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Abstract  

Releases of hatchery reared juvenile European lobster have been performed throughout 

Europe since the 19
th
 century. However, poor survival in the wild reduces the success of both 

stock enhancement programs and large-scale sea-ranching. Predation on released naïve 

juveniles is substantial and presumably caused by behavioral deficiencies due to an 

impoverished rearing environment. Lobsters can recognize and discriminate between different 

chemical cues and modulate their behavior accordingly. This is assumed to also be true for 

odors related to potential predators. In the present study, shelter-seeking and competitive 

behavior was investigated after a series of exposures to a mix of predator odors. Odor 

exposure was hypothesized to serve as a form of habitat enrichment, acting as an induced 

predation pressure increasing the lobstersô motivation to find and compete for shelter.  

Three experiments were conducted in test-environments of gradually increasing complexity. 

Behavioral assays on individual lobsters in a small and relatively low-complexity test-

environment indicated no effects of odor exposure on shelter-seeking or general activity level. 

In contrast, when allowing for intraspecific competition in the same environment, lobsters 

exposed to predator odors were significantly more adept at gaining dominance, evident as 

superior ability to win agonistic interactions. The winners also spent more time in shelter, less 

time on roaming and displayed less freezing behavior than the losing opponent. Interestingly, 

interactions were initiated by naïve lobsters significantly more often than lobsters that had 

experienced predator odors. When performing a small-scale simulated release in a more 

comprehensive and diverse semi-natural environment, naïve lobsters initially performed better 

than those exposed to predator odors. However, the exposed lobsters significantly increased 

shelter occupancy as the experiment progressed over a 35-day period, whereas the opposite 

was true for naïve lobsters. The results suggest that there is a long-lasting effect of prolonged 

odor exposure, but it is only manifested as altered behavior in the presence of environmental 

triggers. Reasons for the apparent long term effects are discussed, and it is suggested that 

prolonged exposure to predator odors may either positively influence behavioral plasticity 

through chemical enhancement, or elevate the lobstersô underlying fright-related motivation in 

competing for shelter. Further studies are needed to confirm an effect of odor exposure in a 

more realistic release setting, ideally performed as a small-scale release in natural lobster 

habitats with predators present to assess natural predator-avoiding behavior. 
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1. Introduction  

Background  
The European lobster (Homarus gammarus) is historically an important and economically 

valuable species, and has supported a coastal fishery in southern- and western Norway since 

the 17
th
 century (Boeck 1869; Appelöf 1909, in Borthen et al. 1998). Official records for 

landed catch are available back to the 1820s. Landings fluctuated between roughly 250 and 

1.000 metric tonnes/year, peaking at 1300 mt around 1932, up until the early 1960s when the 

stock collapsed (Tveite 1991; Borthen et al. 1998; Ottermo et al. 2007) and landings 

decreased from 700-900 mt/year in the 1950s to less than 30 mt/year in the late 1980s. Even 

though landed catch have increased moderately to 44-62 mt/year in 2005-2011 (Directorate of 

Fisheries statistics), the stock remains in critical condition compared to historical biomass 

estimates. This apparent lack of intrinsic stock recovery, despite both reduced fishing effort 

(Ottermo et al. 2007) and the implementation of strict management legislation (Agnalt 2008), 

provides an incentive to replenish the stock using hatchery reared juveniles as is done with a 

wide variety of other marine invertebrates and fish species (Munro & Bell 1997; Bell et al. 

2005). Releases of postlarval European lobster have been attempted on numerous occasions 

since the 19
th
 century but have largely been abandoned due to ambivalent stock enhancement 

effects (Nicosia & Lavalli 1999). During the last 25 years, refined stock enhancement 

programs focusing on release of older hatchery-reared juveniles have been initiated in 

Germany, France, Ireland, the United Kingdom, and Norway (Bannister & Addison 1998; 

Nicosia & Lavalli 1999; Gendron 1997; Agnalt 2008; Schmalenbach et al. 2011) as a 

response to overfishing or natural recruitment failure.  

The motivation to develop methods for successful release of lobster juveniles goes beyond 

stock replenishment. Sea-ranching of hatchery reared juveniles is an attractive commercial 

concept, and especially so in Norway given the favorable legislation providing exclusive 

rights to harvest lobsters within licensed areas (Agnalt 2008). The European lobster is a rather 

stationary species, and released juveniles rarely venture far from their ñhomeò area (Bannister 

& Addison 1998; Moland et al. 2011; Schmalenbach et al. 2011), which in combination with 

exclusive harvesting rights should allow for high recapture rates. However, low survival and 

slow growth may limit the success of both stock enhancement programs and large-scale 

lobster sea-ranching, although the potential to enhance a depleted local stock have been 

shown (Agnalt et al. 1999; Schmalenbach et al. 2011). 
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The behavior and ecology of juvenile European lobster in its natural environment is poorly 

understood (Howard & Bennett 1979; Mercer et al. 2001), much due to the cryptic nature of 

small juveniles in the size range of 5-40 mm carapace length (CL) also called the early 

benthic phase (EBP, definition for American lobster Homarus americanus, in Wahle & 

Steneck 1992), and this gap in current knowledge restricts the ability to assess actual survival 

and growth of released hatchery reared juveniles (van der Meeren 2005). EBP juveniles have 

so far not been found in the wild (Mercer et al. 2001) and essentially all information on this 

part of the life cycle is attained from laboratory- and experimental field studies (Berrill 1974; 

Howard & Bennett 1979; van der Meeren 1991; 1993; 2000; 2001; Agnalt et al. 1999; 

Linnane et al. 2000; Ball et al. 2001; Mercer et al. 2001; Jørstad et al. 2001). There is a better 

ecological understanding of other decapod crustaceans, e.g. American lobster, crayfish 

(Orconectes spp, Astacus spp) and spiny lobsters (Panulirus spp, Palinurus spp), with more 

comprehensive data from laboratory- and field work available on their juvenile and adult life 

stages. However, common for EBP lobsters is their presumed dependence on shelters and 

vulnerability to predation, where homarid lobsters in particular seem restricted to structural 

refugia in early ontogeny (Barshaw & Lavalli 1988; Wahle & Steneck 1992; Wahle 1992; 

Cobb & Wahle 1994; Linnane et al. 2000; van der Meeren 2001). 

Post-release survival  

Mortality from predation accounts for a considerable part of the total loss in a release 

situation, and mainly occurs shortly after deployment into the environment (Wahle & Steneck 

1992; Ball et al. 2001; Mercer et al. 2001) with more than 10% estimated loss observed within 

the first hour (van der Meeren 2000). Since survival generally increases when juveniles are 

provided with appropriate cover (Barshaw & Lavalli 1988; Wahle & Steneck 1992; Linnane 

et al. 2000; Ball et al. 2001; Mercer et al. 2001; Diaz et al. 2005), the strength of their shelter-

seeking behavior; their ability to rapidly find and settle in shelter upon release, is crucial for 

subsequent survival. Furthermore, their competitive behavior, i.e. capability to take 

possession of and defend a limited resource in competition with both conspesifics (Peeke et 

al. 1998; Spanier et al. 1998; Paille et al. 2002) and other crustacean species (Koponen 2003; 

Rossong et al. 2006) sharing the same microhabitats, is important to retain protection 

especially in scarcity of shelters (van der Meeren 2005). Consequently, a strong shelter-

seeking behavior and high competitive ability will result in instant fitness benefits for small 

lobsters until they reach a size less vulnerable to predation (Wahle 1992; Spanier et al. 1998).   
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Notwithstanding the ability of naïve juveniles to find shelter in experimental settings (Howard 

& Bennett 1979; van der Meeren 1993; 2001; Linnane et al. 2000), survival from release 

programs has generally been low. The highest cumulative recapture in a large scale European 

release program was 6.2 percent over a span of 10 years at Kvitsøy, Rogaland (Agnalt 2008). 

A likely explanation is that hatchery reared juveniles lack the behavioral repertoire required to 

cope with a novel and highly fluctuating natural environment (van der Meeren 2000; 2005; 

Salvanes & Braithwaite 2006; Fernö et al. 2011).  

Producing  lobsters fit for release    

Hatchery reared animals must possess or learn certain basic skills to survive in the wild (Olla 

et al. 1998; van der Meeren 2005; Fernö et al. 2011), e.g. the ability to catch food, avoid 

predation and compete for limited resources. The rearing conditions in intensive hatcheries, 

where lobsters are kept individually in compartments offering few physical or chemical 

stimuli except for feeding, are clearly different from the wild marine environment. As a 

consequence, morphological and behavioral deficits possibly rendering the juveniles unsuited 

for release have been described for lobster as well as for a number of invertebrates and 

domesticated fish species (Svåsand et al. 1998; van der Meeren 2005; Bell et al. 2005; 

Salvanes & Braithwaite 2006). Lobster juveniles have thus suffered high mortalities due to 

predation from several species (van der Meeren 2000) assumed to be caused by lack of 

appropriate anti-predator behavior. 

