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    Chapter 13   
 Passive Acoustic Monitoring in Benthic Marine 
Crustaceans: A New Research Frontier       

       Erica     Staaterman    

    Abstract     Passive acoustic monitoring has been used to study the soundscapes of 
some shallow-water coastal environments. These studies have revealed distinct patterns 
that depend upon the physical structure of the environment as well as the species 
living within it. One underrepresented group in marine bioacoustics is the benthic 
crustaceans, yet these animals are known to produce and detect sounds. Snapping 
shrimp are the most ubiquitous benthic crustacean, and their “snaps” can substan-
tially elevate sound levels in the range of 2–15 kHz in a variety of habitats in the 
mid-latitudes. Clawed and spiny lobsters produce tonal vibrations and broadband 
“rasps,” respectively, but these sounds occur more intermittently than the snapping 
shrimp choruses. Finally, burrow-dwelling mantis shrimp produce low- frequency 
rhythmic “rumbles” which tend to occur as dawn and dusk choruses. Passive acous-
tic monitoring of these taxa can be useful for revealing broad ecological patterns, by 
using some species (e.g., snapping shrimp) as ecological indicators. Acoustic mea-
surements can reveal temporal patterns in crustacean sounds and detect species’ 
occupancy of particular habitats. Finally, acoustic monitoring can demonstrate the 
temporal and frequency overlap between anthropogenic sounds and natural crusta-
cean sounds, which can help refi ne research questions on potential impacts.  

13.1         Introduction 

 Passive acoustic monitoring (PAM) is a promising new fi eld of research, which can 
uncover both broad and fi ne-scale ecological patterns. For example, through new 
types of complexity indices, entire communities can be surveyed and compared 
acoustically (Sueur et al.  2008 ; Gasc et al.  2013 ). On the fi ne scale, temporal pat-
terns in the natural acoustic behaviors of specifi c organisms, as well as their response 
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to disturbance events, can be investigated using passive acoustics (e.g., Locascio and 
Mann  2005 ,  2008 ). Through  acoustic record  ings, investigators have found that spe-
cifi c benthic habitats have unique sound signatures (Radford et al.  2010 ; McWilliam 
and Hawkins  2013 ). Although much variation in underwater  soundscapes   may be 
due to abiotic sound sources (Wenz  1962 ), the contribution of the biophony to benthic 
soundscapes, and the site-specifi c differences within these environments, merits 
further investigation. Here we provide an overview of the research on benthic sound-
scapes, with a particular focus on bioacoustic studies of  benthic crustaceans  . 

 Although historically much research on ocean noise has focused on deep-water 
areas, several shallow-water, coastal environments have been explored acoustically, 
and each has revealed exciting results. For example, Radford et al. ( 2010 ) measured 
 soundscapes   off of the coast of New Zealand on a macroalgal-dominated rocky reef, 
a sandy bottom, and an urchin-dominated rocky reef. They found distinct acoustic 
signatures from all three sites, with a specifi c acoustic contribution from the sea 
urchins (Radford et al.  2008 ,  2010 ). More recently, McWilliam and Hawkins ( 2013 ) 
found that within an Irish Lough, a cliff site, a gravel site, and a mud site had distinct 
spectra, which was likely explained by a combination of different sediment charac-
teristics and biological composition. Finally, oyster reefs and nearby soft-bottom 
habitats within the same estuary also showed unique sound spectra (Lillis et al. 
 2013 ). Even the sounds produced by bivalves (so-called “coughs”) have recently 
been identifi ed, which may provide yet another unique sound to  monitor   (Di Iorio 
et al.  2012 ). These studies highlight the fact that the presence of certain benthic 
marine organisms can infl uence a marine soundscapes in several ways: by physi-
cally changing habitat structure (e.g., the presence of an oyster reef or macroalgae), 
and also by contributing to the unique biophony of that habitat. These descriptive 
studies provide valuable baseline data for marine habitats, but do not necessarily 
target specifi c sound-producers. However, because PAM allows investigators the 
opportunity to “spy” on their study species, it can be used to learn about natural 
acoustic behaviors of soniferous benthic organisms such as  crustaceans  .  

