
Chapter 8
Juvenile and Adult Ecology
Mark J. Butler1, Robert S. Steneck2 and William F. Herrnkind3

1Department of Biological Science, Old Dominion University, USA
2School of Marine Sciences, Darling Marine Center, University of Maine, USA
3Department of Biological Science, Florida State University, USA

8.1 Introduction

The ecological dynamics that shape the benthic life 
of all lobsters are largely circumscribed by the 
settlement of postlarvae, the structure and availa-
bility of nursery habitats, prey availability and 
growth, predation risk, disease, patterns of move-
ment, social and reproductive behaviours, and their 
interaction with humans and a changing environ-
ment. During the fi rst synthetic effort to assess 
clawed and spiny lobster ecology, nearly three 
decades ago (Phillips & Cobb, 1977; Cobb & 
Phillips, 1980), these issues were identifi ed as im-
portant directions for research. The great advances 
since then have come about for numerous reasons 
but foremost, the integration of basic life-history, 
ecology studies with applied fi shery research, the 
application of fi eld experimental and quantitative 
methods in a hypothesis testing framework, and 
the emergence of sophisticated computer-assisted 
modelling. In addition, more species have come 
under scrutiny by comparable methods, thus sup-
plying the breadth necessary for recognition of 
general principles and of special cases. A suffi cient 
knowledge of lobster ecology now exists so that in 
a single chapter we can proffer a synopsis of an 
array of ecologically relevant issues pertaining to 
lobsters, although much remains to be done.

In this chapter, we focus on the ecological pro-
cesses that drive recruitment, the acquisition of 
shelter and food, predator–prey relationships, 
movement and migration, and in the case of spiny 
lobsters, sociality. Growth, reproduction, beha-
viour, and disease all play important roles in the 
ecology of spiny and clawed lobsters, but all are 

covered in depth in other chapters in this volume 
(Chapters 1, 2, 3 and 5 respectively) so our treat-
ment of these subjects is minimal. Many species of 
lobster are also of commercial importance, and 
those species and the fi sheries for them are high-
lighted in Chapters 9–14. We discuss the ecology 
of spiny and clawed lobsters separately, so as to 
emphasise the processes most important, or best 
known, for each. We also stress recent fi ndings and 
attempt to avoid repeating detailed topical informa-
tion provided in recent comprehensive reviews (see 
Factor, 1995; Phillips & Kittaka, 2000). We apolo-
gise for undoubtedly overlooking some of the per-
tinent literature, particularly that appearing in 
publications that are not peer-reviewed and there-
fore not widely distributed, and those written in 
languages other than English. Still, the information 
readily available on the ecology of juvenile and 
adult lobsters is voluminous and relevant whether 
one is interested in natural history, ecology, or 
fi shery management.

8.2 Spiny lobsters

There are more than 45 species of spiny lobsters 
(Palinuridae), which are widespread and inhabit 
temperate and tropical seas worldwide, from the 
intertidal zone to depths approaching 1000 m 
(Holthuis, 1995). The different genera do not gene-
rally co-occur; their distributions are defi ned in 
broad terms by latitude and water depth (George & 
Main, 1967; Cobb & Wang, 1985; Fig. 8.1). Often, 
only one or a few species of spiny lobster co-occur 
in a particular region (e.g. Palinurus elephas in the 
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Mediterranean; Panulirus argus and P. guttatus in 
the northern Caribbean), but where multiple species 
of spiny lobster co-occur they are generally segre-
gated by habitat (e.g. the seven genera that co-occur 
in southern Africa; Berry, 1971). The morpholo-
gies of spiny lobster are quite similar and provide 
little insight into the varied ecological dynamics 
among the many species. Morphological features 
that refl ect ecological differences are often minor 
or are obvious functional specialisations, includ-
ing: sub-chelate or enlarged anterior pereiopods for 
prying and manipulating prey, elongate and gracile 
legs on migratory forms, and robust antennae on 
species often exposed to piscine predators. Other-
wise, few morphological cues signify the particular 
combination of depth, hydrographic conditions, 
habitat, sociality, predators, or prey that defi ne the 
ecology of each species. Yet, those ecologies can 
be remarkably different, spanning lifestyles that 
include shallow, semi-social, residential dwellers 
on coral reefs to gregarious, migratory species that 
live on open, particulate substrates at >300 m depth. 
Indeed, the versatile palinurid body design has suc-
cessfully accommodated a broad range of benthic 
circumstances.

The benthic existence of spiny lobsters is pre-
ceded by an extraordinarily long (up to 24 months), 
oceanic larval phase followed by a brief (few 
weeks) stint as a fast-swimming, non-feeding post-

larval phase, which links the offshore life cycle to 
its inshore, benthic component (see Chapter 7). 
The postlarvae of some species settle in crevices, 
others in architecturally complex vegetation. All 
have evolved chemical and tactile mechanisms that 
allow them to locate locally available microhabitats 
that provide both refuge and prey for the succeed-
ing life stage: the early benthic phase juvenile. 
Early benthic phase juveniles are the benthic phase 
most vulnerable to predation and they suffer high 
mortality from an array of fi shes and motile inver-
tebrates (e.g. crabs and octopus), despite mitigating 
adaptations including use of physical refuges, over-
dispersed distributions, camoufl age, cryptic beha-
viour, and nocturnality. As they grow, benthic 
juveniles increasingly attain a ‘size refuge’ from 
predation and many species of spiny lobster undergo 
ontogenetic changes in their use of shelters and 
habitats. All large juvenile and adult spiny lobsters 
are nocturnally active predators of the benthos, and 
all aggregate to some degree in appropriately sized 
crevices for daytime shelter. The large juveniles 
and adults of many species are nomadic, or partici-
pate in seasonal or ontogenetic migrations among 
habitats, but other primarily reef-dwelling species 
are philopatric and dwell within the intricately 
structured confi nes of coral or rocky reefs through-
out their benthic existence. Unlike the solitary 
clawed lobsters, benthic spiny lobsters also exhibit 
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an ontogeny in sociality; abruptly changing from 
the asocial early benthic phase juvenile to the gre-
garious, social large juveniles and adults. Beyond 
these generalities, species differ strikingly in the 
details of their ecology that refl ect unique evolu-
tionary solutions to conditions in dissimilar eco-
logical circumstances.

8.2.1 Limits to recruitment

Postlarval availability and settlement

Phyllosoma abundance, coastal advective proce-
sses, and puerulus behaviour, condition and mor-
tality all infl uence the supply of pueruli to coastal 
nurseries. The processes are reviewed elsewhere 
(see reviews by Butler & Herrnkind, 2001 and 
Chapter 7), so here we focus on the importance of 
postlarval supply as a factor that potentially limits 
the recruitment of juvenile spiny lobsters. Settle-
ment of many palinurid species is estimated by 
sampling of pueruli and recently-molted early-
benthic juveniles on collecting devices ranging 
from artifi cial seaweed (Witham et al., 1968, 
Phillips, 1972) to artifi cial crevices (Booth 1979; 
Booth et al., 1991). Phillips and Booth (1994) 
provide a thorough review of the design, use, and 
effectiveness of these devices. Some have attempted 
to measure settlement in natural crevices or vege-
tated habitats (Marx & Herrnkind, 1985a; Booth 
& Bowring, 1988: Yoshimura & Yamakawa, 1988, 
Fitzpatrick et al., 1989; Jernakoff, 1990; Herrnkind 
& Butler, 1994; Butler & Herrnkind, 1997; Butler 
et al., 1997; Diaz et al., 2001 among others), but 
the high crypticity and low density of newly-settled 
palinurids has prevented common use of such tech-
niques. Few studies have demonstrated that the 
catch of postlarvae on artifi cial collectors indeed 
refl ects postlarval planktonic abundance and local 
settlement density (Herrnkind & Butler, 1994, 
Phillips et al., 2003).

Most research employing postlarval collectors is 
primarily intended to establish predictive statistical 
relationships between relative postlarval abun-
dance (i.e. catch of postlarvae on collectors) and 
catch in the commercial fi shery (or pre-recruits to 
the fi shery), which are of obvious importance for 
fi shery management (Booth & Bowring, 1988; 

Breen & Booth, 1989; Cruz et al., 1995a; Gardner, 
2001). To date, the most successful of these pro-
grammes is that for P. cygnus in Western Australia. 
There, puerulus settlement is strongly correlated 
with juvenile abundance on nearby reefs (Jernakoff 
et al., 1994) and with the commercial fi shery catch 
four years later (Phillips, 1986; Caputi et al., 1995, 
2003). Despite widespread attempts to duplicate 
the Western Australian model, only a few have 
shown promise (P. argus in Cuba, Cruz et al., 
1995b; Jasus edwardsii in Tasmania, Gardner et 
al., 2001), partly because time-series are too short 
or spatial coverage insuffi cient. In other cases, the 
lack of a strong, consistent correlation between 
postlarval supply and recruitment to later juvenile 
or adult stages is probably real, refl ecting the addi-
tional importance of post-settlement processes in 
regulating recruitment.

Several investigations have sought to correlate 
the local supply of postlarvae, as measured on col-
lectors, with the subsequent recruitment of juvenile 
or adult spiny lobsters at specifi c locations with 
mixed results. Puerulus settlement in Western 
Australia is strongly correlated with juvenile abun-
dance on nearby reefs (Jernakoff et al., 1994), just 
as it is with fi shery catch, a proxy for adult abun-
dance (Caputi et al., 1995). In New Zealand, inter-
annual patterns in postlarval supply and the 
abundance of juveniles two to three years later are 
positively correlated at some sites but not at others 
(Breen & Booth, 1989; Booth et al., 2001). In 
Cuba, the relationship between the catch of post-
larval P. argus caught on collectors and the abun-
dance of juvenile lobsters dwelling in artifi cial 
structures several months later is inconsistent from 
year to year (Cruz et al., 2001). Varying post-
settlement mortality due to hurricanes and varia-
tion in the amount of available settlement habitat 
(seagrass and macroalgae) are the explanations 
offered by the authors. Variability among sites in 
the strength of the relationship between P. argus 
postlarval supply and juvenile or adult abundance 
is a recurring theme in the Bahamas (Lipcius et al., 
1997; Eggleston et al., 1998) and in Florida (Butler 
& Herrnkind, 1992a, b, 1997; Field & Butler, 1994; 
Forcucci et al., 1994), because of complex interac-
tions between the local availabilities of settlers and 
of nursery habitat. Sites with abundant settlement 
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habitat (e.g. red macroalgae) and shelters for juve-
niles (e.g. sponges) generally attain the highest 
levels of settlement, but settlement is locally unpre-
dictable even at the most ‘optimal’ sites, presuma-
bly because of small-scale variability in the arrival 
of pueruli.

Nursery habitats and demographic bottlenecks

In the past two decades, we have become increas-
ingly familiar with the natural settlement habitat of 
many species of spiny lobster (see Herrnkind et al., 
1994; Butler & Herrnkind, 2001). Still, the sparse-
ness, small size, and crypticity of pueruli and early-
benthic phase as well as the complex topography 
of the microhabitat in which they reside, make the 
early life stages of nearly all spiny lobsters chal-
lenging to study. In general, the natural habitats 
that newly settled pueruli and early-benthic phase 
juveniles seek are either dense vegetation (e.g. red 
or brown macroalgae, seagrass) (P. argus: Marx & 
Herrnkind, 1985a; Herrnkind & Butler, 1986; P. 
interruptus: Serfl ing & Ford, 1975; Engle, 1979; 
Castaneda-Fernandez et al., 2005) or small holes 
in rocks or reefs scaled to their body size (P. 
cygnus: Jernakoff, 1990; P. echinatus: Vianna, 
1986; Palinurus elephas: Diaz et al., 2001; P. 
homarus: Kuthalingam et al., 1980; P. japonicus: 
Yoshimura & Yamakawa, 1988: Norman et al., 
1994; Norman & Morikawa, 1996; P. ornatus: 
Berry, 1971; Dennis et al., 1997; P. versicolor: 
George, 1968; Jasus lalandii: Pollock, 1973; P. 
guttatus: Sharp et al., 1997; Jasus edwardsii: 
Kensler, 1967; Lewis, 1977; Booth & Bowring, 
1988; Edmunds, 1995; Butler et al., 1997; Booth, 
2001). Lobsters are not unique in this respect. A 
recent meta-analysis of >200 papers describing the 
relative roles of seagrass and other habitats as 
nursery grounds concludes that structure per se, 
rather than the type of structure, was the most 
important determinant of the value of a habitat as 
a nursery (Heck et al., 2003).

After settlement, and a variable period of time 
spent dwelling within vegetation or in small holes, 
juveniles attain a transitional size (typically >15–
20 mm CL) at which they begin to seek nearby 
crevice shelters (e.g. rock crevices, holes and 

ledges; undercut coral heads and sponges) more 
appropriately scaled to their body size (P. argus: 
Cruz et al., 1986; Eggleston et al., 1990, 1997; 
Forcucci et al., 1994; Butler & Herrnkind, 1997; 
Childress & Herrnkind, 1997; Arango et al., 2001; 
J. edwardsii: Edmunds, 1995; Butler et al., 1997; 
P. ornatus: Dennis et al., 1997; Skewes et al., 1997; 
P. cygnus: Jernakoff, 1990; among others). Many 
studies focusing on P. argus, some using natural 
shelters and others artifi cial shelters, have shown 
that appropriately-scaled shelters and aggregations 
of lobsters increase survival of crevice-dwelling 
juvenile and subadult P. argus that occupy them 
(Eggleston et al., 1990, 1997; Smith & Herrnkind, 
1992; Lozano-Álvarez et al., 1994; Mintz et al., 
1994; Arce et al., 1997; Sosa-Cordero et al., 1998; 
Butler & Herrnkind, 1992a, 1997; Herrnkind et al., 
1997, 1999; Losada-Torteson & Posada, 2001; and 
others). The same can be said for other species 
wherever the phenomenon has been tested (see 
Butler & Herrnkind, 2001).

