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Abstract

Temperature serves a predominant motivator for movement and activity over a wide range of mobile marine ectotherms. Water 
temperature modulates the movements of many lobster species, which can vary widely over spatial and temporal scales. Providing 
insight into the thermal preferences (and refuges) that some lobsters seek remains a key tenet to our understanding of the behavior-
al ecology of these animals. The Mediterranean slipper lobster (Scyllarides latus) shows seasonal movements throughout most of 
its range and is subject to a changing thermal environment. We examined the seasonal movements of S. latus within a small marine 
reserve (Rosh Hanikra Marine Reserve, RHR) off the coast of Israel and tested the hypothesis that S. latus engage in increased 
movements when subjected to temperatures outside their preferred range. We conducted a field survey in the RHR and tagged 
lobsters (n = 81, carapace length, CLavg= 88.7 ± 4.6) to investigate their activity during their putative summer movement. In the 
lab, we exposed a separate set of lobsters (n = 10, CLavg= 83.1 ± 6.1) to the same thermal profiles as in the field and assayed their 
locomotion using activity wheels. Field results revealed that lobsters tagged in shallow waters moved to deeper, cooler waters (~ 
30 m) over the course of 2 - 2.5 months, traveling an average distance of 3.4 km (range = 1 - 5 km). Our lab results showed that S. 
latus are more active at higher temperatures during dawn hours, but revealed that warming water temperatures elicited markedly 
longer movements over a similar timeframe. Combined, these findings suggest that increasing water temperatures in the eastern 
Mediterranean (Levant) may affect lobster movements and could alter seasonal patterns of distribution as well. 

Keywords: Scyllarides latus; slipper lobster; movement ecology; thermal threshold; Levant basin.

Introduction

Mobile marine ectotherms are highly influenced 
by changes in temperature and respond in many cases 
through movements or changes in activity. Highly mo-
bile crustaceans like lobsters have the capacity to engage 
in daily, seasonal, and migratory excursions on a variety 
of temporal and spatial scales (reviewed in Bauer, 2018). 
Water temperature has a significant and pervasive factor 
on the movement and distribution of lobsters due to their 
preference to some temperatures, and avoidance of others 
(Herrnkind, 1980; Lawton & Lavalli, 1995; Childress & 
Jury, 2008).  Related studies of both clawed (nephropid) 
and spiny (palinurid) lobsters, particularly commercially 
important species, have greatly enhanced our understand-
ing of lobster movements, their patterns and processes 
and, as a result, have driven important fishery-related 
assessments for lobsters, including those in the Mediter-
ranean (Follesa et al., 2008; Phillips et al., 2013; Colloca 

et al., 2017; Catanese et al., 2018; Alborés et al., 2019; 
Cau et al., 2019). 

By comparison, movement studies in a third major 
group of lobsters, scyllarids (slipper lobsters), are far 
less studied due to their cryptic behaviors and diminutive 
status as a worldwide fishery (Spanier & Lavalli, 2007; 
2013). Nonetheless, some scyllarid species (~30/89) 
comprise targeted fisheries or bycatch from shrimping, 
or are part of an increasing artisanal fishery (DeMartini 
& Williams, 2001; Pessani & Mura, 2007; Spanier & La-
valli, 2007; de Almeida Duarte et al., 2010; Giraldes et 
al., 2015). Empirical evidence suggests that the exploita-
tion of some slipper lobster species has been steadily 
increasing (Spanier & Lavalli, 2013; de Almeida Duarte 
et al., 2014) and merits continued investigations of their 
life-cycle processes including their growth, movement, 
and behavior.

The Mediterranean slipper lobster, Scyllarides latus, 
(Latreille, 1803) represents a commercially- and ecolog-
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ically important species throughout its range. Like other 
scyllarids, S. latus are highly mobile, can attain large siz-
es, and inhabit a range of depths (4-100 m) in the Medi-
terranean Sea and eastern Atlantic Ocean from Portugal 
south to Gambia, the Azores, and Cape Verde (Martins, 
1985; Spanier & Lavalli, 1998). As with many scyllarid 
lobsters, there remain gaps in the knowledge of natural 
history, behavior, reproduction, and development of S. 
latus to the extent that it is currently considered a data 
deficient species under the IUCN Red List (Butler et al., 
2011) due to the lack of useful information relevant to 
managing this species as a fishery. 

