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INTRODUCTION

The life cycle of many sessile marine invertebrates
includes a free-living planktonic larval phase, which
is morphologically and ecologically distinct from the
adults. Upon release, planktonic larvae are widely
dispersed to a variety of habitats primarily by water
currents and wind patterns (Rodríguez et al. 1993,
Pineda et al. 2002, Shanks & Shearman 2009). The
planktonic larval stage is divided into 2 periods: pre-
competence, during which growth and development
occur, and competence, in which development is
completed and the larvae are ready to settle (Rodrí -
guez et al. 1993, Rittschof et al. 1998). However, lar-

val adaptations for planktonic life are retained until
an adequate stimulus is encountered for settlement
and metamorphosis into sedentary juveniles (Rodrí -
guez et al. 1993). The transition from planktonic to
sessile is a critical point in the life cycle of benthic
marine invertebrates; for many, the settlement on
solid substrates is the prerequisite for final meta -
morphosis into sessile adults (Hadfield & Paul 2001,
Hadfield 2011).

The choice of settlement site for benthic inverte-
brates is critical, as the survival, growth and repro-
ductive success are ultimately dictated by this one
act. To this end, larvae have developed complex pat-
terns of behaviour and finely tuned discriminatory
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abilities to ensure that settlement occurs in a habitat
which will maximise their expected fitness (Jenkins
2005, Burgess et al. 2009). Numerous studies have
shown that invertebrate larvae actively respond to
both physical and chemical cues associated with a
substrate. These cues include hydrodynamic forces
(Jonsson et al. 2004, Larsson & Jonsson 2006, Koehl
2007), surface composition and/or texture (Scardino
et al. 2003, Herbert & Hawkins 2006), the presence
of prey, competitors and predators (Morse & Morse
1984, von der Meden et al. 2015), conspecifics (Jensen
& Morse 1984, Pawlik 1986) and microbial biofilms
(Huang & Hadfield 2003, Qian et al. 2007, Nielsen et
al. 2015, Tebben et al. 2015).

Cues presented by microbial biofilms are par -
ticularly well known to influence the settlement of
marine invertebrates (Rittschof et al. 1998, Wiec-
zorek & Todd 1998). Microbial biofilms are complex
3-dimensional structures composed of microorgan-
isms including bacteria, diatoms, thraustochytrids,
fungi and protozoa enveloped within a matrix of
extra cellular polymers that cover immersed substrata
(Dobretsov 2010). The importance of physical and
chemical cues originating from microbial biofilms,
namely from bacteria and diatom assemblages, for
the settlement of invertebrate larvae has been partic-
ularly well documented (Rittschof et al. 1998, Wiec-
zorek & Todd 1998, Qian et al. 2010, Dobretsov et al.
2013, Mieszkin et al. 2013). However, despite proto-
zoa being a ubiquitous component of microbial bio-
films, their influence on invertebrate settlement
remains largely unknown.

Biofilm-dwelling protozoa have strong impacts on
bacterial abundances, bacterial and microalgal  species
assemblage structures, biofilm architecture and
sloughing dynamics (Jackson & Jones 1991, Mc -
Cormick 1991, Hahn & Hofle 2001, Corno & Jürgens
2006, Parry et al. 2007). Through laboratory assays,
Shimeta et al. (2012) determined that the presence of
a mixed assemblage of ciliates had a range of im -
pacts on the settlement and post-settlement mortality
of several invertebrate foulers, in cluding the serpulid
polychaete Galeolaria caespitosa. However, while
these mixed assemblages of ciliates had strong
effects on invertebrate settlement, it was unknown
whether the impacts observed were in response to
the actions of specific ciliate species within the as -
semblage or whether all ciliates were having an
equal effect. In addition, the study did not determine
the mechanism(s) by which the observed effects
were produced. Identifying the species- specificity of
the effects, and the mechanism(s) by which the cili-
ates influence invertebrate settlement, whether indi-

rectly by influencing the structure, abundance or
community composition of microbial biofilms, or
directly through physical or chemical interactions
with larvae, is essential to build a pre dictive under-
standing of the processes involved in invertebrate
recruitment dynamics.

Indirect mechanisms of influence would likely be
linked to protozoan grazing activities within a bio-
film. As major consumers of bacteria in the environ-
ment, heterotrophic protozoa are among the most
important selective forces that bacterial communities
face (Hahn & Hofle 2001, Arndt et al. 2003, Corno
2006, Corno & Jürgens 2006). Protozoan grazing
influences bacterial community structure and com-
position in aquatic ecosystems (Lawrence & Snyder
1998, Pernthaler 2005). Furthermore, the grazing
activities of protozoa also have strong impacts on bio-
film architecture, in extreme cases creating areas of
clearance or sloughing on the substrate (Jackson &
Jones 1991, Lawrence & Snyder 1998). Conceivably,
the impacts of protozoan grazing would alter the
settle ment cues produced by bacterial assemblages
on a given substrate, in turn indirectly influencing
the recruitment of invertebrate larvae.