It is therefore not surprising that the local abun-
dance of juvenile lobsters can be limited by the 
availability of crevice shelters. For example, 
changes in the availability of natural shelters for 
juvenile P. argus in Florida brought about by a 
mass die-off of sponges resulted in dramatic 
declines in juvenile abundance and patterns of 
shelter use (Butler et al., 1995; Herrnkind et al., 
1997, 1999). Similarly, experimental manipula-
tions of artifi cial shelters designed to mimic small, 
widely-distributed natural shelters (i.e. sponges and 
small coral heads) showed that the availability of 
crevice shelters for juveniles can limit the local 
recruitment of juveniles (Butler & Herrnkind, 
1997; Herrnkind et al., 1997; Briones-Fourzán & 
Lozano-Álvarez, 2001). Field surveys in the north-
west Hawaiian Islands and the Bahamas suggest 
that the abundances of juvenile P. marginatus and 
P. argus are linked to the availability of high relief 
habitat (Parrish & Polovina, 1994; Lipcius et al., 
1997). Although habitat bottlenecks to juvenile 
recruitment can be shown to exist at some sites and 
at small spatial scales for these two species (P. 
argus and P. marginatus), regional recruitment 
patterns in Florida, the Bahamas, and Hawaii are 
tied to both the levels of puerulus supply and habitat 
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structure (Forcucci et al., 1994; Polovina et al., 
1995; Polovina & Mitchum, 1994; Butler & 
Herrnkind, 1997; Lipcius et al., 1997). To general-
ise, many regions can be viewed as ecological 
mosaics where the processes that drive local 
recruitment vary locally depending on spatial and 
temporal patterns of habitat structure and postlar-
val supply (Fig 8.2).

In some situations, however, where nursery 
habitat is less dynamic and perhaps more uniform, 
there is little evidence for density-dependent regu-
lation of juvenile abundance through habitat 
bottlenecks. Chittleborough and Phillips (1975) 
initially proposed that density-dependent processes 
limited the numbers of early-benthic phase juve-
niles on nursery reefs. This hypothesis has been 
revised because puerulus settlement was later found 
to highly correlate with juvenile abundance on 
nearby reefs (Jernakoff et al., 1994) and was also 
highly correlated with commercial catches four 
years later (Phillips, 1990). A similar situation may 
exist for J. edwardsii along parts of the rocky 
coasts of Tasmania (Edmunds, 1995) and New 
Zealand (e.g. Stewart Island; Breen & Booth, 1989) 
where the settlement of pueruli is correlated with 
local juvenile abundance a few years later. The 
situation for all other species is unknown.

Simulation modelling has recently been used to 
explore the sources of recruitment variability in 
spiny lobster, and to integrate our understanding of 
the recruitment process with the growing body of 
data on benthic habitat structure. Two different 
types of models have been developed for spiny 
lobsters: those that are oceanographic in context 
and those that focus on benthic processes. Seve-
ral spatially-explicit, biophysical oceanographic 
models are now available that depict larval release, 
the oceanic transport of passive or behaviourally 
active spiny lobster larvae and, in some cases, the 
arrival of postlarvae to the coast. Models include 
those constructed for P. marginatus in Hawaii 
(Polovina et al., 1999), P. argus in Exuma Sound 
in the Bahamas (Stockhausen et al., 2000; 
Stockhausen & Lipcius, 2001), P. cygnus in Western 
Australia (Griffi n et al., 2001) and J. edwardsii in 
New Zealand (Chiswell & Booth, 1999). Attempts 
at validating these models against empirical pat-

terns of postlarval supply have not been altogether 
successful, but each has yielded insights into the 
importance of oceanographic features and larval 
behaviour in infl uencing larval dispersal and 
postlarval arrival in coastal nurseries (see 
Chapter 7).

We are aware of only one simulation model that 
encompasses the post-settlement ecology of a 
palinurid lobster, that being a spatially-explicit, 
individual-based model of P. argus recruitment in 
the Florida Keys (Butler et al., 2001, 2005; Butler 
2003). That model uses geographical information 
system (GIS)-based habitat information and fi eld 
surveys of habitat structure to depict the benthic 
landscape, whose biogenic features (e.g. sponges, 
corals, seagrass) are dynamic and can change in 
response to environmental factors such as harmful 
algal blooms and salinity. The effects of spatial and 
temporal variation in postlarval supply on recruit-
ment are incorporated into the model from either 
empirical data or theoretical depictions. Model pre-
dictions of juvenile recruitment (i.e. abundance of 
50 mm CL lobsters) in response to a large-scale 
environmental disturbance (sponge die-off) were 
in good accord with predicted changes in recruit-
ment suggested by data from fi eld surveys and 
fi shery catch (Butler et al., 2005). Other simula-
tions support the idea that local variation in habitat 
availability and postlarval settlement can affect 
recruitment success (Butler et al., 2001). In par-
ticular, those simulations suggested that spatio-
temporally variable postlarval supply result in the 
highest recruitment of juveniles, because the poten-
tial for density-dependent regulation in patchily 
distributed nursery habitat, is diminished by 
varying levels of postlarval arrival. Model predic-
tions were less sensitive to changes in the spatial 
depiction of habitat structure than those in postlar-
val supply, but the most spatially explicit (i.e. fi ne-
grained) and realistic portrayal of habitat structure 
produced marginally signifi cant differences in 
recruitment in contrast to more generalised spatial 
scenarios. These fi ndings parallel a growing body 
of empirical evidence that in general, postlarval 
abundance driven by spawning stock and the 
vagaries of oceanographic survival and transport 
determine the regional potential for recruitment 
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in spiny lobster, modifi ed by local variation in post-
larval delivery and the condition of the nursery 
habitat.

8.2.2 Post-recruitment patterns and 
processes

The ecological role of sociality

Sociality, common among palinurids, is an impor-
tant, widespread ecological adaptation (Childress 
& Herrnkind, 1996; Herrnkind et al., 2001), medi-
ated by sophisticated sensory processes, especially 
olfaction and behaviour (Zimmer-Faust et al., 1985; 
Ratchford & Eggleston, 1998). Initially, small juve-
niles are ineffective at cooperatively defending 
against predators but they eventually attain suffi -
cient size and defensive ability to reduce predation 
mortality by co-occupying dens (Butler et al., 
1999). Several species (e.g. P. argus, P. ornatus) 
form queues or defensive rosettes while away from 
crevices, gaining increased vigilance and facilitat-
ing active defence against predators, as well as 
reducing drag during migration.

The general assertion that palinurids widely 
exhibit sociality belies the range and complexity of 
social processes represented with the taxon and the 
large changes in sociality during ontogeny in 
certain species. Research during the past decade 
has concentrated on a few species, particularly P. 
argus and J. edwardsii. That work includes careful 
fi eld and captive observations, as well as experi-
ments that reveal both the consequences of social-
ity in the natural ecological setting (Childress & 
Herrnkind, 1997; Butler et al., 1999) and the 
mechanisms of the processes involved (Ratchford 
& Eggleston, 1998; Childress & Herrnkind, 1994; 
2001a, b) (Fig. 8.3). Further inference is available 
from observations on numerous species including: 
P. cygnus, P. guttatus, P. interruptus, P. margina-
tus, P. japonicus, P. ornatus, Palinurus elephas, 
and J. lalandii (Lindberg, 1955; Berrill, 1976; 
MacDonald et al., 1984; Holthuis, 1991; Yoshimura 
& Yamakawa, 1988; Childress & Herrnkind, 1996; 
Dennis et al., 1997; Butler et al., 1999; Butler & 
Herrnkind, 2001; Herrnkind et al., 2001; Lozano-
Álvarez & Briones-Fourzán, 2001). Because P. 
argus and J. edwardsii differ ecologically and bio-

logically, they represent disparate points along the 
palinurid spectrum.

Palinurid postlarvae typically settle in a dis-
persed pattern within complex habitats and the 
early benthic phase juveniles are asocial, display 
outline-disruptive colouration, and remain in refuge 
or forage in darkness within centimetres of shelter 
(see Butler & Herrnkind, 2001). Asocial beha-
viour, which maintains large inter-individual dis-
tances, reduces mortality by forcing the predators 
of these vulnerable stages to hunt for each solitary 
individual over a large area in highly cryptic habitat 
(Butler et al., 1997). For example, early juvenile P. 

Fig. 8.3 A number of palinurid lobsters are initially 
solitary and cryptic. Sociality and the tendency to 
congregate in dens occurs during an ontogenetic shift 
later in the juvenile period. Jasus edwardsii in New 
Zealand (top two panels) and Panulirus cygnus in 
Western Australia (bottom panel) den in large groups 
after about 20 mm CL (adapted from Butler et al., 1999 
and Jernakoff, 1990, respectively).
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argus placed together in contiguous vegetation, 
move apart within a day while those in small 
patches surrounded by open substrate remain resi-
dential but probably suffer higher predation 
(Herrnkind & Butler, 1986).

The onset of sociality, the point at which indi-
viduals begin to seek out conspecifi cs, occurs 
abruptly at about 20 mm CL in P. argus and J. 
edwardsii, and general observations suggest that 
the same is true in most palinurids (Marx & 
Herrnkind, 1985a; Butler et al., 1999). This change 
in social behaviour coincides, in P. argus, with an 
ontogenetic habitat switch from initially remaining 
in vegetation at all times to diurnal dwelling in 
sponge, coral, or rock crevices (Andree, 1981; 
Childress & Herrnkind, 1996). In the case of J. 
edwardsii, P. japonicus, P. elephas, P. guttatus and 
other species with hole-dwelling early benthic 
phase juveniles, the shift in habitat is less dramatic 
as they simply vacate small holes to occupy larger 
rocky crevices nearby (Yoshimura et al., 1994; 
Sharp et al., 1997; Butler et al., 1999, Diaz et al., 
2001). Emergence of the adult markings and 
gradual loss of the post-settlement pattern as well 
as strong social facilitation of behaviour, including 
queuing, begin in P. argus at this size (Childress 
& Herrnkind, 1999). Limited information from 
other species suggests similar shifts (Butler et al., 
1999).

With this shift in habitat use and sociality, 
cohabitation of dens becomes prevalent, altering 
juvenile spatial distribution according to the distri-
bution of larger crevices (Butler et al., 1999). At 
the same time, social juveniles begin to produce a 
waterborne odour that attracts other juveniles 
during the pre-dawn hours (Zimmer-Faust et al., 
1985; Childress & Herrnkind, 1996; Ratchford & 
Eggleston, 1998; Butler et al., 1999; Nevitt et al., 
2000). This odour ‘guides’ shelter-seeking indi-
viduals from several metres away to a crevice, 
which the resident is usually willing to share 
(Childress & Herrnkind, 2001a). Orienting to a den 
already occupied by a conspecifi c is theoretically 
benefi cial in two ways. First, it reduces exposure 
time, thus decreasing the probability of a predator 
encounter in the open. Second, it makes group 
defence against predators possible (Butler et al., 
1999). At the initial social shift size, juveniles are 

probably too small to benefi t from cooperatively 
defending against predators (Childress & 
Herrnkind, 1997) but, hypothetically, may gain if 
their den mates are larger and capable of repulsing 
a predator (Butler et al., 1999). In P. argus, juve-
niles choose either solitary dens or tightly-packed 
dens depending on the nature of the predator, 
shelter availability, and shelter dimensions (Eggle-
ston & Lipcius, 1992). This presumably applies 
generally to spiny lobsters and may explain why 
patterns of aggregation among juvenile spiny lob-
sters vary despite the fact that all are social. For 
example, rocky crevices of appropriate dimensions 
to house large aggregations of juvenile lobster are 
common along the New Zealand coast where the 
majority of juvenile J. edwardsii are found clus-
tered together in dens (Butler et al., 1999). In 
Florida, dens for juveniles are widely scattered and 
most are only small crevices, thus only about half 
of the juvenile P. argus are found sheltering by day 
in groups (Behringer, 2003; Fig. 8.4).

Another factor that alters patterns of den co-
occupancy for P. argus in Florida is the presence 
of a newly-discovered viral disease (Shields & 
Behringer, 2004). Field observations and labora-
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Fig. 8.4 Sociality in spiny lobsters can be altered by 
pathogens, as shown in this fi gure depicting patterns 
of den cohabitation by healthy and PaV1 virus infected 
juvenile (20–55 mm CL) P. argus in the Florida Keys 
during three census periods. Note the solitary nature 
of infected lobsters, which occurs because healthy 
lobsters avoid cohabitation with diseased conspeci-
fi cs (adapted from Behringer, 2003).
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tory experiments confi rm that healthy lobsters can 
somehow detect when others are infected and will 
not cohabit with them, resulting in an increase in 
the frequency of solitary inhabitants (Fig. 8.4) – the 
only confi rmed instance of disease avoidance by 
any animal in nature. Whether other species of 
spiny lobster respond similarly to conspecifi cs that 
are diseased or in poor health is unknown. However, 
such behaviour, along with characteristics of avail-
able shelter and predator risk, may also explain 
why normally social species are often found 
alone.

For at least one species, P. guttatus, social aggre-
gations appear to be of lesser importance. Panuli-
rus guttatus is an obligate inhabitant of coral reefs 
in the Caribbean, where it rests by day in small 
groups in deep, inaccessible crevices, emerging 
only well after dusk to forage solitarily on the reef 
close to shelter (Briones-Fourzán, 1995; Sharp 
et al., 1997; Robertson, 2001; Acosta & Robertson, 
2002). Although P. guttatus will co-occupy dens 
with conspecifi cs, as well as with P. argus, it is 
more aggressive toward conspecifi cs and relies less 
on communal defence from predators than does P. 
argus (Lozano-Álvarez & Briones-Fourzán, 2001). 
Panulirus guttatus attains sexual maturity by 
40 mm CL (Sharp et al., 1997; Robertson & Butler, 
2003), about the same size at which juveniles of P. 
argus and J. edwardsii fi rst benefi t from active 
social defence. That is, cryptic behaviour in a shel-
tered habitat, rather than large size and sociality, 
serves as a deterrent to predation for P. guttatus 
and presumably other species that are obligate 
dwellers of coral reefs.