In the Levantine basin of the Eastern Mediterranean, 
adult S. latus are most frequently found on hard substrata 
and rocky outcroppings in coastal waters where they shel-
ter during the day on the ceilings of highly recessed and 
dimly lit caves or crevices (Spanier et al., 1993; Barshaw 
& Spanier, 1994). With respect to activity and movement, 
these lobsters show strong nocturnal and crepuscular 
behavior entrained by an endogenous circadian rhythm 
(Spanier et al., 1993; Goldstein et al., 2015). Typically, 
the number of S. latus in these shallow waters decreases 
toward the end of the summer and fall when they are rare 
or completely absent in nearshore habitats (Spanier et al., 
1988; Spanier & Lavalli, 1998). 

A long-term study by Spanier et al. (1988) suggested 
that S. latus move to deeper, cooler waters to avoid the 
high and perhaps unfavorable, late summer and early fall 
water temperatures of the shallower and warmer Levant 
basin. That study’s hypothesis was evaluated by collect-
ing and tagging lobsters that were released on an artificial 
reef (20 m depth), and monitored over three consecutive 
years. Results indicated that lobster numbers peaked in 
the spring months (the reproductive season) but subse-
quently decreased toward mid-summer and were rare by 
late fall. These results correlated well with temperature 
(warm temperatures had few lobsters, and vice-versa; see 
Figure 3 in Spanier et al., 1988) but did not identify a 
temperature value that served as a threshold for inducing 
movement to other thermal refuges. Therefore, a primary 
goal of the present study was to address how temperature 
(and specifically thermal thresholds) influence seasonal 
movements for S. latus in the Levant basin. 

Through its effect on water temperature, climate 
change is predicted to influence both temporal and spatial 
shifts in lobster populations (Caputi et al., 2013; Boav-
ida-Portugal et al., 2018). Factors in a changing ocean 
climate (e.g. temperature, salinity, carbonate chemistry) 
can subsequently shift the patterns of distribution of lob-
sters in some areas and potentially modulate many as-
pects of their life-history including the timing of molt and 
reproductive maturation, among others (Waddy & Aiken, 
1995; Caputi et al., 2013; Jury & Watson, 2013; Gold-
stein & Watson, 2015). 

Although we have a better understanding of the tem-
perature-movement paradigm for both clawed (e.g. Jury 
& Watson, 2013) and spiny (e.g. Kanciruk & Herrnkind, 
1978) lobster groups, there is disproportionately less 
known of this connection with slipper lobsters. Thus, 
the other goal of our work was to experimentally elicit 

incrementally warmer thermal conditions for S. latus to 
determine what thermal ‘trigger’ might motivate these 
animals to move and, to what extent. This information 
has value not only to our particular study area (a small 
marine reserve in the eastern Mediterranean), but also 
serves to provide empirical data that potentially allow us 
to predict how changes in ocean climate may alter move-
ment patterns in this species on smaller scales. To address 
these goals, we first confirmed the shallow-to-deeper wa-
ter movements in S. latus between summer and fall using 
a mark-recapture pilot study. We then complimented this 
field-based study in the laboratory to evaluate an overall 
index of lobster activity (running wheels) to assay their 
movements using a temperature range matching that in 
the field. 

Materials and Methods

Field study site 

The Rosh Hanikra National Marine Nature Reserve 
(herein, RHR) is located ~ 5 km north of the city of Na-
hariyya on the northern Israeli coast and borders Lebanon 
on its northern boundary at Rosh Hanikra (33°03′00′′N; 
35°06′00′′E, Figure 1, also see Becker & Lavee, 2009). 
Since 1968, the RHR has been overseen and managed by 
the Israel Nature and Park Authority and comprises an 
area 5 km (north-south) by 15 km (east-west). Like many 
shallow inshore systems in northern Israel, subtidal ben-

Fig. 1: Field study location in the Eastern Mediterranean Sea. 
The Rosh Hanikra Marine Reserve (RHR) in the northern part 
of the Israeli coast bordering Lebanon on its northern boundary 
at Rosh Hanikra. The RHR comprises an area 5 km in length 
(North-South) by 2 km width (East-West) covering a total of 10 
km2. (Figure adapted from Spanier et al., 2017).
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thic habitats are characterized by hard complex substrata 
(i.e. cemented aeolian sandstone, locally termed Kurkar) 
that commonly include submerged ridges, caves, crev-
ices, rocky outcroppings, and solution holes (Eytam & 
Ben-Avraham, 1992). These features support shelters for 
slipper lobsters where they are commonly found aggre-
gating in groups during the day (Spanier et al., 1993). 
Previous research (Spanier et al., 1988) in this study area 
have substantiated the proclivity of S. latus to reside in 
such places and this is where we focused our survey and 
tagging efforts.  

