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Abstract
Co-occurrence o f  closely related species  may be  achieved In en v iro n m en ts  with fluctuating dynamics, w h e re  competit ively  
Inferior species can  avoid co m pet i t ion  th ro u g h  dispersal. Here w e  p re sen t  an  ex p er im en t  In which w e  co m p a red  active 
dispersal abilities (t ime until first dispersal,  n u m b e r  an d  g e n d e r  o f  dispersive adults,  an d  n e m a to d e  densities a t  t im e of 
dispersal) In Litoditis marina, a c o m m o n  bacterlvorous n e m a to d e  species  com plex  comprising  four often  co-occurring 
cryptic species, Pm I, II, III, and  IV, as a function  of salinity and  food distribution. The exper im en t  was c o n d u c ted  In 
microcosms consisting o f  an Inocula tion plate, co nnec tion  tube ,  an d  dispersal plate. Results sh o w  species-specif ic dispersal 
abilities with Pm I dispersing a lm ost  o n e  w e ek  later th an  Pm III. The n u m b e r  of dispersive adu lts  a t  t im e o f  first dispersal was 
species-specific, with o n e  dispersive fem ale  In Pm I and  Pm III and  a higher, gender-ba lanced ,  n u m b e r  In Pm II and  Pm IV. 
Food distr ibution affected dispersal: In a b se n ce  o f  food  In th e  Inoculation plate, all species  d ispersed  after  ca four days. 
W hen food was available Pm I d ispersed  later, and  a t  th e  sa m e  t im e a n d  densities Irrespective o f  food  condit ions In th e  
dispersal plate (food vs no food), su g g es t in g  d e n s i ty -d e p en d e n t  dispersal. Pm III d ispersed  faster and  a t  a lower populat ion  
density. Salinity affected  dispersal,  with s lower dispersal a t  h igher salinity. These  results su g g e s t  th a t  active dispersal In 
Litoditis m arina  Is co m m o n ,  d e n s i ty -d ep en d en t ,  and  with species, g en d er -  and  environm ent-specific  dispersal abilities. 
These differences can  lead to  differential re sponses  un d e r  subop t im al  condit ions a n d  may help to  explain tem p o ra ry  
coexistence  a t  local scales.
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Introduction
Biodiversity in m any  ecosystems appears significantly higher 

th an  previously thought due to cryptic genetic diversity which 
underlies a  b ro ad  range o f m orphospecies [1,2]. Despite increasing 
docum entation  o f cryptic diversity, knowledge about the ecology 
o f cryptic species rem ains very scant (e.g. [3,4,5,6,7]). M orpho­
logically highly similar species m ay show high functional similarity 
and  niche overlap [8,9,10] w hich seems a t odds w ith traditional 
com petition theory [11,12,13].

C oexistence of closely related species can be achieved in 
environm ents with fluctuating dynam ics in tim e or space (e.g. 
presence o f o ther species, food distribution). H ere, competitively 
inferior species m ay persist because they are tem porarily  favoured 
by specific conditions [14], Alternatively, species that are 
sufficiently m otile can  m ove to suitable patches and  thus avoid 
com petition [15]. In  this way, they can at least tem porarily  achieve 
some form  o f coexistence bu t escape from  it th rough  small-scale 
dispersal w hen com petitive pressure becom es too strong. This 
m ovem ent o f individuals away from  their natal environm ent is 
dispersal and  can  lead to gene flow over different spatial scales 
[16,17]. D ispersal is a  process, triggered partly  by the intrinsic 
condition o f organisms, such as gender, com petitive ability, genetic 
variability an d  species identity  [18,19,20,21,22], and  partly  by

environm ental conditions, such as hab ita t an d  food quality, 
population  density and  intraspecific interactions [23,24,25,26],

In  contrast w ith m ost larger m arine benthic vertebrates having 
at least one life stage in  w hich dispersal occurs on a specific spatial 
scale [16], m ost m eiobenthic species (nematodes and  o ther small 
m etazoans in the size range o f 0.04 to 2 nin i [27]) lack a  pelagic 
stage and  have long been  considered poor dispersers due to their 
small size an d  poor sw im m ing ability [28], N em atodes are the 
m ost abu n d an t m eiofauna in m arine sediments [29,30] an d  have a 
high species diversity a t b o th  global and  local scales [31]. T hey  can 
passively disperse following erosion from  sediments or through 
rafting on algae ([32]), bu t they can  also actively en ter the w ater 
colum n [19], w hich m ay facilitate bo th  small-scale active dispersal 
as well as larger-scale passive dispersal [33] [34]. T hey  can  at least 
partly  control their settlem ent back to the sedim ent [35]. In 
addition, they m igrate laterally th rough  sediments [19,20], bu t the 
rates and  distances over w hich nem atodes actively disperse an d  the 
extrinsic an d  intrinsic drivers o f dispersal rem ain  poorly known. 
Salinity effects, for instance, have not been  tested before, probably 
because the effect o f salinity variation  has m ostly been  considered 
on  a  b ro ad er geographical scale. How ever, diurnal [36] and  
seasonal variations [37] in salinity also occur, w hich m ay affect 
small-scale dispersal o f m eiofauna in a  direct or indirect way [18], 