Large juveniles and non-reproductive adults of 
most palinurids commonly co-occupy dens, exhi-
biting higher proportions of multiple than of soli-
tary occupancy (Atema & Cobb, 1980; MacDiarmid, 
1994; Eggleston & Lipcius, 1992). The actual 
number and frequency of solitary and co-occupant 
lobsters may vary with locality and with season. In 
adult P. argus, for example, the frequency of mul-
tiple den occupants ranges from ~45% to 98% 
(Herrnkind et al., 2001). Local occupants at any 
time are a mixture of long-term residents of one to 
three dens (used interchangeably) in the vicinity 
and transients, either immigrants or past residents 
that have been elsewhere and returned (Herrnkind 

et al., 1975). Many of the occupants can re-orient 
themselves and return back to a den even after 
being displaced several hundred metres to a kilo-
metre away (Herrnkind & McLean, 1971; Nevitt 
et al., 2000; Boles & Lohman, 2003). This ability 
suggests selective and repeated use of known 
shelters for months by old adults. In this case, co-
occupancy of dens might be a by-product of the 
attractiveness of a large den, or social attraction by 
chemical signals from a den’s residents, or some 
combination of the two. Displacement by aggres-
sion also infl uences the den occupancy pattern, 
presumably when den space is rare or the residents 
enforce a dominance hierarchy (Berrill, 1975, 
1976). Both tolerant and antagonistic social inter-
actions interact with den features and predation to 
produce the observed local distributions and resi-
dential patterns.

Intensive fi eld experiments using scaled artifi cial 
shelters, which provide space for multiple occu-
pants, reveal a complex relationship among physi-
cal dimensions of a shelter, lobster density (local 
numbers), lobster size distribution, type and number 
of predators, and whether the predators are actively 
feeding (Eggleston et al., 1990; Eggleston & 
Lipcius, 1992). That is, the number and size of den 
co-occupants change when one or more of the 
above conditions is substantially altered. When the 
choice is among smaller crevices, juveniles co-den 
until a nurse shark is introduced and attacks, 
causing a switch to solitary den use (Childress, 
1995). Lobster social rearrangement in dens in the 
presence of predators hypothetically reduces pre-
dation risk, but the degree of benefi t from having 
more or fewer co-residents has not been determined 
(Childress & Herrnkind, 1997).

Direct evidence from the fi eld and from observa-
tions in large tanks, as well as indirect inferences 
from information provided by fi shers, indicates 
that several palinurids congregate to travel over 
open terrain (Herrnkind 1980). Head-to-tail queues 
of up to 60 lobsters, which form a radial, outward 
facing group when attacked, were fi rst described in 
P. argus (Herrnkind & Cummings, 1964) but are 
now documented or strongly inferred for P. ornatus, 
P. marginatus, P. cygnus, Palinurus delagoae, and 
J. edwardsii (Herrnkind et al., 2001). Although 
benefi ts remain to be fully tested in any species, 
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these behaviours yield theoretical anti-predatory 
advantages of dilution, vigilance, and cooperative 
defence, in addition to drag-reduction (i.e. locomo-
tory effi ciency) during queuing (Herrnkind et al., 
2001). In New Zealand, large J. edwardsii regu-
larly gather in radial pods well away from shelter, 
leave to forage nightly, and then regroup afterward 
(Kelly et al., 1999). The pods seem to have few 
predators although at spawning, gravid females 
release larvae while using their antennae to parry 
fi sh attacking the egg mass or spawn. Without 
shelter or enhanced defence, even large spiny lob-
sters in some habitats are subject to debilitating 
injury and death from triggerfi sh, octopus, and 
large sharks (Kanciruk, 1980). That is, they cannot 
out-swim the predator, yet the armoured spiny 
carapace alone is insuffi cient to resist either octo-
pus or carapace-crushing predators.

Movement and migration

Migration is common among shallow-water palinu-
rids, although some non-migrating species exist 
(Fig. 8.5). For example, the spotted lobster, P. gut-
tatus, settles on crevice-rich reefs and remains 
there through adulthood, isolated by open substrate 
from neighbouring reefs (Briones-Fourzán, 1995; 
Sharp et al., 1997; Robertson, 2001). Most widely-
distributed, large-growing species collectively 
exhibit a wide range of ontogenetic, seasonal, 
reproductive, or episodic population movements. 
Palinurid migrations refl ect changing ecological 
conditions of the benthic life stage during ontogeny 
and eventual movement to oceanic sites for larval 
transport. That is, pueruli settle into shallow 
nursery microhabitats distant from spawning reefs. 
Newly-hatched larvae must access oceanic currents 
that then transport the phyllosoma stages offshore 
to return them later near the coastal nursery. In 
several palinurid species, whose larvae settle far 
down current from the spawning site, the benthic 
stages make long migrations to counter the larval 
transport (Herrnkind, 1980, 1983; Booth, 1986; 
Pitcher et al., 1992, Groeneveld, 2000; Groeneveld 
& Branch, 2002)(Fig. 8.5).

Maturing adults of most well-studied palinurid 
species exhibit either an incremental ontogenetic 
migration culminating in mating and spawning in 

distinct adult habitats, or seasonal inshore–offshore 
movements for mating or foraging. The track may 
be relatively short, a few kilometres as in P. inter-
ruptus and J. edwardsii that live on narrow coastal 
shelves, or scores of kilometres, as is the case for 
P. argus, P. ornatus, and P. cygnus that recruit 
nearshore but must cross wide coastal shelves to 
reach oceanic currents. During gradual ontogenetic 
migration, juvenile P. argus use corridors of food-
rich habitat, particularly shallow seagrass meadows, 
within which individuals move about nomadically 
in a spatial pattern dictated by the location of prey 
and shelter (Cox et al., 2001; Briones-Fourzán 
et al., 2003). That is, lobsters cluster where cover 
is located adjacent to feeding habitat although these 
sites may be hundreds of metres apart (Herrnkind 
et al., 1975). That is particularly so for juvenile and 
subadult lobsters. In Belize, for example, P. argus 
are signifi cantly more abundant around mangrove 
and coral islands surrounded by seagrass than 
those surrounded by sand or rubble (Acosta & 
Butler, 1997; Acosta, 1999). Furthermore, immi-
gration and emigration rates of lobster were nearly 
four times greater for islands surrounded by sea-
grass than rubble, demonstrating the importance of 
vegetated habitats as corridors for movement by 
juvenile lobsters (Herrnkind & Butler, 1986; Acosta 
1999).

Although movement by pre-adults onto reefs for 
reproduction peaks in Florida and the Bahamas 
during the late winter just prior to reproduction in 
spring, gradual offshore movement by nomadic 
juveniles also takes place throughout the year 
(Herrnkind, 1980; Gregory & Labisky, 1996). 
Movement is largely nocturnal and solitary, rather 
than in groups. One of the most detailed studies 
of movement in adult palinurids comes from a 
recently-completed eight year mark–recapture 
study of >1300 J. edwardsii in northern New 
Zealand (Kelly & MacDiarmid, 2003). That study 
confi rms that large adults show greater site fi delity 
than smaller individuals, and that movement varies 
markedly with season. In Western Australia, P. 
cygnus undergoes a marked physiological transi-
tion to the migratory phase signifi ed by the moult 
from the typical red carapace to the white phase 
(Melville-Smith et al., 2003). In contrast to P. 
argus, migratory white P. cygnus move continu-
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Fig. 8.5 Examples of migratory movements from nursery areas to reproductive or spawning areas, at different 
scales, based on tag return data. (Top) Panulirus argus in Florida settle and grow in expansive shallow vegetated 
habitats then move ~20–30 km to reef sites, especially bordering the Atlantic Ocean (adapted from unpublished 
data, Florida Department of Natural Resources, 1980). (Centre) Panulirus cygnus grow nearshore then have to 
move 40–50 km offshore to the shelf edge to spawn (adapted from Phillips, 1983). (Bottom) Maturing Panulirus 
ornatus move several hundred kilometres across the Gulf of Papua to release larvae that drift back westward 
to settle along the northeast Australian coast (adapted from Prescott et al., 1986).
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ously over long distances, across deeper, less prey-
rich habitats (Phillips, 1983).

Some of the longest migrations, in both duration 
and distance, take place in species (or populations 
of particular species) whose nursery habitats and 
spawning sites lie far apart along the streamline of 
the larval transport current (Herrnkind, 1980, 
1983; Booth, 1986, Pitcher et al., 1992). That is, 
the benthic life phase must travel back to the 
spawning point to assure that the cycle is com-
pleted. Among such long distance migrants, P. 
ornatus settle and grow up in coastal reef areas on 
the west side of the Gulf of Papua then, as maturing 
pre-adults, they initiate a mass migration hundreds 
of kilometres eastward (Bell et al., 1987). They 
mate during this time then spawn on the other side 
of the Gulf in concert with the seasonal shift in 
winds and ocean currents that deliver the larvae 
back to the nursery region (Pitcher et al., 1992). 
Evidence is mounting that deep water South African 
Palinurus delagoae and P. gilchristi make a long 
ontogenetic upcurrent migration over months and 
years, theorised to counter phyllosomal drift after 
spawning (Groeneveld, 2000; Groeneveld & 
Branch, 2002).

The localised, brief but spectacular non-
reproductive mass ‘migrations’ by P. argus are 
probably rapid evasive movements from areas of 
disturbance (subject to rapid cooling and high tur-
bulence) to more stable sites (Herrnkind, 1985). In 
the northern Caribbean and Bahamas, P. argus 
abruptly begin to march in single-fi le queues both 
day and night across open substrata, resting for 
several hours in the open in radial rosettes or fi lling 
and overfl owing crevices along the route (Herrn-
kind et al., 2001). The movements are triggered by 
autumnal storms, sometimes by hurricanes, well 
after the preceding spawning season and several 
months before peak spring spawning; egg-bearing 
females or even those with developing ovaries are 
rare among these migrants (Herrnkind, 1980; 
Kanciruk, 1980). In Bahaman populations, about 
half of the migrants are immature size but off 
north-eastern Yucatan, nearly all are mature (Her-
rnkind, 1985). Although tag–recapture evidence 
shows that some individuals return within the fol-
lowing year to the shallow feeding habitats near the 
tagging site, no instances of a mass return move-

ment per se have been documented. Lobster mor-
tality during episodic severe cooling in juvenile 
habitats suggests the selective advantage of leaving 
shallow areas of rapid cooling and high turbulence 
(Herrnkind, 1980, 1985). These highly-oriented 
movements may also promote the redistribution of 
individuals into new habitat. Boles and Lohman 
(2003) provide compelling evidence that lobsters 
can accurately navigate during such movements. 
Panulirus argus possesses both a magnetic direc-
tional compass and a geographic position sense. 
The latter capability, equivalent to vertebrate 
navigation (e.g. birds, sea turtles), hypothetically 
serves long-distance migration and homing in 
palinurids.

Competition

With the exception of intraspecifi c competition for 
mates (see Chapter 2), competition among spiny 
lobsters for shelter or food in the wild is not well 
documented and is presumably rare. Certainly, in 
some instances palinurids aggressively compete 
over food (Kanciruk, 1980), over a den following 
foraging (Berrill, 1975), and among adult males as 
they establish harems (MacDiarmid, 1989), but 
these agonistic displays of interference competition 
are typically for localised resources and are of 
short duration, in keeping with the social nature 
of palinurids. Although experimental enhancement 
of shelter availability in the wild often results in 
greater numbers of lobsters in an area (see Section 
8.2.1 on limits to recruitment), no evidence indi-
cates that a density-dependent depression of growth 
results (Ford et al., 1988; Behringer & Butler, in 
press). In Western Australia, Ford et al. (1988) 
found that lobster survival was higher on rocky 
reefs where densities were experimentally reduced, 
but they did not account for the potentially con-
founding effects of immigration and emigration. 
Results from a recent study of juvenile P. argus in 
Florida also failed to fi nd evidence of intraspecifi c 
competition (Behringer & Butler, in press). In that 
study, lobsters were marked and recaptured over 
several seasons and years on sites that naturally 
varied in shelter and lobster density, and on 
sites where shelter (and thus lobster density) was 
experimentally manipulated. High densities had no 

BMA08.indd   274BMA08.indd   274 4/11/2006   11:06:45 AM4/11/2006   11:06:45 AM



Juvenile and Adult Ecology 275 

effect on lobster nutritional condition, mortality, or 
disease incidence, even though residency of lob-
sters on a site increased with density.

Evidence for interspecifi c competition between 
lobster species, or between lobster and other taxa is 
largely circumstantial and confounded by predatory 
interactions. Instances of non-overlapping use of 
habitats by different species of lobster in sympatry, 
implies the evolution of habitat segregation, but this 
‘ghost of competition past’ (sensu Connell, 1983) 
has no experimental confi rmation. Furthermore, 
some species actually share dens (e.g. P. argus and 
P. guttatus) and in such cases, intraspecifi c agonism 
is more common than interspecifi c aggression 
(Lozano-Álvarez & Briones-Fourzán, 2001). Spiny 
lobsters might conceivably compete with other taxa 
(e.g. predacious gastropods, crabs and fi sh) for prey 
or shelter when those resources are limiting, but we 
know of no published accounts of such competition. 
Where lobsters occur, there are octopuses. Beyond 
their role as predators of lobsters, octopuses also 
require the same crevice shelters and prey (e.g. mol-
luscs and crustaceans) as spiny lobsters and thus 
could compete with lobsters for those resources 
(Berger & Butler, 2001), but experimental evidence 
indicates that predation indeed dominates the 
lobster–octopus interaction, mitigated to some 
degree by the presence of alternative prey and group 
defence by lobsters (Lear, 2004).

Predation

During benthic life, palinurids are subjected to a 
wide variety of predators, mainly piscine (but also 
octopus, as noted above), and they experience the 
highest relative mortality during their early life 
stages (Butler & Herrnkind, 2001; Phillips et al., 
2003). For example, pueruli and early benthic 
phase juvenile P. argus are vulnerable to pelagic 
and benthic predators, especially in coral reefs 
(Acosta & Butler, 1999). A year after settling, juve-
nile P. argus in Florida will have suffered 96–99% 
mortality (Herrnkind and Butler, 1994: Sharp 
et al., 2000). A large fraction of that predation on 
juveniles happens at the transition from the initial 
fully alga-dwelling stage to the crevice-dwelling 
stage at ~15–25 mm CL (Fig. 8.6) (Butler & 
Herrnkind, 2001).