Ciliates may also affect larval settlement through
direct mechanisms, influencing the behavioural res -
ponse of exploring larvae in the selection of potential
settlement sites. Patterns of larval substrate explo-
ration prior to permanent attachment and meta -
morphosis have only been described in detail for a
few species in still-water laboratory observations
(e.g. the barnacle Balanus amphitrite: Chaw et al.
2011, Maruzzo et al. 2011; the polychaete tubeworm
Hydroides elegans: Hadfield & Koehl 2004, Hadfield
et al. 2014; and the bryozoan Bugula neritina:
Burgess et al. 2009). Hadfield et al. (2014) identified
that larvae of the serpulid polychaete tubeworm H.
elegans engaged in different types of behaviour
dependent on whether they could touch biofilms or
not. Their results indicated that when larvae of H.
elegans made physical contact with a biofilm, their
swimming behaviour shifted from straight swimming
and circling to crawling, which was hypo thesised to
be the precursor to final settlement and metamorpho-
sis (Hadfield et al. 2014).

In a situation where settlement cues are surface-
bound rather than soluble, behaviours involving
physically touching potential settlement sites (e.g.
crawling) would naturally be more prevalent. Given
the abundance of ciliates within microbial biofilms
that grow on immersed substrates (Gong et al. 2005,
Xu et al. 2009, Watson et al. 2015), interactions be -
tween exploring larvae and ciliates on a biofilm must
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be a frequent occurrence. It is possible that physical
contact between larvae and ciliates during the explo-
ration process influences the selection of a suitable
site for final metamorphosis. Any such responses to
ciliates, whose distribution and abundance in the
environment are variable (Xu et al. 2009, Watson et
al. 2015), would have important implications for esti-
mating dispersal profiles and understanding recruit-
ment variation, both of which are key processes in
the dynamics of marine populations (Qian et al. 2007,
Burgess et al. 2009).

The ciliate assemblages that dwell within marine
biofilms are highly varied (Gong et al. 2005, Xu et al.
2009, Watson et al. 2015). Differences in behaviour,
morphology and grazing preferences of individual
ciliate species could all conceivably impact the settle-
ment response of invertebrate larvae. The present
study sought to test the effects of common biofilm-
dwelling ciliates on the settlement of the serpulid
polychaete G. caespitosa, and to identify the mecha-
nisms by which ciliates influence settlement. Specifi-
cally, the aims of this study were (1) to identify
whether the effect of 4 common biofilm-dwelling
 ciliates on the settlement of G. caespitosa is ciliate
species-specific; (2) in the case of the ciliate Euplotes
minuta, to determine whether the mechanism of in-
fluence is a chemical cue released by the ciliate; (3) to
investigate the impact of E. minuta on the structure of
the bacterial biofilm as a possible indirect mechanism
influencing larval settlement; and (4) to determine
whether the presence of E. minuta elicits behavioural
changes in surface exploration of G. caespitosa
larvae, and quantify any changes in explo ratory be-
haviour directly before and after contact is made.

MATERIALS AND METHODS

Collection and culture of biofilm-dwelling ciliates

The ciliates were collected from plastic Petri dish
microscope slides (Analyslide®, Pall) which were de -
ployed for 2 wk underneath a pier at Williamstown,
Port Phillip Bay, Australia (37° 51’ 37.5”S, 144° 54’
30.8”E). After deployment, Petri dishes were capped
underwater and immediately transported to the labo-
ratory. Dishes were analysed under a dis section
microscope (Leica MZ9.5) and motile ciliates isolated
by micropipette into monospecific cultures. Isolated
ciliates were cultured in tissue culture flasks contain-
ing 25 ml of 0.2 µm filtered sterilised sea water (FSW;
36 ppt salinity), 0.005% yeast extract (OxoidTM) and a
single grain of rice. Cultures were kept in a tempera-

ture-controlled room at 25°C on a 15:9 h light:dark
cycle and transferred into fresh medium every 2 wk.
Once cultures were well established, ciliates were
identified by preserving in Bouin’s fixative and then
impregnating with pro targol as described by Skibbe
(1994). Identifications were made following the keys
in Carey (1992), Lee et al. (2000) and Lynn (2008).

The ciliates isolated for the assays included Eu plo -
tes minuta, Amphisiella sp., Litonotus sp. and Uro ne -
ma marinum. The selected species represen ted cili-
ates from both vagile and planktonic niches, and
were all highly abundant in natural marine assem-
blages as identified by Watson et al. (2015). The
hypotrich ciliate E. minuta was selected as the test
species for experiments designed to identify poten-
tial mechanism(s) of influence based on their level of
inhibition observed in the species-specificity assay,
and because ciliates from the genus Euplotes are
amongst the most highly abundant ciliates identified
within natural marine ciliate assemblages (Xu et al.
2009, Watson et al. 2015). E. minuta is also a rela-
tively large species of ciliate (approx. 50 µm), facili-
tating the observation of direct contact between larva
and ciliate (Fig. 1).

Larval culture

Adults of the serpulid polychaete Galeolaria
 caespitosa were collected from the intertidal zone at
Williamstown, Port Phillip Bay, Australia (37° 52’
17.3”S, 144° 53’ 56.7”E) between November 2013
and February 2014. Pieces of mature colony were
chipped from the rock with a hammer and chisel. The
animals were transported to the laboratory and held
in marine aquaria for no more than 2 wk. The proce-
dures for obtaining gametes and raising larvae fol-
lowed those described by Marsden & Anderson
(1981). Mature adults were isolated into Petri dishes
containing FSW, and stimulated to release gametes
by gently removing adults from their tubes. Oocytes
collected from 4 to 5 individual females were fer-
tilised with a dilute sperm solution taken from 2 to 3
males. After approximately 10 min, excess sperm
was removed by passing the fertilised egg suspen-
sion through a 25 µm sieve. Fertilised eggs were then
transferred into bowls containing 450 ml of FSW.
Cultures were maintained at 25°C on a 15:9 h light:
dark cycle throughout larval development. Once
hatched (after approximately 20−24 h), trochophore
larvae were transferred into fresh FSW and fed the
microalga Isochrysis galbana (Australian National
Algae Culture Collection CS-177, cultured on F/2
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medium) at 1 × 104 cells ml−1 on a daily basis until
competent.

