremely 80 

high rates, to the extent that lobsters can be completely excluded from the community (Barkai and Branch, 81 

1988a; Barkai and McQuaid, 1988). When these whelks occur at lower densities, however, they can be 82 

readily consumed by J. lalandii, particularly when they are juvenile and have not acquired a protective coat 83 

of the bryozoan. Such predator-prey role reversals can have large impacts on community composition. 84 

Indeed, communities dominated by J. lalandii differ significantly from those dominated by Burnupena 85 

(Barkai and Branch, 1988a, b). Recent work has revealed that a recently introduced intertidal mussel, 86 

Semimytilus algosus, has established populations on subtidal rocky reefs along the west and south coasts of 87 

South Africa (Skein et al., 2018a). Furthermore, it has been shown that when foraging alone, J. lalandii 88 

avoid S. algosus in these environments, rather showing a preference for the native mussel, Choromytilus 89 

meridionalis (Skein et al., 2018b). In contrast, while Burnupena have been observed to readily select mussel 90 

prey (Skein pers obs), its prey preference is not yet known. Importantly, it is also unknown if the co-91 

occurrence of rock lobsters and whelks may impact their respective foraging decisions and the ultimate 92 

predation pressure experienced by their shared mussel prey.  93 

The aims of this study were to assess whether prey selection by the two predators changes when 94 

they co-occur and to determine if this might have an impact on the ultimate biotic resistance potential 95 

against the shared invasive prey S. algosus. Based on previous research (Skein et al., 2018b), it was 96 

predicted that J. lalandii would select for the native C. meridionalis, regardless of the presence or absence 97 

of whelks. As previous studies on the prey preference of Burnupena are lacking, prey selection by these 98 

whelks was expected to be random in isolated- and multiple predator environments. As such, it was 99 

predicted that regardless of the presence of multiple predators, predation pressure would be focused on the 100 

native C. meridionalis, with lobsters and whelks offering little predator-driven biotic resistance to the 101 

subtidal invasion by S. algosus. 102 

2. Materials and methods 103 

2.1. Ethics statement 104 

This study was carried out in accordance with Stellenbosch University guidelines for studies on 105 

invertebrates. All specimens used in laboratory and field experiments were collected under a research 106 

permit from the then Department of Environmental Affairs and the Department of Agriculture, Forestry 107 

and Fisheries of the Republic of South Africa. 108 

2.2. Specimen collection and diet treatments 109 



Three mussel species occur on subtidal rocky reefs along the west and south coasts of South Africa 110 

and include the native Aulacomya atra and Choromytilus meridionalis, and invasive Semimytilus algosus 111 

(Skein et al., 2018a). A fourth mussel species, the alien Mytilus galloprovincialis, occurs commonly on 112 

intertidal rocks, but was not included in the experiment as it is rare subtidally and unlikely to be preyed 113 

upon to any significant extent by either of the predator groups we examined. Mussels for all experiments 114 

were collected from monospecific beds at Bloubergstrand (33°80ʹ03ʺS, 18°45ʹ76ʺE) and Muizenberg 115 

(34°10ʹ96ʺS, 18°46ʹ86ʺE)and had shell lengths 20 – 30 mm. Importantly, the mussels were collected from 116 

sites where both predators used in this study occur, thereby accounting for potential impacts of predator 117 

cues on the morphological development of mussels (Sherker et al., 2017). All rock lobsters and whelks 118 

were collected from Sea Point on the Atlantic Seaboard of the Cape Peninsula (33o55ʹ13ʺS, 18o22ʹ48ʺE). 119 

No discrimination was made between male and female rock lobsters as previous work has shown no 120 

difference in prey selection between the sexes (Mayfield et al., 2000; Skein et al., 2018b). Lobsters that had 121 

soft carapases were not used in any experiments and individuals that moulted during or within three days 122 

of the end of experiments were excluded from analyses. Two Burnupena species occur in roughly equal 123 

proportions in this particular area, namely B. catarrhacta and B. lagenaria. In preliminary field trials, these 124 

two species were observed to feed cooperatively on single mussels. This is facilitated by the fact that these 125 

species are not drilling whelks but rather access their prey through pedal handling (Gutiérrez and Gallardo, 126 

1999). As such we did not discriminate between these two species, but rather considered these species of 127 

Burnupena as a single feeding entity.  128 

Predators were offered one of two prey treatments, each containing the three mussel species but in 129 

different relative proportions. These treatments are referred to from hereon as a ‘current’ diet or a ‘future’ 130 

diet. The current diet was based on the proportions at which the three mussel species currently occur in the 131 

field (Skein et al., 2018a). Such communities are dominated by the native A. atra, followed by smaller but 132 

fairly equal proportions of native C. meridionalis and S. algosus (hence the ratios for the current diet = 2 133 

