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Abstract

Background: Marine lineage diversification is shaped by the interaction o f biotic and abiotic factors but our understanding 
o f the ir relative roles is underdeveloped. The megadiverse bivalve superfamily Galeommatoidea represents a promising 
study system to address this issue. It is composed o f small-bodied clams that are either free-living or have commensal 
associations w ith  invertebrate hosts. To test if the evolution o f this lifestyle dichotom y is correlated w ith  specific ecologies, 
we have performed a statistical analysis on the lifestyle and habitat preference o f 121 species based on 90 source 
documents.

Methodology/Principal Findings: Galeommatoidea has significant diversity in the tw o primary benthic habitats: hard- and 
soft-bottoms. Hard-bottom dwellers are overwhelm ingly free-living, typically hidden w ith in  crevices o f rocks/coral heads/ 
encrusting epifauna. In contrast, species in soft-bo ttom  habitats are almost exclusively infaunal commensals. These infaunal 
biotic associations may involve direct attachment to  a host, or clustering around its tube/burrow , but all commensals locate 
w ith in the oxygenated sediment envelope produced by the host's bioturbation.

Conclusions/Significance.-The form ation o f commensal associations by galeommatoidean clams is robustly correlated w ith 
an abiotic environmental setting: living in sediments (P<0.001). Sediment-dwelling bivalves are exposed to  intense 
predation pressure that drops markedly w ith  depth o f burial. Commensal galeommatoideans routinely attain depth refuges 
many times the ir body lengths, independent o f siphonal investment, by virtue o f the ir host's burrowing and bioturbation. In 
effect, they use the ir much larger hosts as giant auto-irrigating siphon substitutes. The evolution o f biotic associations w ith 
infaunal bioturbating hosts may have been a prerequisite for the diversification o f Galeommatoidea in sediments and has 
likely been a key factor in the success o f this exceptionally diverse bivalve superfamily.
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Introduction

O n e o f the classic questions in biology concerns the m echanism s 
that control the generation  and  m aintenance o f planetary  
biodiversity [1], T w o b ro ad  classes o f m acroevolutionary drivers 
are generally recognized. T he R ed  Q ueen  m odel [2,3] states that 
biotic factors play m ajor roles in shaping lineage diversification, 
while the C ourt Jeste r m odel [4] places m ore em phasis on  abiotic 
factors. A lthough b o th  sets o f drivers operate on different spatial 
and  tem poral scales [4], they clearly play off each o ther [5] and  
their relative im portance rem ains an  active a rea  o f contention in 
fundam ental biodiversity research [6-8].

T h e  im portance o f biotic drivers is m ost evident in terrestrial 
ecosystems whose dom inance by insects and  angiosperm s is 
a ttribu ted  substantially to coevolutionary dynam ics [9], M uch  of 
the evidence for biotic drivers o f m arine  diversification is

paleontological [6,10-12] and, with some notable exceptions 
(e.g., [13,14]), neontological m arine evolutionary studies typically 
focus on  abiotic drivers [15-18], This is prim arily  because the 
scope o f ecological interactions rem ains poorly characterized for 
m ost m arine clades, especially regarding subtle effects such as 
facilitation (presence o f one species enhances survival o f another) 
that m ay be very im portan t in na tu re  [5,9]. O u r  ignorance 
concerning the role o f  biotic interactions in m acroevolutionary 
processes is being  increasingly recognized as a  serious deficiency 
that m ay underlay  the frequent m ism atch betw een em pirical data  
and  theoretical m odels [5-7,20], G iven this, how  m ight one test 
the relative im portance o f m arine biotic and  abiotic diversification 
drivers in  an  extant m arine clade?