In the present study, individually reared naïve juveniles were exposed to water from tanks 

holding three potential predator species in an attempt to ñtrainò the juveniles in becoming 

more fit for release. Communal rearing in spatially complex environments can be applied in 

attempts to reduce behavioral deficits such as poor predator-avoiding- and maladaptive 

aggressive behaviors (Jørstad et al. 2001; Salvanes & Braithwaite 2005). Although communal 

rearing may be space demanding and give variable survival rates depending on the 

developmental stage, initial size and stocking density (see e.g. Linnane et al. 2000; Jørstad et 

al. 2001; 2009, Kristiansen et al. 2004), there is potential to stimulate development of a more 

natural behavioral repertoire as shown for Atlantic cod (Gadhus morhua) (Salvanes & 

Braithwaite 2005). Similarly, introduction of predator odors to the rearing environment will 

represent a form of habitat enrichment in offering novel chemical rather than spatial stimuli to 

otherwise sensory deprived animals.  
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It is well established that aquatic species can be aversively conditioned to predator odor, e.g. 

through pairing with conspesific alarm cues (e.g. Olla & Davis 1989; Brown & Smith 1997; 

Berejikian et al. 1998; Ferrari et al. 2006). However, for such conditioning to show an effect 

the stimuli must be reintroduced in the test-environments. At the time of release, in a marine 

environment characterized by highly fluctuating biochemical composition, we do not know if 

predator odors are present above background levels, and effort is in fact made to release 

juveniles in periods where predators are less active (van der Meeren 2000). Hence, lobsters 

should be ñtrainedò to increase their shelter-seeking and competitive behavior irrespective of 

whether predator odors or alarm cues are present or not at the exact time and place of release. 

Some level of predator recognition- and avoidance are presumably highly preserved through 

evolution as innate abilities (Stein & Magnuson 1976; Wahle 1992; Boudreau et al. 1993; 

Olla et al. 1998; Berejikian et al. 2003; Vilhunen & Hirvonen 2003; Hawkins et al. 2004). 

Thus, habituation should be highly specific towards predator-related cues (Hemmi & Merkle 

2009; Raderschall et al. 2011), and prolonged exposure to predator odors presumably increase 

rather than suppress awareness towards any risk-resembling environmental disturbances.  

The role of chemical cues  

An abundance of studies on decapod species have established that chemical cues can 

modulate behavior and association with the perceived presence of conspecifics (Boudreau et 

al. 1993a; Karavanich & Atema 1998; Nevitt et al. 2000), prey (Derby & Atema; 1981; 

Daniel & Bayer 1987), specific habitats or shelter-providing substrata (Boudreau et al. 1993a; 

1993b; Briones-Fourzán 2008; Horner et al. 2006; 2008), and potential predators (Wahle 

1992; Appelberg et al. 1993; Boudreau et al. 1993a; Briones-Fourzán 2009; Gristina et al. 

2011). Chemical cues are mainly perceived either by the olfactory or gustatory sensory 

system (Derby & Sorensen 2008), but olfaction mediates more complex behaviors than 

gustation (Atema 1977, cited in Derby & Sorensen 2008). Decapods are also able to 

differentiate between complex odor mixtures and their single components (Zimmer-Faust 

1987; Daniel & Derby 1988). However, documentation is scarce concerning the olfactory 

capacity and the presence of chemically mediated behavior in European lobster. This is 

especially true for EBP lobsters, although the work of Nilsen (2007) indicated an ability to 

modify behavior after exposure to predator odor. Alberts-Hubatsch et al. (2011) also showed 

that newly settled juveniles could differentiate between odor plumes. All the same, given the 

similarities in anatomy and physiology for clawed lobsters it is exceedingly likely that 

olfaction is of similar importance for the European lobster. 
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Aims of the study  

In this study, a series of experiments were performed to assess the effect of exposure to 

predator odors on the shelter-seeking- and competitive behavior of naïve European lobster 

juveniles (~12-16 mm CL). In the first experiment it was investigated whether basic 

individual behavior was affected in a relatively low-complexity environment with bottom 

substrate and a shelter but no other tactile, visual or chemical stimuli. Juveniles have a 

predisposition for an early life in shelter and for substrate manipulation (Howard & Bennett 

1979; Botero & Atema 1982; Wahle & Steneck 1992; Van der Meeren 1993; 2001; Wickins 

et al. 1996; James-Pirri & Cobb 1999; Linnane et al. 2000), and the goal was to investigate 

whether predator odor could affect predator-avoiding and protective behaviors such as shelter-

seeking, activity level, and digging activity.  

In a second experiment focusing on intraspecific interactions, lobsters exposed and naïve to 

predator odors were paired together and had to compete for shelter. This represented a more 

complex situation since agonistic interactions are presumably important when competing for 

limited resources (van der Meeren 2005). If exposure to predator odors can improve the 

competitive behavior of hatchery reared juvenile lobsters beyond that of naïve individuals this 

may increase their survival upon release.  

The long-term effect of exposure to predator odors is critical, since potential improvements in 

lobster performance are only transient if the improved behavior is not retained. In a third 

experiment, exposed and naïve lobsters were released into a semi-natural habitat after a 

simulated transport stage and had to compete for a limited number of shelters. It was 

investigated whether lobster performance changed over time post-release, and if so, whether 

the change could be explained by the prolonged exposure to predator odors. This experiment 

represented an up-scaling of the small-scale interaction experiment, further enhancing the 

habitat complexity by allowing for multiple agonistic interactions and competition for shelters 

in a more comprehensive arena offering a diverse set of environmental impulses.  

Exposure to predator odors was hypothesized to serve as an artificially induced predation 

pressure increasing the lobstersô motivation to find and defend shelter when introduced to 

unfamiliar environments of increasing complexity. A perceived elevated predation risk has 

been shown to reinforce the association of naïve juveniles with shelter (Stein & Magnuson 

1976; Wahle 1992; Wahle & Steneck 1992; Castro & Cobb 2005; Oliver et al. 2008; Brionez-

Fourzán 2009; Gristina et al. 2011), and to influence shelter preference as lobsters may settle 
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more rapidly but less selectively under the perceived presence of a predator (Boudreau et al. 

1993b; Gristina et al. 2009). Exposed lobsters were thus predicted to find shelter more rapidly 

and have a stronger association with the shelter compared with naïve lobsters. Furthermore, 

odor exposure was predicted to raise the lobstersô motivation in competition for shelter when 

this represented a limited resource, and thus result in a stronger agonistic response towards 

conspecifics.  
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2. Materials and methods  

2.1 Experimental animals  

2.1.1 Lobster juveniles 

A total of 170 juveniles of European lobster were purchased from the commercial lobster 

hatchery of Norwegian Lobster Farm AS (NLF) at Kvitsøy, Rogaland (59
o
24ô09òN 

05
o
24ô09òE). They were approximately six months old, and had been hatched and reared in a 

temperature range of 19-21
o
C, with post-settlement rearing confined to single celled 

compartments deprived of environmental stimuli. All animals originated from the same 

production batch hatched late in 2010. As they originated from numerous locally wild-caught 

berried females, unidentified maternal effects (Huntingford 2004) were considered negligible 

and any differences compared with local wild stock should be attributable to the rearing 

conditions (Moberg et al. 2011). Lobsters had been fed commercially available lobster feed 

(patented by NLF, manufactured by Nofima), but specific details on light- and feeding 

regimes prior to the experimental period are unknown.  