Competency of larvae was determined based on
morphological characteristics as described by Mars-
den & Anderson (1981), and via a modified rapid test
with 3-isobutyl-1-methylxanthine (IBMX), a known
settlement inducer (Qian & Pechenik 1998). Sub -
samples of 5 to 10 larvae at 8 to 10 d post-fertilization
were placed into 6-cell polystyrene micro plate wells
containing a 10 ml solution of 1 mM IBMX in sea -
water. The sub-sampled larvae were monitored for
24 h. Once at least 90% of larvae settled in response
to IBMX within a 24 h period, larval cultures were
considered competent to metamorphose.

Preparation of bioassay dishes

Bioassay dishes for all experimental treatments de -
scribed below were prepared following this method.
Settlement assays were run in 55 mm diameter poly-
styrene Petri dishes. The presence of a monospecific
Pseudoalteromonas luteoviolacea biofilm significant -
ly enhances settlement of G. caespitosa compared to
untreated dishes (M. G. Watson et al. unpubl. data).
Biofilms were grown in each dish by submerging
Petri dishes, in a monolayer, into a large tub contain-

ing 4 l of sterilised FSW. The FSW bath
was aerated, and a growth medium
consisting of 0.001% yeast extract
(Oxoid™) and 0.001% bacteriological
peptone (Oxo idTM) was added to the
bath. The bath was inoculated with a
5 ml P. luteoviolacea suspension
(ATCC® culture no. 33492), a species
common to marine biofilms and well
known to induce the settlement of
another serpulid polychaete, Hydro -
ides elegans (Lau & Qian 2001, Had-
field et al. 2014). Bacteria were in -
cubated for 24 h in a temperature-
controlled room at 25°C on a 15:9 h
light:dark cycle. Following incubation,
the Petri dishes were gently rinsed
with sterile FSW to remove any unat-
tached cells, and subsequently re-filled
with 8 ml of sterilised FSW.

In addition to a bacterial biofilm, G.
caespitosa larvae require a conspecific
cue to settle consistently within labora-
tory-based settlement assays (M. G.
Watson et al. unpubl. data). This cue
was created by inducing 10 larvae to

settle in each replicate dish prior to the assay, as fol-
lows. After preparation of the monospecific bacterial
biofilm, approximately 15 competent larvae were
added to each dish in a 1 mM IBMX solution to induce
settlement. Once 10 larvae had successfully settled
and completed metamorphosis in each replicate dish
(ca. 24 h), any excess settled larvae were removed
and dishes were again gently rinsed with sterile FSW
to remove all trace of the IBMX solution. Each repli-
cate dish then contained the bacterial biofilm and ex-
actly 10 live settled G. caespitosa which provided a
natural cue for settlement.

Assay procedure

Competent larvae were gently filtered through a
90 µm sieve to remove algae and excess debris. Lar-
vae retained in the sieves were immediately trans-
ferred into FSW, from which they were inoculated
into assay dishes using a pipette. Twenty competent
larvae were randomly added to each treatment.
Throughout the 72 h duration of the experiment, lar-
vae were not fed and the FSW was not changed. Bio -
assay dishes were kept in a controlled en vir on ment at
25°C on a 15:9 h light:dark cycle. Once the experi-
ment had commenced, assay dishes were exa mined
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Fig. 1. (A) Competent Galeolaria caespitosa larva in the presence of Euplotes
minuta. (B) Protargol stain of E. minuta highlighting the cirri and oral
 membranelles which enable this subclass (Hypotrichia) of ciliate to thrive on 

substrates (photos by M. G. Watson)
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under a dissection microscope every 24 h. During
exa minations, ciliate densities were recorded and lar-
vae were classified as settled or unattached. G. cae-
spitosa were considered settled only once they had
completed final metamorphosis, i.e. attached to the
bioassay dish, produced a tube and grown  tentacles.

After the final examination at 72 h, the contents of
each dish were gently decanted and replaced with
1% formalin in FSW to preserve the bacterial bio-
films. Bacterial densities in each treatment were de -
termined via epifluorescence microscopy. The forma-
lin was removed from the dishes and 50 µl of 4’,
6-diamidino-2-phenylindole (DAPI), a fluorescent
stain, (0.02 mg ml−1) were added to the dish. Follow-
ing a 3 min incubation, a 22 × 40 mm coverglass was
placed on top of the DAPI solution, and bacterial cells
were counted on an epifluorescence microscope
(Leica DM2500) with UV excitation (340−380 nm) at
1000× magnification. Nearest neighbor distances
were determined by importing images of DAPI stained
biofilms into imageJ v1.48 (National Institutes of
Health, USA). The imageJ plugin ‘Nearest neighbor
distances calculation’ (Mao 2012) was utilised for cal-
culating the distribution of bacterial cells within each
replicate image.

Ciliate species-specific effects

Settlement assays included 4 experimental treat-
ments and a control, with 8 replicate dishes of each.
The control dishes only contained FSW, the P. luteo -
violacea biofilm and conspecific worms. The 4 ciliate
treatments were inoculated with 10 cells cm−2 of a
single species: E. minuta, Amphisiella sp., Litonotus
sp. and Uronema marinum in addition to the biofilm
and conspecific worms.