O u r approach  is com parative and  involves targeting an 
exem plar m arine taxon, the m arine bivalve superfam ily G aleom ­
m atoidea. This clade is suitable for addressing our question for two
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reasons. Firstly, G aleom m atoidea is recognized as a  “ m egadiverse” 
group [21]. T hose sm all-bodied ( < 2  cm) bivalves com prise an 
estim ated 500 described species [22], although this is a  serious 
underestim ate: a  large fraction rem ains undescribed [21,23]. 
R ecen t quantitative biodiversity surveys o f  W estern Pacific coral 
reefs have found th a t G aleom m atoidea h ad  the highest species 
diversity am ong Bivalvia, despite their relatively low abundance 
[21,24], Secondly, G aleom m atoidea em bodies a  clear ecological 
dichotom y in th a t some m em bers are free-living while others have 
obligate biotic associations (mostíy commensals) w ith invertebrate 
hosts [25,26]. T h e  com m ensals exhibit specific host-taxes [27-30], 
although in some cases comm ensals m ay associate w ith multiple 
hosts [29,31,32] and  single host species m ay be colonized by 
m ultiple comm ensals [33,34],

O u r strategic goals are to test the relative im portance o f free- 
living and  com m ensal life styles in driving galeom m atoidean 
diversification and  to establish the ecological context for evolu­
tionary  transitions am ong the two life styles. T h e  form er goal 
involves constructing com prehensive phylogenetic trees th a t will 
allow us to detect the effect o f the traits o f interest (presence/ 
absence o f biotic association) on  diversification rates. In  this 
p resent study, our focus is on  the latter goal. If  the lifestyle 
dichotom y is correlated  w ith discrete ecologies, specific hypotheses 
regarding the role o f facilitative biotic associations can be proposed 
and  tested.

G aleom m atoidea has significant diversity in the two prim ary  
benthic habitats: soft- and  hard-bottom s. T h e  two types o f  habitats 
differ greatly in term s o f physical properties as well as in faunal 
com position an d  com m unity structure [35-37], A daptation  to 
either h ab ita t requires a  certain  degree o f m orphological and  
behavioral specialization [35], Previous workers have hypothesized 
th a t com m ensalism  in G aleom m atoidea is an  adap tation  to soft- 
bottom  infaunal habitats [25,38], b u t this hypothesis has no t been 
form ally tested a t the superfam ily level. W e do so here by 
perform ing a  literature based  statistical analysis to test if the 
evolution o f this p ronounced  lifestyle dichotom y is correlated  with 
the acquisition o f discrete benthic  ecologies.

Results and Discussion

H ab ita t and  life-style inform ation for 121 galeom m atoidean 
species was extracted from  the literature (see T able  SI for details) 
and  the M aterials an d  M ethods section sum m arizes how case 
studies w ere classified as being  free-living, com m ensal or 
(facultatively) both. O u r dataset encom passed representatives from 
all m ajor ocean basins and  from  a  wide variety o f benthic habitats. 
It contained a  total o f 57 free-living taxa, i.e., occupying abiotic 
m icrohabitats (Fig. IE , F, G  ) and  60 com m ensal species. M any  of 
the comm ensals direcüy a ttached  to their invertebrate hosts 
(Fig. 1 A, B, C), the rem ainder locating a round  host tubes/burrow s 
(Fig. ID). W e also obtained da ta  on  4 species with facultative 
lifestyles th a t w ere reliably recorded from  abiotic as well as biotic 
m icrohabitats.

O u r m ain  result is p resented  in T able  1: com m ensal an d  free- 
living galeom m atoidean taxa exhibited a  striking ecological 
disjunction in benthic hab ita t type. All b u t 2 o f 57 free-living 
species were restricted to hard-bo ttom  habitats, typically hidden in 
ro ck /co ral crevices. In  contrast, 56 ou t o f 60 com m ensal species 
were infaunal sedim ent dwellers. O u r result establishes that 
form ation of com m ensal associations by  galeom m atoidean clams 
is robusdy correlated w ith living in sediments ( P < 0.001). This 
clear-cut finding is consistent w ith the hypothesis th a t biotic 
association is prim arily  an  adap tation  to living in soft-bottom

infaunal habitats [25,38], bu t does not, in itself, explain the 
putative adaptive na tu re  o f such associations.