Field tagging study

All lobsters were collected by SCUBA divers in the 
spring of 2013 in shallow waters (15-20 m) of the RHR, 
~ 1 - 2 km west from the Betzet beach area (Fig. 1). Ani-
mals were placed in catch bags and brought to the surface 
where they were processed for tagging onboard a small 
research vessel. All lobsters were inspected for injuries 
and measured to the nearest 1 mm carapace length (CL) 
using standard dial calipers. Each lobster was fitted with 
a flexible T-bar anchor tag (FD series, Floy Tag & Mfg. 
Inc., Seattle, WA) that was inserted into the musculature 
at the base of the dorsal carapace (between the third and 
fourth abdominal segments) with a Mark III tagging gun. 
Previous studies have tested the efficacy (i.e. tag reten-
tion and mortality) of this tag type and its placement in 
both lab and field studies with good success (Spanier 
& Barshaw, 1993; Bianchini et al., 2001; Follesa et al., 
2008; 2011). Each tag contained a unique ID number and 
contact information to report recaptured animals. Infor-
mational flyers were posted at a nearby local dive shop 
and at fishing harbors in the area to inform fishers and 
recreational divers of the details of this study.

A total of 81 lobsters (carapace length; CLavg = 88.7 ± 
4.6 mm, 50 males, 31 females, two of which were ovig-
erous) were caught over the period of March-April 2013, 
tagged, and released in the same areas where they were 
collected. It is worthwhile to note that although these 
tagging numbers are relatively low compared with other 
studies, it is very challenging to find ample numbers of 
S. latus for such work, and we recognize this limitation. 
Tagged lobsters were released in clusters in three separate 
areas at depths of 10 - 15 m and all tagged lobsters were 
released using a weighted volitional cage (plastic mesh 
cage with two escape vents) lowered to the bottom in the 
release area, similarly to Goldstein & Watson (2015). A 
total of four temperature loggers (HOBO Pendant logger, 
model UA-002-64, Onset Computer Co., Bourne, MA) 
were installed in the study area: two at the release loca-
tions (10-12 m depth), and two at deeper locations (25 m) 
~ 2 - 3 km from the release site. We also had one other 
temperature logger inside the recesses of a cave where 
slipper lobsters were collected (12 - 15 m depth). All log-
gers were retrieved and downloaded at regular intervals. 

We conducted monthly SCUBA surveys (May-Octo-
ber) throughout the tagging area and in deeper waters us-
ing both visual and transect surveys designed after Clark 

et al. (2015) to obtain relative lobster abundance and to 
standardize our approach. Briefly, divers collected lob-
sters present along each of four 30 m transects (4 - 5 m 
wide) in each of the cardinal directions at three distinct 
sites. In addition, caves and solution holes were checked 
at each survey, and we enlisted the help of recreational 
divers to assist in these survey efforts. Artisanal fisher-
men were contacted and volunteered to fish in some of our 
survey areas, but tended to set their nets in deeper waters 
(> 20 m) and reported tagged lobster captures when they 
occurred. For all lobsters recaptured (or sighted) through 
diving or fishing efforts, we noted the depth and location 
for each animal. We also estimated the longest distance 
traveled for those lobsters using the ‘distance measuring’ 
tool in ArcGIS v.10.4.1 (ESRI, Redlands, CA). We com-
piled all recapture locations to produce a geo-referenced 
map to examine dispersal patterns during the course of 
the study but particularly at two distinct intervals, end of 
summer and fall.  

Laboratory activity assays

Animal preparation

We conducted these assays in 2014 so that we could 
model our temperature regimes after our field study. For 
this assay, slipper lobsters (n = 10) were collected in one 
of two ways: (1) by SCUBA divers (n = 7) from just out-
side the RHR at depths similar to the field study collec-
tion sites or; (2) purchased fresh and live at a local fish 
market (n = 3); again to help supplement low catch rates 
from the field. All animals were transported by coolers 
to the University of Haifa Marine Laboratory for all sub-
sequent work. S. latus were kept in individual holding 
aquaria (50 L/each) with filtered seawater collected from 
a similar location, and fitted with both biological and me-
chanical filtration systems, aeration, and acclimated to 
the approximate temperature that corresponded to field 
conditions in late winter/early spring temperatures (Fig. 
2). New seawater (set to the same temperature as each 
tank) was exchanged for each holding tank every 2 - 3 
days. All lobsters were held at lighting regimes (12:12 h., 
light: dark) produced by full-spectrum lights (Ikea Spar-
sam model 1230, 7 W, 45 lm W-1) at an intensity of 1850 
± 0.64 lux. Lobsters were fed twice weekly a combina-
tion of fresh mussels and limpets. 