Ciliate-based metabolites

Determining whether settlement inhibition was due
to a chemical cue released by the ciliates was
achieved by using a filtrate from the ciliate cultures.
The experiment included a control and 2 experimental
treatments with 8 replicate dishes of each: (1) a
control containing only the P. luteoviolacea biofilm,
conspecific worms and 10 ml of FSW; (2) a ciliate
treatment containing the bacterial biofilm, conspecific
worms, 5 ml of E. minuta culture (equal to 10 cells
cm−2) and 5 ml of FSW; and (3) a ciliate filtrate treat-
ment, which contained the bacterial biofilm, conspe-
cific worms, 5 ml of E. minuta culture passed through

a 0.2 µm syringe filter (Millex®) to remove all ciliates
and bacteria, and an additional 5 ml of ciliate culture
passed through a 0.8 µm syringe filter (which re -
moved ciliates but allowed bacteria to pass through,
since they would be present in the ‘ciliate treatment’).

Analysis of swimming behaviour

Behaviour in the presence and absence of E. minuta

The assay included (1) control dishes without cili-
ates and (2) treatment dishes inoculated with the
 ciliate E. minuta. A total of 20 replicates of each treat-
ment were prepared. Replicates randomly desig-
nated as ciliate treatments were inoculated with E.
minuta at 10 cells cm−2. Following assay dish prepa-
ration, a single competent G. caespitosa larva was
placed into each replicate dish for examination. Lar-
vae were allowed a period of 5 min to acclimate to
the conditions of the assay dishes before filming com-
menced. Larvae in each replicate dish were recorded
for 25 s at 24 frames s−1. Video was recorded at 6.4×
magnification, ensuring that the whole assay dish
was in view during filming.

Behaviour before and after contact with E. minuta

Analysis of the impacts of contact was carried out
in 4 replicate dishes that were inoculated with E.
minuta at 10 cells cm−2. Following assay dish prepa-
ration, 10 competent G. caespitosa larvae were placed
into each dish for examination. Video was re corded
at 6.0× magnification to ensure that instances of
direct contact between ciliate and larva would be
clearly visible. Each replicate dish was filmed for
approximately 2 h in these settings. A total of 20
instances of contact between larva and ciliate were
located on the video and edited into shorter se -
quences for data analysis. The analysis of behaviour
was based on comparing velocity, acceleration and
change in swimming angle in the 4 s segment imme-
diately before contact and the 4 s segment immedi-
ately after contact.

Quantification of larval behaviour

The video recording of the larvae was conducted
via a stereomicroscope (Leica MZ9.5) and camera
(Leica DFC 310 FX). Video clips were converted into
image sequences with Adobe Media Encoder v17.0.1
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(Adobe Systems). Image sequences were transferred
into Image-Pro Premier v9.1 (Media Cybernetics) for
the quantification of motility. Once imported, se -
quences were spatially calibrated based on the scale
at which the video was recorded. The spatial calibra-
tion of the image sequence allowed for various
parameters of larval motility to be monitored. This
was accomplished by relating the pixel size to physi-
cal distances. Once spatial calibration was com-
pleted, 2-dimensional larval tracks were measured
using the automatic track objects operation in Image
Pro Premier. Acceleration, velocity, distance, turning
angle and x,y coordinates of each frame were re -
corded for each replicate.

Based on x,y coordinates of larval positions in each
frame, the velocity (v), acceleration (a) and change in
angle (Θ) were calculated as follows:

(1)

where d = distance between frames, t = time.
Variation in swimming parameters was quantified

by the coefficient of variation (CV), calculated as the
ratio of the standard deviation (σ) to the mean (μ):

(2)

Heat maps of larval tracks before and after occur-
rences of direct contact with ciliates were generated
via ImageJ v1.48, using the wiggle analysis plugin
developed by Preston et al. (2015).

Data analysis

Settlement rates (expressed as arcsine-square-root
transformed proportions) were tested at each time
point by an a priori test of main effects using the mean
squared error (MSE) from a repeated- measures
ANOVA. If the effect of the treatment was significant
at α = 0.05, Tukey pairwise comparisons were run
among the treatments at that time point using the
MSE from the test of main effects. Bacterial densities
and nearest-neighbour distances were tested for dif-
ferences among treatments by 1-way ANOVA, fol-
lowed by Tukey pairwise comparisons. Two sample
t-tests (α = 0.05) were used to compare larval swim-
ming parameters in control vs. treatment, as well as
to compare swimming parameters during the 4 s
before and the 4 s after contact. All statistical tests
were performed with Systat v13.

RESULTS

Ciliate species-specific effects

The settlement of Galeolaria caespitosa differed
significantly among treatments at all time points
(24 h: p = 0.02; 48 h: p = 0.007; 72 h: p = 0.01). Settle-
ment was significantly reduced in the presence of
Amphisiella sp., Euplotes minuta and Uronema mari -
num compared to the control (Fig. 2), whereas Lito -
notus sp. had no signifcant effect. Settlement was
reduced by 28.1% (Amphisiella sp.), 34.3% (E. min-
uta) and 28.1% (U. marinum) at 24 h, and increased to
37.5% (Amphisiella sp.), 43.7% (E. minuta) and
39.6% (U. marinum) by 72 h compared to the control.
Ciliate species-specific differences in the settlement
of G. caespitosa manifested after 48 h, with E. minuta
and U. marinum inhibiting the settlement of signifi-
cantly more larvae than Litonotus sp. (Fig. 2; 48 h).
After 72 h, the variability of inhibition among ciliate
treatments had decreased. However, E. minuta still
inhibited significantly more larvae than Litonotus sp.
(Fig. 2; 72 h).