13.2     Decapod Crustacean Sounds 

 While sound production in  crustaceans   has been documented for centuries (Wood 
Mason  1878 ), it was not until recently that investigators began to use PAM to study 
these species. Laboratory studies have identifi ed various types of crustacean sounds 
(e.g., Hazlett and Winn  1962 ; Meyer-Rochow and Penrose  1976 ; Patek and Caldwell 
 2006 ), sound production mechanisms (e.g., Ritzmann  1973 ; Imafuku and Ikeda 
 1990 ; Patek  2002 ) and neurological receivers and sensitivity (e.g., Salmon and 
Horch  1976 ; Goodall et al.  1990 ). Crustaceans are indeed capable of detecting 
acoustic signals: sensory hairs on the exoskeleton are sensitive to substrate-borne or 
water-borne vibrations (Goodall et al.  1990 ; Tautz  1990 ; Budelmann  1992 ; Popper 
et al.  2001 ). In addition, crustaceans can detect particle motion and possibly acous-
tic pressure through chordotonal organs on their joints and statocyst detectors at the 
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base of the antennae (Breithaupt and Tautz  1988 ; Budelmann  1992 ; Popper et al. 
 2001 ; Taylor and Patek  2010 ). Clearly these animals are acoustically active, and 
there is a need to better understand the behavioral functions of sounds, which can 
best be explored in the fi eld. 

 The most ubiquitous and well-studied sounds produced by  crustaceans   are the 
characteristic “snaps” of the snapping  shrimp  . The acoustic behaviors and charac-
teristics of these sounds were fi rst described by Johnson et al. ( 1947 ). They identi-
fi ed that these soniferous  benthic crustaceans   can live in habitats ranging from 
eelgrass to rocky reefs to  coral reef   s  , and are dominant in the mid-latitudes (Johnson 
et al.  1947 ).  Snapping shrimp   sound levels, which are strongest in the range of 
2–15 kHz, are typically higher at night than during the day, with a peak during dawn 
and dusk (Johnson et al.  1947 ). Tank experiments by Hazlett and Winn ( 1962 ) 
attempted to determine the behavioral trigger for the alpheid shrimp’s “snap,” and 
found that it is used in a territorial context (Hazlett and Winn  1962 ). Some fi eld 
work has attempted to count individual “snaps” as an ecological indicator tool, but 
the authors caution that this method may only be applicable within specifi c loca-
tions, rather than between sites (Watanabe et al.  2002 ). Because snapping shrimp 
are common on coral reefs, these sounds have received attention in studies on coral 
reef  soundscapes   and may indeed be correlated with certain measures of ecological 
health (Lammers et al.  2008 ; Kennedy et al.  2010 ; Staaterman et al.  2013 ). However, 
because snapping shrimp can also inhabit rocky reefs and even coral rubble (Enochs 
et al.  2011 ), a high level of snapping shrimp noise does not necessarily refl ect a 
large percentage of live coral. In the future, PAM work should be combined with 
careful benthic surveys to better assess the relationship between snapping shrimp 
sounds and life on the reef. 

 While not as ubiquitous as snapping  shrimp  ,  lobsters  , too, produce sounds. 
Henninger and Watson ( 2005 ) revealed the physiological mechanism responsible 
for the tonal, low-frequency vibrations produced by clawed lobsters, but did not 
determine the behavioral signifi cance (Henninger and Watson III,  2005 ). Sound 
production in several species of spiny lobsters has been well studied; these lobsters 
produce a broadband “rasp” through a stick-and-slip mechanism (Patek  2002 ). To 
determine the behavioral context of rasps in California spiny lobsters, Staaterman 
et al. ( 2009 ) presented  Panulirus interruptus  individuals with different model 
aggressors and noticed that they only responded acoustically after they had been 
physically contacted, suggesting that the “rasp” serves as an antipredator startle 
signal (Staaterman et al.  2009 ). The use of passive acoustic monitoring in this envi-
ronment would allow researchers to understand natural predator– prey   interactions 
by recording the occurrence of these antipredator sounds. Furthermore, sounds that 
are produced as a byproduct of  lobster   movement, especially during their active 
nocturnal  foraging   period, may be evident through long-term recordings and could 
be used to  monitor   the presence or absence of this species. Mulligan and Fischer 
( 1977 ) found that the sister species, the Caribbean spiny lobster  P. argus , produces 
three types of sounds: “fl utter,” “popping,” and “rasp,” depending on the level of 
arousal (Mulligan and Fischer  1977 ). Hazlett and Winn ( 1962 ) examined natural 
 diel variation   in  P. argus  sounds through passive recordings on a reef in Bermuda 
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(Hazlett and Winn  1962 ). They found that more sounds were produced at night, but 
acknowledged the limitations of their conclusions due to low replication. They were 
only able to make three recordings, spread across 2 years and two different months, 
presumably due to technical limitations (Hazlett and Winn  1962 ). This is precisely 
the type of experimental question that can be revisited with passive acoustic moni-
toring, now that tools are available for longer-term recordings.  