Litoditis marina [38] is a  com m on bacterivorous nem atode 
associated w ith decom posing m acroalgae in  the littoral zone of
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coastal and  estilarm e environm ents [39,40]. Several cryptic species 
have been  found w ithin this m orphospecies, form erly known as 
Rhabditis marina or Pellioditis marina [41], four (Pm I, Pm  II, Pm  III 
and  Pm  IV) o f w hich frequently occur along the south-western 
coast and  estuaries o f T h e  N etherlands [41], M oreover, it is 
com m on to find two or three o f these cryptic species co-occurring 
[42]. T hese species show concordan t m olecular divergences at 
nuclear and  m itochondrial loci bu t lack single distinctive 
m orphological differences [43,44], an d  crossbreeding betw een 
them  does not occur [44], All species are gonochoristic; 
parthenogenesis has hitherto  no t been  observed [37]. Females o f 
Pm  I and  IV  largely reproduce th rough  ovovivipary, w hereas Pm  
II and  Pm  III use ovipary T h ey  produce several tens up to 600 
progeny pe r female [45,46,47], the vast m ajority  o f w hich are 
released during the first few days following m aturation  to adults. 
All four species have m inim al generation  times of ca. 4 days at 
tem peratures a round  20"C, salinities betw een 15 an d  30, and  
sufficient food availability (De M eester et al., unpublished data). 
Both geographical and  seasonal variation in abundance and  
dom inance o f these cryptic species occurs [42] an d  m ay be linked 
to environm ental variation (e.g. salinity). R ecent laboratory  
experim ents have also dem onstra ted  that salinity affects the 
outcom e o f com petitive an d  facilitative interactions betw een these 
cryptic species, w ith com petition being m ore p ronounced  a t lower 
salinity an d  Pm  IV  and  Pm  II being  competitively inferior to Pm  I 
and  Pm  III [4],

In  the present study, we tested if differences in dispersal abilities 
betw een the four different cryptic species o f L. marina exist an d  if 
these differences are gender- an d  environm ent-specific. In  a  first 
experim ent the effects o f  food distribution on the dispersal ability 
o f  cryptic species are tested. I f  active dispersal exists in  the cryptic 
species, we expect th a t it will occur m ore w hen food is lim ited in 
the source pa tch  bu t still available in nearby  patches. In  a  second 
experim ent dispersal abilities o f the four cryptic species were tested 
at different salinities. A previous experim ent already showed that 
population  grow th and  com petitive ability o f two o f the four 
cryptic species (Pm III and  Pm  IV) differed betw een two salinities 
[4], At the lower salinity, population  grow th rate was higher, 
suggesting th a t this salinity was m ore favourable. W e thus 
expected that this faster population  grow th w ould result in m ore 
p ronounced  intraspecific com petition, leading to faster dispersal at 
the lower salinity [48,49], T hese experim ents will yield insight in 
extrinsic (salinity an d  food distribution) an d  intrinsic (species 
identity and  gender) factor-dependent dispersal. Investigating the 
dispersal abilities o f species is crucial to understand  the highly
dynam ic patterns and  the ecology o f m eiobenthic com m unities
[50] and  the resilience o f populations under fluctuating environ­
m ental conditions [51].

Materials and Methods

N e m a to d e  cu ltu res
M onospecific cultures o f the four different cryptic species were 

raised from  one single gravid female pe r species and  m aintained 
on  sloppy (1%) nutrient:bacto  agar m edia [52] (tem perature o f 
20"C; salinity o f 25) w ith unidentified bacteria  from  their habitat 
as food. Species identity and  monospecificity o f stock cultures were 
tested shortly after their initiation and  on regular m om ents 
thereafter on  several individuals with a  species-specific q P C R  assay 
using IT S  sequences [53]. N em atodes for the experim ents were 
harvested from  these stock cultures in exponential grow th phase.

Dispersal e x p e r im e n ts
Dispersal abilities o f the cryptic species were m easured as time 

until the first effective dispersal event. D ispersal was considered 
effective if it was followed by reproduction  in the dispersal plate, 
regardless o f  w hether the individual was already gravid before the 
dispersal event. T o  study the differences in tim e until dispersal 
betw een the four cryptic species, specially designed dispersal plates 
were used (Fig. 1). T hese plates consist o f two Petri dishes (each 
5 cm  i.d.; an  ‘inoculation’ plate and  a  ‘dispersal’ plate, respec­
tively) connected  by a tube (1 cm  i.d and  10 cm  length). T he 
length of this test tube was based on  results o f  a  prelim inary  test 
w ith tubes o f various lengths. C onsiderably shorter tube lengths 
resulted in alm ost instantaneous m igration to the dispersal plate, 
th rough  random  m ovem ent a n d /o r  th rough  direct chem otaxis to 
food on the dispersal plate. Longer tube lengths (> 15  cm) resulted 
in very slow dispersal irrespective o f presence o f food in  the 
dispersal plate. T h e  substratum  in the plates was provided as 
60 m L o f a  1.5% bacto  agar m edium  p rep ared  w ith artificial 
seawater [54]. T h e  agar was spread equally over the two different 
plates and  the connection tube taking care that the surface was at 
the same level and  continuous in bo th  plates and  connection tube. 
T h e  relatively high concentra tion  o f the agar (1.5%) ham pers 
burrow ing o f nem atodes into the agar and  thus restricts their 
m ovem ent to the agar surface, w hich greatly facilitates observa­
tions. T h e  p H  o f the agar m edium  was buffered at 7 .5 -8  with 
TR IS-H C 1 in a  final concentration  of 5 niM . T h e  addition of the 
buffer increases the initial salinity by  ca 1.2 units. T w o sets o f 
dispersal experim ents were perform ed, the first focusing on  the 
role o f food availability in the dispersal and  inoculation plates, the 
second focusing on the effect o f salinity on dispersal.