Cell densities differed among ciliate species at all 3
time points (p < 0.001 in each case) (Table 1). E. min-
uta and U. marinum had the highest densities, reach-
ing 42.2 ± 2.3 cells cm−2, while Amphisiella sp. and
Litonotus sp. were lower throughout the assay. At the
conclusion of each assay (72 h), there was no signifi-
cant difference in the abundance of biofilm bacteria
among the control and ciliate treatments (p = 0.94,
Table 1).

CV = σ
μ
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Fig. 2. Galeolaria caespitosa settlement rates in the presence
or absence (control) of ciliates (mean ± SE cells cm−2). Within
each time point, means with different superscripts were
signi ficantly different by post hoc multiple comparison tests 

following a significant ANOVA (α = 0.05)
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Effect of ciliate-based metabolites
on settlement

After 24 h, larval settlement dif-
fered significantly among the treat-
ments (ANOVA p < 0.001; Fig. 3).
Settlement was significantly inhib-
ited in the physical presence of E.
minuta compared to the control and
filtrate treatment (pairwise compari-
son p < 0.001 and p = 0.002, respec-
tively; Fig. 3). Settlement in the E.
minuta treatment was on average
51.1% lower than that in the control
and filtrate treatments. At 48 and 72 h, a similar
pattern of settlement persisted. The control and fil-
trate treatments were at no point significantly dif-
ferent from each other (all p values > 0.97). Settle-
ment in the presence of E. minuta, however, was
still significantly reduced compared to the biofilm
and filtrate treatments at 48 (p < 0.001) and 72 h
(p < 0.001; Fig. 3). Upon the conclusion of the
assay, settlement was reduced by 36.8% in the E.
minuta treatment compared to the control and fil-
trate treatments.

Bacterial biofilm abundance and structure

Bacterial abundance prior to commencing the as -
say was 7.6 ± 0.9 ×103 cells cm−2, and it increased
during the assay (Fig. 4). At the conclusion (72 h),
despite the introduction of E. minuta into the ciliate
treatment, there was no significant difference in bac-
terial abundance between the control (1.43 ± 0.10
×104 cells cm−2) and ciliate treatments (1.31 ± 0.09
×104 cells cm−2; p = 0.57; Fig. 4). In conjunction with
an increase in bacterial abundance, the nearest-
neighbour distances between cells decreased in both
treatments over time (Fig. 4). However, the ciliate
treatment had a significantly shorter nearest-neigh-
bour distance than the control after 72 h (p < 0.001).
The average nearest-neighbour distance in the cili-
ate treatment was 1.51 ± 0.20 µm, compared with
2.46 ± 0.32 µm in the control (Fig. 4). A shorter
 nearest-neighbour distance is evidence that the
Pseudo alteromonas luteoviolacea biofilms in the
presence of E. minuta had a more clustered distribu-
tion (Fig. 5). The biofilm in the control was distrib-
uted relatively evenly over the substrate. In contrast,
the biofilm in the presence of E. minuta showed areas
of clearance, with bacteria clustered together in tight
groups.
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Ciliate density (cells cm−2) Bacterial density 
(×104 cells cm−2)

24 h 48 h 72 h 72 h

Control 0.0 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0a 1.5 ± 0.1a

Amphisiella sp. 11.4 ± 0.4b 16.1 ± 0.3b 18.4 ± 0.3b 1.4 ± 0.1a

Euplotes minuta 16.9 ± 0.7c 31.5 ± 0.9c 36.8 ± 1.2c 1.4 ± 0.1a

Uronema marinum 40.4 ± 2.8d 42.2 ± 2.3d 31.4 ± 1.5c 1.1 ± 0.2a

Litonotus sp. 12.1 ± 0.7b 11.7 ± 0.9e 8.6 ± 0.6d 1.5 ± 0.1a

Table 1. Mean ± SE ciliate and bacterial densities in Galeolaria caespitosa
 settlement assays. Within each time point, means with different superscripts
are significantly different by post hoc multiple comparison tests following 

a significant ANOVA (α = 0.05)

Fig. 3. Galeolaria caespitosa settlement rates (mean ± SE) in
the presence of a bacterial biofilm and conspecific worms
(control); a bacterial biofilm, conspecific worms and filtrate
from a Euplotes minuta culture (filtrate); and a bacterial bio-
film, conspecific worms and 10 cells cm−2 of E. minuta (cili-
ate). Within each time point, means with different super-
scripts were significantly different by post hoc multiple 

comparison test at α = 0.05

Fig. 4. Analysis of bacterial biofilm abundance and cell dis-
tribution in the presence and absence of Euplotes minuta,
displaying total abundance and nearest-neighbour distance
(mean ± SE). Within each analysis (abundance or nearest
neighbour), means with different superscripts were signifi-

cantly different at α = 0.05
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Swimming behaviour

In the absence of E. minuta, most G. cae-
spitosa larvae swam close to the bottom,
frequently pausing to touch their apical tuft
to the biofilm surface before lifting off
again (Fig. 6A,B,D). Less frequently, but
still typically, the larvae crawled across the
substrate, occasionally pausing before
moving on (Fig. 6C). While the same gen-
eral pattern of behaviour was often ob -
served in the presence of E. minuta, the lar-
val swimming behaviour was significantly
more erratic (Fig. 6). While engaged in the
touching/ crawling behaviour, the larvae
did, on occasion, suddenly circle rapidly
just above the substrate (Fig. 6E−H). Fol-
lowing this event, some larvae re sumed the
typical touching/crawling exploration be -
haviours, while others simply swam away
from the bottom of the dish.