A. atra : 1 C. meridionalis : 1 S. algosus). The future diet reflects a scenario where the invasive S. algosus 134 

becomes the dominant subtidal mussel species and is based on the invasion success of this species in 135 

intertidal habitats (de Greef et al., 2013; Zeeman et al., 2018). As such, the ratios for the future diet were 1 136 

A. atra : 1 C. meridionalis : 2 S. algosus.  137 

2.3. Determining prey selection of isolated predators 138 

The prey preferences of rock lobsters and whelks when foraging in isolation were determined in 139 

the laboratory. Animals were kept in aerated seawater at 13°C, reflective of water temperatures along this 140 

section of the South African coast (Smit et al., 2013). During experiments, mussels were placed randomly 141 



within each experimental tank. Tanks were checked daily and consumed mussels were identified, counted 142 

and replaced to maintain constant proportions of prey species throughout the experiment. Survival of 143 

mussels in holding tanks was monitored to verify that mussel mortality in experimental tanks could be 144 

attributed to predation. 145 

Experiments with whelks were performed in 11L experimental tanks with a base of 0.5 m2. Water 146 

changes were carried out every three to four days. For whelk experiments, each experimental tank contained 147 

50 randomly selected whelks with an average shell length of 31.9 (± 4.9 SD) mm. This density was chosen 148 

to reflect mean field densities of 100 whelks.m-2 at the site where the multiple predator experiment was 149 

conducted (see following section). Whelk experiments were conducted using groups of whelks rather than 150 

individuals because preliminary field observations revealed that they feed cooperatively. Whelks were 151 

starved for seven days after collection from the field to standardize hunger levels. This was followed by a 152 

25-day feeding experiment to establish prey preference. Each diet (current, future) was replicated 10 times 153 

(20 tanks in total). Whelks were offered a total of 12 mussels, with species presented in different ratios 154 

depending on the diet under consideration. 155 

Experiments with rock lobsters (carapace length 70 – 120 mm) were undertaken in 38L 156 

experimental tanks with one lobster per tank. A seven-day starvation and acclimation period was 157 

implemented prior to experiments. Each diet was replicated 10 times (20 tanks in total) and the experiment 158 

was performed over a period of seven days as the high feeding rate of lobsters generated data much faster 159 

than was recorded for the slow-feeding whelks. Lobsters were retained for at least three days post-160 

experiments to detect any individuals that showed signs of moulting. In total lobsters were held for no 161 

longer than 20 days. This high feeding rate also required that lobsters were offered double the number of 162 

mussels provided to whelks. In the absence of these high numbers, all mussels were consumed and prey 163 

preference could not be assessed. 164 

In parallel with the whelk and lobster experiments, mussels were held at comparable combinations 165 

of densities in tanks without predators to test if any mortalities occurred in the absence of the predators. 166 

Mussels in control trials that lacked predators had 99% survival, therefore mussel mortality was attributed 167 

to predation by whelks and lobsters. This was also directly observed.  168 

2.4. Determining prey selection of co-occurring predators 169 

A natural, sheltered 575 m2 rock pool (average depth 1.25m at low tide) located in the same region 170 

from which the whelks and lobsters were collected was chosen to examine the prey selection of these 171 

predators when co-occurring. This was done to ensure that prey selection was determined with both rock 172 

lobsters and whelks at ecologically relevant densities, a requirement that could not be met in the laboratory 173 

due to logistical constraints associated with the large tanks that would be required. The pool had a rocky 174 



substratum and naturally contained winkles (Oxystele sinensis), cushion stars (Parvulastra exigua), brittle 175 

stars (Ophioderma wahlbergii) and green algae (Ulva fasciata). The pool also supported Burnupena whelks 176 

with a mean density of 102 (± 27 SE) whelks.m-2. This density was quantified by counting the number of 177 

whelks in 30 randomly placed replicates measuring 0.25 m2. As such, the whelk densities applied in the 178 

laboratory (100 whelks.m-2) were maintained during the field experiment. Similarly, whelks used in the 179 

laboratory and field experiments did not differ in size (laboratory whelks: 31.9 ± 4.9 mm SD; field whelks: 180 