Experimental setup

In an effort to assess overall activity measured by 
distance moved, we conducted a series of activity assays 
using two ‘running wheels’; running wheel assemblies 
were designed after Chabot et al. (2004) for horseshoe 
crabs (Limulus polyphemus). Briefly, each wheel was 
constructed from the bottom half of a 19 L plastic utility 
bucket that was cut in half horizontally. Both halves were 
connected using a small PVC rod (axel) and the wheel 
was perforated with small holes to allow the flow of wa-
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ter as it turned. The wheel was affixed to a PVC A-frame 
stand that was weighted to allow it to stand at the bottom 
of each of two replicate 50 L aquaria tanks (Fig. 2). Sea-
water was circulated throughout the 50 L aquarium tank 
using a small power filter (Aqueon 10, Franklin, WI) and 
seawater could be incrementally heated with the addition 
of a submersible 500 W titanium heater (FinnexTH500+, 
Rhinelander, WI) coupled to a digital thermostat control-
ler (model Nema type 4X, Aqualogic Inc., San Diego, 
CA). 

Running wheel assays

A single lobster was placed in each running wheel ap-
paratus (two in total) and allowed to acclimate for four 
hours during the day when their activity is negligible 
(Spanier & Lavalli, 1998; Goldstein et al., 2015); lighting 
conditions mimicked those in the holding tanks. Concep-
tually, as each animal engaged in horizontal movement 
(i.e. walking), the wheel turned and rotations were enu-
merated (Fig. 2) to determine an index of activity. To ac-
complish this, we fastened a small magnet to a position 
on the inside of the wheel while also mounting an analog 
transducer (Hall effect sensor, model ACS712, 66-185 
mV/A output sensitivity Sparkfun, Niwot, CO) to the out-
side running wheel frame which, when in close alignment 
to the magnet, responded in the form of an output volt-
age (switch). The Hall sensor was integrated with a mi-
crocontroller board (Arduino Uno-3, Adafruit Industries, 
New York, NY) that logged voltage data to a MacBook 
Pro laptop (Apple Inc., Cuppertino, CA) via a serial inter-
face and coding algorithm written in an Arduinio ‘Sketch’ 
interface (see: https://github.com/arduino). 

Thus, as an animal began its movement inside the 
running wheel, one rotation corresponded to an event as 
logged by our sensor configuration. In this case, a single 

rotation was calculated as (2π*r) or 0.82 m. A total of 10 
lobsters (CLavg = 88.7 ± 4.6 mm, 6 males and 4 females) 
were tested in our running wheels. At the outset of each 
trial, we started each individual lobster at a temperature 
of 20°C (lower end) for a 24 h period, after which we 
incrementally increased temperatures 1°C for each subse-
quent 24 h period for a total trial period of nine consec-
utive days (28°C, higher end); each lobster was allowed 
to walk freely within each wheel. Lobsters were not fed 
during each trial but water was exchanged (as described 
for the holding tanks) in the early morning during docu-
mented periods of inactivity (see Goldstein et al., 2015). 
In all trials, we first quantified the number of wheel ro-
tations and compared these with each temperature value 
along our thermal gradient from 20 - 28°C. Secondly, we 
compared the overall activity for each of these lobsters 
over 24 h by calculating the percentage of time active 
(wheel rotations) vs. the percentage of time inactive (no 
wheel rotations) between two treatments (20°C vs. 28°C) 
over five designated time periods [1) 0:00-4:00; 2) 5:00-
7:00; 3) 8:00-14:00; 4) 15:00-19:00; and 5) 20:00-23:00]. 
These time periods were selected as they correspond to 
diel activity patterns for S. latus in a complementary 
study (Goldstein et al., 2015). 