The mean change in larval swimming
angle be tween frames was significantly
higher in the ciliate treatment (39.22 ±
2.36°) compared to the control (31.04 ±
2.36°, p = 0.02; Fig. 7C). There were no dif-
ferences between treatments in swimming
velocity (p = 0.57; Fig. 7A) or acceleration
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Fig. 6. Examples of Galeolaria caespitosa larval
trajectories (recorded in the horizontal plane) in
the (A−D) absence and (E−H) presence of the 

ciliate Euplotes minuta. Scale bar = 2 mm

Fig. 5. Structure of Pseudoalteromonas luteoviolacea biofilms after 72 h in the (A) absence and (B) presence of Euplotes minuta
(photos by M. G. Watson)
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(p = 0.72; Fig. 7B). Similarly, there were
no significant differences be tween treat-
ments in the coefficients of variation
for velocity or acceleration (p > 0.19;
Fig. 7D,E). However, the coefficient of
variation in the change of angle was sig-
nificantly greater in the control (2.17 ±
0.09) compared to the ciliate treatment
(1.93 ± 0.08, p = 0.03; Fig. 7F).

Swimming behaviour before and after
contact

Following contact with E. minuta, the
mean velo city of the larvae increased sig-
nificantly by 1.07 ± 0.16 mm s−1 (p = 0.02;
Fig. 8A). The mean change of angle also
increased significantly (p = 0.04; Fig. 8C)
by 33.76% during the 4 s following con-
tact. Acceleration was not significantly
influenced by contact events (Fig. 8B).
There were no significant differences in
the coefficients of variation of swimming
variables (Fig. 8D−F). Heat maps gener-
ated from larval tracks highlight the
increase in velocity following contact
(Fig. 9). Turn angle distributions of larvae
observed before and after contact re -
vealed a stron ger tendency to the smaller
angles (10−30°) prior to contact, indica-
tive of larvae continuing in a more consis-
tent direction (Fig. 10). In contrast, follow-
ing contact, larger angles (30−40°) were
more frequent, signifying larger changes
in direction (Fig. 10).

DISCUSSION

Ciliate species-specific effects

The presence of a single species of cili-
ate was enough to induce a significant
reduction in the settlement of Galeolaria
caespitosa. The data also indicate that the
various ciliate species had different
inherent strengths of influence on larval
settlement. At various stages during the
assays, ciliate treatments differed signifi-
cantly in their level of inhibition (Fig. 2).
Litonotus sp. was the only ciliate which
failed to significantly inhibit the settle-
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Fig. 7. Comparison of (A−C) mean values and (D−F) coefficients of
 variation (CV) in swimming parameters of Galeolaria caespitosa between
control and ciliate treatments (all values are means ± SE). In each panel,
means with different superscripts were significantly different at α = 0.05

Fig. 8. Comparison of (A−C) mean values and (D−F) coefficients of varia-
tion (CV) in swimming parameters during the 4 s before and the 4 s after
direct contact between Galeolaria caespitosa larvae and ciliates (all val-
ues are means ± SE). In each panel, means with different superscripts 

were significantly different at α = 0.05
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ment of G. caespitosa al together. Litonotus
is one of the largest genera of pleurostom-
atids, an order of ciliates commonly found
within marine biofilms and characterised
as voracious predators of flagellates, other
ciliates and even small metazoans (Kim &
Min 2009). The only predatory species
among the ciliate treatments, Litonotus sp.,
was also the ciliate treatment with the low-
est density beyond 24 h (Table 1). How-
ever, while the re duced impact of Litonotus
sp. in these assays may have been partly
due to their low abundance, they are also
typically sparse on substrates in nature.
The maximum density of Litonotus spp.
recorded in the field during summer by
Watson et al. (2015) was 1.68 cells cm−2,
while the abundances of Euplotes spp. and
Uro nema spp. exceeded 8.40 cells cm−2.

The ciliate assemblages that dwell
within marine biofilms are highly varied
(Gong et al. 2005, Xu et al. 2009, Watson et
al. 2015). With their rapid growth and deli-
cate external membranes, ciliate assem-
blages are strongly influenced by environ-
mental variation (Arndt et al. 2003, Gong
et al. 2005, Watson et al. 2015). As such, cil-
iate assemblages at any given time and
place will display a variety of differences in
behaviour, morphology and grazing pref-

erences, all of which may have variable impacts on
the settlement response of invertebrate larvae. The
implication of ciliate species-specific effects is that
larval settlement rates in the field should be related
to the quantitative assemblage structure of ciliate
species present at a given time and place.