S oft -B o ttom  Taxa
H ow  m ight we test the adaptive significance o f biotic association 

in sediment-dwelling G aleom m atoidea? O ne approach  w ould be 
to perform  detailed com parative ecological studies o f fitness in 
species th a t have facultative life styles and  contain significant 
num bers o f  free-living and  com m ensal individuals. Tw o of the four 
facultative life style taxa in our survey occur in sediments: Kurtiella 
bidentata (M ontagu, 1803) an d  Mysella vitrea (Laseron, 1956)
[29.39.40], an d  the ecology o f the form er has been  studied in 
considerable detail. K. bidentata is associated w ith an  unusually wide 
variety o f b io turbating  invertebrate hosts, m ost notably with the 
burrow ing ophiuroid  Amphiura filiformis [29]. Across its range, 
com m ensal individuals o f K. bidentata a tta in  m uch greater 
population  densities [29,39] and  locate deeper in the sediment
[29.39.41] (Table 2) th an  do free-living conspecifics. These 
distinctions have been a ttribu ted  to two very different processes. 
O ne hypothesis states th a t positioning o f comm ensals w ithin the 
hosts’s oxygenated burrow  provides a  dep th  refuge from  predation  
and  th a t the increased com m ensal population  density stems from 
lower m ortality  rates [29]. A com peting hypothesis views 
K. bidentata’i com m ensal associations as byproducts o f density- 
dependent com petition: high population  densities driving individ­
uals deeper into the sedim ent to form  com m ensal associations 
[39]. Available evidence strongly favors the p redation  dep th  refuge 
hypothesis: K. bidentata exhibits positive host chem otaxis irrespec­
tive o f clam  density an d  free-living populations do experience 
m uch higher m ortality rates (and lower fitness) than  comm ensals
[29]-

Predation  is a  key factor th a t affects species survival and  
com m unity structure in benthic environm ents [42-44] and  
bivalves have evolved two general an ti-p redator strategies: in ­
creasing handling  tim e (via arm or) o r reducing the encounter rate 
(via avoidance) [45], G aleom m atoideans are sm all-bodied clams 
th a t typically specialize in avoidance ra th e r than  arm or; indeed 
m any species (in bo th  hard- an d  soft-bottom  substrates) have 
undergone significant shell reduction a n d /o r  internalization 
[23,25,46], In  h a rd  bo ttom  substrates, crevices provide preexisting 
spatial refuges. Crevices are no t available in soft-bottom  substrates 
and  the m ost com m on avoidance adap tation  is to becom e infaunal 
[45], T h e  dep th  refuge hypothesis for Kurtiella bidentata [29] is 
consistent with extensive experim ental evidence th a t predation  
pressure on infaunal bivalves drops m arkedly w ith dep th  o f burial 
[45,47-52].

W h at abou t the rest o f the soft-bottom  Galeom m atoidea? 
A lthough the da ta  are lim ited, com m ensalism  is typically 
associated w ith deeper burial. For instance, the o ther facultative 
species, Mysella vitrea, positions significantly deeper in sediments in 
the presence o f its host [40] an d  recorded depths for m ost 
comm ensals are m uch  deeper th an  the two know n free-living 
sedim ent dwellers, the A ntarctic species M . charcoti and  M . narchii, 
w hich are restricted to the top few millim eters o f  sediment 
(Table 2). T h e  few da ta  on  p redation  rates includes reports o f 
g ready reduced p redation  on the deeply buried  com m ensal Aligena 
elevata [53] bu t heavy p redation  on the shallowly buried  non­
com m ensal M . charcoti [54], M . charcoti survives passage through 
the alim entary tracts o f some p redatory  fishes, an d  m ay indeed be 
dispersed prim arily  through this process [55], indicating th a t in 
this non-com m ensal species arm or ra th e r th an  avoidance m ay be 
the p rim ary  an ti-p redation  strategy. W hy this strategy is no t m ore 
widely adop ted  by  non-A ntarctic galeom m atoideans is no t clear, 
b u t m ay be related to a  greater spectrum  o f shell-crush ing /boring /
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S ed im en t  surface

Figure 1. Exemplar commensal and free-living galeommatoideans. A. The co m m en sa l clam  Neaerom ya rug ife ra  a tta c h e d  to  th e  v en tra l s ide  
o f  a m u d  sh rim p  U pogebia pugettensis. B. T he c o m m en sa l clam  S cin tillona  belle rophon  a tta c h e d  to  its h o lo th u ro id  h o s t Leptosynapta c lark i. C. The 
co m m en sa l clam  W aldo sp. a tta ch in g  to  th e  su rface  o f  its b e n th ic  irregu lar sea  u rch in  h o s t Brisaster la tifrons. D. C lustering  o f co m m en sa l Rochfortia  
(Mysella) tu m ida  (arrow), w ith in  th e  e x h a len t oxic ha lo  o f M esochaetopterus tay lo ri. D o tted  line s e p a ra te s  o x y g e n a te d  (red) an d  anox ic  (yellow) 
s e d im e n t z o n e s  (After [62]). E. T he free-living Scintilla  (Lactem iles) s trange i in its rock  crevice. F. U nderside  o f  a rock sh o w in g  several free-living B ornio la  
lep ida  indiv iduals a tta c h e d  by byssal th re a d s . G. A free-living Kellia sp. n e s tle d  w ith in  an  e m p ty  b ivalve shell. (P h o to  c red it: A, E-G: J. Li; B: L. 
Kirkendale; C: D. Ó Foighil). 
do i:10 .1371/jo u rn a l.p o n e .0 0 4 2 1 21.g001

