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ABSTRACT.—Larval behavior plays an important role 
in dispersal and settlement of marine organisms with cues 
from the environment often providing crucial guidance for 
facilitating these processes. The post-larvae, or pueruli, of 
the southern rock lobster, Jasus edwardsii (Hutton, 1875), are 
known to migrate over long distances from oceanic water 
and settle on coastal reefs using a combination of onshore 
transport and active nocturnal swimming. In laboratory 
experiments, we examined environmental cues used for this 
migration, specifically whether chemical cues in coastal vs 
oceanic seawater influenced their swimming orientation and 
their rate of development to juveniles. In total, 66% of pueruli 
actively swam toward coastal water rather than oceanic water 
(n = 41), indicating that they may use chemical cues in their 
settlement processes. Holding pueruli in coastal water vs 
artificial seawater did not expedite the development of pueruli 
to benthic juvenile stage, indicating that other cues could be 
important to the final settlement process. The present study 
suggests that chemical cues are being used in settlement 
processes during the onshore migration to settlement sites in 
this ecologically and economically important species.

Many marine invertebrates and fish species have a pelagic larval phase that lasts 
from several days to several months and is often the primary dispersal vector for 
localized benthic populations (Shanks 2009). The dispersal ability of marine spe-
cies is essential for persistence of local populations and therefore understanding the 
processes involved during dispersal and settlement is often useful for management 
and conservation (Cowen et al. 2007, Pineda et al. 2010). Larval behavior and re-
sponses to environmental cues, such as chemical cues, have an important role during 
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dispersal, especially in relation to successfully finding suitable habitat in which to 
settle (Kingsford et al. 2002, Arvedlund and Kavanagh 2009, Cowen and Sponaugle 
2009). Consequently, understanding larval sensory capabilities, the identity of be-
havioral cues, and the corresponding larval behavioral responses can greatly assist 
in understanding the distribution and abundance of species, and developing realistic 
dispersal and recruitment models (Levin 2006, Staaterman and Paris 2014).

Chemical signals, or cues, play diverse and complex ecological roles in aquatic sys-
tems (Atema et al. 2012), particularly in crustacean species (reviewed in Breithaupt 
and Thiel 2012). This includes the use of chemical signals from nursery habitats 
in navigation and settlement of larvae (Gebauer et al. 2002, Forward et al. 2003, 
Arvedlund and Kavanagh 2009, Paul et al. 2011, Tapia-Lewin and Pardo 2014). For 
example, premolt megalopae of the blue crab, Callinectes sapidus Rathbun, 1896, 
orient toward nursery areas by swimming upstream in response to cues from aquatic 
vegetation (Forward et al. 2003). Similarly, estuarine decapod species may accelerate 
metamorphosis from megalopae to juveniles in the presence of humic acids (reviewed 
by Gebauer et al. 2003). Therefore, it has been suggested that, in crustacean species, 
using chemicals cues to find a nursery habitat has evolved because it provides some 
selective advantage (e.g., Gebauer et al. 2003, Arvedlund and Kavanagh 2009).