Rapid growth to a large size serves as an impor-
tant mechanism for predator avoidance. Among 
crustaceans, palinurids include some of the largest 
and fastest-growing species. Growth rate, both gen-
erally and within a species, seems to be dictated by 
the local temperature regime and the nutritional 
quality and abundance of prey (Mayfi eld et al., 
2000; Butler & Herrnkind, 2001; Chapter 1). Most 
spiny lobster species attain 1–10 kg in weight and 
overall lengths of 30–50 cm (excluding antennae). 
Some, including P. ornatus and P. argus, reach a 
weight of one kilogram only 2–4 years after settle-
ment (Olsen & Koblick, 1975; Trendall et al., 1988; 
Sharp et al., 2000). Maximum size is not corre-
lated with thermal regime because several tem-
perate species attain large size (45–60 cm total 
length (TL); J. edwardsii, Sagmariasus verreauxi, 
Palinurus elephas, P. interruptus), whereas numer-
ous warm water species do not (25–30 cm TL; P. 
guttatus, P. laevicauda, P. regius, P. echinatus). 
Large spiny lobsters can be defensively formidable 
while fending off piscine predators by antennal 
whipping and thrusting, especially when bunched 
tightly together in a den or in radial rosettes in the 
open. Very large (5–15 kg), well-armoured adults 
probably have very few non-human predators, 
especially in recent decades because fi shing has 
reduced the abundance of large fi shes and sharks. 
In fact, large spiny lobsters will move about soli-
tarily over open terrain or reefs during the day, 
especially large males during the breeding season.

The primary determining factor that mitigates 
predator success is abundant crevice shelter adja-
cent to good foraging, which reduces the exposure 
time of the vulnerable juveniles. Sparse, dispersed 
shelter or prey creates the population bottleneck 
effect theorised by Caddy (1986), in which grow-
ing individuals must move about to locate ever-
decreasing numbers of appropriately-sized shelters. 
Although sites differ in predator risk, tethering 
studies confi rm an extremely high probability of 
predation on exposed juveniles in nursery habitats 
(Herrnkind & Butler, 1986; Eggleston et al., 1990; 
Smith & Herrnkind, 1992; Childress & Herrnkind, 
1994; Mintz et al., 1994; Lipcius et al., 1998; 
Briones-Fourzán et al., 2003). Field studies suggest 
a similar process in P. cygnus (Howard, 1988) and 
J. edwardsii (Butler et al., 1999) juveniles.
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Shallow-dwelling tropical species face the most 
diverse predator array (Howard, 1988; Smith & 
Herrnkind, 1992), although temperate species may 
suffer similarly high mortality from less diverse yet 
highly abundant predatory species (Wahle & 
Steneck, 1992; Butler et al., 1999). The predators’ 
tactics include active nocturnal and diurnal hunt 

and chase, ambush, probe-and-grab, and others 
cued by visual, hydrodynamic, and chemical cues. 
All palinurids, in turn, exhibit a combination of 
evasion (‘avoidance of predatory encounters’) and 
escape (‘survival of a predatory encounter’) tactics 
that reduces predation mortality (Barshaw et al., 
2003). The most ubiquitous tactic is sheltering in 

Fig. 8.6 Predation risk in spiny 
lobsters, especially the early 
benthic phases, depends greatly 
on size and shelter features. (Top) 
Exposed algal phase juvenile 
Panulirus argus (7–11 mm CL) 
suffer high predation compared to 
those in structure (S, sand; SG, 
seagrass; AC, algal clump; AB, 
algal bed) at all times of day 
(adapted from Herrnkind & 
Butler, 1986). (Centre) Relative 
survival of sheltered juvenile P. 
argus depends on the relationship 
between shelter size (artifi cial 
‘casitas’) and lobster size (small 
lobsters 35–45 mm CL; medium 
lobsters, 46–55 mm CL) (adapted 
from Eggleston et al., 1990). 
(Bottom) Shelter from predators is 
exceedingly important during the 
algal and early postalgal period in 
P. argus (<25 mm CL)(composite 
tethering data from Smith & 
Herrnkind, 1992; Eggleston et al., 
1990).
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interstices, which either reduces the chance of 
being encountered or protects the inhabitant from 
attack once discovered. A second near-universal 
tactic is adoption of solitary nocturnal foraging, 
which reduces the risk from visual predators. 
Staying within shelter and emerging only in dark-
ness is especially characteristic of juveniles. Pal-
inurids also use chemical cues to detect and avoid 
encounters with certain predators, such as octo-
pods (Berger & Butler, 2001), but are unable to 
detect others (e.g. red grouper, Epinephalus morio; 
Schratweiser, 1999) by the same means.

The number and size of predators can predicta-
bly alter the abundance or size of local spiny lob-
sters. Field measures and experimental evidence 
show that octopuses cause juvenile P. argus to 
move from nearby dens or to select dens well away 
from an octopus lair (Berger & Butler, 2001). Red 
groupers and Nassau grouper, E. striatus, also 
cause reduced local abundances of small lobsters 
either by direct predation or by infl uence on den 
choice and residency by the lobster (Eggleston 
et al., 1997; Schratwieser, 1999). Eggleston et al. 
(1997) found greater juvenile lobster abundances 
on artifi cial patch reefs from which groupers had 
been removed. The community-level infl uence of 
increasing numbers and size of large lobster preda-
tors has become an important facet of marine 
reserve design.

Pathogens

Evans et al. (2000) recently reviewed the few 
known diseases of spiny lobsters, and this subject 
is covered for both spiny and clawed lobsters in 
Chapter 5. We therefore only touch on the matter 
of disease in spiny lobsters as it relates to their 
ecology in the wild – a brief discussion indeed, 
because almost nothing is known. Most reports of 
disease come from laboratory or aquaculture con-
ditions, where handling stress and inappropriate 
water quality probably exacerbate the incidence 
and severity of infection. Remarkably few natural 
diseases appear to be fatal. Shell disease from 
chitinoclastic bacteria causes lesions around the 
tail and uropods of several species (Iversen & 
Beardsley, 1976; Sindermann & Rosenfi eld, 1976; 
Booth, 1988; Porter et al., 2001), and some 

helminths use spiny lobsters as intermediate hosts 
(Deblock et al., 1990). Infections by Vibrio spp., 
bacteria, protozoans, and fungi also occur in lob-
sters held in captivity (Bach & Beardsley, 1976; 
McAleer, 1983; Kittaka & Abrunhosa, 1997; 
Diggles et al., 2000). The recently-discovered 
pathogenic viral disease (PaV1) infecting P. argus 
in Florida (the fi rst report of a viral disease in lob-
sters), is one of the few known to occur at high 
incidence in nature and it is nearly always lethal 
(Shields & Behringer, 2004). It affects the ecology 
of P. argus in other ways as well (Behringer, 2003). 
Susceptibility to PaV1 disease declines with onto-
geny, with early benthic phase juveniles and small 
crevice-dwelling juveniles being the most suscep-
tible. Furthermore, the spatial distribution of juve-
nile lobsters is altered where the disease is prevalent, 
because healthy individuals can identify diseased 
conspecifi cs and will not cohabit with them (Fig. 
8.4). The occurrence of PaV1 in other areas of the 
Caribbean is not known, but pandemics of several 
shrimp viruses have spread widely across the tropi-
cal and subtropical regions of the world with cata-
strophic results to the aquaculture and fi sheries for 
penaeid shrimps.

Human and environmental effects

‘When one tugs at a single thing in nature, 
one fi nds it attached to the rest of the world.’ 
– John Muir, American naturalist 
(1838–1914)

The ecology of spiny lobsters does not operate in 
isolation from the large-scale environmental 
changes that periodically affect marine communi-
ties, nor is it immune to the reverberations of 
human activity. Often, the two are intermingled; 
therefore ascribing the impact on lobsters to one or 
the other can be diffi cult. Because spiny lobsters 
are the targets of valuable fi sheries worldwide, the 
infl uence of fi shing on their ecology has received 
the most scrutiny. Wahle (1997) summarised and 
expounded on a discussion of the consequences of 
fi shing on lobsters held at the Fifth International 
Conference and Workshop on Lobster Biology and 
Management in Queenstown, New Zealand in 
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1997. The points raised there are still relevant 
today and few are unique to lobsters. The most 
immediate and obvious impact of fi shing is the 
culling of large individuals from the population, 
followed by reductions in population density under 
more severe levels of fi shing. Commensurate with 
those changes in population structure, theoreti-
cally, come alterations in population dynamics, 
including: reductions in average size at maturity 
and per capita fecundity, increases in growth (due 
to intraspecifi c competitive release), mating system 
anomalies, and potential changes in genetic struc-
ture. The fi rst of these changes has been realised 
in various populations around the world (DeMartini 
et al., 1993; Pollock, 1995; Chubb, 2000). As far 
as we know the others have not, except in limited 
circumstances or under laboratory conditions. For 
example, the disproportionate loss of large male 
spiny lobsters could limit fertilisation success 
through sperm limitation as demonstrated in ex-
periments on J. edwardsii, P. argus, and P. guttatus 
(MacDiarmid & Butler, 1999; Robertson, 2001; 
Heisig 2003). Other potential effects of fi shing 
on spiny lobsters include: reduced growth and 
increased susceptibility to disease due to handling 
stress and injury, loss of habitat caused by destruc-
tive fi shing gear, enhanced food availability in the 
form of bait, competitive or predatory release as a 
result of fi shing of other species, and incidental 
mortality of lobsters as by-catch in non-targeted 
fi sheries, among others (Jennings & Kaiser, 
1998).

Spiny lobster populations are also buffeted by 
environmental changes – some natural, and some 
not – that compound the effects of fi shing. The 
National Research Council (1994) and the US 
Ocean Commission (2004) categorise the problems 
facing our seas similarly: (1) pollution and eutro-
phication, (2) habitat destruction (primarily coa-
stal and benthic habitats), (3) over-exploitation of 
fi shery resources, and (4) climate change. Although 
degraded water quality is a ubiquitous problem and 
laboratory studies show that juvenile spiny lobster 
are sensitive to it (Herrnkind et al., 1988; Field & 
Butler, 1994; Booth & Kittaka, 2000), few pub-
lished reports address the impact of poor water 
quality on lobsters in nature. The most dramatic 
and well-documented events are the periodic mass 

mortalities of J. lalandi observed along the south-
west coast of South Africa (see Cockcroft, 2001). 
Episodes of hypoxia caused by blooms of dinofl a-
gellates at times corresponding with severe El Niño 
events, are the culprits. In the 1990s, over 2000 t of 
dead lobsters were stranded along the coast. Similar 
hypoxic events in the past are hypothesised to have 
resulted in the local extirpation of spiny lobster 
from certain isolated islands in South Africa, where 
lobster populations have never recovered. In 
response to the loss of a higher trophic level preda-
tor (i.e. lobsters), the communities on those islands 
are believed to have achieved an ‘alternative stable 
state’ (sensu Sutherland, 1974) where predatory 
gastropods dominate the benthos (Barkai & 
McQuaid 1988).

Phytoplankton blooms also wreaked havoc on 
lobsters in south Florida in the 1990s. The ultimate 
cause of the phytoplankton blooms that blanketed 
portions of south Florida in the early 1990s cannot 
be pinpointed with precision, yet compelling cir-
cumstantial evidence suggests that a series of hot, 
dry summers coupled with diversion of freshwater 
within the Everglades from Florida Bay sparked 
the problems to come (Fourqurean & Robblee, 
1999). In short, changes in the fl ow and quality of 
freshwater emanating from the Everglades resulted 
in the overproduction of seagrass throughout much 
of the western basin. Density-dependent declines 
in the health of seagrasses coupled with high tem-
perature and an outbreak of a pathogenic slime 
mould (Labyrinthula sp.) resulted in the die-off of 
thousands of hectares of seagrass. The release of 
nutrients from decaying seagrass and the suspen-
sion of sediments in the water column is thought 
to have fuelled the subsequent and repeated harmful 
algal blooms, which persisted for months. The 
blooms loomed over hundreds of kilometres of sea-
grass and tropical hard-bottom habitat, and at times 
were swept out to sea threatening the coral reefs 
(Butler et al., 1995; Philips et al., 1999). The 
cyanobacterial blooms triggered a massive morta-
lity of sponges, resulting in the decimation of the 
sponge community over much of the affected 
region (Butler et al., 1995; Herrnkind et al., 1997; 
Lynch & Philips, 2000). In turn, the rapid loss of 
seagrass and sponges resulted in a reconfi guration 
of nursery habitat for spiny lobster on a grand scale. 
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Approximately 20% of the area used by P. argus 
as a nursery in Florida was destroyed, and the 
result was signifi cant local declines in lobster 
recruitment (Herrnkind et al., 1997).

8.2.3 Effect of spiny lobsters on benthic 
community structure

Lobsters are simultaneously predators and prey 
throughout their benthic life. Gut-content analysis 
on many species shows the ubiquitous presence of 
molluscs, crustaceans, echinoderms, and other 
invertebrates, but also coralline and fl eshy algae 
(Joll & Phillips, 1984; Herrnkind et al., 1987; 
Edgar 1990; Jernakoff et al., 1993; Díaz-
Arredondo & Guzmán-del-Próo, 1995; Lozano-
Álvarez, 1996; Cox et al., 1997; Mayfi eld et al., 
2000; Castaneda et al., 2005). Prey size generally 
increases with lobster growth, refl ecting changes in 
mandible size and other constraints to handling, 
accessibility, and durophagy. Throughout life, pal-
inurids are highly opportunistic foragers and 
consume the same types of prey, although the size 
and species composition may vary widely with 
habitat (Briones-Fourzán et al., 2003). Although 
we know much about the array of prey consumed 
by lobsters in various habitats, less is known about 
the effects of lobsters on prey communities.