disarticulating predators operating  on  tem perate and  tropical 
sediment-dwellers.

P redato r avoidance th rough  deeper burial is not cost-free 
because the infauna requires contact w ith the sedim ent-water 
interface for basic physiological functions including respiration, 
and  in m any  cases also feeding, reproduction  and  defecation [56]. 
M ost infaunal bivalve species engage in a  trade-off betw een access 
to the interface and  lethal p redato r avoidance by investing in 
extendable siphons that allow individuals to directly contact the

T a b le  1. Numbers o f species that belong to each habitat- 
lifestyle combination.

Free-living Commensal Both Total

Hard-bottom 55 4 2 61

Soft-bottom 2 56 2 60

Total 57 60 4 121

doi:10.1371/journal.pone.0042121 .t001

w ater colum n while their m ain  body mass rem ains deeply buried. 
Burial dep th  is therefore a  function o f siphon length and  biomass, 
bu t the clanis are still exposed to sub-lethal p redation  on  exposed 
siphon tips [48,57-59]. In  contrast, m ost galeom m atoidean 
bivalves have m odest siphons or even lack them  completely 
[25,26], yet com m ensal species routinely a tta in  sedim ent depth  
refuges m any  times their body lengths (Table 2).

W ithin-sedim ent galeom m atoidean hosts are bio turbators that 
construct irrigated tubes/burrow s. B ioirrigation and  b io turbation  
processes facilitate nu trien t intake from  the w ater colum n and  
oxygen penetration  into deeper sedim ent [60,61], By locating 
w ithin the host’s oxygenated sedim ent envelope [29,38,62], 
com m ensal galeom m atoideans in effect use their m uch larger 
hosts as g iant auto-irrigating siphon substitutes. This enables 
comm ensals to decouple burial dep th  from  body size an d  solve the 
surface access/p redato r avoidance trade-off while rem aining 
sm all-bodied; o ther benefits such as filter-feeding from  respiration 
o r feeding currents o f the hosts could also accrue. T h e  scope of 
dep th  refuges obtained by  com m ensal galeom m atoideans is set by 
host borrow ing param eters an d  spans that o f free-living infaunal 
bivalves. For instance, the w orld’s largest burrow ing clam, recently
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T a b le  2. Habitat depth of selected soft-bottom  galeommatoideans (free-living examplers are indicated).

Species Habitat depth Max. shell length References

Mysella charcoti (free) Top few millimeters 3.0 mm [54]

Mysella narchii (free) Top few millimeters 3.1 mm [88]

Kurtiella bidentata (host absent) 0-5 cm 3.5 mm [29,39]

Kurtiella bidentata (host present) 5-50 cm 3.5 mm [29,39]

Mysella vitrea (host present) 15-95 cm 5 mm [40]

Arthritica bifurca about 6 cm 4.1 mm [30,86]

Brachiomya stigmatica 10-15 cm 3.0 mm [33]

Divariscintilla maoria over 15 cm 6.0 mm [89]

Halcampicola tenacis 15-30 cm 5.0 mm [90]

Montacuta elevata up to  17 cm 6.0 mm [53]

Montacutella echinophila 10-15 cm 7.9 mm [33]

Nipponomysella subtruncata 5-15 cm 6.8 mm [91]

Rochfortia (Mysella) tumida 12-15 cm 3.5 mm [62]

doi:10.1371/joumal.pone.0042121 .t002

renam ed Panopea generosa [63], attains a  dep th  refuge o f up  to 1 
m eter below the sed im en t/w ater colum n interface thanks to its 
enorm ous siphons [64]. R em arkably, this m axim um  burial depth  
is m atched  by the tiny ( ~ 5  nin i in body length) facultative 
com m ensal Mysella vitrea in sediments b ioirrigated by its host, the 
ghost shrim p Trypaea australiensis [40],