(a) Food distribution experiment. T h e  experim ent was 
started by  m anually  picking up  five adult males and  five adult 
females from  the stock cultures o f a  single cryptic species. Before 
placing the organisms random ly in the inoculation plate, they were 
ba th ed  in clean artificial seawater (salinity o f 25) for 2 h  to rem ove 
most adhering  bacteria. For every cryptic species, four different 
treatm ents were used. In  the ‘B’ treatm ent food was added  to bo th  
plates (inoculation and  dispersal plate); in the ‘I ’ treatm ent food 
was only added to the inoculation p late and  not to the dispersal 
plate; in the ‘D ’ treatm ent food was only added  to the dispersal 
plate, an d  in the ‘N ’ treatm ent food was absent from  b o th  plates. 
Food consisted o f frozen-and-thaw ed Escherichia coli (strain K12) 
and was added every e ighth dar, well before food depletion occurred 
(50 pL  of a  suspension w ith a  density o f 3 x l 0 9 cells m L ’) [47]. 
This bacte^al strai" has been  shown to be a  suitable food source for 
cultures o f these four cryptic species o f L. marina. No food was ever 
redded to the connection tube, bu t dispersing nem atodes do carry 
bacteria  on their cuticles an d  thus spread some food into the 
connection tube and  dispersal plate. All plates contained agar with 
a  salinity o f 25 an d  w ere incubated  in the dark a t a  constant 
tem perature  o f 20"C. T here  were four independent replicates per 
treatm ent.

10 cm

Figure 1. D esign o f th e  dispersal m icrocosm s with plate 1 
being th e  inoculation plate and plate 2 th e  dispersal plate.
Dispersal ability  w as sco red  w h en  n e m a to d e s  first arrived  a t  p la te  2. 
do i:10.1371 /jou rnal.pone .0042674 .g001
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Population and  dispersal dynam ics were studied by counting 
adults and  juveniles every day in bo th  plates. T h e  tim ing of the 
arrival o f the first organism  at the dispersal p late  was recorded, as 
well as the life stage (adult o r juvenile) an d  the effectiveness o f the 
dispersal event. O bservations on  the organism s in the connection 
tube and  on nem atode tracks were m ade, to verify if  organisms 
were m oving from  the inoculation to the dispersal p late and  no t in 
a  random  way. M oreover, the gender o f the first dispersers was 
recorded for the B treatm ent. After 20 days, the experim ent was 
stopped because the agar m edium  started to becom e liquid. By 
th a t tim e, dispersal had  occurred  in every replicate.

(b) S a lin ity  e x p e r im e n t . A dditional dispersal plates were 
started w ith food in bo th  plates (treatm ent B, see above), b u t with 
agar m edium  with a  salinity o f 15 instead o f 25. M ethods and  
incubation  conditions were the same as described for the food 
distribution experim ent.

D ata  ana lyses
Differences in the tim e until first effective dispersal betw een the 

cryptic species and  betw een food treatm ents were tested in  R  [55] 
with a  two-way A N O V A  (species and  food distribution as 
independent variables), as the assum ptions for param etric  tests 
were m et. A bundances o f adults, juveniles and  total nem atodes in 
the inoculation p late a t the m om ent o f first effective dispersal were 
also com pared  betw een the different species and  food distributions 
by using a  two-way A N O V A . A T ukey H SD  test was used for 
posterior pa ir wise com parisons. A log transform ation  on  the adult 
abundances in the dispersal plate a t first dispersal event was used, 
as the da ta  were no t norm ally distributed. T h e  analyses for the 
dispersive organism s were conducted  w ith the da ta  o f the adults 
only. Juveniles were om itted from  the analyses, as Pm  I and  Pm  IV  
are ovoviviparous species and  in this way it was no t possible to 
determ ine w hether the juveniles p resent in the dispersal p late  were 
real dispersers o r offspring o f dispersed adults.

Differences in the tim e until first effective dispersal betw een the 
cryptic species an d  betw een salinities were also tested with 
A N O V A , and  so were the abundances o f adults, juveniles and  
total nem atodes in the inoculation p late a t the m om ent o f 
dispersal, and  the num ber o f dispersive adults. W hen  no significant 
interaction effects were found, one-way A N O V A  or Kruskal- 
W allis tests w ithin one species were conducted  to look for the effect 
o f  salinity w ithin each species separately.

Differences in gender-specificity o f dispersal betw een the cryptic 
species was tested by  calculating the p roportion  of females a t the 
first dispersal event and  conducting  a Kruskal-W allis test with 
p roportion  o f females as dependent variable and  species as 
independent variable, as the assum ptions for param etric  tests were 
no t met.