29.1 ± 6.3 mm). No mussels were present in the pool. This was an important consideration as it avoided 181 

prior conditioning of whelks toward any particular mussel species and ensured that no additional mussels 182 

were available to predators during the experiment. A large population of rock lobsters was present on the 183 

seaward side of the pool. Notably, none of the species recorded in the pool have been reported from the diet 184 

of J. lallandii (Mayfield et al. 2000a,b) and while less is known about the diet of the Burnupena whelks 185 

present in the pool, they were never observed feeding on these species either. It appears that these whelks 186 

are maintained on biota associated with kelp stypes that are deposited in the pool during very high tides 187 

(Robinson pers obs), an occurance that did not happen during the field experiment.  Thus, this site was 188 

considered not to support alternate prey and was deamed to be a suitable setting to experimentally test prey 189 

preference of the two predators when co-occurring.  190 

Seven days prior to the experiment, 131 J. lalandii (70 – 120 mm carapace length)) were collected 191 

and maintained in the Marine Research Aquarium of the then Department of Agriculture, Forestry and 192 

Fisheries. After a seven-day starvation period the lobsters were released into the rock pool. This achieved 193 

a density of rock lobsters (0.22.m-2) closely resembling previously reported densities of the species in the 194 

region (Mayfield and Branch, 2000; Mead et al., 2013). 195 

Submersible steel frames were used to offer the predators mussels (Fig. 1). Mussels were randomly 196 

placed onto Perspex plates (20 x 20 cm) and secured using Bostik Marine Silicon Sealant, a non-toxic 197 

product developed explicitly for use in marine aquaria. The Perspex plates were then secured onto multiple 198 

steel frames. The relative positions of the different diet plates were randomized for each steel frame, with 199 

the plates on each structure separated by at least 0.5 m. Eight replicate plates were offered for each of the 200 

two diet treatments. To ensure that prey depletion did not obscure patterns of prey preference by either 201 

predator or between diets, a total of 24 mussels were offered on each plate. Pilot trials established that this 202 

was a sufficient number of mussels to prevent prey depletion from occurring during the duration of the trial. 203 

 204 



 205 

Fig. 1. Submersible steel frame with attachment points for mussel plates with mussel species in proportions 206 

representative of the current and future diet treatments. Different coloured mussel shapes represent the three 207 

prey species (Aulacomya atra, Choromytilus meridionalis, Semimytilus algosus). 208 

Rock lobsters were released into the rock pool two hours prior to the start of the experiment to 209 

allow time for acclimation. The steel frames with mussel plates attached were subsequently placed into the 210 

pool and left overnight for 12 hours (18:00 – 06:00). This timing was chosen as spiny lobsters, like J. 211 

lalandii, are known to forage nocturnally (Herrnkind, 1980). Although there is no published information 212 

regarding the feeding activity patterns in Burnupena whelks, preliminary field- and laboratory observations 213 

confirmed that they too forage nocturnally.. Frames were randomly placed in the pool and were separated 214 

by at least 3 m. After the 12-hour experimental period the frames were retrieved. For each diet the number 215 

of mussels eaten per species was recorded. Additionally, the source of predation (whelk or lobster) was 216 

determined, by drawing on observations made during laboratory trials that indicated that the valves of 217 

mussels eaten by whelks remained attached but gaping, with flesh removed. This is as a result of Burnupena 218 

whelks not drilling through the mussel shells, but rather inserting is proboscis between the shell vavles, a 219 

behavior referred to as pedal handling. Notably, these shells remained glued to the plates. In contrast, 220 

mussels eaten by lobsters were removed from the plates and, as such, mussels that were missing were 221 

designated as eaten by rock lobsters. This experiment was performed over a single night. 222 

2.5. Multiple predator effects 223 

Effects of multiple predators on prey can be determined through a comparison between the 224 

observed and the predicted proportion of prey consumed by predators when foraging together (Sih et al., 225 

1998). To generate values for the predicted proportions of prey consumed and to account for additive effects 226 

of multiple predators on prey, a multiplicative risk model was used (Soluk and Collins, 1988; Sih et al., 227 

1998): 228 



𝐶𝐶𝑎𝑎𝑎𝑎  = 𝑁𝑁(𝑃𝑃𝑎𝑎 + 𝑃𝑃𝑎𝑎 − 𝑃𝑃𝑎𝑎𝑃𝑃𝑎𝑎) 229 

where Cab is the predicted proportion of prey consumed when predator a and predator b are foraging 230 

together, N is the number of prey offered to co-occurring predators, Pa is the proportion of prey consumed 231 

when predator a forages in isolation, and Pb is the proportion of prey consumed when predator b forages in 232 

isolation. The PaPb term accounts for the prey consumed by one predator that cannot consequently be 233 

consumed by the other predator. Values for Pa and Pb were derived from the laboratory experiments with 234 