Spiny lobsters (Decapoda; Palinuridae) are ecologically and economically impor-
tant species in many parts of the world, and are characterized by having extended 
larval periods lasting 4–24 mo, some of longest larval periods found among the ma-
rine invertebrates (Phillips et al. 2006, Bradford et al. 2015). The pelagic larval phase 
(i.e., phyllosoma) typically occurs in oceanic waters and ends with metamorphosis to 
a non-feeding post-larval phase, known as the puerulus. This highly-mobile puerulus 
migrates across the continental shelf to settle in shallow coastal waters (Jeffs and 
Holland 2000, Phillips et al. 2006). The longest larval period among the spiny lob-
sters, lasting between 12 and 24 mo (18 mo on average), is found in the southern rock 
lobster, Jasus edwardsii (Hutton, 1875) (Bradford et al. 2015). This species is broadly 
distributed from the southern mainland of Australia, including Tasmania, and al-
most the entire coast of New Zealand, and supports valuable fisheries with an annual 
harvest of about 6500 t (Booth 2006, Jeffs et al. 2013). Research on the larval and 
postlarval biology of this species is complicated by the difficulty of sampling them 
due to their low density and distribution beyond the continental shelf, although there 
have been some empirical observations of their distribution and behavior mostly 
based on zooplankton net hauls (Bruce et al. 2000, Bradford et al. 2005, Wilkin and 
Jeffs 2011). The pueruli of J. edwardsii, as in other spiny lobster species, appear to be 
only active at night and have been observed swimming in straight lines at the sea sur-
face (Jeffs and Holland 2000). Horizontal swimming speeds of pueruli of 10–40 cm 
s-1 have been estimated from laboratory studies (Jeffs and Holland 2000, Wilkin and 
Jeffs 2011). There is some evidence that movement of pueruli of J. edwardsii across 
the continental shelf can be influenced by large scale transport processes, such as 
Ekman Current transport associated with along shore winds (Linnane et al. 2010) 
and the Southern Oscillation Index (Hinojosa et al. 2017). However, it has been dif-
ficult to find significant correlations between numbers of settling pueruli and en-
vironmental variables (e.g., sea surface temperature, wind intensity and direction) 
over shorter periods (e.g., daily settlement) and smaller spatial scales (Hayakawa et 
al. 1990, Hinojosa et al. 2017). This lack of correlation and the shoreward directed 
distribution of pueruli has been used to suggest that active swimming dominates the 
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onshore migration, with effective orientation guided by environmental cues, such as 
underwater sound, magnetic fields, physical cues, celestial cues, and water chemistry 
(Jeffs et al. 2005, Phillips et al. 2006). However, there is little hard evidence to sup-
port the identity or relative importance of potential shoreward orientation cues, es-
pecially those capable of operating reliably over the large offshore distances involved 
(Jeffs et al. 2005, Stanley et al. 2015, Hinojosa et al. 2016), although there is some 
initial evidence for pueruli in other spiny lobster species (Goldstein and Butler 2009, 
Kough et al. 2014).

Chemical cues for settlement have been reported in the Caribbean spiny lobster, 
Panulirus argus (Latreille, 1804), where pueruli are attracted to coastal waters con-
taining chemical cues from the red algae, Laurencia spp., and these chemicals also 
hasten their development to benthic juveniles (Goldstein and Butler 2009). Likewise, 
the results of a field study in coastal Tasmania, Australia, indicated that chemical 
settlement cues from the giant kelp, Macrocytis pyrifera (L.) C. Agardh, were used 
by pueruli of J. edwardsii (Hinojosa et al. 2015). However, a laboratory experiment 
in New Zealand did not find differences in the timing of the development of pu-
eruli to juvenile in the presence of the brown algae, Carpophyllum maschalocarpum 
(Turner) Greville, vs bare rock, although development of pueruli in both treatments 
were faster than for a sand treatment (Stanley et al. 2015). These results suggested 
that chemical cues do not accelerate development of J. edwardsii to juveniles, pos-
sibly because the pueruli of this species are less reliant on specific chemical cues for 
mediating their development to juveniles compared with P. argus, or other algae cues 
may be involved. However, whether or not pueruli adjusted their swimming behavior 
based on chemical cues was not examined in these previous studies.

Therefore, the aim of the present study was to use laboratory experiments to de-
termine: (1) whether J. edwardsii pueruli orientate in response to chemical cues in 
seawater that would have the potential to guide their onshore migration to coastal 
habitats, and (2) whether coastal chemical cues expedite their subsequent develop-
ment to juveniles in Tasmanian waters.

Materials and Methods

Experimental Framework.—The ability of pueruli of J. edwardsii to identify 
chemicals cues for settlement was evaluated in two sets of laboratory experiments. 
The first set of experiments tested whether the directional swimming behavior of the 
pueruli was influenced by different seawater sources. The second set of experiments 
examined whether the time of pueruli development to juvenile is fixed or varies in re-
sponse to chemical cues in seawater. The two sets of experiments were conducted be-
tween July 2012 and February 2014 at the Institute for Marine and Antarctic Studies 
Laboratory (IMAS) at Taroona, Tasmania (Fig. 1).