Results

Fo o d  effec ts  on  t im e  until d ispersa l  b e tw e e n  th e  
d if fe ren t  cryptic sp ec ies

T im e until first effective dispersal differed betw een the four 
cryptic species o f L. marina (ANOVA, F3;48 = 13.56, P  = 2.06e-05) 
and  the distribution of food had  a  significant effect on  this 
(F3j.4 8 = 10.47, P = 1 .5 6 e  06). M oreover, an  in teraction  effect 
betw een species and  food distribution was found (F9;48 = 4.89, 
P  = 0.00012). Food distribution had  a p ronounced  effect on the 
tim e until dispersal o f Pm  I, w ith a  significandy longer tim e until 
dispersal for the B an d  the I trea tm en t (dispersal occurred 
respectively after 14 .5±1 .6  days an d  14 .8±1 .9  days) com pared 
with the D and  N  trea tm en t (resp. average o f 5 ± 0 .9  and  6 .5 ± 0 .3  
days until dispersal, fig. 2a). In  the B and  I treatm ent, Pm  I also

dispersed m ore slowly th an  the o ther species, except for Pm  I in 
the B trea tm en t com pared with Pm  IV  in the B trea tm en t and  
with Pm  III in the N  trea tm en t (for B treatm ent: 6 .3 ±  1.0 days (Pm 
II), 4 .3 ± 2 .0  days (Pm III); for I treatm ent: 5 .8 ± 1 .0  days (Pm II), 
5 .5 ± 0 .9  days (Pm III) an d  7 .0 ± 0 .4  days (Pm IV); for N  treatm ent: 
6 .5 ± 0 .5  days (Pm II) and  6 .5 ± 0 .5  days (Pm IV)). T im e until 
dispersal for the D trea tm en t did no t differ betw een the species 
and  no differences betw een the different food treatm ents were 
found for the o ther species (Fig. 2a).

T otal nem atode density in the inoculation plate a t the m om ent 
o f first effective dispersal only differed betw een the different food 
distribution treatm ents (ANOVA, F 348= 11.40, P  = 9.19e-06), 
w ith significant differences betw een the I trea tm en t an d  the three 
o ther treatm ents. Dispersal occurred  a t the lowest nem atode 
density for the D trea tm en t (47.6 ± 1 5 .2  organism s over the four 
species), followed by the N  trea tm en t (114 .7±26.5  organisms), the 
B trea tm en t (119.1 ± 2 9 .8  organisms) an d  the I treatm ent 
(215 .8±23.7  organisms). Food distribution had  the same effect 
on  juvenile and  adult densities in the inoculation plate a t first 
dispersal (resp. F 348 = 9.63, P  = 4.37e 05 and  F348= 10.36, 
P  = 2.28e-05). In  addition, adult num bers in the inoculation plate 
differed betw een species (F3;48 = 3.06, P  = 0.037), and  a  significant 
interaction effect betw een food distribution and  species was 
observed (F948 = 2.16, P  = 0.042) (Fig. 2b), w ith lower adult 
num bers a t tim e o f first dispersal for Pm  II in the D treatm ent 
(5 .3± 3 .6  adults) com pared w ith Pm  I in the B an d  I treatm ent 
(resp. 5 9 .5 ± 2 0 .9  adults an d  6 8 .8 ±  10.2 adults) an d  Pm  III in the I 
trea tm en t (60.5 ± 1 1 .7  adults).

For num ber o f dispersive adults a t tim e o f first effective dispersal 
the interaction betw een food distribution an d  species was 
significant (ANOVA on log-transform ed data, F9 48 = 3.09, 
P  = 0.0052). Significant differences betw een species w ere also 
found (F3;48 = 3.00, P =  0.039), mostíy the result o f a  higher 
num ber o f dispersive adults for Pm  IV  in the D treatm ent 
(14±4 .02  adults) com pared with Pm  II in this trea tm en t (1 .0±0.5), 
Pm  I in the B and  I trea tm en t (resp. 1 .3 ± 0 .3  an d  1 .3 ± 0 .4  adults), 
Pm  III in the B trea tm en t (1 .0± 0 .0  adults) and  Pm  IV  in the N  
trea tm en t (1 .0± 0 .0  adults) (Fig. 2c).

Salinity effec ts  on  t im e  until d ispersa l  b e tw e e n  th e  
d if fe ren t  cryptic sp ec ies

T im e until first effective dispersal was shorter a t a  lower salinity 
for all species (ANOVA, F 124 = 7.32, P  = 0.012), w ith an  average 
o f 5 .8 ±  1.1 days a t a  salinity o f 15 com pared  to 8 .4 ± 2 .1  days a t a 
salinity o f 25. T im e until dispersal also differed betw een the four 
cryptic species over the two salinities (F3 24 = 12.9, P  = 3.28e °5) 
with Pm  I again being the slowest disperser. D ispersal in Pm  I 
occurred  only after 11,4 ±  1.5 days (average over the two salinities) 
com pared to 5 .5 ± 0 .5  days in Pm  II, 3 .9 ± 0 .9 7  days in Pm  III and  
7 .4 ± 0 .8  days in Pm  IV  (Fig. 3a). No in teraction  effect betw een 
species an d  salinities was found (F3 24 = 1.19, P  = 0.33), indicating 
th a t the salinity effect was similar for all four cryptic species. 
How ever, no significant differences in tim e until first dispersal 
w ithin species could be found (F16, all P> 0 .05).