isolated whelks and rock lobsters. Observed proportions of prey consumed were calculated as the mean 235 

daily number of prey (A. atra, C. meridionalis, or S. algosus) consumed per predator (whelk, rock lobster) 236 

per diet treatment (current, future). Using proportional data in this case is also useful as it accounts for the 237 

different timeframes of laboratory experiments for whelks and rock lobsters. To generate predicted values 238 

for the multiple predator treatment (i.e. when whelks and rock lobsters co-occur), replicate data from the 239 

two isolated (laboratory) predator experiments were paired in all possible combinations. The mean (±SD) 240 

of these data was calculated and represented the final predicted values of prey consumed for each prey 241 

species, in each diet treatment.  242 

2.6. Analyses 243 

The prey preference of whelks and rock lobsters in laboratory-based isolation and field-based co-244 

occurrence experiments was determined by the Chesson index of selectivity (Chesson, 1978) for each prey 245 

species:  246 

𝛼𝛼𝑖𝑖 = (𝑟𝑟𝑖𝑖/𝑝𝑝𝑖𝑖)
𝛴𝛴𝑖𝑖(𝑟𝑟𝑖𝑖/𝑝𝑝𝑖𝑖)

 ; i = 1, …, n 247 

 where ri represents the proportion of a particular prey species in the diet of the predator (consumed), pi the 248 

proportion of that same prey species in the overall foraging habitat, and n the total number of prey species 249 

on offer. When α > 1/n for a particular prey species, it is indicative of positive selection (preference), 250 

whereas α = 1/n indicates neutral selection and α < 1/n indicates negative selection (avoidance). The 251 

application of the Chesson index of selectivity is appropriate in this context as it incorporates the presence 252 

and abundance of numerous background prey species. All Chesson indices were arcsine transformed prior 253 

to analyses in order to be released from a proportional nature. For each predator, prey preference in isolation 254 

and co-occurrence experiments were analyzed through comparing the Chesson indices for each prey species 255 

in each diet using mixed effects models and the ‘lme4’ package (Bates et al., 2015) in R (R Core Team, 256 

2016). The associated assumptions were met in all cases. A total of four models were run. For all analyses 257 

the saturated model included prey species (A. atra, C. meridionalis, S. algosus), diet treatment (current, 258 

future) and the interaction between these two variables as fixed factors. Chesson index values represented 259 



the outcome variable. ‘Experimental tank’ was considered a random factor in isolation experiments, 260 

whereas ‘plate’ was assigned this designation in the multiple predator experiment. The best fit model of 261 

each experiment was selected based on Aikaike’s Information Criterion (AIC) and Wald tests were used to 262 

determine the significance of the fixed factor(s) in each best fit model.  263 

A multiple predator effect is confirmed when there is a significant difference between the predicted 264 

and observed proportion of prey consumed in a multiple predator environment (Sih et al., 1998; Liu et al., 265 

2017). For each species, a two-way ANOVA was used to compare the predicted and observed proportions 266 

consumed in the two diet treatments. This was done on log-transformed data following Sih et al. (1998). In 267 

addition, among-species comparisons of the observed proportions consumed were undertaken to identify 268 

differences in predation risk when predators co-occur. This was done using a two-way ANOVA with prey 269 

(A. atra, C. meridionalis, S. algosus) and diet treatment (current, future) as fixed factors.  270 

3. Results 271 

3.1. Prey selection by whelks 272 

When foraging alone, the best fit model explaining prey selection by Burnupena whelks included 273 

prey species, diet and the interaction between these two factors (Fig. 2A, Table 1). However, only prey 274 

identity and the interaction between prey and diet significantly affected prey selection of whelks.  275 

The non-significant effect of diet was likely driven by the consistently low Chesson index values 276 

of Aulacomya atra in both diet treatments. However, the significant interaction between diet and prey, 277 

likely driven by the lower Chesson index values of Semimytilus algosus in the future diet (which was 278 

negatively selected for), suggests that diet could still have affected prey selection to some degree. The 279 

native Choromytilus meridionalis was consistently positively selected for by whelks while A. atra was 280 

actively avoided, regardless of diet treatment. Shells of consumed mussels lacked drill holes, indicating that 281 

Burnupena do not drill through mussel shells to access the flesh. Instead, they insert their proboscis through 282 

gaping mussel valves.   283 



 284 

Fig. 2. Chesson selectivity indices (mean ± SE) of three mussel species (native Aulacomya atra, 285 

Choromytilus meridionalis and invasive Semimytilus algosus) by two predators, Burnupena whelks and 286 