Source of Pueruli.—Pueruli of J. edwardsii were collected monthly from July 
to February each year using 18 crevice collectors deployed at Bicheno on the east 
coast of Tasmania (41.8713°S, 148.3024°E; Fig. 1). Additionally, during the settle-
ment season of 2014, pueruli catches from 24 additional collectors at Bicheno, 12 
collectors at Recherche Bay (43.5938°S, 146.9187°E), and 16 collectors at South Arm 
(43.0530°S, 147.4169°E) were incorporated (Fig. 1). The crevice collectors were de-
scribed by Booth and Tarring (1986) and are used in Australia for pueruli settlement 
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monitoring programs for fisheries management (Cohen and Gardner 2007, Booth 
and McKenzie 2009, Linnane et al. 2014). The collectors consist of angled plywood 
sheets that mimic natural crevice habitat, and the monthly census of each collector 
involved a diver placing a mesh bag around the collector before it was hauled to the 
surface for cleaning and counting the enclosed pueruli. Live pueruli were immedi-
ately stored in seawater in an 80-L plastic drum and transported to the laboratory at 
Taroona on the same day or the following morning. Pueruli were only retained for 
experiments if they were completely clear with no opaque hepatopancreas, which 
indicates that they had only recently arrived in the collector (stage I pueruli, Table 
1; Booth 2001). It is recognized that pueruli collected in this manner in the coastal 
environment would have some limited prior exposure to chemical cues associated 
with this environment. However, due to the cryptic behavior and extremely low den-
sity of pelagic pueruli, it would be extremely difficult to collect sufficient live naïve 
pueruli from offshore waters to run such behavioral experiments, a factor accepted 
in a number of behavioral studies that have used pueruli caught from collectors and 
nets in coastal waters (Booth 2001, Goldstein and Butler 2009, Kough et al. 2014, 
Stanley et al. 2015).

Directional Swimming Behavior.—Chemotactic responses of pueruli for four 
different water masses were tested at night using four replicate binary choice cham-
bers similar in design to that described in Goldstein and Butler (2009) and consisting 
of a white PVC tube (15 cm internal diameter, 100 cm long) with a lid in each end 
(Fig. 2). The tube was cut from above forming a “U” shape where a gap of 13 cm in 
length along the tube was generated. At 20 cm from both ends of the tube, a plastic 
funnel was inserted to produce a central arena of 60 cm in length with two chambers 
behind the funnels at each end (Fig. 2). The seawater tested was supplied from two 
header tanks (80 L) that flowed into each chamber at opposite ends of the tube via 
a 0.4 cm internal diameter pipe at a flow rate of 0.3 L min−1 (0.2–0.5 L min−1). Dye 

Figure 1. Map of Tasmania, Australia, indicating the locations used for the collection of pueruli 
(Bicheno, Recherche Bayand South Arm), the location of the laboratory (Taroona), the collec-
tion site for Macrocystis pyrifera (Blackmans Bay), and the collection site for oceanic water 20 
km offshore. The oceanic water was collected at 15 m depth to avoid any potential surface water 
containing outflow with a freshwater influence.
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solutions were initially used to confirm even flow of the two water sources and mix-
ing in the choice arena.

Four water sources were used in the experiments: (1) coastal seawater (SW), which 
consisted of seawater pumped from 15 m depth at Taroona Bay [mean salinity = 33.0 
(SD 0.4)]; (2) coastal seawater, which had been passed through a 30–50-μm sand filter 
to exclude any potential particles that may attract pueruli; (3) coastal seawater plus 
giant kelp, M. pyrifera; and (4) oceanic seawater collected from 20 km offshore and 
pumped from 15 m depth [mean salinity = 34.7 (SD 0.5)] (43.3367°S, 147.6333°E; Fig. 
1). To prepare the M. pyrifera seawater solution, fresh kelp was collected 24–48 hrs 
prior to the experiment from Blackmans and Recherche Bays (Fig. 1). Around 1 kg 
[1180 (SD 428) g] of the kelp was placed in a monofilament mesh bag and was added 
to the header tank filled with 80 L of coastal water for 10–12 hrs before experiments 
to enable leaching of any exudates from the kelp. Only kelp blades were used in this 
experiment (i.e., kelp holdfast were not included) and were washed and cleaned of 
epiphytes and debris in running coastal water prior to their use. To control for any 
possible chemical effect due to the plastic mesh bag, a clean mesh bag was added to 
the header tank of the opposing treatment. Experiments were run for three combina-
tions of seawater sources: (1) coastal seawater (SW) vs sand filtered costal seawater 
(n = 24); (2) coastal seawater (SW) vs coastal seawater with M. pyrifera exudates (n 
= 58); and (3) coastal seawater (SW) vs oceanic seawater (n = 41). The seawater in 
the header tanks were filled 10–12 hrs before experimentation to allow the water 
temperature to stabilize to ambient (12–15 °C) and continued aeration was provided.

