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ABSTRACT

In marine systems, oxygen availability varies at small temporal and spatial scales, such that current
oxygen levels may not reflect conditions of the past. Different studies have shown that marine
invertebrate larvae can select settlement sites based on local oxygen levels and oxygenation history
of the biofilm, but no study has examined the interaction of both. The influence of normoxic and
hypoxic water and oxygenation history of biofilms on pre-settlement behavior and settlement of
the bryozoan Bugula neritina was tested. Larvae used cues in a hierarchical way: the oxygen levels in
the water prime larvae to respond, the response to different biofilms is contingent on oxygen levels
in the water. When oxygen levels varied throughout biofilm formation, larvae responded differently
depending on the history of the biofilm. It appears that B. neritina larvae integrate cues about current
and historical oxygen levels to select the appropriate microhabitat and maximize their fitness.

Introduction
Settlement, the process by which larvae change from a
pelagic to a benthic lifestyle, is a crucial moment in the
lives of sessile invertebrates (Rodriguez et al. 1993). The
settlement process of larvae begins with selection of a
suitable surface, which can be characterized by specific
pre-settlement behaviors, and finishes with attachment to a
substratum and subsequent metamorphosis into the adult
body (Rodriguez et al. 1993; Walters et al. 1999; Burgess
et al. 2009). The consequences of settlement choice can
be extreme because where a larva settles determines its
chances of survival and reproduction. Accordingly, larvae
use multiple cues to determine whether a potential settlement surface is likely to be conducive to post-settlement
success (Morse 1991; Gebauer et al. 2011; Lagos et al.
2015).
A number of cues can induce settlement in aquatic larvae, and some cues appear to act as indicators of habitat
quality. Larvae that settle in response to favorable environmental cues maximize their chance of surviving to
post-settlement and adult life-stages (Raimondi & Keough
1990; Donahue 2006). Cues used by larvae include the
presence of relatively stronger competitors (Grosberg
1981; Bullard et al. 2004), epifaunal assemblages (Todd &

CONTACT Marcelo E. Lagos

marcelo.lagos@monash.edu

© 2016 Informa UK Limited, trading as Taylor & Francis Group

Received 30 November 2015
Accepted 11 April 2016
KEYWORDS

Bryozoans; hypoxia;
normoxia; settlement; larvae;
behavior

Keough 1994), the presence of conspecific adults (Jensen
1989; Osman & Whitlatch 1995; Gebauer et al. 2011), surface topography, complexity and composition (Roberts
et al. 1991; Tapella et al. 2012; Whalan et al. 2015), light
intensity and quality (Mundy and Babcock 1998), chemical cues (Morse 1991; Thiyagarajan 2010; Tebben et al.
2015), and biofilms that can induce or inhibit larval
settlement (Wieczorek & Todd 1997; Sneed et al. 2014;
Whalan & Webster 2014). All these cues are thought to
reflect the likelihood that a settlement surface will support
post-settlement survival, growth and reproduction. More
recently, local oxygen availability has also been shown to
affect larval settlement behavior (Wieczorek & Todd 1997;
Lagos et al. 2015).
In sessile marine invertebrate communities, the availability of dissolved oxygen can be highly variable at small
spatial scales (Ferguson et al. 2013). Topographic complexity, the thickness of the boundary layer, skimming
flow and oxygen consumption of organisms that occupy
an area can change microenvironments from hyperoxic
to hypoxic over a few hours and a few centimeters (Vogel
1994; Gardella & Edmunds 1999; Ferguson et al. 2013).
Recent studies show that when settling, marine invertebrate larvae avoid microhabitats that are low in oxygen
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via two mechanisms. First, larvae will delay settlement
and spend less time exploring settlement surfaces when
the dissolved oxygen in the water column is relatively low
(Lagos et al. 2015). Second, larvae have lower recruitment
on surfaces that were colonized by bacteria under low dissolved oxygen conditions, and prefer surfaces colonized
by bacteria under high oxygen conditions (Cheung et al.
2014). Both of these cues provide different information
about the local habitat (Lagos et al. 2015). Dissolved oxygen in the water column provides instantaneous information about current oxygen levels, but provides less
information about past conditions (of even a few minutes
earlier). Biofilms, on the other hand, might provide integrated information about historical oxygen levels, but are
less likely to reflect current dissolved oxygen conditions
as biofilm communities take hours to days to grow (Rao
2003; Shikuma & Hadfield 2005).
While oxygen levels in the water column and biofilm oxygen history have been explored separately, no
study has yet examined how larvae integrate these two
environmental cues, which are both likely to provide
information about local conditions on very different time
scales. The aim of this study was to understand how the
interaction between oxygen availability and biofilm composition influence the settlement of larvae of a sessile
marine species. First the effects of biofilm history on
larval settlement in the field were examined, after which
interactions between dissolved oxygen levels and biofilm
oxygen history on larval behavior in the laboratory were
explored.
The bryozoan Bugula neritina (Linnaeus, 1758) was
chosen as a model system as this species is commonly
used in studies of larvae behavior (Wendt 1998; Walters
et al. 1999; Burgess et al. 2009), the effects of mono and
multi-species biofilms as a stimulator and inhibitor on
larval settlement and post-settlement success (Bryan et al.
1997; Dobretsov & Qian 2006), and the low tolerance
of adults colonies under oxygen-deprived conditions
(Ferguson et al. 2013). Here, the settlement response of
larvae of the bryozoan B. neritina to different dissolved
oxygen conditions as well as biofilms of different compositions was examined. Furthermore, as oxygen levels are
unlikely to be constant in time, the effects of variability in
the oxygen history of biofilms on larval settlement were
also examined.