H ard -B o ttom  Taxa
T h e  vast m ajority o f  hard-bo ttom  species are free-living 

(Table 1). T hey  nestle in crevices w ithin o r undernea th  rocks, 
coral heads o r encrusting epifauna that are passively ventilated by 
am bient w ater flow [46] and  they m ay show a simple hierarchy of 
geo-, photo- and  thigm otaxes to rem ain  w ithin these m icrohabitats 
[65]. Unlike sediments, crevices are com m on in hard-bottom  
benthos and  afford these m inute clanis effective abiotic refuges 
from  predators in addition  to contact w ith the w ater colum n 
[46,66], W ith  the possible exception o f Pristes oblongus, a  poorly 
studied species reported  to a ttach  to chitons [67], the relatively 
small num ber o f hard-bo ttom  comm ensals all associate with 
infaunal hosts that can form  burrow s in h a rd  substrates. T hey 
include Arthritica crassiformis associated with the boring  bivalve 
Anchomasa similis [68]; Ephippodonta lunata and  Ephippodontina 
macdougalli in the burrow  of slow shrim p Strahlaxius plectorhynchus 
[69], an d  the genus Jousseaumia associated with sipunculans within 
corals [70], N ote that Ephippodonta lunata and  Ephippodontoana 
macdougalli are facultative comm ensals th a t are also found in rock 
crevices [69], bu t we have no da ta  on com parative survival rates o f 
free-living and  com m ensal individuals. It is likely that abiotic 
crevices in  m ost hard-bo ttom  benthic environm ents greatly 
exceed, in num ber and  in spatial heterogeneity, those produced  
by any actual o r potential host species. T h e  overwhelm ing 
predom inance of free-living galeom m atoidean lifestyles in these 
com m unities (Table 1) suggests that for this bivalve superfamily, 
the num ber o f available crevices is m ore im portan t than  crevice 
spatial uniformity, o r biotic association, in prom oting  lineage 
diversification in hard-bo ttom  benthic environm ents.

Biotic A ssocia tion  a n d  Diversification
Infaunal sedim ent bio turbators have long been recognized as 

key ecosystem engineers that alter the physical an d  chem ical 
properties o f the substrate and  im pact nu trien t cycles [71-73].

T heir biotic im pact on  benthic com m unities is also an  active topic 
area  in bo th  paleontological m acroevolutionary [5,73,74] and  
neontological m icroevolutionary [61,75] studies. It is typically 
negative for co-occurring taxa that require stable sediments, bu t 
positive, over b o th  ecological and  evolutionary timescales, for 
com m ensal species [5,61], This latter effect is robustly evident for 
galeom m atoideans and  our da ta  strongly support the hypothesis 
that form ation of com m ensal relationships w ith burrow ing 
m acroinvertebrates has been  a key adap tation  in their success in 
sediments [25,38], T his is significant because m ost o f  the global 
m arine benthos is soft bo ttom  [76,77] an d  relatively few bivalve 
lineages (eg., M ytilidae [78], Pectinidae [79] and  A rcoidea [80]) 
have achieved significant diversity in bo th  hard-bo ttom  an d  soft- 
bo ttom  habitats, presum ably due to the distinctive functional/ 
m orphological constraints im posed by adap ting  to either habitat 
[81], Sedim ent-dwelling G aleom m atoidea have superseded these 
functional/m orphological constraints via behavioral innovation; 
acquiring m any of the necessary functions, including deep burrow  
construction and  irrigation, indirectly through biotic association 
with larger invertebrate infauna.