Upon arrival at the laboratory, stage I pueruli were transferred to individual 40-
ml jars with perforated lids within a 400-L tank supplied by flow through ambient 
seawater before being used in experiments the same night (4–6 hrs after arrival). 
Experiments were conducted at night and involved allowing water from the header 
tanks to flow into the behavioral choice chamber. Individual pueruli were intro-
duced to the central arena in an individual jar, which was opened and positioned 
facing down in the center of the choice chamber. After 10 min the jar was removed, 

Figure 2. Behavioral binary choice chamber for Jasus edwardsii pueruli given a choice between 
water sources. Arrows indicate the direction of the flow of seawater. Adapted from Goldstein 
and Butler (2009). 
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permitting the puerulus to make a directional choice by swimming through one of 
the funnels at either side of the chamber. Every 10–20 min, the position of the pu-
erulus in the chamber was examined and the experiment was finished when the pu-
erulus passed through a funnel and became trapped in one of the two sides of the 
chamber, or after 2 hrs if the puerulus had not moved into either of the chambers. 
The preparation of the materials and observations were conducted with red light il-
lumination (Kodak Wratten Gelatin Filter #29; >600 nm). The allocation of seawater 
treatment to header tanks was randomized for each replicate run of the choice cham-
ber. The chambers, mesh bags, and header tanks were washed thoroughly between 
each run with fresh water to remove any residual chemicals from the previous repli-
cate run. To test whether the choice of seawater source by pueruli was non-random, 
a simple goodness-of-fit test was used, with the null hypothesis being the expected 
frequency of an equal preference for both sides of the choice chamber (Quinn and 
Keough 2002). The data from all trials were considered as observed frequency in the 
test (Quinn and Keough 2002).

Time to Development and Molting.—In July 2013, 20 stage I pueruli were 
sorted and retained individually in numbered plastic containers of 500 ml with a 
piece of plastic mesh (1 mm) in the bottom as substrate. While these containers rep-
resent unnatural holding conditions for pueruli, the conditions were identical among 
the holding containers other than the source of the seawater that each contained. 
Ten containers were filled with unfiltered seawater pumped from approximately 15 
m depth at Taroona Bay (coastal water, hereafter SW) and the other 10 containers 
were filled with artificial seawater (Instant Ocean®, hereafter ASW) (n = 10 per treat-
ment). The containers were all held in a running bath of seawater (70 L) to maintain 
the water temperature in the plastic containers at ambient seawater temperature 
[mean: 11.8 (SD) 0.4 °C] and provided with a natural winter light photoperiod (11 
hrs light:13 hrs dark). The seawater in each numbered container was changed every 
24 hrs and the salinity of the ASW was adjusted accordingly to the natural salinity 
variation of SW [mean salinity: 34.4 (SD 0.8); mean pH = 7.8 (SD 0.2)]. Around 5–6 
hrs before seawater changes, the ASW was prepared by using ultrafiltered tap water 
(0.05 µm) and actively mixing Instant Ocean® until no salt remained, followed by 
high aeration. Every 24 hrs, the pueruli were staged until all pueruli had molted to 
first instar juveniles (Table 1).

Two events were measured and compared between treatments: (1) time of the pig-
mentation starting in the abdomen [change from stage II–III to stage III(-)], and 
(2) timing of the molting process [III(+) to juvenile instar 1] (Table 1). To compare 
the probability of pueruli remaining as stage II–III and III(+) between SW and 
ASW treatments, a series of Kaplan-Meier survival curves were estimated using R 
(R Development Core Team 2008) and the survival package (Therneau 2015). The 
Kaplan-Meier survival test examines the probability in time of an event occurring 
and the differences between treatments was estimated using the G-rho family test 
(Harrington and Fleming 1982, Crawley 2013).