The large size, predatory habits, and often great 
local abundance of spiny lobsters suggests that 
their impact on benthic prey communities should 
be profound, yet evidence of their infl uence on prey 
community structure appears limited largely to 
rocky, temperate ecosystems. The most extensive 
evidence that spiny lobsters alter prey communities 
with cascading effects on benthic community 
structure comes from studies of P. interruptus in 
southern California. Tegner and Dayton (1981) 
found that P. interruptus together with a predatory 
fi sh (sheepshead; Semicossyphus pulcher) control-
led the abundance and distribution of two species 
of sea urchin (red sea urchin, Strongylocentrotus 
franciscanus; purple sea urchin, S. purpuratus). 
The grazing activities of the urchins, in turn, 
altered the abundance of giant kelp (Macrocystis 
pyrifera), the defi ning species in California kelp 
forests. Later modelling studies suggested that pre-
dation by P. interruptus also probably controls the 

bimodality in size structure observed in red sea 
urchins that dwell in different habitats that vary in 
accessibility to lobster (Botsford et al., 1994). Pre-
dation by P. interruptus, along with that by octo-
puses and whelks, also controls the joint distribution 
of bivalve and gastropod prey on rocky reefs in 
Southern California (Schmidt, 1982, 1987), result-
ing in ‘apparent competition’ between prey that is 
in fact due to dissimilar patterns of predation. 
Other investigations of P. interruptus demonstrated 
its similar role in structuring sessile benthic com-
munities via its consumption of a competitively 
dominant mussel (Robles et al., 1995; Robles 
1997), although physical disturbance (i.e. wave 
surge) and prey recruitment patterns moderate 
lobster impacts. A similar picture has emerged in 
temperate, subtidal rocky communities on the 
opposite side of the globe in South Africa and New 
Zealand.

In South Africa, predation by J. lalandii and P. 
homarus alters the abundance and size structure of 
their mussel, urchin, and gastropod prey, whose 
availability may limit lobster growth (Newman & 
Pollock, 1974; Pollock, 1979; Griffi ths & Seiderer, 
1980; Berry & Smale, 1980; Barkai & McQuaid, 
1988; Mayfi eld et al., 2000). Much as in southern 
California, predation by lobsters and fi shes on 
these benthic invertebrates is thought to have cas-
cading effects in the ecosystem, including impacts 
on macroalgal community structure and abalone 
recruitment (Branch, in prep.). A peculiar role 
reversal has also been reported in South Africa on 
isolated islands long devoid of lobsters (Barkai & 
McQuaid, 1988). On those islands, predatory 
whelks freed from lobster predation, after low dis-
solved oxygen events had decimated the lobsters, 
have reached extraordinary densities and have 
assumed benthic predatory primacy. Lobster immi-
grants to those islands are quickly consumed 
by marauding whelks, which prevent the re-
establishment of lobster populations in the area.

Studies in New Zealand also suggest that lob-
sters (J. edwardsii) together with predatory fi shes 
control the abundance of sea urchins that in turn 
alter macroalgal structure in subtidal rocky com-
munities (Andrew & MacDiarmid, 1991; Shears & 
Babock, 2002). For example, when urchins (Evechi-
nus chloroticus) were removed from urchin barrens 
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dominated by crustose coralline algae, those 
areas were transformed into macroalgal-dominated 
habitat within 12 months. Indeed, macroalgal-
dominated areas are more abundant in marine 
protected areas where lobsters and large fi shes 
abound (Babcock et al., 1999).

Each of these studies is one step removed from 
actually manipulating predator abundance (lobster 
or fi sh) experimentally so that the response of the 
community without confounding infl uences can be 
observed. Nonetheless, their observations provide 
compelling evidence of top-down control of com-
munity structure by spiny lobster in rocky subtidal 
temperate ecosystems. In contrast, there is little 
evidence to indicate that palinurids have the same 
defi ning effect on benthic community structure in 
tropical or soft-sediment habitats. Predation by 
spiny lobsters can reduce prey densities and alter 
prey-size structure and species composition in sea-
grass and soft-sediment habitats adjacent to dens 
where lobsters are aggregated, but the effects are 
localised and diminish with distance from the den 
(Joll & Phillips, 1984; Jernakoff, 1987; Jernakoff 
et al., 1987; Edgar, 1990; Nizinski, 1998). The prey 
that spiny lobsters seek in seagrass and soft-bottom 
habitats are presumably suffi ciently cryptic and 
sparse that lobsters cannot pinpoint them, and so 
lobsters must forage over wide areas in search of 
prey, and the severity of their predatory activities 
is diminished.

8.2.4 Spiny lobsters and marine 
protected areas

Marine protected areas (MPAs) have taken marine 
science by storm in the past decade. Their potential 
for preserving ecosystem biodiversity and their 
utility as management tools for protecting unique 
or sensitive habitats, species, or cultural sites is real 
and generally unquestioned, but many are less san-
guine about their appropriate design or usefulness 
in fi shery management. Ironically, spiny lobsters 
are often touted as a success story in the burgeon-
ing literature on MPAs. In a 1997 review of the 
effects of marine reserves on spiny lobster popula-
tions, Childress (1997) concluded that the evidence 
was convincing that palinurid abundance, mean 
size, and spawning-stock biomass are typically 

greater within MPAs where removal of lobster is 
prohibited than in surrounding fi shed areas. He 
also noted that the magnitude of this difference 
was a function of the size of the MPA, the suite of 
habitats encompassed by the MPA, and the move-
ment patterns of the lobsters. Those themes recur 
in recent studies, which continue to yield evidence 
that the population abundance, individual size, and 
egg production of palinurid lobsters generally 
increase in no-take MPAs.

Some of the best recent examples come from 
studies of J. edwardsii in New Zealand. Using 
linear models, Kelly et al. (2000) estimated the 
temporal patterns of change in lobster population 
structure at a series of marine reserves that differed 
in age. Their results show that change can indeed 
be rapid. Lobster density increased by ~4% per 
year in shallow areas (<10 m) and ~10% in deeper 
regions of the MPAs. The size of lobsters observed 
in the reserves increased by an average of 
1.14 mm CL per year, and by coupling patterns in 
size and abundance, the authors estimated that 
lobster biomass increased by ~5% per year in 
shallow areas and ~11% per year in deeper reserve 
areas. Egg production increases mirrored those of 
biomass. Strikingly similar patterns in MPA effects 
on J. edwardsii were observed by other researchers 
using similar methods at another MPA (Tonga 
Island MPA) in New Zealand (Davidson et al., 
2002). Five years after establishment of the Tonga 
Island MPA, the abundance of J. edwardsii had 
increased by 22% (~4% per year), and change was 
greater at deeper sites. Lobsters were nearly three 
times more abundant in the MPA than in adjacent 
fi shed sites, they were 19–28 mm CL larger 
(shallow–deep sites, respectively), large males 
were an order of magnitude more abundant, and 
fecundity in the MPA was nearly nine times greater 
than that in the fi shed area. These results are con-
sistent with the fi ndings of earlier studies conducted 
in the same region (Cole et al., 1990; MacDiarmid 
& Breen, 1993).

Similar differences in spiny lobster population 
structure or egg production between MPAs and 
fi shed areas have been noted in studies of other 
palinurid species in Spain (Palinurus elephas; 
Goñi et al., 2001), Florida (P. argus; Bertlesen & 
Cox, 2000; Bertelsen & Mathews, 2001), and 
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France (P. elephas; Secci et al., 1999) among 
others. In fact, P. elephas has been identifi ed as an 
important indicator species for measuring the 
success of MPAs in the Mediterranean (Mouillot 
et al., 2002). Not every MPA in the world has 
experienced the same blossoming of spiny lobster 
populations, however. Notable exceptions are 
studies of MPA effectiveness in Florida and the 
Bahamas where the small size of MPAs, habitat 
differences between MPAs and fi shed sites, or lack 
of enforcement and resultant poaching within 
MPAs have precluded the development of noticea-
ble differences in P. argus populations (Lipcius 
et al., 2001; Bertelsen et al., in press). Although 
commercial fi shing is undeniably the primary 
cause of differences in lobster population attributes 
between MPAs and unprotected areas, substantial 
recreational fi sheries also contribute to this differ-
ence in some areas (Davis, 1977; Eggleston & 
Dahlgren, 2001).

Despite recent advances, we are still uncertain 
whether the effects documented within MPAs 
produce any measurable impact on spiny lobster 
populations outside the reserves. For lobsters, as 
well as other species subject to fi shing, this is one 
of the most pressing issues related to MPAs – and 
also perhaps the most diffi cult one to answer. The 
long larval period of palinurid lobsters poses a 
formidable obstacle to empirical investigation of 
the benefi ts of MPAs to recruitment and popula-
tion replenishment outside of reserves. Simulation 
modelling has thus far been the tool of choice for 
building at least a heuristic understanding of the 
potential importance of larval and postlarval reten-
tion and transport in MPA design (Stockhausen 
et al., 2000; Griffi n et al., 2001; Lipcius et al., 
2001; Stockhausen & Lipcius, 2001). There is little 
or no empirical evidence to support the idea that 
the build-up of lobsters and spawning stocks within 
MPAs has had any impact outside the reserves.

Even the importance of adult ‘spill-over’ into 
adjacent fi sheries is questionable (Chiappone & 
Sealey, 2000; Kelly et al., 2002). In perhaps the 
best study to date of adult lobster movement and 
spill-over, Kelly and MacDiarmid (2003) detailed 
how size-specifi c differences in male and female 
lobster movements contribute to population build-
up within MPAs. During their eight year mark–

recapture study of J. edwardsii in Leigh Marine 
Reserve in northern New Zealand, over 20% of the 
over 1300 adults they tagged were re-sighted on a 
small, 15 ha rocky reef in the reserve. Philopatry 
increased with size for females and among the 
larger males (>130 mm CL), but adult lobsters also 
participated in seasonal movements back and forth 
across the reserve boundary and were thus suscep-
tible to capture by the fi shery (i.e. spilled over). 
These same patterns were evident in the adjacent 
fi shery catch. More large individuals were indeed 
captured by the fi shery adjacent to the Leigh MPA, 
but the catch was seasonally variable – more so 
than in nearby fi shed populations (Kelly et al., 
2002). That seasonality, together with differences 
in the catch of smaller, legal-sized lobsters, resulted 
in non-signifi cant differences in catch-per-unit-
effort (i.e., kg /trap haul) of J. edwardsii between 
areas adjacent to reserves and those further away.

Rates of movement, MPA area and habitat struc-
ture, and fi shing intensity along the MPA boundary 
are all critical factors governing the spill-over from 
MPAs, as well as the equilibrium density of spiny 
lobsters within MPAs. Acosta (2002) examined 
these factors in detail using a simple logistic rate 
model and empirical data for P. argus and queen 
conch from an isolated MPA (Glover’s Atoll) in 
Belize. The model predicted that the lobster popu-
lation within the MPA would increase 2.5 fold 
within fi ve years of MPA establishment, in close 
agreement with the observed data. Changes in the 
modelled reserve size led to predictable changes in 
lobster population size, but changes in fi shing 
intensity along the MPA border resulted in equally 
dramatic changes in lobster density in the MPA 
because of nomadic foraging by adult P. argus 
outside the reserve.

Research on spiny lobsters in MPAs is still in 
its infancy, but the need for new tools for better 
management of lobster populations subject to 
fi shing could not be direr. Like the majority of 
fi shery stocks worldwide, lobster stocks are nearly 
all fully- or over-exploited (National Research 
Council, 1994; US Ocean Commission, 2004). In 
southern California, for example, the fi shery for P. 
interruptus began in the late 1880s when landings 
in only 260 traps was about 105 000 kg annually 
with lobsters averaging 150 mm CL (Dayton et al., 
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1998). By 1976, it took 19 000 traps to land an 
equivalent biomass of lobsters that by then aver-
aged only about half (88 mm CL) their former size. 
That fi shery is virtually non-existent today. Yet 
lobsters may be good model organisms for studying 
the effi cacy of MPAs as tools for fi shery replenish-
ment. Their long larval period sets an upper bound 
on the potential for long-distance oceanic dispersal 
of marine organisms, yet the vertical migratory 
behaviour of palinurid larvae and the remarkable 
swimming and olfactory responses of the pueruli 
(see Chapter 7) leave open the seemingly unlikely 
possibility of local retention and recruitment. Simi-
larly, adult lobsters, although capable of extraordi-
nary excursions, are often place-bound. Yet benthic 
lobsters are also more tractable than fi shes, so more 
studies of adult spill-over from MPAs are certain 
to appear soon. Coming to grips with these possi-
bilities is likely to require a melding of approaches, 
including modelling, molecular genetics, and some 
ingenious empirical studies.

8.3 Clawed lobsters

Clawed lobsters (Homaridae) are phylogenetically 
diverse (Chapter 4), abundant, and ecologically 
important in coastal zones and continental shelves 
of the temperate to subarctic regions of the North 
Atlantic (Fig. 8.7A). The most abundant species are 
Homarus americanus, H. gammarus and Neph-
rops norvegicus. Based on commercial landings, 
that refl ect the magnitude of relative abundance, H. 
americanus is the most abundant, N. norvegicus 
next, and H. gammarus a distant third (Fig. 8.7B; 
FAO, 2004). Nephrops and H. gammarus are dis-
tributed from northern Norway (Lofoten Islands) 
south to the Atlantic coast of Morocco and through-
out much of the Mediterranean (Holthuis, 1995). 
In contrast, H. americanus has greater landings 
over a relatively small geographic range from 
northern Newfoundland south to the mid-Atlantic 
coast of North America (Holthuis, 1995).

Direct, in situ measurement of clawed lobster 
population densities scale with their fi sheries-
dependent abundances (i.e. Fig. 8.7B). Average 
population densities of H. americanus range 
between one and two per square metre (Fig. 8.8A, 

B) over hundreds of kilometres of the US coast of 
Maine (Steneck & Wilson 2001). In contrast, H. 
gammarus is so rare, that we could fi nd no pub-
lished population densities from the fi eld. The 
population density of N. norvegicus is also lower 
than that of H. americanus, though its landings are 
high (Fig. 8.7B) because it is distributed in sedi-
mentary habitats over vast areas of the continental 
shelf (Chapman, 1980; Tuck et al., 1997; Maynou 
et al., 1998) (Fig. 8.7A) from 20–800 m (Holthuis, 
1995). Its maximum population densities range 
between 0.006/m2 in the Mediterranean near Spain 
(Maynou et al., 1998) to 0.125/m2 for Scotland 
(Chapman & Rice, 1971). These population densi-
ties are one to three orders of magnitude lower than 
those reported for H. americanus in Maine, USA 
(Fig. 8.8B; Steneck & Wilson, 2001).