T otal num bers o f  organism s in the inoculation p late a t tim e of 
first effective dispersal were lower a t a  salinity o f 15 th an  a t a 
salinity o f 25 (77.3 ±  15.3 vs. 126.7±16.1 organisms; A N O V A , 
Fi 2 4  = 5.49, P =  0.028) over the four cryptic species. T otal 
abundances a t tim e o f dispersal were also species-specific 
(F3 ; 2 4  = 6.91, P  = 0.0021), w ith Pm  III dispersing a t m uch lower 
total densities (28.1 ±  12.0 organisms) com pared  w ith the three 
o ther species (resp. 139 .4±  13.3 organisms (Pm I), 92 .6±30 .1  
organism s (Pm II) and  117 .9±21 .3  organism s (Pm IV)) over the 
two salinities. T h e  same tren d  was found w hen focusing on
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Figure 2. Effect o f  food  distribution on  dispersal abilities: (a) 
average tim e until first dispersal ev en t (m ean ±  SE), (b) 
average num ber o f adults in th e  inoculation plate (m ean ±  SE) 
at tim e of first dispersal ev en t and (c) average num ber of 
adults in the dispersal plate (m ean ±  SE) at tim e of first 
dispersal for th e  four cryptic sp ec ies o f L. marina at four 
different food  treatm ents. (B: fo o d  a t  in o cu la tio n  a n d  d ispersa l 
p la te ; I: on ly  fo o d  in ino cu la tio n  p la te ; D: on ly  fo o d  in d ispersa l p la te ; N: 
n o  fo o d  in b o th  p la tes) (le tte rs  a b o v e  b a rs  in d ica te  pairw ise  sign ifican t 
d ifferences; p < 0 .0 5 ; n =  64). 
do i:10 .1371/jo u rn a l.p o n e .0042674 .g002

abundances o f juveniles (effect o f salinity: F 3 24 = 6.80, P  = 0.016; 
effect o f species: F329 = 4.30, P  = 0.014). A dult abundances at first 
dispersal were also species-specific (F3 24 = 5.7, P =  0.0041), with

Figure 3. Effect o f salinity on dispersal abilities: (a) average  
tim e until first dispersal ev en t (m ean ±  SE), (b) average  
num ber of adults in th e  inoculation plate (m ean ±  SE) at tim e  
o f first effective  dispersal and (c) average num ber o f adults in 
the dispersal p late at th e  first dispersal ev en t (m ean ±  SE) for 
the four cryptic sp ec ies  o f L. marina at tw o different salinities 
(no pairw ise sign ifican t d ifferen ces w ere found; p < 0 .0 5 ;  
n = 32).
doi:10.1371 /jo u rn a l.p o n e .0 0 4 2 6 7 4 .g 0 0 3

significant differences betw een Pm  III (6.1 ± 2 .3  adults) com pared 
with Pm  I an d  Pm  IV  (resp. 5 7 .6 ±  11.4 and  4 3 .5 ± 7 .5  adults), bu t 
no effect o f salinity could be  found (Fli24 = 0.41, P  = 0.52) (Fig. 3b). 
An in teraction  effect betw een salinity and  species was absent in all 
three  cases (F3 24, all P > 0 .18). For total nem atode density,
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significant differences w ithin one species were found for Pm  III 
(Fli6 = 7.74 , P  = 0.032) and  Pm  IV  (Fli6 = 14.97, P  = 0.0083), with 
h igher total abundances at a  salinity o f 25 (52.0±  17.0 (Pm III) and  
165 .5±24 .0  (Pm IV)) th an  at a  salinity o f 15 (4 .25± 2 .6  (Pm III) 
and  7 0 .3 ± 5 .6  (Pm IV)). No significant differences were found 
w ithin one species for the adult nem atode density (F16, all 
P>0 .05).

N um bers o f adults in the dispersal p late  a t tim e of first dispersal 
did not differ betw een the different salinity treatm ents, bu t did 
differ betw een the different species (ANOVA, F 3 24 = 4.81, 
P  = 0.0091), w ith h igher num bers o f dispersive organism s for Pm  
II (5 .4± 0 .8  adults) th an  for Pm  III (1 .3± 0 .2  adults; P  = 0.03) 
(Fig. 3c). O ne-w ay A N O V A ’s betw een salinities w ithin one species 
did not reveal any differences (F! 6, all P > 0 .05).

G e n d e r  effec t  o n  d ispersa l
Proportion  o f females am ong the first dispersive nem atodes 

differed betw een the different cryptic species (Kruskal-Wallis, 
H =  11.27, P =  0.01), w ith consistently only females being the first 
dispersers in  Pm  I and  Pm  III. A m ore balanced  ratio o f dispersive 
females and  males was found for Pm  II and  Pm  IV  (Fig. 4).

Discussion
T o date, there is only lim ited evidence for differential dispersal 

in m eiofauna at the level o f species [35,56,57,58], particularly  with 
respect to active dispersal. T hree  im portan t characteristics 
explaining differential dispersal rates in benthic nem atode 
assemblages are size [59], life history [59,60] and  vertical position 
inside the sedim ent [20], In  addition, even closely related 
nem atode species m ay differentially disperse towards different 
food patches [61,62].