Lobsters were transported to Bergen in an ice-chilled polystyrene container and brought to the 

Institute of Marine Researchôs (IMR) wet-lab facility at Parisvatnet, Øygarden (60
o
37ô45òN 

04
o
48ô07òE). Mortality and claw loss during transport was low, with 1.18 and 2.35 percent 

transport loss, respectively. The carapace length (CL), corresponding to the distance between 

the posterior rim of the eye socket and the dorsal posterior margin of the cephalothorax, was 

measured with Vernier calipers to the nearest 0.1 mm below (Table 1). Lobsters were then 

placed in rectangular single celled compartments (4x9x5 cm, Fig. 1) with numerous 

compartments on two larger units, and randomly assigned to one out of four experimental 

treatments (Table 1). The compartments consisted of white PVC walls and a plastic mesh 

bottom to secure water exchange in each compartment. Each unit was placed in 1m
2
 holding 

tanks with water at ambient temperature (~9.0-13.0
o
C, Appendix 1). Lobsters were given 21 

days of acclimation to the lower temperatures while preparing the experimental infrastructure 

and treatment protocols. Light regime was fixed to L:12/D:12 for all groups, with lights on 

between 08.00 and 20.00 until the 1
st
 of June, when the correct light regime for the 

experimental period was introduced (L:18/D:6 for treatments A and B, L:6/D:18 for 

treatments C and D, Table 1). Lobsters were allowed further acclimation until the start of 

Experiment 1 on the 8
th
 of June. 
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Table 1:  Overview of the main experimental treatments. Ȱ%ØÐÏÓÅÄȱ lobsters received odor exposure and 
seawater in fixed intervalsȟ ×ÈÉÌÅ Ȱ.ÁāÖÅȱ ÌÏÂÓÔÅÒÓ ÒÅÃÅÉÖÅd only seawater. Light regime was imposed on 
the 1st of June. There was a significant difference in size (CL; mean ± SD) between Summer simulations (A 
and B) and Winter simulations (C and D) (-ςȢωπ І Ô І -5.67, 0.02ς І Ð Є πȢππρɊ where the Summer 
simulations were significantly larger, but no differences were found within Summer or Winter simulations 
(A vs B: t= -1.624, p= 0.37; C vs D: t= -1.229, p= 0.61, respectively). Consult Fig. 2 for a complete overview 
of the experimental setup. 

Experimental 
treatment 

No. of 
lobsters 

CL (mm) 
mean±SD 

Predator 
odor 

Light regime Tank 
no. 

Water 
volume (l) 

Water flow 
(l/min)  

A 
(Summer 

simulation) 
40 

14,36 ± 
1,50 

Exposed L:18/D:6 5 300 9.2-10.2 

B  
(Summer 

simulation) 
42 

13,95 ± 
1,47 

Naïve L:18/D:6 2 300 9.2-10.2 

C  
(Winter 

simulation) 
40 

13,09 ± 
1,23 

Exposed L:6/D:18 4 300 9.2-10.2 

D 
 (Winter 

simulation) 
40 

12,71 ± 
1,04 

Naïve L:6/D:18 3 300 9.2-10.2 

 

 

Figure 1:  Cell unit with numerous single cells containing lobsters (Photo: H. Trengereid). 

From arrival on the 18
th
 of May until the 10

th
 of July lobsters were held in the indoor wet-lab 

facility and manually fed 2-3 pellets of commercial lobster feed every fourth day. Feed was 

never distributed while lobsters were exposed to predator odors. Mortality in this period was 

low and related either to problems with ecdysis or as a result of cannibalism when large 
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juveniles managed to enter the compartments of smaller ones. Dead lobsters were removed 

continuously, and single celled compartments and holding tanks cleaned in weekly intervals. 

Since both injury and molting can affect behavior (Lipcius & Hernkind 1982; Juanes & Smith 

1995) lobsters that lacked claws or had recently molted were removed from the experiment 

and stored in tank 1 (Fig. 2). Twelve lobsters died or were removed in the period between the 

8
th
 and 29

th
 of June. Only apparently healthy intermolt juveniles were used in this study, and 

claw dimorphism was evident in all lobsters. Determination of the sex and molt-stage in small 

juveniles is not possible without sacrificing the animal (Agnalt IMR, pers. comm.), and was 

not done since lobsters were needed in later experiments.  

2.1.2 Predators 

Predators were caught east of Øygarden on the 2
nd

 and 3
rd
 of June. Green crabs (Carcinus 

maenas) were captured with common Måløy pots, while cod (Gadus morhua) and Ballan 

wrasse (Labrus berggylta) were captured in trammel nets. Great care was taken to avoid 

significant shell-loss or gill damage to the fish when loosening them from the trammel nets. 

Each species were kept in separate tanks (Table 2), and three boulders were placed in the cod 

and wrasse tanks to add some habitat complexity. The wrasse tank also contained black 

plastic strips as artificial seaweed. Temperature was continuously recorded with an automatic 

data logger (EL-USB-1-PRO), and O2 levels measured once a day (Oxyguard Handy Polaris 2 

calibrated to 33 ppt). The water held ambient temperature (9.0-13.0
o
C, Appendix 1), and the 

oxygen saturation was stable, ranging from 90 to 100 percent saturation over a time span of 

55 days for all tanks containing animals. Predators were fed ad libitum with pelleted fish feed 

once per day (22.00) (Skretting Amber Neptune 1300 mixed with raw paenaid shrimp and 

then frozen). Predator tanks were cleaned of feces and excess feed once per day.  

Table 2: Details on the predators used in this study. Light regime for predators were L:14/D:10, with 
lights on between 10.00-00.00. *Carapace width. NA= not available.  Consult Fig.2 for overview. 

Predator 
Species 

No. of 
animals 

Mean 
size(cm) 

Mean 
weight(g) 

Tank 
no. 

Water 
volume (l) 

Water flow 
(l/min)  

Diel and seasonal 
activity 

Atlantic cod 
(Gadhus 
morhua) 

3 47.0 1172 6 190-200 8.8-11.2 
All day, 

year-round 

Ballan wrasse 
(Labrus 

berggylta) 
5 24.2 284 7 190-200 6.8-10.0 

Diurnal, 
mainly summer 

Green crab 
(Carcinus 
maenas) 

7 7.7* NA 8 45-55 4.4-7.2 
Nocturnal,  
 year round 
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Three predator species were used since no study concerning differential species-specific 

predation has been performed on EBP European lobsters, thus it was not possible to predict 

which predator would have the best potential to elicit a response in behavior. Therefore, odors 

from known predators in several field studies were chosen (Wahle & Steneck 1992; van der 

Meeren 2000; Ball et al. 2001; Mercer et al. 2001). Also, there are diel and seasonal 

differences in the activity pattern of the three predators (Table 2, van der Meeren 2000; Ball et 

al. 2001), this being important as lobsters were exposed to predator odors both during the light 

(treatment A) and dark phase (treatment C, Table 1) simulating light conditions in the summer 

(August) and winter (December), respectively. To add further authenticity to the simulated 

predation pressure, the selected predators are naturally foraging in a range of typical release 

habitats (cobble, gravel, sand) (van der Meeren 2000; Ball et al. 2001; Mercer et al. 2001).     

 

Figure 2: Overview of experimental setup (wet-lab facility). Red color represents predator water and its 
direction, brown = drains, dark blue = water intake through pipes from a common reservoir. Experimental 
tanks are numbered 1 through 10. Tank 1: Miscellaneous. Tanks 2 to 5: Lobster tanks. Tank 6: Collection 
tank for predator water. Tanks 7-9: Predator tanks. Tanks 10 and 11: Observation units. Light regime for 
tanks 2 and 5 are L:18/D:6, and L:6/D:18 for tanks 3 and 4. 
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2.2 Experimental infrastructure and odor exposure  

The experimental system consisted of four 1m
2
 tanks with lobsters (2-5, Figs. 2 and 3), one 

elevated holding tank for each predator (7-9, Figs. 2 and 3), and one tank for collection of 

predator water (6, Figs. 2 and 3). Two 50 liter trays were used as observation units for 

behavioral assays (10, Figs. 2 and 4), and one backup tank was installed for miscellaneous use 

and storage of damaged lobsters (1, Fig.2). All tanks containing animals were set up as flow-

through systems with water inflow by gravity from a common reservoir. Water from three 

meters depth (west of Nautnes, approximately 60
o
37ô42òN 04

o
47ô36òE) passed through a 

macro-grid to remove large debris, followed by drum-filtration (20 ɛm) before reaching the 

reservoir. This provided the system with one common water quality. Globe valves allowed for 

fine-tuning of water inflow at the tank level, but periodically unstable pressure in the pipes 

supplying water to the system gave some fluctuations in water inflow (Table 1 & 2).  

Lobster treatment tanks (4 and 5, Fig.2) received water containing either a mix of all predator 

odors or fresh seawater in fixed intervals (Table 3), while the control tanks (2 and 3, Fig.2) 

had only continuous inflow of seawater. Preliminary trials indicated that while short exposure 

times seemed to have no effect on shelter-seeking, whereas long pulses indicated some effects 

(Appendix 5). In addition, habituation (Hinde 1966) has been shown to occur rapidly after 

exposure to stimuli of short duration in repeated intervals (Daniel & Derby 1988). 

Consequently, predator odor was delivered as approximately 15 hour long pulses at a rate of 

9.0-11.5 l/min, with no pulse intermittency. In the nine hour period between odor pulses no 

predator water was led into the lobster treatment tanks, but circulation of fresh seawater in 

both predator and lobster tanks was maintained.  