Jasus lalandii in two diet treatments (current, future) when they (A, C) forage in isolation in the laboratory 287 

and (B, D) when they co-occur in the field. Values above the line = positive selection, values on the line = 288 

neutral selection, and values below the line = active avoidance.  289 

  290 



Table 1. Results of Wald tests examining the significance of the fixed factors in the best fit models of prey 291 

selection by Burnupena when foraging in isolation and when co-occurring with Jasus lalandii. This is 292 

followed by overall comparisons among coefficient estimates for three prey species (Aulacomya atra, 293 

Choromytilus meridionalis, Semimytilus algosus) as selected by Burnupena.  294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

In the multiple predator experiment, the best fit model describing prey selection by Burnupena 305 

contained all three fixed factors (Fig. 2B, Table 1). However, the only significant main effect was prey 306 

species. This is likely a reflection of the consistently very low Chesson index for A. atra. Notably, when 307 

co-occurring with lobsters, whelks actively selected for C. meridionalis and S. algosus, while A. atra was 308 

still avoided. Interestingly, in the future diet, the Chesson index for S. algosus preyed upon by whelks 309 

changed from negative to positive when feeding in isolation compared to feeding in the presence of lobsters, 310 

respectively.  311 

3.2 Prey selection by rock lobsters 312 

When foraging alone, the best fit model explaining prey selection by Jasus lalandii contained prey 313 

species and diet, but not the interaction between these two factors (Fig. 2C, Table 2). Prey identity was the 314 

only factor that had a significant effect on prey selection by J. lalandii, with lobsters demonstrating positive 315 

selection towards C. meridionalis (Fig. 2C). This was also reflected in the Chesson index values for C. 316 

meridionalis being significantly greater than that of the other two species (Table 2).   317 

Isolated Burnupena  

Main effects Χ2 df P-value 

Prey  57.089 2 < 0.001 
Diet < 0.0001 1 1.000 
Prey : Diet 7.986 2 0.018 

Coefficient estimates for comparisons between prey species 

 C. meridionalis A. atra S. algosus 
C. meridionalis ---   
A. atra -0.522, p < 0.001 ---  
S. algosus -0.044, p = 0.701 0.478, p < 0.001 --- 

Burnupena co-occurring with J. lalandii 

Main effects Χ2 df P-value 

Prey 634.7887 2 < 0.001 
Diet 0.0973   1 0.75512 
Prey : Diet 5.8924   2 0.05254 

Coefficient estimates for comparisons between prey species 

 C. meridionalis A. atra S. algosus 
C. meridionalis ---   
A. atra -0.813, p < 0.001 ---  
S. algosus -0.129, p = 0.009 0.684, p < 0.001 --- 



Table 2 Results of Wald tests examining the significance of the fixed factors in the best fit models of prey 318 

selection by Jasus lalandii when foraging in isolation and when co-occurring with Burnupena. This is 319 

followed by overall comparisons among coefficient estimates for three prey species (Aulacomya atra, 320 

Choromytilus meridionalis, Semimytilus algosus) as selected by J. lalandii. 321 

Isolated J. lalandii 
Main effects  Χ2 df P-value 

Prey  12.243 2 0.002 
Diet 0.073 1 0.787 

Coefficient estimates for comparisons between prey species 
 C. meridionalis A. atra S. algosus 

C. meridionalis ---   
A. atra -0.410, p = 0.001 ---  
S. algosus -0.385, p = 0.003 0.026, p = 0.844 --- 

J. lalandii co-occurring with Burnupena 

Main effects Χ2 df P-value 

Prey 6.7072   2 0.035 
Diet 0.0040 1 0.949 
Prey : Diet 1.4119 2 0.494 

Coefficient estimates for comparisons between prey species 

 C. meridionalis A. atra S. algosus 

C. meridionalis ---   
A. atra 0.638, p = 0.231   ---  
S. algosus 0.148, p = 0.633 -0.490, p = 0.113 --- 

 322 

The foraging decisions made by rock lobsters when co-occurring with whelks differed from when 323 

they occurred alone. The best fit model contained all three predictors (prey species, diet, and their 324 

interaction), although once again only the effect of prey species was significant (Fig. 2D, Table 2). When 325 

feeding in the presence of whelks, lobsters most often ate the native mussel A. atra, a species that they 326 

seldom fed on when feeding in isolation. Despite this clear trend and the identification of prey species as a 327 

significant main effect, coefficient estimates detected no significant pairwise differences among the prey 328 

species. This lack of pairwise differences is likely driven by the elevated variability in prey selection by J. 329 

lalandii when feeding in the presence of whelks (Fig. 2D).  330 

3.3 Multiple predator effects 331 

When forgaing together, both whelks and lobsters consumed mussels. Notably despite the slow 332 

feeding rate of individual whelks, cooperative feeding at the densities present in the rockpool led to whelks 333 

consuming approximtaly half of all the mussels that were preyed upon in total. The predicted and observed 334 



log-transformed proportions of prey consumed differed significantly in all cases for all three prey species 335 