Although good ecological observations have 
been made on N. norvegicus (e.g. Chapman & 
Rice, 1971; Chapman, 1980; Cobb & Wahle, 1994), 
our knowledge of the ecology of H. americanus is 
far greater. The American lobster is abundant and 
occurs within depths that are easily studied. In 
contrast, the average depth of occurrence for N. 
norvegicus is 300–400 m (Maynou et al., 1998), a 
range that is diffi cult and expensive to study. For 
these reasons, H americanus has received the most 
attention in ecological research, and its treatment 
therefore dominates our review.

There are numerous physiological and beha-
vioural similarities shared by clawed lobsters 
beyond their obvious large chelipeds, which they 
use for prey capture and mate selection. For 
example, clawed lobsters are solitary crevice dwell-
ers that defend their space against others of their 
species and each other (Cobb, 1971). They carry 
developing eggs for nearly a year, before the eggs 
hatch at about 10°C (18–12°C, H. americanus, 
Aiken & Waddy, 1989; 5–15°C, H. gammarus, 
Tully et al., 2001; 7–11°C, N. norvegicus, Thomp-
son & Ayers, 1989). They all have relatively short 
larval durations: three larval stages before they 
metamorphose into postlarvae (reviewed by Cobb 
& Wahle, 1994). Once they become established in 
benthic habitats, they pass through three ecological 
phases (early benthic, adolescent and reproductive 
phases; sensu Cobb & Wahle, 1994). The timing 
and duration of each phase varies geographically 
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and oceanographically among and within the three 
species (e.g. Wahle et al., 2004). Despite these 
similarities, these species differ strikingly in pat-
terns of distribution, abundance, agility (their pro-
pensity to move), habitat use, and key aspects of 
the ecology of the habitats in which they live.

8.3.1 Limits to recruitment

Several studies concluded that successful settle-
ment to the benthos drives the demography of lob-
sters (e.g. spiny: Butler & Herrnkind, 1997; Parrish 
& Polovina, 1994; and clawed: Cobb & Wahle, 
1994). For the American lobster, settlement and 

early benthic phase (juveniles <40 mm CL) sub-
populations are strongly bound to the interstices 
of their cobblestone shelter (Steneck, 1989; Wahle 
& Steneck, 1991). Their strong habitat-selection 
behaviour for small shelter-providing substrata 
(Able et al., 1988; Wahle & Steneck, 1991) at the 
time of settlement coupled with the demonstrably 
low post-settlement mortality measured in the fi eld 
(Wahle & Steneck, 1992; Palma et al., 1999; Wahle 
et al., 2004) may explain why successful settlement 
drives the demography of this species today (Palma 
et al., 1999; Steneck & Wilson, 2001). As lobsters 
grow, their dependency on shelters for protection 
declines (Wahle & Steneck, 1991; Wahle, 1992), 

Fig. 8.7 (A) The North Atlantic 
distribution of American lobster 
Homarus americanus (US and 
Canada), European lobster H. 
gammarus and the Norway lobster 
Nephrops norvegicus (Holthuis, 
1995). (B) Landings for all three 
species since 1950. Open squares 
are H. americanus, open circles 
are H. gammarus, and closed 
squares are N. norvegicus. (Data 
from FAO (2004), National Marine 
Fisheries Service and Canada 
Department of Fisheries and 
Oceans.)
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Fig. 8.8 (A) Patterns of distribution and abun-
dance of Homarus americanus in coastal Gulf of 
Maine. Study sites and oceanographic feature of 
warm summer surface water temperatures south-
west of Penobscot Bay and cold summer surface 
water temperatures northeast of that bay. (B) 
Coastal population densities from 1989 to 1999 
in coastal Maine arranged by longitude. (C) Set-
tlement hotspots and coldspots in 1999. (Adapted 
from Steneck & Wilson, 2001.)
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and their annual migration range increases (Krouse, 
1980). Specifi cally, young of the year lobsters 
remain only a metre or two from where they settled 
(Incze et al., 1997; Palma et al., 1999).

Recruitment to the benthos may therefore be the 
gateway to population growth among at least some 
clawed lobsters. Successful settlement for lobsters 
requires three sequential steps (Fig. 8.9): (1) avail-
able competent larvae (which requires suffi cient 

broodstock, larval production and connectivity via 
oceanographically driven dispersal), (2) the larval 
behaviour contributing to its propensity to settle, 
and (3) available nursery habitat (i.e. microhabitats 
where post-settlement mortality is low). Most of 
what we know about clawed lobster recruitment 
comes from studies of H. americanus in the Gulf 
of Maine. The Gulf of Maine is a good laboratory 
in which to study lobster ecology because larvae 
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Fig. 8.9 Conceptual model of variable demographic bottlenecks for clawed lobsters leading to recruitment 
limitation. Three sequential steps related to larval availability, propensity to settle and available nursery habitats 
lead to recruitment to the benthos. Arrows to the right represent possible bottlenecks. Examples of those bot-
tlenecks are given to the right of the arrows.
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and young of the year lobsters are abundant and 
easy to sample (Incze & Wahle, 1991; Wahle & 
Steneck, 1991; Miller & Reeves, 2000).

Postlarval availability and settlement

The abundance of larvae and settlement to the 
benthos are invariably greatest in outer coastal 
habitats and decline up estuaries and in deep 
embayments (Palma et al., 1999; Steneck & Wilson, 
2001). At very coarse levels, therefore, connectiv-
ity must exist between outer coastal regions where 
larvae and postlarvae develop (Incze et al., 1997) 
and nearshore shallow (Wilson, 1999) nursery 
habitats. Oceanographic control of lobster larval 
transport and availability for settlement is evident 
at several scales. For example, larval ‘shadows’ 
occur on the lee sides of small islands, where wind-
driven advection signifi cantly reduces settlement 
(Incze & Wahle, 1991; Palma et al., 1999). The 
absence of available larvae for settlement is also 
thought to create settlement ‘cold spot’ patches up 
estuaries such as Maine’s Penobscot Bay, (Fig. 
8.8C, Steneck & Wilson, 2001) and elsewhere 
(Palma et al., 1999). Advection of larvae and post-
larvae offshore into deep-water regions probably 
causes considerable pre-settlement mortality (Incze 
& Naimie, 2000; Wahle, 2003) and may explain 
why lobster settlement in the Gulf of Maine 
declined from 1995 to 2000 (Wahle et al., 2004) 
despite reproductive populations in the region 
increasing over that same period of time (ASMFC, 
2000; Steneck, 2006). Larval mortality as a result 
of oceanic transport away from nursery habitats 
has also been reported for H. gammarus (Nichols 
& Lovewell, 1987) and Nephrops (White et al., 
1988; Hill, 1990; Cobb & Wahle, 1994) of the 
western Irish Sea. Simple passive advection by 
ocean currents (Incze & Namie, 2000) together 
with wind-driven surface currents, may explain a 
considerable proportion of the variance in settle-
ment, but long-distance directional swimming by 
postlarvae could also affect larval availability (Fig. 
8.9) (Katz et al., 1994). Nevertheless, arrival of 
postlarvae in waters over potential nursery grounds 
does not alone assure successful settlement.

Once competent postlarvae arrive at a potential 
settlement site, their propensity to settle is control-

led by several factors that operate hierarchically 
(Boudreau et al., 1990). Water temperature con-
trols larval development and possibly recruitment 
of postlarvae to the benthos (Cobb & Wahle, 1994) 
by limiting the diving behaviour of pelagic postlar-
vae (Boudreau et al., 1990, 1991; Annis, 2004). 
Although laboratory studies by Boudreau et al. 
(1990, 1991) concluded that compressed tempera-
ture gradients with depth (i.e. thermoclines) 
exceeding 6°C will limit settlement of American 
lobsters, other studies concluded that a specifi c 
temperature or ‘thermal threshold’ mediates set-
tling behaviour among postlarvae (Annis, 2004). 
Annis (2004) followed sounding postlarvae in the 
fi eld and observed that water temperatures of 12°C 
or more limited their diving. This is the same tem-
perature that Huntsman (1923) hypothesised con-
trolled recruitment along the north shore of the 
Gulf of Maine. Similarly, Wilson (1999) found a 
marked increase in lobster settlement both in areas 
and at depths having temperatures warmer than 
11.5°C. This result conformed to observations from 
large regional studies that found high rates of set-
tlement in warm stratifi ed water in Maine (e.g. west 
of Penobscot Bay, Maine, Fig. 8.8A, C; Steneck & 
Wilson, 2001) but low settlement in eastern Maine 
where water is cold but not stratifi ed (Wahle & 
Steneck, 1991; Cobb & Wahle, 1994). These obser-
vations do not contradict the laboratory fi ndings of 
Boudreau et al. (1992) because all of their control 
chambers in which the highest rates of lobster set-
tlement were observed were warmer than the 12°C 
threshold temperature. Nevertheless, several lines 
of evidence point to seawater temperatures as con-
trolling the propensity to settle in American lob-
sters (Fig. 8.8).

Olfactory cues may also contribute to recruit-
ment success among settling lobsters. Laboratory 
studies on the behaviour of competent American 
lobster postlarvae with respect to odour plumes, 
found that at the time of settlement, they swim 
toward adult lobsters, other postlarvae and benthic 
algae, but away from potential predators (Boudreau 
et al., 1993). This behaviour is likely to increase 
post-settlement survival by attracting lobsters to 
the shallow photic zone where water warms during 
the summer months and their growth rates will be 
high (Wahle et al., 2004) but will allow them to 
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avoid predators (Wahle, 1992; Boudreau et al., 
1993). This illustrates the rather elaborate metre-
scale habitat selection behaviour evident in this 
species at the time of settlement.

Nursery habitats and demographic bottlenecks

Lobster settlement is largely limited to shallow, 
cobble, nursery grounds (Wahle & Steneck, 1991; 
Cobb & Wahle, 1994) where early benthic phase 
lobsters live for the fi rst several years of their lives. 
Because this substrate comprises no more than 2–
10% of coastal substrates in Maine (Kelley, 1987) 
it has been described as the primary ‘demographic 
bottleneck’ for the American lobster (Wahle & 
Steneck, 1991; Wahle, 1992; Cobb & Wahle, 1994). 
As such, this substrate at this life history phase 
may set the carrying capacity for this species.

Little is known about recruitment to the benthos 
by European lobster, H. gammarus, because they 
are exceedingly rare. Newly-settled, young of the 
year and early benthic phase lobsters have never 
been found subtidally (Mercer et al., 2001). This, 
despite experienced researchers using techniques 
proven effective for H. americanus (e.g. Wahle, 
1998) and a large team of European researchers 
sampling broadly in four countries (Norway, 
Ireland, UK and Italy) (Linnane et al., 2001; Mercer 
et al., 2001; and discussed below). A few early 
benthic phase and adolescent phase European lob-
sters (20–50 mm CL) were found in an intertidal 
zone near a source of fresh water (Linnane et al., 
2000a, 2001), but little can be concluded from that 
rare encounter. It does indicate, however, that 
European lobsters can live in the intertidal zone but 
that they do so at a small fraction of the densities 
common for American lobsters in that zone (Cowen 
et al., 2001). For example, the four-year study by 
Cowen et al. (2001) reported 1934 lobsters from 
4490 quadrates from New England, or an average 
density of 0.4/m2 with maximum site averages 
exceeding one per square metre.

Observations of laboratory-reared European 
lobsters indicates that their settlement and early 
post-settlement ecology is similar to that of H. 
americanus. They preferentially select cobble 
habitat and sustain themselves by suspension 
feeding (Linnane et al., 2000b). Theories advanced 

to explain why European early benthic phase lob-
sters have not been found include simple rarity of 
the species, avoidance of sampling gear, preference 
for habitats distinct from those of juvenile and adult 
lobsters, and preference for specialised nursery 
grounds that are yet to be sampled. Although 
Mercer et al. (2001) favoured the last thesis, others 
argued simply that they are too rare to be detected 
(Wahle, 1998). Overall population density esti-
mates of early benthic phase European lobsters, 
based on landings, range from 0.01 to 0.001/m2 (R. 
Bannister & S. Lovewell personal communication 
in Mercer et al., 2001). If these estimates were 
correct, then suction sampling of areas between 
100 and 1000 m2 per site would be necessary 
(although admittedly impractical on the high side). 
To date, a total area of 94.5 m2 has been suction 
sampled among four countries (Ireland, 23 m2; UK, 
6.5 m2; Norway, 41 m2; Italy, 24 m2), and some 
sampling was devoted to substrates such as Zostera 
eelgrass (Norway), which are generally considered 
poor settlement and early benthic phase habitats 
(Cobb & Wahle 1994). In comparison, 280 m2 of 
cobble substrate is sampled annually at seven loca-
tions as part of Maine’s lobster settlement monitor-
ing programme.

Clearly, newly-settled and all subsequent phases 
of European lobsters are much less abundant than 
their American counterparts (e.g., Fig. 8.7B). 
Accordingly, larval availability is likely to be rela-
tively low because of the low densities of reproduc-
tive-phase populations. European lobsters may 
therefore be reproductively limited; the demo-
graphic bottleneck limiting their overall density 
may be at the fi rst step of the recruitment sequence 
(Fig. 8.9). Despite low larval availability however, 
the other steps may also be important for recruit-
ment. Recent advances in methods for aging 
European lobsters (Sheehy et al., 1999) allow 
high-resolution cohort analyses, which can deter-
mine interannual variations in recruitment strength 
(Sheehy & Bannister, 2002). Analysis by these 
methods showed that onshore winds (driving larval 
availability) and local sea temperatures at the time 
of settlement (affecting the propensity to settle) 
correspond to reconstructed annual settlement 
strength for H. gammarus (Sheehy & Bannister, 
2002).
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Experimental and fi eld evidence indicate that 
early post-settlement processes such as competition 
and predation may also be important to recruitment 
of this species. For example, tethering studies 
showed that attack rates on small, unprotected lob-
sters were very high (Ball et al., 2001; Mercer 
et al., 2001), as they are for the American lobster 
(Wahle & Steneck, 1992), but competition for 
interstitial space among cobblestones is likely to be 
much greater for European than for American lob-
sters (Wahle, 1998). Suction samples of cobble-
stone nursery habitats yielded densities of decapods 
nearly an order of magnitude greater in Europe 
than at a rich site in the Gulf of Maine (Table 8.1). 
The diversity of decapod families and species were 
also considerably higher in Europe than that found 
in America.