Statistical analyses

We utilized a repeated measures ANOVA design (un-
der standard parametric statistical assumptions) to com-
pare the index of activity at these two temperatures and 
regression analysis to compare movement along with in-
creasing temperatures. We also set up two types of con-
trols in this study to help us validate if lobsters simply 
changed walking patterns with time at a constant tem-
perature (control-1) or if our data were the result of in-
creasing temperature (i.e. temperature that caused the 

Fig. 2: Running wheel assemblies for examining activity with temperature (see methods for full details). The wheel is affixed to 
a PVC A-frame and placed at the bottom of a 50 L aquarium tank. Seawater was maintained using a small power filter and water 
could be incrementally heated with the addition of a submersible heater. To obtain data, a small magnet was mounted on the inside 
of the wheel along with a Hall effect sensor that was connected to a microcontroller and recorded data to a laptop computer. 
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index of activity to change; control-2). In control-1 we 
tested a total of four lobsters (CLavg = 86.2 ± 3.3 mm, 2 
males and 2 females) that were subjected to a constant 
temperature (20°C) over the same nine-day trial period 
as the experimental lobsters (20° - 28°C); in control-2 
we subjected an additional four lobsters (CLavg = 85.1 ± 
2.2 mm, 2 males and 2 females) to changes in low tem-
perature (20 - 22°C) and high-temperature (26 - 28°C). 
Lobsters in both controls were used in the same running 
wheel apparatus setup and acclimated similarly as the ex-
perimental animals. All data were analyzed using JMP v. 
13.0.0 (SAS Institute, Cary, NC) statistical software and 
means are reported as ±sem.

Results

Temperature data

In-situ seawater temperatures (HOBO temperature 
loggers) for two separate (but comparative) time series 
are given in Figure 3. Over the March-November period, 
bottom seawater temperatures averaged 23.8 ± 1.3°C for 
1984-1986 (data from Spanier et al., 1988) and 25.1 ± 
1.4°C for 2010-2013. A measureable increase in tempera-
ture (+10.4% for 1984-1986 and +19% for 2010-2013) 
began in late spring (May) and continued through the 
summer, peaking in August. These seasonal increases 
in bottom temperature were always higher for the peri-
od 2010-2013 than for 1984-1986 (Fig. 3). Additionally, 
temperatures, from the two cave structures we monitored, 
were slightly cooler (average = 24.2 ± 0.8°C) but not dif-
ferent from the 2010-2013 time series (t-test, t15  = 0.46, 
p = 0.61).

Field study

A total of 11 separate lobsters were recaptured, 9 by 
SCUBA and 2 by trammel net, 13.6% recaptured) during 
surveys in July at an average seawater temperature of 
28.8°C corresponding to depths ranging from 5-35 m (av-
erage = 20 m, Fig. 4). Temperatures were confirmed by 
divers or fishermen who sampled the water at depth using 
a HOBO temperature logger for a total of 15 min. A total 
of three lobsters were recaptured (all by SCUBA, 6.2% 
recaptured) during surveys in September at an average 
seawater temperature of 28.6°C corresponding to depths 
of 15-55 m (average = 25 m, Fig. 4). Over the course 
of the study a total of three lobsters were recaptured 
twice. Lobsters dispersed generally in a south or west di-
rection from their original point of tag and release; one 
lobster remained at the tagging location for the duration 
of the study (verified by SCUBA). The longest distance 
traveled by lobsters that were captured in July (n = 11) 
ranged from 0.1 - 3.9 km compared with distances trav-
eled by lobsters (n = 5) that were captured in September 
and ranged from 2.1 - 3.9 km. Although we did not find 
differences between male and female lobster movements, 
one of our tagged ovigerous females moved the furthest 
which warrants further investgation with more animals in 
the future (Fig. 4).

Laboratory study

In general, there was a positive association between 
the index of activity and increasing seawater tempera-
tures for all lobsters tested (n = 10) in this assay (Pear-
son’s correlation, r2

adj = 0.78, F1,35 = 62.38, p < 0.001, Fig. 
5); there were also no differences (p = 0.89) between 
males and females with respect to movement in these tri-

Fig. 3: Monthly temperature averages (± sem) compiled over three field seasons for 1984-1986 (reference data from Spanier et al., 
1988, closed circles) and 2010-2013 (this study, open circles) for representative inshore locations using oceanographic data and 
In-situ temperature (HOBO) loggers, respectively. From March-November, bottom seawater temperatures averaged 23.8 ± 1.3°C 
for 1984-1986 and 25.1 ± 1.4°C for 2010-2013. 
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als. Temperatures > 24°C resulted in linear movements 
that were markedly different from those < 24°C (Table 
1). Furthermore, there was no significant difference in 
lobsters (n = 3) and their index of activity at a constant 
(20°C) temperature (control-1, r2

adj = 0.087, F4,12 = 0.033, p 
= 0.860) nor was there a difference in the index of activity 
at either the low or high ranges of temperature change 
(control-2, r2

adj = 0.042, p = 0.61 (low); r2
adj = 0.029, p 

= 0.74 (high). When evaluating lobsters over their diel 
period of activity at two disparate temperatures (20°C vs. 
28°C), activity appeared to be comparable across all time 
periods; however, we did find a difference with respect to 
early morning time periods of 5:00-7:00 AM (RMANO-
VA, F1,7, p = 0.032, Tukey HSD, p < 0.01, Fig. 6).