(Fig. 3, Table 3). Importantly, post hoc pairwise comparisons revealed that for each prey species, the 336 

observed proportions consumed in the multiple predator environment was significantly larger than 337 

predicted, confirming the existence of emergent multiple predator effects in this system.  338 

 339 

Fig. 3. Predicted and observed proportions (mean ± SE) of mussel prey consumed (Aulacomya atra, 340 

Choromytilus meridionalis, Semimytilus algosus) in each diet treatment in an environment where whelks 341 

and rock lobsters co-occur. Bars with different letters indicate significant differences (Tukey HSD, p < 342 

0.05).  343 

Table 3 Results of two-way ANOVAs comparing log-transformed proportions of prey consumed between 344 

effects (expected, observed) and diet treatments (current, future).  345 

 
Effect Diet Effect*Diet 

A. atra F1 = 32.56, p < 0.001 F1 = 0.624, p = 0.431 F1 = 4.817, p < 0.05 

C. meridionalis F1 = 74.56, p < 0.001 F1 = 11.51, p < 0.001 F1 = 0.158, p = 0.158 

S. algosus F1 = 60.67, p < 0.001 F1 = 27.66, p < 0.001 F1 =3.98, p < 0.05 
 346 

The observed proportions of consumed prey differed significantly among the three prey species (F2 347 

= 13.801, p < 0.001), but not between diet treatments (F1 = 3.829, p = 0.057; Fig. 4). Patterns of prey 348 

consumption in the two diet treatments were similar, resulting in a non-significant interaction between 349 

proportions of prey consumed and diet treatment (F2 = 0.788, p = 0.462). 350 



 351 

Fig. 4. Observed proportions (mean ± SE) of prey (Aulacomya atra, Choromytilus meridionalis, 352 

Semimytilus algosus) consumed in the two diet treatments in an environment containing whelk and rock 353 

lobster predators. Bars with different letters differ significantly (Tukey HSD, p < 0.05).  354 

4. Discussion 355 

When native predators fail to consume novel invasive prey and continue to consume native species, 356 

it can reduce competition between trophically similar native and invasive prey and lead to indirect 357 

facilitation of alien prey invasions (Veiga et al., 2011). However, prey selection by native predators can be 358 

context-dependent and can vary based on several factors, including the presence of other native predators 359 

that compete for the same food source. This study examined the feeding behavior of two native predators, 360 

whelks (Burnupena spp.) and rock lobsters (Jasus lalandii) when they are isolated and when they co-occur. 361 

Overall, whelks exhibited similar prey selection in isolation and in the presence of rock lobsters, while 362 

selection by rock lobsters became more variable in the presence of whelks. In addition, significant multiple 363 

predator effects (MPEs) on mussel prey were detected for all species, regardless of how abundant the 364 

invasive mussel Semimytilus algosus was. Notably, even the native mussel Aulacomya atra, which was 365 

almost ignored by predators foraging in isolation, experienced increased predation risk when the two 366 

predators co-occurred. 367 

This study provides the first insights into prey selection of whelks of the genus Burnupena along 368 

the coast of South Africa. The results suggest that Burnupena actively selects for Choromytilus meridionalis 369 

and S. algosus, both when foraging alone and when co-occurring with another predator. In contrast to 370 

drilling whelks, Burnupena spp. consume mussels through pedal handling, where whelks open mussels by 371 

inserting their proboscis between gaping mussel valves (Gutiérrez and Gallardo, 1999). As such, it is 372 

unlikely that shell thickness plays a role in prey selection by Burnupena. Instead, it is expected that the 373 

strength of the adductor muscles of mussel prey is more important in determining handling time and thus 374 



foraging decisions. The adductor muscle weight (used as a proxy for strength) of the three prey species used 375 

in this study is known to be greatest for A. atra, with no difference between C. meridionalis and S. algosus 376 