Interactions between these two early post-
settlement processes could have synergistic effects. 
Settling lobsters select the habitat into which they 
recruit by probing spaces with their claws and 
exploring entry into small shelters. The high density 
of other decapods in Europe (Table 8.1) may lead 
to much longer searches for unoccupied shelters by 
European than by American lobsters and therefore 
higher per capita predation rates on them. In con-
trast, American lobsters more often encounter 
vacant cobblestone habitats resulting in rapid occu-
pation of predator-free refuges (Wahle & Steneck, 
1992).

Recruitment dynamics for N. norvegicus differ 
from those of Homarus spp. because it lives in 

deeper water and recruits to and lives in cohesive 
mud habitats (Chapman & Rice, 1971; Cobb, 1977; 
Cobb & Wahle, 1994). Larval availability in the 
western Irish Sea is related to the biophysics of 
oceanographic connectivity, which are under cli-
matological control (Hill, 1990; Hill & White, 
1990). Relatively little is known about the settle-
ment behaviour of N. norvegicus (see Cobb & 
Wahle, 1994), but they are thought to be most 
abundant in fi ne sediment near the lower limit of 
the photic zone (Chapman, 1980), where visual 
predators are probably less effective (Cobb & 
Wahle, 1994). In contrast to H. americanus, N. 
norvegicus is believed to settle into small holes in 
the same habitat where adults live.

Bottleneck variability

The limits to recruitment described above are rea-
sonable proximate explanations for the differences 
we see today in the abundances of clawed lobsters. 
The series of events leading to successful recruit-
ment may be ‘pinched’ at any of several successive 
nodes, with signifi cant demographic consequences 
(Fig. 8.9). Demographic bottlenecks are variable, 
therefore, and depend upon key input parameters 
that operate on several scales (Palma et al., 1999). 
For example, in warmer-than-average years, the 
bottleneck could widen if a thermal threshold that 
limits the sounding depth of competent postlarvae 
deepens, exposing more potential nursery habitats 
to settlement (Sheehy & Bannister, 2002; Annis, 

Table 8.1 Regional comparison of decapod populations from suction sampling of cobblestone habitat at 5–10 m 
depth. (Europe data from Linnane et al. (2001) and Mercer et al. (2001). Gulf of Maine data from Steneck – 
unpublished data from Damariscove Island, Maine 2003.)

 Gulf of Maine Norway Ireland UK Italy

Lobster (no./m2) 1.5 0 0 0  0

Decapod density (no./m2) 8.6 146.5 86.5 85.5 32

No. decapod families 4 12 14 13 12

No. decapod species 5 17 32 15 20

Dominant genus/family Homarus Galathea sp. Porcellanidae Porcellanidae Alpheus

No. m2 quadrats 40 74 46 13 48
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2004; Steneck, 2006). Year class strength is often 
set by chance encounter of postlarvae oceano-
graphically-driven to coastal zones that happen to 
have nursery habitats. At the scale of embayments, 
a very high percent of American lobster postlarvae 
fi nd, settle and survive in cobblestone habitats 
(Incze et al., 1997, 2000), whereas a very high 
percentage of the same number of postlarvae enter-
ing an otherwise identical sandy bay would die. 
Thus, the large, bay-scale area of available nursery 
habitats may well be more important as a demo-
graphic bottleneck for this species than simply the 
availability of settlement space within any given 
square metre of cobblestone.

We stress the demographic consequences of eco-
logical processes such as settlement, habitat selec-
tion, competition, and predation because only some 
of those processes result in death of the settlers 
(thereby having demographic effects). Intense 
competition at the time of settlement could cause 
postlarval lobsters to continue searching for avail-
able nursery habitat, which may affect their distri-
bution but will not affect the year class strength 
unless this behaviour also increases their per capita 
mortality rates. This was determined for postlarvae 
entering small embayments in Maine in which 
most eventually found and settled into cobblestone 
nursery habitats without signifi cant post-larval 
mortality (Incze & Wahle, 1991; Incze et al., 
1997).

Intraspecifi c competition at the time of settle-
ment has modest demographic effects. Even in 
areas with the highest density of newly-settled lob-
sters, space within nursery habitats does not appear 
to be demographically limiting. When Wahle et al. 
(2001) artifi cially over-saturated cobblestone habi-
tats with postlarval lobsters, the equilibrium densi-
ties were much greater than that ever found in the 
fi eld, so cobble habitats are probably rarely limiting 
in nature. A similar cobble-stocking experiment 
was conducted for H. gammarus under predator-
free conditions, with results similar to those of 
Wahle (2003). After a year, a high percentage of 
the experimentally introduced individuals remained 
(Linnane et al., 2000a). Thus successful settlement 
may well drive the demography of lobsters but 
many ecological factors regulate it in complex and 
variable ways.

8.3.2 Post-recruitment patterns and 
processes

Distribution, abundance and body size

The American lobster undergoes an ‘ecological 
niche shift’ during its ontogeny; different ecologi-
cal phases segregate into different habitats (Fig. 
8.10). Over 80% of settlement occurs at depths less 
than 20 m (Wilson, 1999) and primarily in cobble-
stone habitats (Wahle & Steneck, 1991; Palma 
et al., 1999). As lobsters grow toward harvestable 
size (83 mm CL), their annual migration range is 
on the order of 1–5 km (Krouse, 1980). By the 
time they reach large, reproductive-phase sizes 
(�90 mm CL), they migrate 20–30 km annually, 
and a few tagged individuals have been observed 
to roam for hundreds of kilometres in less than a 
year (Campbell & Stasko, 1985; Campbell, 1986, 
1989; Estrella & Morrissey, 1997).

Interestingly, ‘No similar migrations of H. gam-
marus have been reported’ (Cobb & Wahle, 1994). 
Bannister et al. (1994) found that most microwire-
tagged hatchery-reared European lobsters remained 
near their points of release at least until reaching 
harvestable size. Electromagnetic telemetry studies 
revealed that relatively small-scale (≤10 km) migra-
tions among adjacent reefs were common but few 
or no long-distance migrations were reported 
(Jensen et al., 1994; Smith et al., 1998). The longest 
reported H. gammarus migration is about 20 km 
(Bannister et al., 1994), less than the average sea-
sonal migration (>30 km/year, Campbell 1986) and 
an order of magnitude less than that of the longest-
migrating H. americanus.

Recruitment cells of H. gammarus are so closed 
that little gene fl ow occurs among northern popula-
tions of this lobster (Jørstad et al., 2004). Using 
allozyme, microsatellite, and mtDNA analyses, 
Jørstad et al., (2004) found that genetically distinct 
subpopulations of H. gammarus persist, that are 
separated by only 142 km. Oceanographic condi-
tions prevent larval exchange among coastal popu-
lations, but this genetic separation shows that 
migration of reproductive stocks must also be vir-
tually nil (Jørstad et al., 2004). In sharp contrast, 
the American lobster migrates long distances and 
shows no measurable stock differentiation within 
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its range (including the Gulf of St Lawrence, south-
west Nova Scotia, and Georges Bank; Harding 
et al., 1997). Similarly, N. norvegicus does not 
migrate (Chapman, 1980). Since they settle and 
live in adult habitats, there is no segregation by size 
or sex resulting in rather discrete patches in abun-
dance (Maynou et al., 1998).

Because lobsters settle in shallow coastal zones 
(Wilson, 1999) and diffuse offshore at a large size 
(Fig. 8.10), their size frequency modes shift to pro-
gressively larger size with distance from the coast 
(which is also distance from their nursery habitats; 
Fig. 8.11). Small early benthic phase lobsters 
(<40 mm CL, Figs 8.8C, 8.11A, C) dominate rocky 
substrata in the shallowest coastal zones, and 
cobble nursery habitats harbour the smallest size 
classes (Fig. 8.11A). A few metres away, in sedi-
ment substrata, lobsters are signifi cantly larger 
(Fig. 8.11B). Lobsters smaller than harvestable size 
(83 mm CL) dominate most shallow subtidal coastal 
zones. Distinctly larger lobsters (50–80 mm CL 
mode, Fig. 8.11E) are trawled from deeper inshore 
habitats within Maine state waters and have size-
structure more similar to that of trap-caught lob-
sters (ASMFC, 2000). Trawl surveys conducted in 
adjacent offshore habitats in Maine yielded signifi -

cantly larger lobsters (80–90 mm CL; Fig. 8.11G). 
These correspond to the size frequencies from the 
National Marine Fisheries Service (NMFS) semi-
annual trawl surveys (Steneck, 2006). The ontoge-
netic segregation in some areas is so complete that 
almost no overlap exists between populations of 
seasonally migrating reproductive-phase lobsters 
(�90 mm CL, Fig. 8.11F) and distinct but more sta-
tionary adjacent juvenile populations in the coastal 
zone (Fig. 8.11D; Campbell & Pezzack, 1986). 
Large reproductive-phase lobsters dominate all of 
the most distant offshore canyons of the Gulf of 
Maine’s Georges Bank (Fig 8.11H; Skud & Perkins, 
1969).

The ecological consequences of segregated 
reproductive populations may be profound. Con-
nectivity studies between broodstock and settle-
ment ‘hotspots’ (Fig. 8.8C) suggest the existence 
of a long-distance larval source–sink dynamic 
(Harding et al., 1983; Incze & Naimie, 2000; 
Annis, 2004). This pattern has management con-
sequences both for stock–recruitment relations 
(Wahle, 2003) and as a postlarval subsidy in coastal 
zones from reproductive lobsters living in offshore 
refugia where fi shing pressure is low (Fogarty, 
1998). This long-distance larval source–sink rela-

Boulder habitat

Cobble habitat

Early benthic phase
(<40 mm CL)

Young of year
settlement

(5–7 mm CL) 

Adolescent phase
(40–89 mm CL)

Harvestable
(>83 mm CL)

Reproductive
phase

(>89 mm CL)

Fig. 8.10 Lobster population segregation among habitats and with distance from shore. Diagrammatic repre-
sentation of shallow nearshore settlement into cobble habitat, diffusion to coastal boulder fi elds with increasing 
size and age, and eventual diffusion of larger reproductive-phase size classes to offshore habitats.
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Fig. 8.11 Size structure of lobsters illustrating ontogenetic segregation illustrated in Fig. 8.10. The elongate 
vertical rectangle isolates adolescent phase (AP) lobsters 40–89 mm CL from smaller early benthic phase lob-
sters (5–39 mm CL) and larger reproductive phase lobsters (≥90 mm CL). (A) and (B) illustrate shallow nearshore 
nursery habitat-related segregation of early benthic phase in cobblestone habitats (A) as distinct from adjacent 
sediment (B) (adapted from Wahle & Steneck, 1991). (C) Adjacent boulder habitat contains intermediate-sized 
individuals (Steneck, unpublished data). Segregation among size classes at larger spatial scales is evident 
around Grand Manan Island in New Brunswick, Canada where migratory reproductive-phase lobsters congre-
gate seasonally in shallow northern coves (F, adapted from Campbell & Pezzack, 1986) whereas much smaller 
nonmigratory lobsters reside in southern coves at the same depths (D, adapted from Campbell & Pezzack, 
1986). Maine State trawl surveys from inshore habitats (E, Maine DMR) show signifi cantly fewer reproductive-
phase lobsters than do the same surveys from adjacent sites somewhat farther offshore (<5.6 km) (G). Farthest 
offshore on Georges Bank (278 km) (H) virtually all lobsters are reproductive-phase.
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tionship enables lobster stock to withstand higher 
levels of fi shing mortality in coastal zones (Fogarty, 
1998; Steneck, 2006).

Competition and predation

In a signifi cant review paper, Wahle (2003) con-
cluded for lobsters in general that, ‘Post-settlement 
survival is strongly infl uenced by the three-way 
interaction of predation risk, habitat quality and 
body size. As a result, refuge habitat is more often 
a limiting factor than food, especially among small 
individuals still vulnerable to predators’. For this 
reason we will focus primarily on the ecological 
processes of competition and predation, which 
drive habitat selection, survival, and the demogra-
phy of clawed lobsters.

Most clawed lobsters are solitary, shelter-
preferring organisms by day and active foragers by 
night (Cobb & Wahle, 1994). Evidence exists of 
shelter competition for all three species. Homarus 
gammarus is known to compete for space during 
mating (Debuse et al., 2003), but the demographic 
consequences are likely to be low because of the 
species’ rarity so it is probably not shelter-limited. 
Population density and body size are inversely cor-
related for N. norvegicus (Tuck et al., 1997), pos-
sibly because larger ones in competition for shelter 
space displace small lobsters. Although this pattern 
may affect local small-scale size structure, no evi-
dence indicates that it infl uences overall population 
densities. In fact, throughout much of its deep-
water range, population densities (maximum 0.006/
m2; Maynou et al., 1998)(Fig. 8.7B) are three 
orders of magnitude lower than that of the Ameri-
can lobster. Higher population densities averaging 
0.125/m2 (one order of magnitude less than that of 
the American lobster) were studied at 30 m depths 
in Scotland (Chapman & Rice, 1971). At that 
density, active territorial fi ghts over shelters were 
observed, consistent with the notion that intraspe-
cifi c competition increases with population density. 
The competitive interactions were remarkably 
similar in detail to those observed in H. america-
nus (e.g. by Cobb, 1971), but the diffi culties of 
scuba diving at 30 m leave many ecological ques-
tions about N. norvegicus unanswered. Conversely, 
because H. americanus is found both at high popu-

lation densities and at depths amenable to pro-
tracted in situ study, considerably more has been 
published about its post-recruitment ecology.