13.3     Stomatopod Crustacean Sounds 

 In addition to decapod  crustaceans  , stomatopod crustaceans are known to produce 
sounds as well. The  mantis shrimp   strike produces a sound that is similar to the snap-
ping  shrimp   “snap,” but is a by-product of feeding and aggressive behaviors (Hazlett 
and Winn  1962 ; Caldwell  1979 ; Patek and Caldwell  2005 ). In addition to the strike 
sound, at least one species of mantis shrimp,  Hemisquilla californiensis , is known 
to produce a sound that is not associated with strike behavior: a low- frequency 
“rumble,” fi rst recorded in tanks by Patek and Caldwell ( 2006 ). The authors recorded 
sounds from males while held in tanks, and through dissections they deduced that 
rumbles are produced by a pair of muscles under the carapace. 

 When a species’ sounds have already been characterized in a lab setting, passive 
acoustic monitoring is the logical next step for understanding its acoustic ecology. 
A follow-up study by Staaterman et al. ( 2011 ) explored the temporal patterns of 
sound production in the California  mantis shrimp   through PAM. The investigators 
deployed an autonomous recording unit in the habitat of  H. californiensis , near a 
mantis  shrimp   burrow, for 8 days during the mating season. They found that there 
were distinct daily patterns in mantis shrimp acoustic activity (Table  13.1 ). During 
crepuscular periods, the rumbles were loud and highly rhythmic. Multiple mantis 
shrimp were often audible during these times, creating a “mantis shrimp chorus.” 
The authors noted that these acoustic patterns matched known patterns of physical 
activity—mantis shrimp are most active during crepuscular periods, typically seen 
 foraging   or guarding the entrance to their burrows (Basch and Engle  1989 ). Because 
the recordings were made during the mating season, they hypothesized that the rum-
bles could be used by males to attract females or to defend their burrows. This  cho-
rusing   behavior is analogous to observations in many terrestrial animals (Bradbury 
and Vehrencamp  1998 ). During the nighttime, the authors recorded sounds that 
resembled mantis shrimp rumbles but were quieter and less rhythmic (Table  13.1 ) 
(Staaterman et al.  2011 ). They suggested that these sounds could have been produced 
while mantis shrimp were deep inside their burrows, further from the hydrophone. 
Recording the sounds of  H. californiensis  during an 8-day period allowed the inves-
tigators to discern daily acoustic patterns and match them to previously published 
behavioral observations (Basch and Engle  1989 ), and to propose hypotheses about 
the function of the rumbles. These ideas would not have been possible without the 
ability to listen continuously to the mantis shrimp habitat.
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   In further examination of the data, the same authors also measured variation in 
daily noise levels across the  mantis shrimp   bandwidth, to examine the prevalence of 
boat noise (Staaterman et al.  2012  and unpublished data). They examined 1-h sound 
fi les for representative times of day: 0:00–1:00 h, 6:00–7:00 h, 12:00–13:00 h, and 
18:00–19:00 h and found that midday periods were signifi cantly louder than the 
others, primarily due to boat traffi c (Fig.  13.1 ).