Mechanisms of influence

Dissolved chemical cues

It was hypothesised that the mechanism by which
ciliates inhibit larval settlement could be due to the
release of a deterrent chemical cue from the ciliates,
similar to negative cues released by some bacteria
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Fig. 9. Examples of Galeolaria caespitosa larval
trajectories before and after contact with a cili-
ate, where the location of contact is indicated by
the white ×. Heat maps display the change in ve-
locity following these events. Scale bar = 

2 mm; tracking duration = 12 s

Fig. 10. Mean change in angle distributions before and after 
direct Galeolaria caespitosa larva and ciliate contact
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and algae (Lau & Qian 2001, Qian et al. 2007). How-
ever, filtrate from the ciliate cultures had no significant
effect on settlement (Fig. 3). This result also argues
against the possibility that ciliate grazing induced a
defensive response from the bacteria that released
chemical cues which deterred the larvae. Many spe-
cies of biofilm bacteria can inhibit the settlement of in-
vertebrates (Wieczorek & Todd 1998, Khandeparker
et al. 2006, Dobretsov et al. 2013). However, if such in-
hibitory chemicals were released by these bacteria,
they would have been present in the ciliate cultures
and subsequently added to assays with the culture fil-
trate. Therefore, since filtrate alone did not inhibit set-
tlement, the inhibition observed here is unlikely to be
the result of a soluble bacterial chemical cue.

Biofilm structure and bacterial abundance

As in a previous study (Shimeta et al. 2012), ciliate
grazing had no significant effect on the total bacterial
abundance in assay dishes, so the settlement inhibi-
tion cannot be explained as a response to changing
bacterial density. However, the presence of E. minuta
did significantly alter the structure of the experimen-
tal biofilms (Fig. 5). Lawrence & Snyder (1998) also
noted that aggregates or clumps of bacteria formed
in the presences of Euplotes sp. They repeatedly
observed Euplotes sp. concentrating feeding activity
within certain zones on the experimental substrate,
even in locations where more abundant prey was
available directly adjacent to these zones. It was con-
cluded that the concentrated feeding effort likely
facilitates the physical removal of bacterial cells from
the surface. Furthermore, repeated feeding in a tar-
geted zone might increase the likelihood of finding
actively growing cells, which may be preferred over
relatively starved cells (Lawrence & Snyder 1998).
When a biofilm displays high heterogeneity, such as
areas of clearance or sloughing as observed here in
the presence of E. minuta, the surface area of sub-
strate providing suitable stimulus for final attach-
ment and metamorphosis may be reduced, leading to
a subsequent reduction in settlement.

Recent studies have shown that physical contact
with a bacterial biofilm is necessary for metamorpho-
sis to occur for many invertebrates (e.g. Matson et al.
2010, Penniman et al. 2013, Hadfield et al. 2014,
Shikuma et al. 2014). Research by Shikuma et al.
(2014) revealed that contact with arrays of contractile
phage tail-like structures produced by Pseudoaltero -
monas luteoviolacea are responsible for triggering
settlement and metamorphosis of Hydroides elegans.

Bacteria typically use these structures to kill other
bacteria by puncturing their membrane, causing de-
polarization (Uratani & Hoshino 1984, Michel-Briand
& Baysse 2002). In fact, prior to the research presented
by Shikuma et al. (2014), no beneficial interaction had
been linked to these structures. Similar contractile
phage tail-like arrays have been identified in other
marine bacteria (Persson et al. 2009), and suggest a
novel form of bacterium−invertebrate interaction. Ad-
ditionally, it has been suggested that settling larvae
also employ the adhesive properties of the extracellu-
lar polymeric substances produced by bacteria to in-
crease their own attachment strength (Zardus et al.
2008, Hadfield 2011). Therefore, larvae might avoid
zones of concentrated ciliate grazing activity, due to
the lack of bacteria required for stimulating a settle-
ment re sponse. In this way, the grazing activities of
ciliates could reduce larval settlement rates.

Larval swimming behaviour

The processes occurring immediately before the
settlement of benthic invertebrate larvae are funda-
mental to determining the distribution, abundance
and dynamics of adult populations on marine hard
substrata (Qian & Pechenik 1998, Burgess et al.
2009). Complex behavioural mechanisms based on
interaction with a range of physical factors in part
determine where settlement occurs and at what
intensity (Qian & Pechenik 1998, Rittschof et al. 1998,
Wieczorek & Todd 1998). This study is the first to
experimentally show a behavioural response of in -
vertebrate larvae to the presence of ciliates. Through
direct video observation of in situ surface exploration
by G. caespitosa larvae, it was possible to quantify
a suite of behavioural swimming parameters that
change upon contact with a ciliate.

The same touching and crawling behaviours ob -
served here have been previously reported for G.
caespitosa larvae (Marsden & Anderson 1981). This
type of behaviour is indicative of the larvae ‘testing’
or ‘sampling’ the substrate. Larvae of polychaete
worms possess an apical tuft of elongate and some-
what stiff cilia. Pre-settlement behaviour typically
includes swimming near the substratum with the api-
cal end downward so that the apical tuft brushes or is
pressed against the substratum (Marsden & Ander-
son 1981, Hadfield et al. 2014). Thus the apical tuft,
together with its underlying cells, has long been sus-
pected to be the site of detection of substrate-associ-
ated cues for settlement. Crawling behaviour is
thought to begin once the larvae have detected the
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stimuli associated with an optimal settlement site,
and it is the prelude to permanent attachment and
metamorphosis (Hadfield et al. 2014). This associa-
tion was substantiated by Hadfield et al. (2014), who
identified that instances of H. elegans larvae crawl-
ing were almost exclusively observed in settings
where the larvae could contact a biofilm known to
possess settlement-inducing stimuli.