O u r literature survey re tu rned  an  approxim ately equal num ber 
o f soft- and  hard-bo ttom  galeom m atoidean species (Table 1), 
although the true ratio is unknow n due to the very significant 
num ber o f undescribed species in bo th  habitats [21,23,46], 
Nevertheless, it is clear th a t com m ensalism  underlies the 
evolutionary genesis o f a  m ajor fraction of galeom m atoidean 
diversity and  has likely been  instrum ental in a tta in ing  their 
“ m egadiverse” status am ong m arine  bivalves [21]. Unlike most 
bivalve lineages, G aleom m atoidea does no t have a com prehensive 
fossil record  for effectively inferring its long-term  diversity 
dynamics. In  fact, less th an  ha lf o f the living genera are known 
from  the fossil record  [82]. Therefore, an  in-depth  understanding 
o f the role th a t biotic association has played in galeom m atoidean 
diversification requires a  detailed m olecular phylogenetic fram e­
work for the group. This is currently  unavailable, bu t is badly 
needed as there  is very little consensus regarding supra-specific 
taxonom ic relationships in this superfam ily [21,23,26,83,84], T he 
R ed  Q ueen  and  C ourt Jeste r m odels provide a  simple theoretical 
fram ework: do com m ensal galeom m atoideans represent discrete 
adaptive radiations w here spéciation is driven by host-shifts (Red 
Q ueen) o r a  polyphyletic m elange o f evolutionary dead-ends
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(C ourt Jester)? W e are presently constructing m olecular phylog­
énies to address these questions.

C o nclus ions
Evolutionary studies o f contem porary  m arine  biotas are 

typically fram ed w ithin abiotic hypothesis-testing contexts and  
have collectively lagged beh ind  terrestrial studies in developing an 
integrated  fram ew ork th a t includes a  m eaningful b io tic/ecological 
perspective. T h e  strong correlation betw een lifestyle and  hab ita t 
preference in G aleom m atoidea suggests th a t the relative im por­
tance o f the R ed  Q ueen  m odel can  be gready influenced by abiotic 
ecological factors such as benthic  substrate type: m axim al in soft- 
bottom  and  m inim al in hard-bottom . Facilitative biotic associa­
tions such as com m ensalism  are no t ra re  in m arine environm ents 
[85], and  it is likely th a t the evolution o f m any o ther comm ensal- 
rich m arine benthic  lineages have also been  tailored by  am bient 
abiotic factors.

Materials and M ethods

T o investigate w hether com m ensal life styles in galeom m atoi­
dean  clams are correlated w ith specific benthic hab ita t types, we 
extracted h ab ita t and  lifestyle inform ation for a  total o f  121 species 
from  90 source docum ents, including peer-review ed journals, book 
chapters, m useum  report and  personal observations (see all 
references in T able  SI). O u r data  set contains a  num ber o f likely 
sam pling biases. D ue to lim itations in  m arine sam pling m ethod­
ologies, our species pool is w eighted tow ard  taxa from  intertidal 
and  shallow subtidal habitats and  there is a  relatively low 
representation  o f deep-sea taxa. H ow ever this is unlikely to affect 
our results because the sam pling bias applies to b o th  hard-bottom  
and  soft-bottom  deep-sea species. A potentially m ore serious bias 
could involve significant differences in sam pling free-living versus 
com m ensal sedim ent dwellers. I f  the form er were relatively 
intractable, it w ould bias our results in favor o f the hypothesis. 
W e consider this unlikely, however, because free-living taxa are 
easier to sample given their p rim ary  location in  the shallow surface 
layers o f sediment, ra th e r than  in the deep burrow s o f their 
com m ensal hosts.

S earch ing
T h e  initial literature search was conducted  th rough  the ISI W eb 

o f K now ledge database using “ G aleom m atoidea” as a  topic 
keyword. This search resulted in  57 English publications betw een 
the years o f 1899 and  2011. Because m uch of the relevant 
literature on  this superfam ily is no t archived in the ISI web of 
K now ledge database, we investigated the older literature cited by 
these 57 publications an d  elicited additional sources from  T he 
A ustralian M useum  R esearch L ibrary and  T h e  U niversity o f 
M ichigan M useum s Library. T hese activities yielded an  additional 
69 publications to give a total o f 126.

S election
O u r classification criteria for hab ita t and  lifestyle da ta  w ere as 

follows. Benthic hab ita t was divided into two m ajor categories: 
soft-bottom  and  hard-bottom . Soft-bottom  includes all benthic 
substrates com posed of unconsolidated sediment, whereas hard- 
bottom  includes all rocky or consolidated substrates, including 
coral galleries. Lifestyle was classified as either com m ensal, free- 
living or (facultatively) both . T o  obtain  a  “ com m ensal” designa-
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