In  our experim ent, active dispersal occurred in all four cryptic 
species o f L. marina in less than  two weeks, and  significant 
differences betw een the species w ere observed. Pm  I was the 
slowest disperser, taking alm ost one week longer to disperse than  
Pm  III, the fastest disperser. It is unlikely th a t any o f the above 
m entioned factors can  explain the observed differences in time 
until dispersal in our study. Size differences betw een the cryptic 
species are lim ited [44], T h e  little inform ation available on life 
history differences betw een these cryptic species (increased
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Figure 4. Proportion o f  fem ales am ong d isp ersive  adult 
n em atodes at first dispersal (m ean ±  SE) for th e  four cryptic 
sp ec ies  o f L. marina  in th e  B treatm ent (letters ind icate  
significant differences; p < 0 .0 5  ; n = 16).
doi:10 .1371/jo u rn a l.pone .00 4 2 6 7 4 .g 0 0 4

population  grow th for Pm  III and  Pm  IV  at a  salinity o f  15 (De 
M eester et al., 2011)), suggests that such differences are ra th e r 
subtle, an d  do not clearly correlate w ith the dispersal differences 
observed here. M oreover, L. marina is no t a  true infaunal species 
bu t ra th e r frequents patches o f decom posing algae or biofilms on 
living algae, rendering  a direct link betw een position in the 
substratum  and  dispersal unlikely. Finally, the food conditions 
were the same for all four species in the present experim ents. T he 
different dispersal ability o f Pm  I may, however, be  related to 
species-specific attraction  to food sources. In  a  prelim inary 
experim ent on the m igration o f these four cryptic species towards 
different bacterial strains, Pm  I was the only species w hich readily 
m oved towards E. coli (Derycke, unpublished data). T his is 
surprising given the fact th a t lab cultures o f all four species are 
easily m ain tained  on  E. coli, bu t these results could explain why Pm  
I dispersed sooner in the D treatm ent com pared with the B and  I 
treatm ents. At the same time, if Pm  I has a  stronger preference for 
E. coli as food than  the o ther cryptic species, then  this m ight also 
explain why Pm  I generally dispersed later than  the o ther species 
in the B and  I treatm ents, bu t it does not explain why dispersal was 
equally fast w hen no food was available in bo th  plates and  thus no 
food trigger was present (N treatm ent) as in the D treatm ent. In 
the N  an d  D treatm ent, tim e o f first dispersal was no longer 
species-specific an d  occurred  a round  the fourth day in all species, 
p robably  to avoid the suboptim al conditions o f the inoculation 
p late (no food). This shows that Pm  I is able to disperse faster 
under certain  conditions and  tim e until dispersal is not m erely the 
result o f  behavioural differences in activity or motility betw een 
different cryptic species. N em atodes w ere also able to survive and  
even reproduce in plates w ithout food, p robably  because they 
survive tem porarily  on  energy reserves and  nem atodes, even after 
washing, still carry  some bacteria  from  the stock cultures on their 
cuticles an d  thus spread some food even in treatm ents w here none 
h ad  been inoculated (N treatm ent).

No differences in tim e until dispersal were found betw een the I 
and  B treatm ent, w hich indicates th a t density dependent dispersal 
m ay be im portant. For Pm  I and  Pm  IV  organisms disperse when 
densities becom e too high (com parable m axim al densities at the 
same food availability in [47]), regardless o f the conditions 
elsewhere. At the tim e o f their dispersal, inoculation plates had  
already reached h igher population  densities as in the D and  N  
treatm ents, and  intraspecific interactions m ay be increased. 
O rganism s will disperse to avoid crowding, even though food is 
still available, in agreem ent with results on C. elegans [25,63]. In 
contrast w ith the clear density dependent effect in Pm  I and  Pm  
IV, Pm  III dispersed before the fifth day in the B, I an d  D 
treatm ent, i. e. well before the first offspring generated  in the 
inoculation plates becam e adult and  density dependence could 
have becom e im portant. Pm  II dispersed in all food treatm ents a t a 
lower population  density in the inoculation p late com pared with 
the o ther species. T his can be  the consequence o f higher 
intraspecific com petition in this species. T h e  effect o f  food 
quantity  was no t tested in this experim ent, bu t we can  expect 
that lower food availability in the inoculation plates will result in 
m ore severe intraspecific com petition behaviour. Previous results 
already showed an  inverse relationship betw een food availabilities 
and  dispersal rates in a  variety o f invertebrates and  vertebrates 
[25,64,65,66],