Discussion

Despite patterns of decadal variability, the Mediterra-
nean Sea remains one of the most vulnerable bodies of wa-
ter in the world (Adloff et al., 2015; Mariotti et al., 2015; 
Schroeder et al., 2016; Lionello & Scarascia, 2018). Due 
to a host of factors including habitat loss, eutrophication, 
pollution, overexploitation, the establishment of alien 
species, and the rise in overall sea-surface temperature, 
the Mediterranean, including the Levant basin (our study 
area), is considered a hot spot for climate change (Turley, 
1999; Galil, 2007; 2009; Coll et al., 2010; Edelist et al., 
2012). Considering the importance of lobsters (S. latus) 
in the eastern Mediterranean, as a commercially import-
ant species, and the role that they play as a sentinel for 
climate change, we were interested in following patterns 
of seasonal movement under contrasting thermal regimes 
for Mediterranean slipper lobster.

Our results suggest that lobsters tagged in shallow 
waters (15 - 20 m) of the Levant basin move into deeper, 
cooler waters during the winter season as already shown 
by Spanier et al. (1988). However, we were also able to 
pair these movements in the field with a laboratory as-
say at temperatures that represented in-situ conditions 
to examine the activity of these animals over elevated 
seawater temperature events, albeit over a shorter time 
frame. The shallow-to-deep seasonal movements by 
S. latus occur even in disparate portions of their range. 
For example, DaFranca & Paes-DaFranca (1961) stud-
ied the movements of S. latus in the Cape Verde islands 
and reported catches of lobsters in spring to late summer 
in shallow waters, however they did not sample for lob-
sters over the winter months. In the Azores Islands, in 
the western Mediterranean, Martins (1985) investigated 
S. latus caught during local commercial fishing opera-
tions and found that lobsters moved from shallow (5-20 
m) into deeper (70-75 m) waters in the fall making di-
rected movements back to shallow waters in the spring. 
More recently, a study in the Balearic Islands suggests 

Fig. 4: Initial collection and release locations (black circles) 
for lobsters (n = 81,) in the RHR between March-April, 2013. 
The majority of tagged lobsters (n = 63) were released using 
volitional cages; the remaining lobsters (n = 18) were released 
by SCUBA divers in the same areas; recapture locations in July 
(n = 11, triangles) and September (n = 3, squares).

Fig. 5: Relationship between the distance lobsters traveled with increasing seawater temperatures (Pearson’s correlation, r2
adj = 

0.78, F1,35 = 62.38, p < 0.001) with model (second-order polynomial) model as: 
Activity = -66.38+3.02*Temp+0.53*(Temp-23.89)2. Temperatures > 24°C resulted in movements that were markedly different 
than those <24°C. However, activitiy levels were not different with temperature except for dawn hours (see Fig. 6). Values given 
± sem (see Table 1).
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that S. latus remain in deeper waters year-round, hi-
bernating in caves where the temperature stays warm-
er during the winter months (Díaz et al., 2017). Other 
tagging campaigns with slipper lobsters (reviewed in 
Spanier & Lavalli, 2007) report a variety of seasonal hor-
izontal migrations that include waters around Sicily, the 
Galapagos Islands, the Florida Keys, and Western Austra-
lia. Although many of these studies involved large, pro-
grammatic efforts and many more tagged animals than 
the present study, the patterns that were discerned (e.g. 
seasonal movements to deeper, cooler waters), including 
recapture rates (range: ~ 6-14%) were comparable with 
our study’s findings from the field. Having the ability to 
describe fine-scale movements in slipper lobsters using 
acoustic telemetry, as has been done in other lobsters (e.g. 
Moland et al., 2011; Bertelsen, 2013; Goldstein & Wat-
son, 2015) as well as in a recent pilot acoustic telemetry 
study of S. latus in the RHR (Miller, 2019; Alexandri et 
al., 2020), would provide a valuable and much needed 
tool for a more comprehensive understanding of the spa-
tio-temporal requirements for S. latus. To-date, only one 
published study using slipper lobsters (S. latus) attempted 

to use acoustic tagging to evaluate tag retention and molt-
ing of animals held in cages in the Azores (Schmiing & 
Afonso, 2009). Clearly, more work is needed to study this 
underrepresented group of lobsters and their associated 
movement ecology.  