Exposure to predator odors was confined to the light phase for treatment A and dark phase for 

treatment C (Table 3). To assess the effect of odor exposure alone, it was important that 

lobsters did not learn to associate predator odor with handling (i.e. aversively conditioned to 

handling). Therefore, odor exposure ended approximately one hour before starting the 

observation trials to avoid a link between predator odors and handling procedures. Naïve 

lobsters (treatments B and D) followed the same light regime and test protocol but did not 

receive olfactory stimuli. Since a realistic release would generally have been performed in 

daylight, all observations were carried out in the light phase. The photoperiod was not 

interrupted for any of the treatments since the shift from darkness to light took gradually place 

through a 30 min crepuscular period to avoid abrupt changes in light conditions (Table 3). 



20 
 

 

Figure 3 : Tank setup (flow through system). Upper:  Summer (left) and Winter (right) lobster tanks. 
Inflow regulated with globe valves and volume fixed to 300 l through a lateral standpipe. Lights controlled 
by automatic timers. Lower:  Predator tanks and collection tank for predator water. From the left: 
Elevated tanks for cod, wrasse and crab. Water was descending by gravity to the collection tank, and 
further into lobster treatment tanks (see also Fig. 2) (Photo: H. Trengereid).  

Table 3: Experimental treatment protocol. Predator odor was delivered in 15 hour long pulses. See Fig. 2 
for tank identification. NA= No odor exposure.  

Experimental 
treatment 

Tank  Light 
regime 

Light phase Dark phase Start odor 
exposure 

End odor 
exposure 

Start 
testing 

A 
(Summer 

simulation) 
5 L:18/D:6 06.00 - 00.00 00.00 - 06.00 06.30 21.30 22.30 

B  
(Summer 

simulation) 
2 L:18/D:6 04.00 - 22.00 22.00 - 04.00 NA NA 20.00 

C  
(Winter 

simulation) 
4 L:6/D:18 15.30 - 21.30 21.30 - 15.30 00.00 15.00 16.00 

D 
 (Winter 

simulation) 
3 L:6/D:18 17.30 - 23.30 23.30 - 17.30 NA NA 18.00 
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Preliminary observations indicated that exposure in the light versus dark phase would yield 

different results for shelter-seeking behavior (Appendix 5). In addition, van der Meeren 

(2000) found that survival differed between seasons and recommended early-winter releases. 

To assess whether odor exposure in the light (ñsummer simulationsò) and dark (ñwinter 

simulationsò) phase would affect behavior differently, photoperiod was included as a co-

effect on exposure to predator odors. Lobsters were thus subjected to light regimes simulating 

conditions in August and December. In order to reverse the photoperiod for winter 

simulations (C and D, Table 3) but still keep the room illuminated as required for observation, 

a permanent framework covered with black opaque plastic was built over the designated 

winter tanks (3 and 4, Fig. 2; Fig. 4). Lamps were positioned approximately 50 cm above each 

lobster tank, giving light intensities in the range of 120-160 lux at the water surface (measured 

with Lutron LX-101 luxmeter). The lamps were connected to automatic timers and light 

dimmers enabling a precise photoperiodic control and a gradual shift in light conditions. 

The observation units used for observation of lobsters were made in two 50 liter (50x40x25 

cm) transparent plastic containers (Fig. 4) each filled with approximately 25 liters of water at 

ambient temperature. Bottom substrate was four liters of washed shell sand, and two cobble 

stones represented a simple three-dimensional shelter with one semi-flattened stone supported 

against a small brick creating a crevice. Cobble stones were selected since juveniles prefer 

cobble-providing habitats (Wahle & Steneck 1992; Cobb & Wahle 1994; Linnane et al. 2000). 

The shelter was placed about 5 cm from the tank-wall to prevent lobsters from accidentally 

encountering shelter when roaming along the tank-walls. Light intensity at the water surface 

ranged between 115 to 130 lux. A camera (480 TVL-PAL) was mounted approximately 30 

cm above the water surface and 

connected by hardwire to a 

computer in an adjacent room. 

Geovision GV-1120 surveillance 

hardware was used for video 

recordings.  

 

Figure 4 : Observation units used for 
behavioral observations in Experiment 
1 and 2. Shelters placed at the far end, 
while lobsters were introduced at the 
opposite side. (Photo: H. Trengereid). 
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2.3 Experiment 1 ; Indivi dual  behavior after  prolonged  exposure to  

predator odor s 

To investigate effects of odor exposure on the basic behavior in absence of environmental 

disturbances, individual lobsters were observed in a relatively low-complexity environment 

absent of tactile, visual and chemical stimuli above background levels, except for bottom 

substrate and a simple three-dimensional shelter. Emphasis was put on predator-avoiding and 

protective behaviors such as shelter-seeking, activity level, and digging ability. Each lobster 

was observed four times (after 4, 8, 12 and 16 days in treatment) since it was unknown if or 

when the effects of odor exposure would alter behavior, and whether the effects would 

intensify or diminish according to duration of exposure. 

Throughout this text, treatments A and B will be referred to as ñsummer simulationsò, while 

treatments C and D are referred to as ñwinter simulationsò. This is because treatments differed 

based on light regime (Table 1 & 3) simulating light conditions in the summer (L:18/D:6) and 

winter (L:6/D:18), respectively. In addition, lobsters exposed to predator odors are referred to 

as ñExposedò, and lobsters not exposed to odor referred to as ñNaµveò. 

2.3.1 Experimental design 

Experiment 1 was performed in the indoor wet-lab facility and lasted from the 8
th
 to 27

th
 of 

June. Forty juveniles were randomly allocated to each treatment (Table 1 and 3). Since it was 

not possible to observe 160 lobsters on a daily basis, each treatment was divided into four 

subgroups (n=10). In this way, the daily number of observations was reduced from 160 (40x4) 

to 40 (10x4), where all four treatments were represented by one subgroup each day (Fig. 5).  

Since behavioral assays were scheduled after 4, 8, 12 and 16 days of exposure, it was 

important that all lobsters were exposed to equal durations of predator odors. Keeping in mind 

that only one subgroup from each treatment was observed daily, the subgroups had to be 

introduced to the treatment in consecutive order, and they were numbered 1 through 4 (Fig. 

5). To illustrate, Subgroup 1 (A1, B1, C1 and D1) was introduced on 08.06 and observed the 

first time on 12.06, after four successive days in treatment. The next observation on Subgroup 

1 was then performed on 16.06 after eight days in treatment, and so on. The remaining 

subgroups were transferred the following three days with one day time-lag (Fig. 5). Thus, on 

11.06 all lobsters had been relocated from the large units to smaller ones, and upon the first 

observation trial the following days they had all received four days of odor exposure (Fig. 5).   
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Figure 5 : Events prior to start of Experiment 1: Lobsters arrived on 18.05, and were initially placed in two 
tanks on two large units. The experimental infrastructure was built between 18.05 ɀ 01.06, and when this 
was finalized on 01.06, the correct light regime could be introduced. Four days before start of testing 
(08.06), one subgroup from each treatment was transferred to the smaller units. Remaining subgroups 
were transferred during the following 3 days in the same way, so on 11.06 the large units were empty and 
removed. One smaller unit (shown in Fig. 1) remained in tanks 2, 3, 4 and 5, with the treatments now 
separated into four subgroups.  

 

2.3.2 Behavioral assays 

To assess whether there was any changes in behavior according to the duration of exposure 

(number of days) behavioral assays were repeated every fourth day. Thus, each lobster was 

observed four times in a 16 day time-span. In the three day intervals between each trial 

lobsters were not handled, with feeding being the only direct external stimuli apart from 

minor unavoidable disturbances when other subgroups were tested.  

Two lobsters from the same treatment (and subgroup) were removed from their single celled 

compartments and placed in separate acclimation chambers made from black PVC pipe sealed 

in one end by fine black mesh, thus preventing visual stimulation when moving lobsters to the 

observation units. Lobsters were submerged individually in the observation units opposite 
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from the shelter and restrained in the chamber for one minute before starting the assay. After 

starting the video recording session, the containers were carefully removed and the observer 

moved to an adjacent room to prevent any visual disturbance. As field studies have shown 

that predation usually occurs within 15 minutes (van der Meeren 2000; Ball et al. 2001; 

Mercer et al. 2001), the lobsters were allowed to move freely within the arena for exactly 15 

minutes, after which they were placed in the chamber and returned to their single celled 

compartments. After each assay the shelter stones were reset to their original position, and 

any entrances or other structures made by the lobsters were destroyed. The water was changed 

between testing of each treatment (Table 3) and the substratum and shelter stones washed in 

running water for approximately 30 minutes.   