Besides the species-specific effect o f food distribution on 
dispersal, salinity also had  an  effect on  dispersal, w ith a  generally 
m ore rap id  dispersal a t the lower salinity for all four cryptic 
species. Despite this, no significant differences were found betw een 
the two salinities w ithin individual species, even though  the 
average in tim e until dispersal over the four cryptic species was
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2 .4 ± 1 .0  days longer a t the h igher salinity. W e h ad  anticipated 
such a  response for Pm  III and  Pm  IV , because m onospecific 
cultures o f bo th  species h ad  h igher grow th rates at the lower 
salinity [4], so intraspecific com petition could be expected to show 
up sooner at the lower salinity. How ever, bo th  species showed 
significantly lower total densities in  the inoculation plate a t the 
tim e o f dispersal at the lower salinity, dem onstrating  that the effect 
o f  salinity does no t simply m irror density-dependence. W e suggest 
that the salinity effect on dispersal m ay be a  consequence o f a 
different energy allocation a t different salinities [67,68,69,70], 
W hen com paring  total nem atode densities o f the present 
experim ent w ith the results o f a  previous experim ent w ithout 
dispersal [4], we see th a t Pm  III reached  higher total abundances 
at the lower salinity in  cultures w here no dispersal was possible 
com pared with the present experim ent in w hich dispersal was 
possible (resp. 132 .8±44 .8  and  4 .3 ± 2 .6  nem atodes at the tim e of 
dispersal, Kruskal-W allis test, H  = 10.59, P  = 0.014; Fig. 5). These 
results should be in terpreted  w ith caution because b o th  experi­
m ents w ere no t perform ed sim ultaneously, bu t total population 
densities obtained in bo th  experim ents were com parable. These 
results support the energy allocation hypothesis: if organism s have 
the chance to disperse, they will spread their energy first over 
dispersal, an d  postpone reproduction  until they arrive a t the new 
plate, w hich is indicated by the rap id  grow th in the dispersal plate 
(around day 6 the population  abundance in the dispersal p late was 
h igher th an  in the inoculation p late in all 4 replicates). These 
differences were no t found a t a  salinity o f 25, w here Pm  III showed 
com parable total densities in plates with an d  w ithout dispersal 
opportunities (resp. 5 2 .0 ±  16.9 an d  10 .5±8 .2  nem atodes at the 
tim e o f dispersal, A N O V A  betw een two treatm ents, F t 7 = 4.86, 
P  = 0.07; Fig. 5). How ever, Pm  III showed a h igher juvenile 
density in the inoculation p late in the I trea tm en t com pared with 
the B treatm ent, w hich could be explained by the absence of a 
food trigger in the dispersal p late in the first treatm ent, leading to 
m ore investm ent o f energy in reproduction  th an  in  dispersal. For 
Pm  IV  no differences were found betw een densities in plates with 
and  w ithout dispersal opportunities a t lower salinity (F16 = 0.07, 
P  = 0.95; Fig. 5), so no differences in energy allocation were found 
for this species. T h e  higher density in plates w ith dispersal 
opportunities at the salinity o f 25 com pared w ith the salinity o f 15 
could be due to differences in tim e until first dispersal, w hich was 
on  average 2 days shorter at a  salinity o f 15 than  of 25, although 
not significantly different from  tim e until dispersal a t the lower 
salinity (6 .3± 0 .9  days). T hese differences in densities were 
com pletely due to the num ber o f juveniles (F16 = 35.06, 
P  = 0.0010), w hich could point out that a t the higher salinity the 
second generation already started to reproduce in contrast with 
the population  dynam ics a t the lower salinity. T h e  increased 
population  grow th a t a  salinity o f 15 in cultures w ithout dispersal 
opportunities [4] had  no effect on  the dispersal ability o f the 
species and  dispersal occurred  at bo th  salinities at a  tim e w hen no 
differences in total densities betw een the two salinities were found 
(Fig. 5).

T h e  num ber and  gender o f dispersive organisms also differed 
betw een the cryptic species. T h e  salinity experim ent showed that 
num ber o f adults in  the dispersal plate differed betw een Pm  II and  
Pm  III. M oreover, Pm  IV  followed the same trend  as Pm  II, and  
Pm  I as Pm  III. This tren d  was also found in the food distribution 
experim ent. Pm  I and  Pm  III had  m ostly only one or two 
dispersive individuals a t the tim e of first dispersal and  these were 
always females. In  the days after the first dispersal event, males 
also arrived in the dispersal plate, invalidating the possibility o f 
sex-biased dispersal in these species. T h e  fact that in Pm  I an d  Pm  
III the first dispersers were always females could theoretically be  a
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Figure 5. A verage total num ber of organism s in th e  inoculation  
plate (m ean ±  SE) at tim e o f first effective  dispersal in plates 
with dispersal opportunities at tw o  different sa linities (Bí 5: 
salinity o f 15 ; B25: salinity o f 25) com pared with total num ber  
o f organism s at the sam e tim e in plates w ithout dispersal 
oppurtin ities at th e  sam e tw o salinities (M l5 and M25, data  
from De M eester et al., 2011) in four cryptic sp ec ies o f L. marina 
(letters a b o v e  bars indicate significant differences; p < 0 .05; 
n = 16).
doi:10.1371 /jo u rn a l.p o n e .0 0 4 2 6 7 4 .g 0 0 5