The motivations for such lobster movements have 
been less clear, although some examples point to envi-
ronmental thresholds (i.e. temperature, turbidity) as a 
trigger initiating such movement events. Very few stud-
ies have been able to show conclusively that water tem-
perature is the only parameter tied to lobster movements. 
For example, Kanciruk & Herrnkind (1978) reported that 
temperature decreases coupled with high wave action and 
increased turbidity correlate well with mass movements 
of Caribbean spiny lobster (Panulirus argus) to offshore 
waters in the Bahamas. Goldstein & Watson (2015) doc-
umented a similar pattern for clawed lobsters (Homarus 
americanus) in the southern Gulf of Maine in the fall 
when water temperatures appear to reach a critical lower 
thermal threshold initiating the seasonal movements of 
lobsters into deeper waters. Even more recently, Spani-
er et al. (2017) showed that intense winter storms might 
actually be the cause of S. latus strandings (on beaches) 
as was the case in the winter of 2016. We do know that, 
in general, water temperature (both absolute values and 
rates of change) has a pervasive influence on many as-
pects of lobster life histories (in many species) including 
modulating growth and reproductive maturity, as well 
as in synchronizing the molt cycle (Spanier & Lavalli, 
1998; Waddy & Aiken, 1995; Hearn et al., 2007). Oth-
er ecophysiological factors (e.g. dissolved oxygen, pH, 
turbidity) may also be at play and also work to influence 
movement as well and could be incorporated into future 
high-resolution tracking studies.

The movement of lobsters to deeper, cooler waters, 
along with their propensity to increase their activity in 
response to elevated seawater temperatures (Spanier et 
al., 1988; the present study), supports a general para-
digm that S. latus, as well as other lobsters, avoid ele-

Table 1. Distances moved by lobsters (n= 10) in the running 
wheels (see Fig. 2) in association with temperature. Average linear 
distances moved are given in m 24-hr ± sem.  

Temp. °C Avg. Dist. (m/24hrs)
20 1.8 ± 0.4
21 5.0 ± 0.5
22 4.0 ± 0.4
23 6.0 ± 0.9
24 18.8 ± 2.8
25 15.8 ± 1.7
26 23.4 ± 1.7
27 36.6 ± 2.5
28 57.4 ± 5.7

Fig. 6: Average activity per hour over a 24 hr. period for lobsters (n = 8) at two different temperatures, 20°C (spring) and 28°C 
(summer) over five distinct times of day in the running wheel apparatus (see Fig. 2 for details). Activity appeared to be comparable 
across all periods but not different across temperature values. however, we did find a difference with respect to our early morning 
time frame (ANOVA, F1,7, p = 0.032, Tukey HSD,  p < 0.01) of 5:00-7:00 AM.
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vated temperatures that typically manifest themselves at 
certain times of the year (Spanier et al., 1988, Childress 
& Jury, 2008; Jury & Watson, 2013; the present study). 
In the Levant basin of the Mediterranean, these unfavor-
able temperatures may exceed 30°C at times (Fig. 3), 
and may be implicated in molting complications (Span-
ier & Barshaw, 1993) and possibly other physiological 
challenges (e.g. respiration, feeding, acid-base balance, 
Spanier & Lavalli, 2007). In some cases, S. latus held in 
the laboratory for prolonged periods of time (> 2 months) 
at water temperatures exceeding 27°C, experienced high 
levels of mortality (Spanier & Barshaw, 1993; Spanier & 
Goldstein, pers obs). Physical conditions in the eastern 
Mediterranean have changed dramatically over the last 
two decades (Rilov & Treves, 2010; Marba et al., 2015) 
and data support the trend that sea surface temperature 
in the Levantine basin has increased by ~ 1-2°C over the 
last 20 years (Edelist et al., 2012; Fig. 3). Longer-term 
oceanographic data in this geographic area further cor-
roborates this change as Gertman et al. (2013) and Ozer 
et al. (2017) report increases of the Levantine surface 
water temperature (0.1°C/year) over the last 33 years 
averaging 24-25°C in the mid-1980s compared with 26-
27°C in 2010-2015. Just as pivotal, both minimum (win-
ter) and maximum (summer) water temperatures are also 
increasing, which may facilitate not only the persistence 
of invasive species (Rilov & Treves, 2010), but also the 
challenges that native fauna such as lobsters (and other 
decapods) would encounter. This includes synchronizing 
important biological processes and cuing to environmen-
tal triggers like temperature thresholds, which modulate 
both their daily and seasonal activities. 