(Skein et al., 2018b). This likely explains the avoidance of A. atra by Burnupena in all experiments. Whelks 377 

in the future diet displayed negative selection of S. algosus in the isolated predator environment (in the 378 

laboratory), which changed to positive selection in the multiple predator environment (in the field). While 379 

the reason for this is currently unclear, one possibility is that whelks in the field had higher hunger levels 380 

than those in the laboratory. In the laboratory, whelks were starved for seven days prior to the experiment 381 

and they took longer to start feeding than anticipated. In the field, however, there was an overall scarcity of 382 

food which was evident approximately two weeks before the field experiment commenced. Furthermore, 383 

in the field experiment, whelks moved toward experimental plates rapidly (within an hour) after deployment 384 

in the rock pool. This could have contributed to the large discrepancy between predicted and observed 385 

proportions of prey consumed in the multiple predator effects section. 386 

When J. lalandii foraged in isolation, it exhibited a strong preference toward C. meridionalis, 387 

regardless of the abundance of other prey species. When co-occurring with whelks, however, the prey 388 

selection of J. lalandii demonstrated a very different pattern. Under these conditions, prey selection became 389 

more variable with the native A. atra being eaten most often. There are various possible explanations for 390 

this difference in prey selection by J. lalandii when foraging in isolation compared to when co-occurring 391 

with Burnupena. Previous studies considering the interaction between these two predators have shown that 392 

Burnupena papyracea, when present in high densities, can represent a significant predatory threat to J. 393 

lalandii (Barkai and McQuaid, 1988). In fact, when whelks are numerically dominant, they can exclude 394 

lobsters by mobbing and consuming them (Barkai and McQuaid, 1988). While the scenario described in 395 

Barkai and McQuaid (1988) is rather unique and not a common phenomenon along this coast, it may 396 

provide a potential explanation for the results reported here. The density at which point Burnupena switch 397 

from being lobster prey to lobster predators is not known, but it appears that the density in this study (i.e. 398 

100 whelks.m-2) was sufficient to deter lobsters from their usual feeding patterns. It is possible that rock 399 

lobsters could have detected whelk cues and, after associating these with a potential threat, attempted to 400 

minimize interactions by feeding on mussels that were not being fed on by whelks. Indeed, while 401 

chemoreception in lobsters and crayfish is known to be important in the location of prey, it has also been 402 

demonstrated as being important in detecting predator cues with corresponding anti-predator behaviour 403 

(Tomba et al., 2001; Whale, 1992). The high densities in which whelks have been observed feeding on 404 

individual mussels (L Skein personal observation) could have prevented rock lobsters from attempting to 405 

attack certain prey items. Notably, the strength of competition between co-occurring predators is expected 406 

to be strong in communities with limited food availability (Abrams and Ginzburg, 2000; Van Son and Thiel, 407 

2006). Competition for mussel prey in the multiple predator experiment was assumed to be strong as the 408 



rock pool is naturally devoid of mussels. As rock lobsters are generalist predators (Mayfield et al., 2000a; 409 

Haley et al., 2011), it is possible that they might have switched to alternative prey to avoid competition with 410 

whelks. Unfortunately, logistical constraints prevented systematic direct observations and video footage of 411 

the multiple predator experiment, which would have been useful in elucidating potential predator-predator 412 

interactions occurring on or around the mussel plates. 413 

Emergent MPEs on shared prey result when the impacts on prey differ from what would have been 414 

expected based on the foraging behavior of each predator in isolation (Soluk and Collins, 1988; Sih et al., 415 

1998). MPEs can result in either risk reduction or risk enhancement for shared prey species (Billick and 416 

Case, 1994; Van Son and Thiel, 2006). There are various hypotheses regarding the underlying mechanisms 417 

driving these two MPE outcomes. Risk reduction, for example, has been predicted to occur when predator-418 

predator interactions lead to reduced foraging rates in one or both predators which ultimately results in 419 

lower predation risk for the prey (Sih et al., 1998; Vance-Chalcraft and Soluk, 2005;). In contrast, risk 420 

enhancement can occur when different predators forage in different habitats, thus reducing refugia for prey, 421 

and/or when the defenses of prey are inappropriate against some predators (Soluk and Collins, 1988; Harvey 422 

et al., 2004). If predation risk for mussel prey in the field would have been predicted solely from the prey 423 

preferences of both predators in separate experiments, the expectation would have been intense predation 424 

pressure on the native C. meridionalis, regardless of the proportions in which different prey were offered. 425 