During the 15 minute observation period the behavior of the lobster could be grouped into 

several categories (Table 4, Fig. 6). Due to small lobster size and limited video quality, other 

behaviors as e.g. antennule flicking and pleopod fanning (Atema & Voigt 1995) could not be 

adequately distinguished in this setting. Pleopod fanning was occasionally observed either 

briefly when the lobster was digging in the tank corners or indirectly as outflow of debris at 

the shelter entrance, but it was not possible to record accurately since lobsters mainly 

exhibited this behavior when covered by the shelter.  

Descriptions in Table 4 cover the complete span of behavioral categories that could readily be 

observed in this setting. Categories were defined based on preliminary observations of 

lobsters in a similar environment (Appendix 5), and represented a way of dissecting behavior 

into observable units (Huber & Kravitz 1995) that could be analyzed separately. Classification 

of adaptive/maladaptive behavior was based on its presumed importance in nature, where 

behaviors related to predator-avoidance, like shelter-seeking (rapidly find shelter), a strong 

association with the shelter once found (to accept shelter and dwell within it during the day) 

and shelter manipulation (construction of entrances at the openings and a tunnel system) were 

considered adaptive. Although the test-environment restricted tunnel building, lobsters spent 

time to excavate a burrow and build entrances. According to Berrill (1974) and Botero & 

Atema (1982) EBP lobsters have a preference for tunnel building in association with stones 

and shelter-providing objects. The observed burrowing behavior presumably represented 

attempts of tunnel building and was regarded as adaptive.    
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Table 4: Behavioral categories present in individual observations. Time-to-event is recorded when a 
certain behavior is observed the first time. The duration of a behavior is the total time spent exhibiting 
that behavior. Frequency is the number of times a specific behavior is displayed.  

Behavioral 
categories 

Type of 
event 

Description 

Time to find 
shelter 

Time-to-
event 

Time between release from chamber and the first complete entering 
into shelter, defined as disappearance of the telson under shelter when 
entering head-first, or the rostrum when backing into shelter.   

Shelter 
dwelling 

Duration Time spent inside shelter, including time when a lobster was observed 
digging inside the shelter. 

Cheliped 
shuffling 

Frequency After entering a shelter lobsters usually started digging entrances at the 
opening of the shelter, mainly by shuffling out substrate with their claws 
(cheliped shuffling), and to create a burrow in which they placed 
themselves.   

Roaming Duration Time spent moving around the test arena, typically walking along the 
edges of the test arena and occasionally in the center. Walking speed 
was highly variable.   

Climbing Frequency Lobsters were climbing on the walls in the test arena. A climb attempt 
was ŘŜŦƛƴŜŘ ŀǎ ŀ ƳƛƴƛƳǳƳ ƻŦ ƘŀƭŦ ǘƘŜ ƭƻōǎǘŜǊΩǎ ōƻŘȅ ǳǇ ŀƎŀƛƴǎǘ ǘƘŜ ǿŀƭƭ 
with the claws stretched upward. 

Digging 
outside 

Duration [ƻōǎǘŜǊǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ǘƻ ŘƛƎ ƛƴ ŜƛǘƘŜǊ ƻƴŜ ƻŦ ǘƘŜ ǘŀƴƪǎΩ ŎƻǊƴŜrs, after 
which it often placed itself in the burrow. Outside digging behavior was 
recorded when it lasted for 10 seconds or longer. 

Freezing Duration Lobsters remain motionless in one position for 20 seconds or longer. 
Lobsters readily walked and stopped in short intervals, but these stops 
rarely exceeded 10 seconds.  

 

 

Figure 6 : Observation unit with depiction of the observed behavior. See Table 4 for complete description 
of the behavioral categories. Arrows indicate the observed shifts in behavior. After finding shelter, the 
lobster would generally either remain in it (accept) or leave shortly or after Ѕ3 minutes.  
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In the preliminary trials essentially all lobsters located the shelter at some point, but numerous 

lobsters refrained from entering, or even attempting to do so, and would either roam around 

for a prolonged amount of time, display freezing behavior, or start to excavate a burrow in 

one of the tank corners. Prolonged roaming, sometimes referred to as ñexplorationò (Mehrtens 

et al. 2005), increase conspicuousness as exposure in open areas can attract predators (van der 

Meeren 1993; 2000). In addition, lobsters are mainly nocturnally active both in the wild and 

in experimental settings and stay in shelter during the day (Lawton 1987; Karnofsky et al. 

1989; Mehrtens et al. 2005). Consequently, roaming was considered a maladaptive behavior. 

Conversely, freezing is a well-documented predator-avoiding strategy effective in avoiding 

visual predators (Johns & Mann 1987; Vilhunen & Hirvonen 2003; Zhao et al. 2006), and 

given that some lobsters were exposed to predator odors freezing would generally be 

considered adaptive. Nevertheless, in this particular setting, where preliminary trials showed 

that both Exposed and Naïve lobsters displayed freezing behavior, and considering that shelter 

was readily available within a confined area with no competition, it was not regarded as 

adaptive. Moreover, lobsters have an innate preference to excavate the substrate, also in 

habitats like shell-sand or mud where no pre-existing shelters are present (Howard & Bennett 

1979; Botero & Atema 1982; Pottle & Elner 1982). In preliminary trials, digging behavior 

outside shelter was readily observed and most likely the initial phase of an attempt to build a 

burrow or tunnel acting as shelter. However, as the construction of shelter in these substrates 

takes several hours (Howard & Bennett 1979; Botero & Atema 1982) this behavior was not 

considered adaptive when lobsters had access to a suitable pre-made shelter. Climbing the 

tank-walls can be viewed as stereotypic behavior induced by confinement in a small and 

enclosed test-environment, as can the apparent preference to roam along the tank edges, 

which may also be reinforced by the positive thigmotaxis (Botero & Atema 1982) present in 

lobster juveniles. These behaviors are considered maladaptive in an experimental setting as 

they may displace predator-avoiding behaviors.  

2.4 Experiment 2 ; Effects of prolonged odor  exposure on  intra -specific  

interactions  

To study the effects of odor exposure on intra-specific interactions, Exposed and Naïve 

lobsters were paired together to compete for one shelter. The inclusion of environmental 

disturbances in the form of interactions and direct competition enhanced the habitat 

complexity.  
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2.4.1 Experimental design 

The study proceeded directly into the second experiment that was performed on the 28
th
 and 

29
th
 of June. The experimental design was similar to Experiment 1 concerning tank setup and 

lobsters remained in the same experimental treatments (see section 2.2 and Table 3), but slight 

modifications were made to the treatment-protocol to accommodate the need to trial Exposed 

and Naïve lobsters together. 

Lobsters were size matched to avoid size dependent bias (Atema & Voigt 1995; Vye et al. 

1997) (CL, mean ± SD; treatment A: 14.1±1.6 versus treatment B: 13.9±1.5 (t= 0.41, p= 

0.98); treatment C: 13.0±1.1 versus treatment D: 12.8±1.2 (t= 0.44, p= 0.97)). Both the 

Lobsters were marked with solvent free correction fluid on the dorsal carapace (PRITT), a 

method also used by Peeke et al. (2000) without any reported harmful effects. Both Exposed 

and Naïve lobsters were marked to prevent possible confounding effects from the procedure 

when only marking one group. A cotton swab was used to wipe the carapace dry, after which 

the lobster was marked with one or two points/lines and the fluid hardened. Individuals were 

marked at the group level three days before the interaction assays were performed. Lobsters 

were exclusively paired within the summer and winter simulations (Table 3) to isolate the 

effect of predator odors, and light regime was included as co-effect to investigate whether the 

behavior differed based on photoperiod.   

2.4.2 Behavioral assays 

The test procedures were identical to the single trials performed in Experiment 1 (see section 

2.3.2), with the exception that one Exposed and one Naïve lobster was placed together in each 

observation unit, and given 20 minutes to settle and interact. Interaction tests were only 

performed once for each lobster after a total of 20 days in treatment. Since interactions have 

been shown to include chemical signaling, at least for male adult lobsters (Karavanich & 

Atema 1998), the water was changed between each trial and the shelter stones scrubbed in 

running water.   

Additional behavioral categories besides those for Individual behaviors described in Table 4 

were defined for analysis of the Interactions (Table 5). These categories were with some 

modifications based on Atema & Voigt (1995), Huber & Kravitz (1995) and Gherardi et al. 