Results

Directional Swimming Behaviour of Pueruli.—Significantly more pueruli 
(66%) of J. edwardsii moved toward coastal water compared with oceanic water (34%) 
(χ2 = 4.1, P = 0.04). Similarly, most of the pueruli (64%) moved toward coastal water 
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vs coastal waters containing exudates from M. pyrifera (36%) (χ2 = 4.4, P = 0.04). 
Pueruli did not show a significant preference to move toward either filtered or un-
filtered coastal water (χ2 = 0.2, P = 0.68) (Fig. 3). Overall, pueruli of J. edwardsii ex-
hibited a preference for coastal waters, but the addition of kelp exudates reduced this 
attraction.

Time to Development and Molting.—There was no significant difference in 
the time taken by pueruli of J. edwardsii to pass through their development for the 
two water treatments (P > 0.05; Fig. 4). On average, pueruli stayed at stage II–III for 
12 d (SD 4, n = 10) before developing pigmentation in the abdomen in ASW and 9 (SD 
3) d (n = 10) in SW (χ2 = 3.3; P = 0.07). Pueruli in SW took 20 d (SD 3, n = 10) to molt 
to juvenile and 21 d (SD 3, n = 10) in ASW (χ2 = 0.2; P = 0.63). There were no signifi-
cant differences in water temperature [11.7 (SD 0.4) °C], salinity [34.4 (SD 0.7)], or pH 
[7.9 (SD 0.2)] between the two water treatments (P > 0.1). However, all the pueruli in 
ASW died during the molting process, which suggested that it may be unsuitable for 
use in pueruli behavioral experiments. In contrast, all the pueruli in SW successfully 
molted to juveniles, indicating no apparent problems with the experimental setup.

Table 1. Pueruli development and stages used in the present study sensu Booth (2001).

Puerulus stages Description
I Completely transparent
I–II Hepatopancreas faintly visible
II Hepatopancreas clearly visible
II–III Pigmentation in the antennae and cephalothorax
III(−) Pigmentation starting in the abdomen
III Full pigmentation in cephalothorax and abdomen
III(+) Dark coloration and orange colors in pereiopods
Juvenile instar 1 Molting process, loss of large pleopods

Figure 3. Proportion of Jasus edwardsii pueruli choosing to swim toward different seawater 
sources in the binary choice chamber experiments: (A) coastal seawater vs filtered seawater; 
(B) coastal seawater vs coastal seawater containing exudates from Macrocystis pyrifera; and 
(C) coastal seawater vs oceanic seawater. Degrees of freedom was equal to 1 for each simple 
goodness-of-fit test.
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Discussion

The results of our study show that pueruli of J. edwardsii actively moved toward 
coastal water when offered a choice of coastal vs oceanic water collected from 20 km 
offshore, suggesting that they may use chemical cues to orient their onshore swim-
ming. However, coastal waters did not hasten the development of pueruli to benthic 
juvenile stage, indicating that other cues could be important to the final settlement 
process, or that chemical cues are not involved in this process. Previous experiments 
on J. edwardsii pueruli found that the development of pueruli to juvenile was accel-
erated when exposed directly to either a brown algae, C. maschalocarpum, or bare 
rocks when compared to sandy substrate, suggesting that their development may be 
dependent on substrate or tactile cues (Stanley et al. 2015). It is possible that devel-
opment may be triggered by a complex interaction between a wider range of cues, 
as underwater sound from settlement habitats has also been shown to advance the 
development of pueruli to first instar juvenile in this species (Stanley et al. 2015).

Evidence of pueruli using chemical cues from coastal waters has also been found 
for the Caribbean spiny lobster, where pueruli were attracted to, and developed 
faster in, coastal seawater infused with the red macroalgae, Laurencia sp., which 

Figure 4. (A) Daily probabilities of Jasus edwardsii pueruli staying as “stage II–III,” and (B) 
probability of pueruli staying as “stage III (+)” in coastal seawater (SW) from Taroona Bay vs in 
artificial seawater (ASW). Probabilities were estimated and tested with a Kaplan-Meier survival 
test (n = 10 per treatment).