surfaces (Marshall & Keough 2003). Biofilm was generated by maintaining the settlement surfaces in aquaria
with non-filtered natural seawater, collected from Port
Phillip Bay, Victoria, Australia, at ~19.5°C for five days
(Wieczorek & Todd 1997). Two different treatments of
biofilms were generated: low oxygen levels (25% air saturation) and high oxygen levels (100% air saturation).
For the low oxygen treatment the oxygen content of the
seawater was manipulated during the five day period of
biofilm generation by bubbling nitrogen gas and air. High
oxygen treatments were maintained by aerating aquaria
with air only. Monitoring showed that oxygen fluctuations
within the treatments were no more than 5% air saturation
different from the targeted levels throughout the experimental period. The oxygen levels were measured using
fiber optic sensors connected to a Firesting O2 fiber optic
oxygen meter (Pyro Sciences, Aachen, Germany) (Lagos
et al. 2015).

Materials and methods

The model species, B. neritina (hereafter Bugula) is a
marine bryozoan which inhabits submerged hard substrata, including artificial structures at shallow depths
worldwide. Bugula releases non-feeding larvae that are
fully competent to settle immediately upon release, and
therefore serve as model for studying larval settlement
behavior (Doyle 1974). Standard methods (Strathmann

Biofilm generation
All settlement surfaces used in this study, including acetate sheets, centrifuge tubes, Petri dishes and PVC plates,
were sanded prior to use as previous studies have demonstrated that Bugula larvae prefer to settle on roughened