(2010). The focus was on agonistic interactions and behavior related to shelter and general 

activity level, as the intention was to determine the effect of exposure to predator odors on 
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competitive behavior. Dominance is established through aggressive encounters (Huber & 

Kravitz 1995; Karavanich & Atema 1998; Skog 2009), but also the possession and defense of 

shelter can represent a measure of social dominance (Peeke et al. 2000). Therefore, a 

distinction was made between Interactions, which entailed aggressive or submissive displays 

or physical contact, and Individual behaviors where lobsters did not visibly interact. The 

behavior of both opponents was analyzed to quantify each of the behaviors listed below 

(Table 5), after which lobsters were categorized as either dominant or submissive.  

The Interaction categories were scored from -2 to +2, with 0.5 point increments, in order to 

obtain an aggression score. For each trial, scores from all agonistic interactions were 

summarized for both participants. Certain behaviors were clearly more powerful indicators 

than others, thus direct interactions were scored based on their apparent strength relative to 

the opponent. Categories were classified as either aggressive or submissive, e.g. various forms 

of approach or threats versus several forms of retreat. Generally, aggressive displays or 

encounters were observed shortly after introduction to the observation unit.  

An approach of one or both opponents towards each other represented the most subtle form of 

aggressive behavior (+0.5), followed by threat displays (ñmeral spreadò, +1). These could be 

exhibited by both opponents before a dominance relationship had been established, and 

typically either escalated to full-contact fighting or the retreat of one or both opponents. In 

addition, ñmeral spreadò was observed frequently after one lobster had clearly gained 

dominance, in situations where the opponent approached or was in its close vicinity, resulting 

in some form of retreat by the opponent. Lunge attacks could be seen as a faster and more 

motivated approach/attack towards an opponent, often with claws stretched upwards and 

outwards (+1.5), which always ended up in either full-contact fights or the retreat of one 

individual. The lunging lobster was sometimes observed to chase a retreating opponent with 

its claws outstretched (+1.5). The most powerful aggressive behaviors were those of the 

ñfightò category, which encompassed all actions resembling punches and/or strike-like claw 

movements directed towards the opponent (+2 per strike). Lobsters could be seen in violent 

full -contact fights, where they both displayed ñfightò behavior. These encounters were 

generally of short to moderate duration (Ò 3 min), and the least fierce lobster tended to 

eventually retreat to the opposite side of the tank. 
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Table 5: Basis for calculation of dominance score in interaction trials . The categories were partly based on 
Atema and Voigt (1995), Huber and Kravitz (1995) and Gherardi et al. (2010). Nature of behavior 
describes whether it is considered positive/aggressive, negative/submissive or neutral in order to 
establish dominance. Instant events are recorded each time a certain behavior is observed, except for 
Ȱ&ÉÎÄ ÓÈÅÌÔÅÒȱ ×ÈÅÒÅ ÉÔ ÉÓ ÒÅÇÉÓÔÅÒÅÄ ×ÈÅÎ ÔÈÅ ÌÏÂÓÔÅÒ ÆÉÒÓÔ ÅÎÔÅÒÓ ÓÈÅÌÔÅÒȢ  $uration is the total time spent 
exhibiting that behavior. The score represents the value of each observation. 

Behavioral 
category 

Nature of 
behavior 

Description of behavior Type of 
event 

Value 

Individual behaviors 

Find shelter Positive Whether a lobster finds shelter. See Table 4 Instant +1 

Shelter 
occupancy 

Positive Time spent inside shelter - dwelling, digging or 
engaged in interactions with an intruder. 

Duration +0.5/min 

Leave shelter Negative Whether a lobster leaves the shelter unprovoked. Instant - 0,5 

Roaming Negative Time spent roaming around the tank. Time spent 
digging outside, freezing or interacting is 
subtracted to attain the correct duration. 

Duration - 0.25/min 

Digging 
outside 

Neutral Digging in one of the tank corners. Both aggressive 
and submissive lobsters dug outside the shelter. 

Duration 0/min 

Freezing Neutral A lobster remained motionless for more than 20 
seconds.  

Duration 0/min 

Interactions 

Approach Aggressive Slow/moderate advance towards an opponent. Instant +0.5 

Threat Aggressive Aggressive claw display (meral spread) claws 
stretched outwards and/or upwards) in the 
vicinity of opponent. 

Instant +1 

Lunge attack Aggressive Rapid advance/attack against opponent with 
claws outstretched. 

Instant +1,5 

Chase Aggressive Pursuit of a retreating opponent. Instant +1,5 

Fight Aggressive Pull, push, punch, grab or strike towards an 
opponent in an attempt to displace or harm it. 

Instant +2 

Evict Aggressive A lobster takes over the shelter without resistance 
from the lobster holding shelter, or alternatively 
pulls it out by force. 

Instant +2 

Holding Aggressive/ 
Submissive 

One or both claws of opponents interlocked, 
followed by the retreat of one opponent. Positive 
score to the winner, negative to the loser.  

Instant +1/-1 

Fight in 
shelter 

Aggressive/ 
Submissive 

Fight to gain control of shelter where opponents 
stand head-first inside the shelter, occasionally for 
a prolonged amount of time, followed by the 
retreat of one opponent. Positive score to the 
winner, negative to the loser.   

Instant +1/-1 

Retreat Submissive A lobster moves or turns away from an opponent. Instant -1 

Rapid retreat Submissive A lobster moves quickly away, either by walking 
rapidly or beating the tail once, e.g. when startled 
or held by an opponent. 

Instant -1,5 

Evicted Submissive Leaves the shelter without a fight, or is forcefully 
pulled out by the intruder.   

Instant -2 

Tailflip 
escape 

Submissive Multiple contractions of the abdomen to quickly 
propel a lobster away from the opponent. 

Instant -2 
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Three categories were mutually exclusive, in that they had a readily recognizable winner and 

loser. When opponents had one or both claws inter-locked, occasionally for a prolonged 

amount of time, making it difficult  to observe each individual action it was recorded as 

ñholdingò. Eventually, the retreating lobster was given a negative score and the winner given 

a positive score (±1, Table. 5). Similarly, when opponents were standing head-first into 

shelter from opposite sides, either because an intruder had challenged the resident lobster or if 

both entered simultaneously, their movements could not be observed. This was recorded as 

ñfighting in shelterò, and lobsters were scored as for ñholdingò (±1, Table. 5). Finally, if a 

resident lobster was challenged and subsequently gave up shelter without defending it, or if 

the intruding lobster pulled it out by force, the intruder had evicted the resident opponent. 

This clearly represented strong dominance/subordinate behaviors and were scored accordingly 

(±2, Table 5). After these interactions the loser generally retreated away from its opponent.  

Submissive behaviors consisted of various forms of retreat. The mildest form of retreat 

(avoiding or moving away, -1) could be seen in both opponents before dominance had been 

established. After one lobster had gained dominance, however, the submissive individual 

generally retreated upon each subsequent approach without physical contact being observed. 

Threat displays was also observed to trigger a retreat from the submissive individual. A rapid 

retreat (-1.5), classified as either walking rapidly/òrunningò away from an opponent or beating 

the tail once to escape the grasp of a claw or when startled from behind, was typically 

displayed by submissive lobsters when they were lunged upon or chased. The most powerful 

indicator of sub-dominance was tail-flip escapes (-2), which was generally observed either 

after violent full -contact fights or if a submissive lobster was attacked, and may be considered 

a last resort escape to avoid serious injury. 

Individual behaviors were included to describe activities when there were no interactions, and 

as for Interactions they were summarized to produce an ñindividual scoreò. These categories 

were focused mainly on behavior related to shelter, as the acquisition of shelter is essential for 

juvenile lobsters, and also a sign of social dominance (Peeke et al. 2000). Here, behaviors 

were also scored based on their presumed significance in nature. Thus, lobsters were given a 

positive score when finding shelter (+1) and for remaining in it/defending it from an intruder 

(+1 per minute) and a negative score if they voluntarily left the shelter to roam around the 

tank (-1). Digging activity inside shelter was not recorded since lobsters showed highly 

variable digging behavior that seemed much less motivated than in individual observations. 
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They were primarily observed to either dwell (lie still) inside or guarding the entrances as the 

opponent frequently roamed around and approached the shelter.  

Roaming, digging outside shelter and freezing behavior were included as a measure of the 

general activity level. Roaming around the tank not attempting to take possession of shelter 

was given a negative score since high activity levels increase conspicuousness (van der 

Meeren 1993; 2000). Digging behavior displayed outside shelter was rarely observed and 

considered neutral as both aggressive and submissive individuals showed this behavior. 