HInojosa et al.: Chemical cues for settlement of Jasus edwardsii 9

is characteristic of their preferred settlement habitat (Herrnkind and Butler 1986, 
Goldstein and Butler 2009). Pueruli of J. edwardsii settle into a range of different 
habitats where holes and crevices are available (Edmunds 1995, Butler et al. 2006). 
Therefore, it is possible that pueruli of this species are less reliant on specific chemical 
cues for mediating their development to juveniles compared with P. argus. However, 
changes in the composition of the seawater chemistry from oceanic to coastal water 
may stimulate a behavioral response of pueruli to direct their swimming onshore 
rather than expediting their physiological development toward molting to become 
benthic juveniles.

The phyllosoma of J. edwardsii were found to metamorphose to pueruli as far as 
216 km offshore (Jeffs et al. 2001) and have been observed swimming in straight 
lines at the sea surface at night (Jeffs and Holland 2000). Pueruli are a non-feeding 
(lecithotrophic) stage that depend only on the energy reserves stored during the 
preceding phyllosoma phase, so the duration is constrained by these limited energy 
reserves (Jeffs et al. 1999, Fitzgibbon et al. 2014). Therefore, any cues that assist the 
puerulus to travel more rapidly or directly to coastal reef habitats would be expected 
to greatly increase survival and have considerable selective advantage (e.g., Gebauer 
et al. 2003). Our results contribute to the growing body of evidence that movement 
of pueruli from offshore to settlement habitat is influenced by coastal chemical cues, 
as well as in potential combination with other cues (Jeffs et al. 2005, see below). For 
example, in situ observations of pueruli of the Caribbean spiny lobster demonstrated 
that swimming toward the coast varies with tidal phase, possibly in response to mul-
timodal cues, such as celestial, wind, acoustic, and magnetic cues (Kough et al. 2014). 
Chemical cues emanating from coastal habitats are typically transported several 
kilometers offshore before dissipating, and are known to have a general concentra-
tion gradient (Atema et al. 2012, but see also Weissburg and Browman 2005), al-
though how this gradient would be detected and utilized for directional orientation 
by any marine larvae remains unresolved (Leis et al. 2011). However, the potential 
for chemical cues to be utilized as a directional cue by pueruli for orientating over 
longer distances has been considered as a possibility to explain onshore orientation 
observed in field studies of pueruli of P. argus (Kough et al. 2014). Alternatively, it is 
possible that chemical cues in coastal waters may be used as a signal to pueruli to 
switch to other directional cues, as has been observed for some fish species (Huijbers 
et al. 2012, Paris et al. 2013).

Even though some fish larvae and decapod crustaceans are known to respond to 
chemical cues emanating from settlement habitats, very little is known about the 
identity, combinations, and concentrations of chemical compounds involved in this 
process (but see Nuñez-Acuña et al. 2016, Foretich et al. 2017 for recent findings), 
or the distance over which these chemical cues may operate. For larvae attracted 
to reef settlement habitat, the reef ’s assemblage of fauna, algae, and bacteria could 
contribute to a complex cocktail of chemical cues that are continually released and 
utilized by approaching larvae as a directional cue (Gebauer et al. 2003, Gerlach and 
Artema 2012). Previous field experiments examining the settlement magnitude of 
J. edwardsii in collectors with either attached natural or artificial giant kelp found 
that settlement was higher with natural kelp, which suggested that chemical cues 
from the kelp attracted pueruli (Hinojosa et al. 2015). In the present study, the pres-
ence of M. pyrifera exudates in coastal waters was less attractive to pueruli than the 
coastal water alone. Therefore, it is possible that other cues associated with natural 
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kelp, such as surface films that may have been removed by washing the macroalgae 
used in the experiment (Michelou et al. 2013), could explain the differences in the 
behavior of the pueruli in this present laboratory experiment vs the previous field 
study. For example, in the present study, we did not use the kelp holdfast to generate 
the chemical cues in the laboratory, which is known to provide a habitat for several 
invertebrate species (Edgar 1987, Anderson et al. 2005, Wichmann et al. 2012). It is 
known that post-settlement stages of J. edwardsii forage opportunistically on small 
invertebrates associated with reef habitats, especially mollusks, crustaceans, and 
echinoderms (Edmunds 1995, Caputi et al. 2013) that are in much higher abundance 
in kelp habitats, especially kelp holdfasts (Edgar 1987, Taylor 1998, Anderson et al. 
2005). Therefore, the lack of holdfast in the experiments may be an important com-
ponent explaining these differences with the previous study (or perhaps other fac-
tors). Moreover, the concentration of the exudates from the kelp that were used in the 
current experiment could be different (e.g., more concentrated) to that in the natural 
environment. However, the research method used here could be applied to test the 
effect of different concentrations of chemical cues, or other chemical compounds 
from the settlement habitats. Additional research is also required to determine the 
range offshore that chemical cues may provide an effective orientation cue for the 
pueruli of J. edwardsii. The range over which chemical orientation cues can operate 
effectively is a major question of interest in a range of other marine species (Leis et 
al. 2011, Lecchini et al. 2014).