However, by considering co-occurring predators a different conclusion emerges, as the invasive S. algosus 426 

is as vulnerable to predation as the native C. meridionalis. The vulnerability of A. atra to lobster predation 427 

increased when exposed to both predators simultaneously. 428 

Accounting for the possible occurrence of MPEs in this system does, therefore, contribute towards 429 

a more realistic prediction of what is likely happening in the field. It is important to note that the observed 430 

proportions of prey consumed reflect the combined predatory impact of the two native predators, masking 431 

the prey preference of individual predator species. When viewed in conjunction with the prey preferences 432 

of co-occurring predators, it becomes clear that even though a prey species may appear to be avoided by a 433 

specific predator, the overall predatory effect can nonetheless result in strong predation pressure on that 434 

prey. For example, in isolated predator experiments S. algosus was not the most preferred prey species of 435 

either of the two predators, but still experienced strong predation pressure (similar to C. meridionalis) when 436 

predators co-occurred. Thus, despite previous suggestions that S. algosus experiences little to no biotic 437 

resistance, this is likely not the case as MPEs can overshadow individual prey preference, ultimately leading 438 

to strong predation pressure on an otherwise avoided invasive prey species. This study thus highlights the 439 

importance of accounting for MPEs when attempting to make predictions of the outcomes of predator-prey 440 

interactions. Notably, MPEs have not been accounted for in the context of predator-driven biotic resistance 441 

from native predators against invasive prey. Furthermore, this study emphasizes the importance of 442 



maintaining the functional (predator) diversity of native systems, as communities with reduced functional 443 

diversity tend to be less resistant against invasions (Olden et al., 2004). This becomes especially relevant 444 

in light of the fact that J. lalandii are currently threatened by poaching and over-harvesting.  445 

In light of these results, it is suggested that future work should incorporate additional native 446 

predators with overlapping distributions throughout the invasive range of S. algosus (and a similar 447 

philosophy should apply to the invasive Mediterranean mussel Mytilus galloprovincialis). In Skein et al. 448 

(2018b), for example, it was shown that the starfish Marthasterias africana also preferred C. meridionalis, 449 

while avoiding S. algosus and A. atra. Therefore, in communities where M. africana is the only (or main) 450 

predator, it can be expected that there will be little predatory impact on populations of S. algosus and thus 451 

little-to-no biotic resistance. Future studies could consider if this would change if more co-occurring 452 

predators and alternative prey types are accounted for, as the findings of this study suggest that MPEs can 453 

influence the potential for biotic resistance. It would also be insightful to repeat the current study in areas 454 

where reef fish are dominant as they may alter foraging behavior of the lobsters. Importantly, it needs to be 455 

kept in mind that the direction of this effect will likely be context-dependent, with previous MPE studies 456 

highlighting the importance and interconnectedness of factors such as habitat complexity (Grabowski et al., 457 

2008), variation in prey defenses against different predators (Eklöv and VanKooten, 2001), and variation 458 

in the behavior of predators (Harvey et al., 2004).   459 

It is recognized that there were differences between the field- versus laboratory experiments. 460 

Laboratory experiments were performed over the course of multiple days and the field experiment ran for 461 

only 12 hours. However, the rapid predatory responses by both predators in the rock pool produced 462 

sufficient data to allow for assessment of prey preference and MPEs. Furthermore, whelks were not starved 463 

prior to the multiple predator experiment as they were for the isolated predator experiment in the laboratory. 464 

However, whelks in the field were not considered to be satiated due to an overall shortage of food resources 465 

in the rock pool where the field experiment took place. This assumption was validated by whelks quickly 466 

moving towards the plates upon placement and the presence of many whelks when the plates were extracted 467 

after 12 hours. Lastly, it would have been ideal to perform all the experiments in the same setting (i.e. either 468 

laboratory or field). However, laboratory experiments were not possible for co-occurring predator trials as 469 

space limitations prevented the simultaneous stocking of whelks and rock lobsters at densities in which 470 

they occur in the field. To determine the prey preference of predators in isolation, it was important to ensure 471 

that there was no interference from other predators. While this could have been achieved through field 472 

mesocosm experiments, it was impractical in our study region because prolonged mesocosm experiments 473 

would have been targeted by lobster poachers. The findings of this study should be interpreted within this 474 

context but nonetheless strongly suggest that the expected outcomes of biotic resistance can differ 475 

depending on whether multiple co-occuring predators are accounted for or not.  476 



In conclusion, this study shows that MPEs are present within the communities that contain whelks, 477 

rock lobsters, and three co-occurring mussel prey species, including the invasive mussel S. algosus. It 478 

demonstrates that overall predatory impact of multiple predators can differ from predictions based solely 479 

on individual prey preference. In this scenario, MPEs resulted in increased risk for all prey species, 480 

including S. algosus. This highlights the need for future studies that aim to determine the potential for 481 

predator-driven biotic resistance to account for the potential existence of MPEs and the implications thereof 482 

for alien prey invasions.   483 
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