Collectively then, these rapid rates of increase may be 
particularly problematic to species (even highly mobile 
ones) such as lobsters. In the present study, the option 
for individual lobsters to move sooner (i.e. leave shallow 
areas to move to deeper ones) and move further (Fig. 5) 
may have implications for some life-history events such 
as the timing associated with egg development and hatch-
ing location in ovigerous females. While a marine reserve 
like RHR may help support these animals with sufficient 
physical habitat, resources, and protection from fisheries, 
it may not necessarily serve as an adequate thermal ref-
uge. This and other environmental criteria (e.g. pH, dis-
solved oxygen, salinity) should be considered in the se-
lection and design of future reserves or marine protected 
areas (MPAs), especially in shallow, coastal locations that 
may not support seasonal movements for slipper lobsters 
(DiNardo & Moffitt, 2007; Hearn et al., 2007). In studies 
that have examined lobsters in reserves (Childress, 1997) 
the following common features emerge with respect to 
MPAs: 1) the need for reserves to be large enough to sup-
port the range of movements that lobsters exhibit (Kel-
ly & MacDiarmid, 2003); 2) protecting sufficient criti-
cal habitats (e.g. fore reef) that are important to lobster 
life-histories (Bertelsen, 2013); and 3) the inclusion of 
deep habitat to support cooler, wintertime temperatures 
during seasonal movements (Moland et al., 2011). In the 
context of MPA conservation and management, it is dif-
ficult to ascertain the full extent to which our tagged lob-

sters utilized the RHR, especially given the small number 
of animals that we were able to tag due to logistical chal-
lenges (see Goñi et al., 2006; Follesca et al. 2008, 2011).  
However, applying the maximum rate of lobster activity 
at the highest temperature (28°C) obtained from our labo-
ratory based simulations, lobsters showed movements of 
~ 50 m over a 24 hr period (Fig. 5, Table 1). If we extend 
this theoretical value over the putative 2.0 - 2.5 month 
time-frame when these lobsters typically undergo season-
al movements (Spanier et al., 1988), this equates to ~ 3-4 
km which makes it possible for some lobsters to reside 
within the confines of the RHR. However, these are in-
deed theoretical values obtained in laboratory-based as-
says and may not translate accurately to values in-situ. 
Therefore, whether or not S. latus stay or leave the RHR, 
having access to a thermal refuge during times when 
shallow, inshore temperatures are elevated should be a 
consideration in RHR planning. Twice over the course 
of this study, we dropped a temperature logger from our 
research vessel and recorded temperatures at 50-60 m 
depths in the range of 23-24°C. Thus, the deeper habitats 
that are within the reach of freely moving lobsters may 
be integral to helping these animals orchestrate aspects of 
their life-history (e.g. egg incubation) that require cooler 
temperatures for a finite period of time. This has certainly 
been the case in clawed lobster (Homarus americanus, 
Waddy & Aiken, 1995) and laboratory-based assays with 
S. latus could help further expand on these potential 
physiological requirements. 

Quite a few populations of slipper lobsters have been 
depleted, some even to the point of becoming rare in parts 
of their range. S. latus was declared a marine species in 
need of protection in the western Mediterranean (Spani-
er, 1991; Butler et al., 2011) and a moratorium on slip-
per lobster harvesting in Sardinia was declared between 
2000-2003 (Pessani & Mura, 2007). In 2005, S. latus was 
declared a protected marine species by the Israel Nature 
and Park Authority (Miller, 2019), however more man-
agement is needed to protect and foster sustainable har-
vesting of this species (Spanier & Lavalli, 2007). Due 
to overfishing of spiny lobsters, fishermen are more in-
clined to shift their efforts to slipper lobster (e.g. Polovi-
na, 2005; Hearn et al., 2007); this has been reflected in 
world markets and is becoming increasingly concerning. 
Therefore, improving the biological database for such 
species allows fisheries managers to make better deci-
sions for continued sustainability and buffer against the 
intense fishing effort and habitat degradation that plagues 
the unique Mediterranean basin. 
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