consequence o f female dom inance in the populations. Prelim inary 
results showed that for Pm  III populations a  biased m ale ffemale 
ratio exists (72.1 ± 1 1 %  females), w hich could partly  explain why 
females were the first dispersers, even though even this sex ratio 
should no t result in 100% o f the first dispersers being females. 
M oreover, the m aleffemale ratio is m ore balanced  in populations 
o f  Pm  I (53.8 ±6 .1  'lo females), so the fact that females w ere always 
the first dispersers clearly reflects sex-biased dispersal. This could 
result from  fitness differences betw een males an d  females [71]. 
Indirect support for this hypothesis comes from  the observation 
that females o f Pm  I tend  to have som ewhat shorter developm ent 
times th an  males [46,47] .The dispersal in the next days could then 
be triggered by the first dispersers, w hich leave m ucus tracks on 
w hich bacteria  can  easily grow [72], resulting in a  food ‘trail’ 
towards the new  patch. Pm  II and  Pm  IV  dispersed in m ost o f the 
treatm ents w ith a  h igher num ber o f  organisms, with an  almost 
perfectly balanced (1:1) ratio m ale s Teníales. H ere, it is m ore likely 
that individual ra th e r th an  gender-specific differences in fitness
[73] lead  to specific dispersal abilities. A nother possibility is that 
the species react differently to environm ental cues o r cues 
p roduced  by conspecifics [63]. W hen  no food was available in 
b o th  plates (N treatm ent), Pm  IV  dispersed w ith significantly fewer 
organism s com pared w ith the D treatm ent, possibly the result o f 
the absence o f a  food trigger. No such differences betw een food 
treatm ents nor betw een salinity treatm ents were, however, found 
in the o ther species, suggesting that the effects o f environm ent on 
dispersal depend on  the species.

All four cryptic species showed highly efficient dispersal, the 
p roportion  o f successful dispersal events exceeding 95 % in all four 
cryptic species and  under all experim ental conditions (Kruskall- 
W allis test for food, salinity and  species: all P> 0 .66). T h e  high 
dispersal rates observed here indicate that dispersal over short 
distances (10 cm) m ay be com m on in na tura l environm ents too. In 
na tu ra l environm ents dispersal will happen  in a  landscape mosaic
[74] and  no t ju st from  one location to the o ther as in this 
experim ent. O rganism s will thus be able to m ove from  and  to 
different patches in search of bette r spots. T his can lead  to
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dispersal over larger distances. T he fact th a t organism s only start 
to disperse after a  few days instead of a  few hours, can indicate that 
dispersal comes a t a  cost. Costs for active dispersal are mostíy 
considered to be  loss o f reserves due to increased locom otory 
activity [75]. A lthough these costs are expected to be small (only a 
few % of the total m etabolic costs [76]), tim e an d  risk (for instance 
an  increased p redator-prey  encounter probability  [77]) costs 
should also be  taken into account. T h a t dispersal goes with a 
cost is shown in the N  trea tm en t for Pm  III, w here the dispersal 
p late o f one of the replicates w ent extinct. M oreover, tim e until 
dispersal was som ew hat slower, w hich could be the result o f  the 
absence of food and  thus energy resources. This tren d  was no t seen 
in the o ther species. D ispersal can  be a  selective advantage when 
the fitness benefits o f dispersal exceed the costs o f  m ovem ent [78]. 
W hen local conditions becom e less favourable (e.g. food depletion, 
h igher intraspecific com petition, etc.), dispersal will be beneficial.

O u r study dem onstrates th a t differences in tim e until dispersal 
betw een very closely related nem atode species exist. Dispersal is in 
m ost cases density-dependent. H ow ever, Pm  III h ad  a  shorter 
dispersal tim e com pared w ith Pm  I, an d  dispersed well before high 
densities w ere reached in the inoculation plate. M oreover, food 
distribution an d  salinity can alter the tim ing o f dispersal in cryptic 
species o f L. marina. This response is species- an d  condition- 
specific. I f  active dispersal is com m on in natural environm ents, 
patches w here species go extinct, can easily becom e colonised 
again [79], w hich can  contribute to the resilience o f populations
[51]. T h e  typical hab ita t o f L. marina consists o f ephem eral patches 
o f  m acroalgal wrack w ashed ashore, and  local populations are 
hence subject to p ronounced  colonization-extinction dynamics 
[79]. T h e  species-specific differences in dispersal strategy can have 
im portan t consequences for m etapopulation  an d  m etacom m unity 
dynamics, genetic diversity and  species com position in newly 
establishing populations and  assemblages, for instance if priority
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effects, w here the first arriving species will have an  advantage over 
the following species, occur [79,80]. C lear priority  effects w ithin a 
single cryptic species o f L. marina (Pm I) have been  dem onstrated  in 
a  field experim ent, im pacting  the genetic structure an d  diversity o f 
local populations [79]. H ow ever, we are unaw are of any studies 
dem onstrating  priority  effects betw een different nem atode species. 
T h e  active dispersal observed here over small distances m ay affect 
dispersal a t larger scales, since it m ay facilitate passive dispersal as 
well. T h e  differences in dispersal can also affect the response of 
cryptic species to com petition and  can help explain tem porary  
coexistence betw een cryptic species. For instance, w eaker com ­
petitors could be expected to disperse sooner. From  the mixed- 
species experim ent by  D e M eester e t al. [4], however, Pm  I and  
Pm  III proved to be the stronger com petitors and  Pm  II and  Pm  
IV  the w eaker ones, so bo th  the slowest an d  fastest disperser in our 
cu rren t experim ents appear to be strong com petitors. For testing 
this hypothesis, m ore inform ation abou t the interaction betw een 
dispersal and  o ther biological factors (e.g. competition) is necessary 
to bette r understand  the m echanism s underlying this coexistence. 
In  a  future experim ent, m icrocosm s with dispersal opportunities, 
in w hich all four cryptic species are p laced together, will be started 
up to record  differences in tim e until dispersal betw een the cryptic 
species w hen com petition betw een the different species is present.
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