Size-specifi c habitat space can be limiting and 
can drive intraspecifi c space competition among 
clawed lobsters living at relatively high population 
densities. In most cases, such competition has some 
effect on the size structure and/or the habitat in 
which they live. Size-specifi c habitat availability 
therefore controls local carrying capacity (e.g. 
Caddy, 1986), but depending largely on the preda-
tor environment, it may also control the demogra-
phy of the species. That is, the consequences of 
competitive displacement in a predator-free envi-
ronment merely redistribute individuals because 
competitively subordinate lobsters do not die. 
However, the per capita mortality rate increases 
signifi cantly if competitive displacement occurs in 
a predator-rich environment (Wahle et al., 2004). 
Size-mediated predator vulnerability therefore 
accounts for much of the variance in the post-
settlement survival of lobsters.

Predation is a highly size-specifi c ecological 
process (Wahle, 1992), and even under pristine 
conditions (before human infl uence) the largest 
individuals (those over 20 kg) would probably have 
been immune to predation. The rate at which 
predation declines with body size relative to the 
availability of shelters is therefore likely to deter-
mine local and regional carrying capacity.

Today’s fi sh predators are primarily small (<5 cm 
long), commercially unimportant species such as 
juvenile cunners (Tautogolabrus adsperus), scul-
pins (Myoxocephalus spp.), and shannies (Ulvaria 
spp). This guild of small predatory fi shes is ubi-
quitous in shallow coastal zones, where average 
densities of nearly 1/m2 have been recorded 
(Malpass, 1992). Attack rates on lobsters in coastal 
Maine decline precipitously with increasing body 
size (Fig. 8.12A). At settlement size (5–7 mm CL), 
tethered lobsters suffered up to 60 attacks per hour, 
but the rate decreased to 10 by the time they reached 
8–9 mm and fell below detectable levels by the time 
they reached 20 mm CL (Wahle & Steneck, 1992; 
Fig. 8.12A). In parallel studies, lobsters up to 
80 mm CL were tethered for as long as 45 days over 
a three year period, and not a single predator attack 
was recorded (Steneck, 1997; Steneck & Carlton, 
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2001). This rapid decline in predation rates (Fig. 
8.12A; Wahle & Steneck, 1992) with increasing 
size produces the low post-settlement predator-
induced mortality rates (Fig. 8.12B) and high post-
settlement survival (Fig. 8.12C) reported for H. 
americanus (Wahle & Incze, 1997; Palma et al., 
1998, 1999).

Competition for shelter space is conspicuous in 
H. americanus (Cobb, 1971). Arguably, intraspe-
cifi c competition occurs among all size classes, but 
habitat limitations (e.g. shelter space; Caddy, 1986), 
aggression and range of detection all increase for 
lobsters larger than about 60 mm CL (Steneck, 
1989; Fig. 8.11A). Early benthic phase lobsters 
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Fig. 8.12 Changes in ecological processes as a function of body size over space (e.g. inshore as opposed to 
offshore) and time. (A) The importance of predation and competition. Predator attack rates decline precipitously 
with size at ‘inshore’ shallow coastal sites (adapted from Wahle & Steneck, 1992) whereas they increase with 
size at ‘offshore’ sites where large predators persist (adapted from Steneck, 1997; Steneck & Carlton, 2001). 
The percentage of individuals competing for shelter space increased markedly above 60 mm CL (adapted from 
Steneck 1989). (B) Rates of predator-induced mortality in modern coastal and offshore regions based on tether-
ing studies (Steneck & Carlton, 2001; see text). ‘Pristine’ conditions are those before measurable human effects. 
The size of large predators is estimated from archaeological studies (see text). Horizontal lines indicate the 
estimated predator size based on archaeological records (4000 to 500 years before present, Jackson et al., 
2001), modern offshore and coastal (Steneck, 1997). (C) Size-dependent survival probability in modern coastal 
and offshore habitats and under pristine conditions (all extrapolated from attack rates and refl ected in B).
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settle into small shelter-providing habitats such as 
cobble (Fig. 8.11A) but with time, they outgrow 
cobble habitat and occupy adjacent sediment (Fig. 
8.11B) and boulder (Fig. 8.11C) habitats. Shelter 
size and spacing regulates competition pressure. By 
experimentally reducing shelter separation, Steneck 
(1989) showed intraspecifi c competition among lob-
sters over 60 mm CL increased (Fig. 8.12A). Sur-
prisingly, with increased population density and 
competition, large lobsters vacated the area diffus-
ing to habitats with lower population densities. This 
‘demographic diffusion’ (sensu Steneck, 1989) is 
evident in the decline of pre-harvestable sized lob-
sters (i.e. 60–83 mm CL) in shallow coastal zones 
(Figs 8.11B, C, E) and results in size-mediated 
habitat segregation (Figs. 8.10, 8.11). Since lobsters 
over 60 mm CL are virtually immune to predation 
(Steneck, 1997; Fig. 8.12A), this demographic dif-
fusion only redistributes larger size classes from 
high-population-density, shelter-rich shallow coastal 
boulder habitats (see, e.g. Figs 8.9, 8.10C) with little 
consequence to overall lobster abundance. This 
demographic diffusion may contribute to the accu-
mulation of larger, competitively aggressive lobsters 
in nearshore deep water (Fig 8.11 E, G) and on off-
shore banks (e.g. Fig. 8.11H).

Currently, the predation risk for American lob-
sters greater than 60 mm CL in size is too low to 
measure (Wahle & Steneck, 1992; Steneck, 1997), 
so reproductive-phase lobsters (usually >90 mm CL) 
can accumulate in offshore habitats (i.e. to the right 
of the vertical rectangle in Fig. 8.11). This size 
segregation occurs upon the onset of sexual matu-
rity (Campbell & Stasko, 1985), allowing these 
lobsters to increase in abundance (Steneck, 2006) 
and to migrate seasonally into shallow coastal 
zones (e.g. North Head, Grand Manan Island in 
New Brunswick; Campbell & Pezzack, 1986; Fig. 
8.11F) in the summer. The fi shery-induced decline 
in coastal predators (Steneck, 1997; Jackson et al., 
2001) allows for the unprecedented accumulation 
of reproductive-phase lobsters (Steneck, 2006) that 
fuels the settlement-driven (Palma et al., 1999) 
population explosion of American lobsters today 
(Fig. 8.7B).

On Cashes Ledge, a small, shallow kelp-forested 
ledge 80 km offshore in the Gulf of Maine, a relict 
population of large predatory fi nfi shes persists 

(Steneck & Carlton, 2001). There the dominant 
predators are cod (Gadus morhua), wolfi sh 
(Anarhichas lupus), and large cunner. Interest-
ingly, the guild of small predatory fi shes such as 
sculpins, shannies, and rock gunnels are rare at 
offshore sites where large predators persist, consis-
tent with the idea that they too were food for large 
apex predators such as cod (Fig. 8.12A–C; labelled 
‘offshore’). When early benthic phase lobsters were 
tethered at Cashes Ledge, they were not attacked 
(R. Wahle & R. Steneck unpublished data), but the 
attack rate increased with size of tethered lobsters 
at this offshore site (Steneck, 1997; Fig. 8.12A; 
labelled ‘offshore’). This trend suggests that preda-
tory fi sh forage optimally, seeking the greatest 
energy value per attack. They do not attack small 
lobsters because their food value is not worth the 
effort. Instead the moderately large predators (40–
55 cm; Fig. 8.12B) eat larger size classes at increas-
ing frequency, and the largest tethered size class 
(70–78 mm CL; Steneck, 1997) was attacked at the 
highest rate. Thus there exist entirely different 
size-dependent survivorship trajectories resulting 
from differences in the ecological importance of 
predation early in the life of lobsters (Fig. 8.12C). 
Inshore, where attacks by large predators are rare, 
high mortality rates are limited to the time of set-
tlement. In contrast, where large predators per-
sist today (e.g. ‘offshore’, Fig. 8.12A), early 
post-settlement mortality is low but it increases 
with size and thus remains an important agent of 
mortality (Fig. 8.12B) and survival (Fig. 8.12C) for 
a protracted period of time.

8.3.3 Ghosts of predators past: a top-
down to bottom-up transition

‘Next to man with his traps, the codfi sh is 
probably the most destructive enemy of the 
lobster, for it not only takes in the soft and 
hard shell animals alike up to 8 inches or 
more in length, but is very partial to the 
young from 2 to 4 inches long.’ – Herrick, 
1909.

Demographically important changes in natural 
mortality and ecosystem structure and function 

BMA08.indd   294BMA08.indd   294 4/11/2006   11:06:51 AM4/11/2006   11:06:51 AM



Juvenile and Adult Ecology 295 

have occurred at an accelerating rate in recent 
years (Steneck et al., 2004). Rapidly changing eco-
systems can change the recruitment potential and 
the predation potential of the benthos (sensu 
Steneck & Dethier, 1994) such that the present is 
neither indicative of distant past or future ecosys-
tem states.

The American lobster is endemic to the western 
North Atlantic where it evolved under intense pre-
dation from large predatory ground fi sh such as 
cod (Steneck, 1997; Steneck & Carlton, 2001; 
Steneck et al., 2004). Evidence for this comes from 
archaeological midden deposits that indicate that 
cod and other large predatory ground fi sh domi-
nated coastal zones for thousands of years to as 
recently as the last half century (Jackson et al., 
2001; Steneck et al., 2002, 2004; Lotze & Milewski, 
2004). Signifi cantly, while cod bones comprise as 
much as 85% of the bone mass of some coastal 
Indian middens (Steneck, 1997), no lobster or crab 
exoskeletons have ever been found (Spiess & Lewis, 
2001; Lotze & Milewski, 2004; Steneck et al., 
2004). Because lobsters produce massive exoskel-
etons when they are large, and large decapods 
including lobsters have an impressive fossil record 
(Feldman et al., 1977; Bishop, 1986), had they been 
abundant and harvested, some should have been 
preserved in middens, as did happen with such 
chronically poorly-preserved invertebrates as sea 
urchins (Steneck et al., 2004).

When cod were abundant in coastal zones, lob-
sters were often found in their stomachs (e.g. 
Herrick, 1909 quotation above). The cod that were 
abundant in coastal zones of Maine for thousands 
of years (4500–500 years before present, Steneck 
et al., 2004) were large. Their reconstructed size 
averaged about one metre in length (Jackson et al., 
2001; Fig. 8.12B). At a unique offshore site in the 
Gulf of Maine where large ground fi sh persisted 
through the 1980s (Witman & Sebens, 1992), they 
were shown to attack the largest size class of 
tethered lobsters (70–78 mm CL) at the highest fre-
quency, choosing to ignore the smallest lobsters 
(30–38 mm CL) (Steneck, 1997; Fig. 8.12A, see 
ascending curve labelled ‘offshore’). This result 
contrasted with the attack rate on tethered lobsters 
in coastal zones where only the smallest size class 
was attacked at high frequency (Wahle & Steneck, 

1992; Steneck, 1997; Fig. 8.12A see descending 
curve labelled ‘inshore’).

The abundance of large coastal predatory fi nfi sh 
probably maintained high rates of natural mortality 
among larger pre-harvestable and harvest-sized 
lobsters (Fig 8.12B labelled ‘pristine’). The ‘bust’ 
period, when lobster stocks in Maine collapsed 
between 1920–1940 (Acheson & Steneck, 1997) 
may have resulted from the combined effects of the 
harvesting of large lobsters (i.e. those immune to 
even the largest predators) and consumption by 
predators of most smaller lobsters at or below har-
vestable size (Steneck, 1997; Fig 8.12B, C ‘pris-
tine’). Large predatory ground fi sh were shown to 
have been abundant in Maine’s coastal zone through 
the 1920s (Rich, 1929), but they were rapidly extir-
pated from nearshore areas during the 1930s when 
cod and haddock spawning stocks were targeted 
(Ames, 2004). In 1939, Maine’s Department of Sea 
and Shore Fisheries declared that coastal ground 
fi sh stocks ‘have been depleted’ (Steneck, 1997). 
Immediately following the extirpation of coastal 
ground fi sh stocks, landings increased rapidly to a 
new high plateau (Steneck, 1997, 2006, Fig. 8.7), 
perhaps due to release from demographic control 
by predators. Thus predator-induced mortality has 
probably declined signifi cantly over the past several 
decades due to the decline of predator abundance 
and size (Fig. 8.12B) and as a result only a narrow 
range of small lobsters remain vulnerable to preda-
tors today (Fig. 8.12 A–C).

As ‘top-down’ (sensu Power, 1992) forces such 
as predation lose control in regulating lobster 
populations in coastal habitats, ‘bottom-up’ forces 
such as settlement-driven demography (e.g. Palma 
et al., 1999) probably have become more important 
(Steneck & Sala, 2005). This represents a funda-
mental change in how coastal ecosystems are struc-
tured, but more importantly, how they function. 
Predator loss may help explain why this species 
remains so resilient to fi shing pressure. American 
and probably the other clawed lobsters of the North 
Atlantic, evolved in an environment of high preda-
tor-mediated adolescent and adult mortality. The 
persistence of H. americanus and its ability to 
thrive today, even under intense fi shing pressure, 
may result from its highly effi cient biology having 
a higher than average per egg survival (Wahle, 
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2003) and lower than average post-settlement mor-
tality (Palma et al., 1998).

The loss of large predatory fi nfi sh is not restricted 
to the Gulf of Maine. Apex predators have been 
extirpated globally (Pauly et al., 1998; Jackson 
et al., 2001; Myers & Worm, 2003). Given the 
susceptibility of large, slow, clawed lobsters, their 
evolution of shelter-seeking behaviour is not sur-
prising. Their reproductive effi ciency and relatively 
short larval life may refl ect traits that succeeded 
over evolutionary time under conditions of high 

adult predator-induced mortality rates. This pres-
sure has been relaxed due to overfi shing of preda-
tors (Steneck et al., 2002; Steneck & Sala, 2005) 
perhaps resulting in a world with a signifi cantly 
greater carrying capacity (Fig. 8.12C) than had 
existed in the past. This may help explain why 
these species have either persisted (H. gammarus, 
Fig. 8.7B) or even thrived (H. americanus and N. 
norvegicus, Fig. 8.7B) in recent years despite 
decades of intense fi shing on them.
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