Our results clearly demonstrate that the presence
of the hypotrich ciliate E. minuta can significantly
influence larval exploration behaviours. The analysis
of swimming behaviour revealed that in the presence
of ciliates the larvae were making significantly larger
changes in angle during exploration (Fig. 7C), con-
sistent with an avoidance response. Interestingly, the
coefficient of variation in the change in angle was
significantly higher in the control treatment (Fig. 7F),
suggesting that in the absence of ciliates, the larvae
were less constrained in their behaviour and thus
explored the substrate with greater variability. In
contrast, ciliates caused the larvae to display a more
consistent (less variable) behaviour, which was the
avoidance response indicated by larger turning
angles. This change of behaviour effectively made
the larvae more restricted in their exploration, and
when the typical touching/crawling behaviour was
interrupted, larvae consistently reacted by rapidly
circling above the substrate. Patterns of larval explo-
ration before and after contact showed that the rapid
circling behaviour was almost exclusively initiated
following contact between ciliate and exploring
larva. A clear disturbance to the typical touching/
crawling exploration behaviours ensued, with the
larvae significantly increasing their velocity and vari-
ation in angle in response to the contact (Fig. 8).

Hadfield et al. (2014) highlighted the importance of
larvae making contact with biofilms, as well as the
behavioural transition from straight swimming and
circling to crawling in response to the biofilm contact.
Our findings suggest that ciliates disrupt this natural
behavioural progression, i.e. upon making contact
with ciliates, crawling larvae lift off the substrate and
resume the swimming/circling behaviours. Essential -
ly, the presence of ciliates deterred the larvae from
making prolonged contact with the substrate. This
disturbance inhibits the larvae’s ability to detect sur-
face-bound cues from biofilm bacteria and conspe-
cific adults required to initiate a settlement response.

The disruption of the exploration process and the
delay of settlement can have profound consequences
for settlement and metamorphic success and post-set-
tlement health. Larval settlement and meta morphosis
in many benthic invertebrates are often re garded as 2

distinct events, but in G. caespitosa they are inter-
locked (Marsden & Anderson 1981). Metamorphosis
begins before settlement but is not completed unless
successful settlement is achieved. Larval metamor-
phosis of G. caespitosa begins with the collapse of the
prototroch cells (girdle of cilia) (Marsden & Anderson
1981). This event robs the larva of its chief means of
locomotion and restricts it to only weak swimming/
crawling (Marsden & Anderson 1981). Importantly,
this transition can have serious implications for the
selection of a settlement site. If the larvae are not in
close proximity to a suitable settlement site at this de-
velopmental stage, successful settlement and meta-
morphosis are unlikely to occur.

The fate of invertebrates after successful meta -
morphosis may also be determined to some degree by
factors experienced during larval development and
after attainment of metamorphic competence (Qian &
Pechenik 1998, Qian 1999). Rates of development,
growth and survival after metamorphosis are com-
promised for many marine invertebrates if individuals
have experienced a delay in their settlement (Bhaud
& Cha 1994, Qian & Pechenik 1998, Qian 1999, Mar-
shall & Steinberg 2014). Qian & Pechenik (1998)
found that delaying the settlement and metamorpho-
sis of H. elegans had a dramatic impact on juvenile
growth and survival. Settled juveniles re sulting from
larvae for which metamorphosis had been delayed by
3, 6 and 9 d were significantly smaller than larvae in
the controls allowed to metamorphose on Day 0. Fur-
thermore, mortality rates of juveniles after attachment
were higher the longer that larval life was prolonged
(Qian & Pechenik 1998).

CONCLUSIONS

Our study indicates that direct interactions with
biofilm-dwelling ciliates disrupts the substratum ex -
ploration of settling G. caespitosa larvae, a phenom-
enon that could in turn influence the structure and
dynamics of natural invertebrate assemblages. The
composition of the ciliate assemblage present on a
substrate, its influence on the structure of the associ-
ated microbial community and the degree to which it
interacts with other fouling taxa could all contribute
to the eventual recruitment of sessile invertebrates.
These mechanisms of influence could explain varia-
tions of invertebrate recruitment in other studies that
neglected to examine protozoa in biofilms, instead
only attributing differences to variations in diatom
and/or bacterial assemblages on a substrate. Future
studies of invertebrate settlement should carefully
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consider the potential impacts of protozoa in experi-
mental assays or in the field.

In this study, the number of exogenous factors was
minimised to focus on interactions between larvae
and ciliates. Under laboratory conditions, larvae
were confined to a dish, which differs from the reality
in nature where larvae are free to explore other set-
tlement sites. Under natural conditions, it is likely the
larvae would simply continue searching until they
encounter an area of substrate relatively free from
inhibitory ciliates. This phenomenon could produce
spatial heterogeneity of invertebrates where natural
aggregations of ciliates result in reduced settlement
in certain areas. In nature there are many additional
factors that potentially influence larval behaviours
prior to settlement. Therefore, future investigations
of pre-settlement behaviour would ideally examine
these interactions under natural field conditions.

The recruitment and distribution of sessile marine
invertebrates cannot be understood without attempt-
ing to understand the ecology of microbial biofilms
which condition the immersed substrates for sub -
sequent recruitment. Increasing our understanding
of how protozoa impact substrate selection will ac -
celerate the identification of surface cues that moder-
ate settlement. Variation in the response to external
cues has implications for estimating dispersal profiles
and understanding recruitment variation, both of
which are key processes in the dynamics of marine
invertebrate populations. Furthermore, the develop-
ment of methods focussed on the substrate selection
and exploration stages of invertebrate settlement
may have valuable applications in aquaculture hus-
bandry and the development of sustainable anti -
foulant  coatings.
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