Freezing were clearly more common in submissive lobsters that tended to display prolonged 

freezing after repeatedly losing fights. However, they were already penalized for being 

submissive by a low aggression score, and freezing may be viewed as the least negative 

behavior of a submissive lobster in an experimental arena, denied both protection from shelter 

and a possibility of escape. Outside digging and freezing contributed to the indirect score only 

by adjusting the time allocated to roaming, i.e. they both had a weak positive effect.  

 

2.5 Experiment 3 ; Long-term effect of exposure to predator odors  

Exposed and Naïve lobsters were released into a semi-natural habitat after a simulated 

transport stage, and allowed 35 days to compete for a limited number of shelters. It was 

investigated whether lobster performance changed over time post-release, and if so, whether 

the change could be explained by the prolonged exposure to predator odors. This experiment 

represented an up-scaling of the small-scale interaction experiment, further enhancing the 

habitat complexity. 

2.5.1 Experimental design 

The small-scale simulated release experiment was performed outdoors from the 10
th
 of July to 

14
th
 of August, with two 4m

2
 (2x2 m) tanks used as test arenas. Bottom substrate was 

approximately 45 liters of coarse shell sand, and 30 single great scallop (Pecten maximus) 

shells were used as shelters (shell diameter, mean ± SD: 11.98 cm ± 1.58). To reduce water 

turbidity the sand was washed for approximately 24 hours to remove the finest grained 

particles. Water volume was then fixed to 1600 liters through a central standpipe covered with 

thin plastic mesh to prevent escapes, with a constant water flow of approximately 14 l/min. 

Water quality and origin was equal to tanks in the wet-lab, and ambient temperature was 

continuously recorded with an automatic data logger (10.0-18.0
o
C, Appendix 1). Small 
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meshed black nets were stretched out over the tanks to reduce direct exposure to sunlight, and 

limit large amount of instant freshwater input from precipitation. Both light regime and light 

intensity at the tank-surface varied naturally, with the photoperiod for Parisvatnet ranging 

from approximately L:21.5/D:2.5 on the 10
th
 of July to L:17.5/D:6.5 on the 14

th
 of August 

(sky calendar). Light intensity on a cloudless summer day with no precipitation or exposure to 

direct sunlight was in the range of 8000-12000 lux at the water surface beneath the nets. The 

light intensity has a wider range depending on weather conditions, but 8000-12000 lux was 

representative for the light intensity in a variety of weather conditions.   

To promote competition the shelter-to-lobster ratio was selected to 0.5. When limiting the 

number of available shelters Exposed and Naïve lobsters were forced to compete for a limited 

resource, as in the earlier smaller scale interaction experiments. To investigate whether any of 

the groups were superior in their shelter-seeking- and competitive behavior, and if  post-

release performance changed over time, samplings were performed three times during the 35 

day experiment; on the 16
th
 and 31

st
 of July and the 14

th
 of August, corresponding to 6, 21 and 

35 days after release. 

The treatment protocol was modified to some extent (Table 6) after the end of Experiment 2 

(30
th
 of June), mainly to accommodate regular working hours for the staff at Parisvatnet. 

Animals did not experience handling or other outer stimuli except for feeding every fourth 

day until the 9
th
 of July, when exposure to predator odors ceased and lobsters included in the 

release experiment were individually marked with visible implant elastomer (VIE) tags 

(Uglem et al. 1996; Clark & Kershner 2006). Liquid elastomer was injected with a 

hypodermic needle (0.55 mm) in the ventrolateral musculature around the fifth segment of the 

tail. Care was taken not to damage surrounding tissue and to prevent leaching when the 

syringe was retracted from the tissue. This method was chosen due to the long duration of the 

experiment as elastomer marks remain visible even after several molts when administered 

correctly, and mortality from the marking procedure is low (Uglem et al. 1996; Clark & 

Kershner 2006). After marking, lobsters were returned to their single compartments for 

approximately 24 hours before initiation of the simulated release. According to Clark & 

Kershner (2006) there are no significant aversive effects of VIE tagging, thus 24 h 

acclimation was considered sufficient. A total of 120 lobsters were supposed to be included in 

the release, but 12 additional lobsters were marked to account for post-procedure- and 

transport mortality. However, no mortality had occurred 24 h after tag deployment. As a 

precautionary measure, lobsters were not subjected to predator odors the last day before 
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release to avoid associative learning between the tagging procedure and predator odor. To 

standardize photoperiod the lights were turned on at midnight (approximately 8 hours before 

transport) for all treatments. Lobsters were size matched in both tanks (CL, mean ± SD; 

treatment A: 14.2±1.6 versus treatment B: 14.0±1.4 (t= -0.67, p= 0.91); treatment C: 13.0±1.2 

versus treatment D: 12.9±1.1 (t= -0.39, p= 0.98))  

Table 6: Experimental treatment protocol from 30th of June until 9th of July. Packing and release was done 
on the 10th of July. The treatment protocol remained the same but was shifted in time. NA = no exposure. 

Treat
ment 

Light 
regime 

Light 
phase 

Dark 
phase 

Start 
odor exp 

End 
odor exp 

Packing/ 
Transport 

Release 
time 

Tank 
No. 

Number 
released 

Tag 

A 
L:18/D:6 

14.30 - 
08.30 

08.30 - 
14.30 

15.30 07.30 
08.30-
12.30 

12.30-
13.00 

2 30 Orange 

B 
L:18/D:6 

14.30 - 
08.30 

08.30 - 
14.30 

NA NA 
08.30-
12.30 

12.30-
13.00 

2 30 Green 

C 
L:6/D:18 

08.30 - 
14.30 

14.30 - 
08.30 

15.30 07.30 
09.00-
13.00 

13.00-
13.30 

1 30 Orange 

D 
L:6/D:18 

08.30 - 
14.30 

14.30 - 
08.30 

NA NA 
09.00-
13.00 

13.00-
13.30 

1 30 Green 

 

2.5.2 Simulated release 

To simulate a release situation a transport stage was included. A total of 132 marked lobsters 

were placed in two polystyrene containers, and separated by multiple layers of moist 

newspaper over a bottom layer of ice. The containers were sealed and placed in a dark room, 

where they were disturbed, i.e. lifted up and carried around for 5 min, roughly every 30 

minutes to simulate a realistic transport. After approximately four hours, 60 lobsters were 

released in each tank by gently dropping them at the water surface allowing them to settle as 

in a large scale release. After release the lobsters were left undisturbed for 35 days except for 

handling related to sampling procedures. Feeding continued every fourth day (120-180 pellets 

per tank). 

Each sampling began with the collection of lobsters observed outside the shelters, before the 

scallop shells were carefully turned over to collect lobsters inside. All collected lobsters were 

temporarily stored in a floating unit of single-celled compartments. After a thorough search, 

the shelters were returned to approximately the same location and lobsters dispersed at the 

surface to settle again. The number of lobsters found inside or outside of shelter and the 

number of claws on each lobster were registered at the group level. Lobsters that were not 
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found after careful searching were classified as dead and assigned to the correct group by 

back-calculation. To uphold competition in the tanks, shelters were removed corresponding to 

the number of dead lobsters to maintain shelter to lobster ratio at 0.5.  

When performing the simulated release, it was decided to keep summer simulations (A and B) 

and winter simulations (C and D) separated (Table 6). The alternatives were to either include 

all four treatments in both tanks (15 juveniles from each treatment) or keep them separated 

(30 Exposed and 30 Naïve lobsters in each tank separated on the basis of prior light regime). 

The latter alternative was chosen for two reasons: Lobsters in the Summer simulations were 

significantly larger in size (CL) than those in Winter simulations, whereas there was no 

difference within Summer or Winter simulations. Size was a potential source of bias (Atema 

& Voigt 1995), and larger individuals had been observed to kill or severely damage smaller 

ones. In addition, given the large variation in lobster performance, sample size was considered 

important. A design where two treatments were present in each tank in fairly high numbers 

would simplify the experimental design, and was also assumed to increase the goodness of fit 

for predictive models. Consequently, it was decided to separate the groups based on 

experience with predator odors. 

 

2.6 Statistical analysis  

Statistical analysis for all experiments was performed using R
®
 v. 2.15.0 (R Development 

Core Team 2012). For the complete R-syntax see Appendix 2. All raw data are included in 

Appendix 4.  

Mean size (CL) was compared using analysis of variance (ANOVA) by the lm function in R, 

with treatment as the predictor variable. This result is included here as it has consequences for 

other models. There was a significant size difference (F= 13.52, p<0.0001) between 

treatments so a Tukey HSD multiple comparisons tests was performed to assess which 

treatments that differed. There was a significant difference between Summer (A and B) and 

Winter (C and D) simulations (-2.90 Ó t Ó -5.67, 0.022 Ó p > 0.001), where Summer 

simulations were significantly larger, but no differences was found within Summer (t= -1.624, 

p= 0.37) or Winter (t= -1.229, p= 0.61) simulations, respectively (see also Table 1). 