This is the first attempt to determine whether chemical cues are used by pueruli of 
J. edwardsii for orientation, and we demonstrate that they can distinguish between 
coastal and oceanic waters. Hinojosa et al. (2016) found that pueruli of J. edwardsii 
can also utilize natural sound emanating from coastal rocky reefs as an orientation 
cue. Such underwater acoustic cues are known to travel over many kilometers off-
shore in the marine environment, potentially providing a long range orientation cue 
for pueruli that could be used in conjunction with more gradual changes in water 
chemistry (Jeffs et al. 2005, Radford et al. 2011). This recent information allows us to 
generate a simplistic theoretical model summarizing potential orientation cues and 
transport mechanisms available to pueruli to assist with the effectiveness of their 
onshore migration (Fig. 5). Far from the coast, pueruli orientation is limited to the 
use of directional cues derived from magnetic fields, wind, and waves until some 
coastal chemical cues become available (Batchelor scale, see Atema et al. 2012). At 
this distance from coastal habitats (chemical cue far-field), coastal chemical signals 
are unlikely to be sufficient to provide any directional information, but detection of 
their presence could trigger the use of another cue, such as acoustic cues. As pueruli 
move farther into the acoustic fields, chemical cues could be expected to become 
stronger (Kolmogorov scale, Atema et al. 2012) providing information about the 
source of the odor. Inside the acoustic fields, pueruli may also detect the direction of 
the sound source (adapted from Atema et al. 2012, Staaterman and Paris 2014) and 
further information about the habitat quality at source using acoustic information 
(Stanley et al. 2012).

The temporal and spatial pattern of settlement of J. edwardsii pueruli is difficult 
to predict (Hinojosa et al. 2017), but it has been monitored across the range of the 
fishery because it is useful as a predictor of future levels of recruitment to the fish-
able biomass (Gardner et al. 2001, Booth and McKenzie 2009, Linnane et al. 2014). 
Understanding dispersal patterns is of interest to fisheries management; identifying 
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the type and effectiveness of orientation cues used by pueruli, and the migration 
pathways of the pueruli from metamorphosis to eventual settlement locations, has 
the potential to improve the predictive power of biophysical models (Kough et al. 
2013, Staaterman and Paris 2014). The present study shows the ability of pueruli to 
detect chemical cues during their onshore migration, a process that could greatly af-
fect the successful larval recruitment of this species.
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Figure 5. Theoretical simplistic model summarizing cues and propagation available to pueruli 
for directional orientation allowing them to swim onshore toward a coastal habitat (black circle). 
Far from the coast, pueruli orientation is limited to the use of directional cues derived from wind 
and waves until some coastal chemical cues become available (Batchelor scale, see Atema et 
al. 2012). At this distance from coastal habitat (chemical cue far-field) coastal chemical signals 
are unlikely to be sufficient to provide any directional information, but detection of its presence 
could trigger the use of another cue such as acoustic cues. As pueruli move further into the 
acoustic fields, chemical cues could be expected to become stronger (Kolmogorov scale, Atema 
et al. 2012) providing information about the source of the odour. Inside the acoustic fields pueruli 
may detect the direction of the sound source (adapted from Atema et al. 2012, Staaterman and 
Paris 2014).
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