    Table 13.1    Daily patterns in the acoustic activity of the California  mantis shrimp   ( Hemisquilla 
californiensis ) were consistent with published data on behavioral activity and burrow openings (fi fth 
column in table below corresponds to data from Fig.  13.3  in Basch and Engle ( 1989 ),  n  = 13 individuals)   

 Time of day 
 Approximate 
hours 

 Acoustic activity 
observed 

 Number of days 
observed 

 Percentage of 
burrows open 

 Morning 
Crepuscular 
period 

 ~06:30–08:30 h  Loud, rhythmic 
rumbles 

 8 out of 8 days  50 % of burrows 
open 

 Mid-morning  ~9:30–11:30 h  Loud, rhythmic 
rumbles 

 6 out of 8 days  Not documented 

 Mid-day  ~11:30–01:30 h  No rumbling  6 out of 7 days  15 % of burrows 
open 

 Evening 
crepuscular 
period 

 ~17:00–19:30 h  Loud, rhythmic 
rumbles 

 7 out of 8 days  50–70 % of 
burrows open 

 Night  ~20:00–05:30 h  Quiet, sporadic, lower 
frequency rumbles 

 8 out of 8 days  0 % of burrows 
open 

  Sounds were recorded for almost 8 continuous days, but one midday period was missed. Table 
reproduced from Staaterman et al. ( 2011 )  

  Fig. 13.1    The average of sound levels from different times of day, recorded at Catalina Island, 
CA, demonstrated that midday periods were signifi cantly louder than the other times of day due to 
vessel traffi c. Power spectral density (± standard error, dB re: 1 μPa 2  Hz −1 ) is shown as a function 
of frequency (Hz) for each 1-h period.  Green : 12:00–13:00 h;  blue : 18:00–19:00 h;  red : 06:00–
07:00 h;  black : 00:00–01:00 h. Peaks at 120 and 160 Hz were created by the perpetual “hum” from 
the autonomous recording unit (Staaterman et al.  2011  and unpublished data)       
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  Fig. 13.2    Vessel noise ( red line ) power spectral density measurements (dB re: 1 μPa 2  Hz −1 ) were 
signifi cantly greater than  mantis shrimp   rumbles ( blue line ) and background noise ( black line ) 
across all frequencies (Hz). Peaks at 120 and 160 Hz were created by the perpetual “hum” from the 
autonomous recording unit’s hard drive (Staaterman et al.  2011  and unpublished data)       

   They also measured the intensity level of each of these sources (Staaterman 
et al., unpublished data), and found that each source was distinct in frequency dis-
tribution and intensity characteristics (Fig.  13.2 ), particularly in the 100–250 Hz 
 frequency band  , which is the communication bandwidth of the  mantis shrimp  . On 
average, the contribution of vessel noise was 12 dB greater than that from mantis 
 shrimp   rumbles and 30 dB greater than the background noise (Fig.  13.2 ).

   Finally, 24 hour spectrograms revealed that noise from boat traffi c was frequent, 
especially during the daytime hours (Fig.  13.3 , Staaterman et al., unpublished data). 
Boat noise was signifi cantly louder than  mantis shrimp   rumbles and is clearly capa-
ble of masking these sounds (Figs.  13.2  and  13.3 ). This is one example of how PAM 
can be used to examine patterns, and potential overlap, between biological and 
anthropogenic sound sources within one acoustic habitat.

   Although the use of PAM has been limited thus far for  benthic crustaceans  , this 
method holds great promise for this extremely diverse taxonomic group. In fact, 
PAM may be most useful for benthic animals such as burrowing  shrimp   or crabs, 
since they are relatively sedentary. For animals that are most active at night, such 
as spiny  lobsters  , active acoustic experiments in the fi eld are extremely diffi cult. 
But passive acoustic monitoring may be able to reveal not only their movement 
patterns, but also feeding activity and predator– prey   interactions. Finally, the 
 deployment   of  acoustic record  ers at multiple locations within and between habitats 
may help scientists to understand the spatial distribution of acoustically active 
 crustaceans  . Considering how little we know about the acoustic ecology of crusta-
ceans, this type of research will inevitably be novel and exciting, a frontier waiting 
to be explored.     
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