Consequently, CL was included as a covariate in subsequent statistical models. 
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2.6.1 - Experiment 1: Individual observations   

Tank effects were considered negligible since lobster holding tanks were completely similar 

except for experimental treatment, and lobsters did not interact with each other. Rather they 

were separated in single cells and were considered independent observations. However, as 

repeated measurements were made on the same individuals, a first order correlation structure 

was added to the models when possible to account for autocorrelation in the data.  

The two main explanatory variables; odor exposure and photoperiod, were arranged in a 2x2 

factorial design giving a total of four different treatments. For all models in Experiment 1, 

both experimental treatment (A, B, C or D) and the number of days in treatment (NDT: 4, 8, 

12 or 16 days) were included as predictor variables. The response variable was thus the only 

variable that changed between each analysis. Furthermore, for all behaviors analyzed in 

Experiment 1, the NDT variable was treated as a continuous predictor as individual lobsters 

were followed on four successive points in time, which was considered sufficient to reveal 

any overall patterns resulting from number of days in treatment. Additionally, contrast 

analyses were performed on all models in Experiment 1 to extract model parameters for each 

level of treatment. In this way, one could compare behavior between separate treatments.  

Due to its configuration as time-to-event data, mean time spent to find shelter was analyzed 

using a survival model with censoring (Crawley 2007). The inclusion of censoring was 

essential since there was a considerable amount of lobsters that did not find shelter in the 900 

sec (15 min) available, and by either removing them from the analysis (mean skewed toward 

0 sec) or recording 900 sec as their time-to-shelter (mean skewed towards 900 sec), one 

would create severely biased estimates (Crawley 2007). Therefore, the survival model 

includes a binary censoring variable determining whether shelter was found. The analysis was 

performed by the survreg function in R.  

The general activity level comprised several behaviors; shelter dwelling, roaming, digging 

activity inside shelter and climbing activity. The data for these four behaviors were Box-Cox 

transformed to account for non-normality and analyzed with a linear mixed effect model by 

the lme function in R (Pinheiro and Bates 2000). To account for repeated observations of 

individual lobsters, I assumed a first-order autocorrelation structure and specified the intercept 

of individual lobsters as a random effects factor. Digging outside of shelter and freezing 

behavior were not analyzed statistically due to low sample size.  
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2.6.2 - Experiment 2: Interactions 

Dominance was transformed to a binary response variable based on the aggression- and 

individual scores, where the highest scoring lobster in a pair was termed dominant (1) and the 

lowest scoring lobster submissive (0). Observations were not independent since lobsters were 

tested together in pairs, thus dominance was analyzed with a glmm, where the model 

estimated probability of gaining dominance for Exposed and Naïve lobsters. The intercept of 

each lobster pair was considered a random effects factor. Due to size differences Summer (A 

and B) and Winter (C and D) simulations were paired exclusively against each other. 

Interactions were only performed once for each lobster, so NDT was not included as a 

predictor. Thus, the two main predictor variables were odor exposure and photoperiod. CL 

was included as a covariate to control for the effect of size.  

It was also analyzed whether the individual that first initiated an Interaction depended on odor 

exposure or photoperiod. This relationship was analyzed with a glmm as described for 

analysis of dominance. To assess whether the Individual behaviors was influenced by the 

outcome of Interactions, data on time spent occupying shelter, roaming and freezing were 

Box-Cox transformed to account for non-normality and analyzed with a lme. The outcome of 

Interactions (winner or loser) was the predictor variable, and CL was included as a covariate. 

The intercept of each lobster pair was considered a random effects factor. The same analysis 

was performed on the summarized Individual score based on the values in Table 5, but these 

were not Box-Cox transformed before analysis. 

2.6.3 - Experiment 3: Simulated release 

The number of lobsters found inside or outside of shelter constituted the binary response 

variable termed ñshelter occupancyò. Since the Summer (A and B) and Winter (C and D) 

simulations were significantly different in size it was not possible to include all four 

treatments in both tanks without creating size dependent bias (Atema & Voigt 1995). As a 

consequence, one Exposed and one Naïve group was released in separate tanks, and tank 

number was included as a random effects factor. Odor exposure and number of days in 

treatment (NDT, i.e. days post-release) were included as the main predictors (fixed effects), 

and the probability of ñshelter occupancyò was estimated for Exposed and Naïve lobsters 

using a glmm. Since samplings were only performed three times during the 35 day period, and 

the fact that they were situated far from each other in time, the NDT variable was treated as a 

categorical predictor. Similar analyses were performed to compare probability of injury and 

mortality depending on exposure to odors and with NDT. 
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3. Results 

3.1 Experiment 1 ɀ Individual observations  

Each lobster was observed four times in Experiment 1; after 4, 8, 12 and 16 days in treatment. 

After release into the observation unit lobsters generally displayed the same patterns of 

behavior, but the individual variation was large within each treatment and no consistent 

effects of exposure to predator odors were found. In total, shelter was found in 87% of the 

trials (528 of 608), but shelter dwelling could vary from 20 seconds to 14 minutes. 

Irrespective of experimental treatment the lobsters would generally either; i) rapidly find 

shelter, dig entrances and show a minimum of activity in the open, ii) not enter shelter, ñpaceò 

around in open areas and climb along the walls, or iii) walk very slowly, enter shelter after 

several minutes and not dig inside shelter. These behavioral syndromes were stable over time, 

in that they were observed in each trial, but individual lobsters could show completely 

different behaviors from one trial to the next.   

Shelter seeking 

Time to find shelter was recorded at the first complete entering into shelter (see Table 4). 

There was no significant effect of the interaction between treatment and number of days in 

treatment (NDT henceforth) on mean time-to-shelter (survival analysis; Deviance= 6.41, df= 

598, p= 0.093, Fig. 7). This indicated that any changes in time-to-shelter over time did not 

differ between treatments. It is evident that the proportion that failed to find shelter differed 

between the four test-days, but there was no systematic increase or decrease in time to find 

shelter (Fig. 7). Similarly, no overall effect was observed from NDT (Deviance= 0.24, df= 

604, p= 0.623), or from the treatment alone (Deviance= 1.23, df= 601, p= 0.746). There was a 

negative effect of size (CL) on the time spent to find shelter within each treatment (Deviance= 

6.99, df= 605, p= 0.008), implying that the motivation to find shelter was higher in small 

individuals.  Raw data are included in Appendix 4. 
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Figure 7 : Survival plots with time-to-event curves. The curves are depicting time-to-shelter and the 
proportion that did not find shelter during the 15 minute trials. Censoring of lobsters that did not find 
shelter is indicated by a cross at the far right of the curve.   

General behavior 

The remaining behavioral categories analyzed were shelter dwelling, roaming, digging 

activity inside shelter (cheliped shuffling) and climbing activity (Table 4). Digging behavior 

outside shelter and freezing were only recorded in 97 (16.0%) and 76 (12.5%) out of 608 

trials, respectively. These behaviors were not analyzed statistically due to few observations, 

but were used to adjust the roaming category. The raw data are included in Appendix 4. 

Although the development over time could differ between treatments for some of these 

behaviors, the mean differences between treatments were small and infrequent (Appendix 3). 

In addition, the individual variation within each treatment was extensive. Due to this 

variation, measures on the general behavior have very limited biological significance, which 

also becomes evident when comparing between treatments in figures 8 to 11. 
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Shelter dwelling: 

 

Figure 8 : Time spent in shelter. Plotted are the raw data. The values depicted here are standard box-and-
whiskers plot in R with median and first and third quartile. Whiskers represent minimum and maximum 
values except for outliers (1.5 times the length of the box away from the box) marked by an open circle.  

 

There was a significant interaction between treatment and NDT on mean time spent dwelling 

in shelter (lme: F= 3.65, p= 0.013, Fig. 8), which implied that dwelling differed between the 

treatments with time. This was mainly due to a different development between Naïve Summer 

(B) and Naïve Winter (D) lobsters over time (t= -3.26, p= 0.001, Fig. 8), where the Naïve 

Winter lobsters (D) reduced shelter dwelling compared to Naïve Summer lobsters (B).  

The significant change in dwelling with time came from a marked decrease at day 16 (Fig. 8). 

There was no apparent reason for this decrease, and it may be considered spurious. Since the 

development beyond day 16 was not recorded, conclusions will not be drawn based on these 

data. There were few differences in mean response over time between. 

 