Field experiment – the effect of biofilm history on
community assembly
Initially the effects of biofilm type on larval settlement
were tested for members of the local fouling community
in the field. For each experimental run, four PVC panels
(60 × 60 cm) were deployed at Royal Brighton Yacht Club
marina in Port Phillip Bay, Victoria, Australia (37°54′25″ S,
144°58′52″ E) during the Austral spring (September to
November) 2014. The marina (~150 m by 350 m; average
depth 3 m) provides a sheltered area that is protected by a
breakwater, and floating pontoons that extend throughout
the site action created by waves and wind. Each panel held
eight PVC plates (10 × 10 cm) with a low oxygen biofilm
history (LB) and eight plates with a high oxygen biofilm
history (HB). The plates were randomly distributed on
each panel. Panels were then outplanted in the field and
hung from the floating dock 1.5 m below the water surface
for a period of 7 h (from 5 am to 12 pm). After this time,
the plates were then returned to the laboratory at Monash
University, Clayton, and immediately examined under the
microscope to measure the diversity (species richness)
of invertebrate settlers. This procedure was repeated 12
times, with an interval of two days between each run.
Study species – laboratory experiments
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1987) were used to collect colonies from floating p
 ontoons
located at Royal Brighton Yacht Club, Port Phillip Bay,
Victoria, Australia (37°54′25″ S, 144°58′52″ E) during
the Austral summer (December, January and February)
and spring (September, October and November) of 2013
and 2014. Colonies were then immediately transported to
the laboratory in insulated aquaria with constant aeration
(~ 30 min journey). Colonies were maintained in d
 arkness
within aquaria with constantly aerated seawater at a s table
temperature (~19.5°C) for two days prior to experiments.
For each experimental run, larvae were collected by exposing 10 mature colonies to bright light for up to 1 h. Upon
release, the spawned larvae were immediately collected
using a pipette and assigned to an experimental treatment
(0 min old larvae). Experiments with 60 min old larvae
were kept in a shaker to inhibit settlement for 60 min and
then placed in the experimental chamber.
Pre-settlement behavior, oxygen levels and biofilm
history
The interactive effects of oxygen level in the water, the
oxygenation history of the biofilm and larval age on larval
behavior were investigated with a standard assay (Burgess
et al. 2009). Bugula larvae generally exhibit behaviors that
can be characterized as either ‘swimming’ or ‘exploring’
(Burgess et al. 2009). Swimming behavior involves erratic
and quick movements through the water column, whereas
exploring behavior involves fine-scale searching that
occurs prior to settlement and can be recognized by the
adoption of a stationary position or slow movement on
the settlement surface and includes characteristic spinning
and crawling behavior (Walters et al. 1999). Larvae were
spawned from 10 colonies, of which five larvae were then
randomly selected and pipetted into each of the prepared
biofilm Petri dishes (3.5 cm diameter, 1.1 cm depth) containing 10 ml of seawater with an oxygen level of 100% air
saturation (high oxygen treatment) or 25% air saturation
(low oxygen treatment). There were two types of Petri
dishes: the low oxygen treatment dishes were biofilmed
in water with oxygen levels at 25% air saturation, and the
high oxygen treatment dishes were biofilmed with water
at 100% air saturation. Immediately after assigning a larva
to an experimental treatment, the individual was observed
under a microscope for 5 min to measure the amount of
time the larva engaged in swimming or exploring behavior, using a stopwatch. Previous studies have shown that
larval age affects behavior (Burgess et al. 2009), so the
effects of larval age on the exhibited behavior were also
tested using larvae that were either 0 or 60 min old; 0 min
old larvae were considered as those that were immediately
pipetted in to the experimental surface after spawning
from the colony. In total, the behavior of 80 larvae were

647

measured across three experimental runs (10 in each of
the two biofilms types × two oxygen levels × two larval
ages).
Larval settlement, oxygen levels and biofilm history
To examine the effect of biofilm history on larval settlement, two series of experiments were made. The aim
was to make the difference between the situations where
larvae are forced to settle (time trial experiment) in biofilms with high or low oxygen history, or when larvae have
the chance to choose were to settle (settlement selection
experiment). Petri dishes (3.5 cm diameter, 1.1 cm depth)
that were previously biofilmed at high (100% air saturation) and low (25% air saturation) oxygen levels (HB and
LB respectively) were used. Five larvae were pipetted into
each Petri dish containing 10 ml of seawater at either 100%
or 25% air saturation. The total number of larvae settled in
each experimental run after 60 min were measured. This
experiment was repeated 40 times in total, with 10 larvae
in each biofilm type at one of two oxygen levels.
As an extension of the previous experiment that
demonstrated either the ability or inability of a larva to
select where to settle, the capacity of Bugula larvae to select
settlement surface according to biofilm composition was
measured. A settlement selection experiment was established in the laboratory by lining one half of the bottom
of an acrylic aquaria (17 × 17 × 25 cm) with acetate that
had been pre-conditioned in low oxygen seawater (25% air
saturation; LB), and the other half was lined with acetate
previously exposed to high oxygen seawater (100% air
saturation; HB). Replicate aquaria were then assigned to
seawater at either high (100%) or low (25%) air saturation.
Ten larvae were transferred into each aquarium and the
number of larvae were measured that had chosen to settle
on each settlement surface type (low and high oxygen
biofilms) after 60 min. This procedure was repeated 10
times for each oxygen level treatment.
Effect of variation in biofilm history on larval
settlement
The ability of biofilm composition to provide cues of historical oxygen levels for settling Bugula larvae was investigated. Petri dishes were biofilmed (3.5 cm diameter,
1.1 cm depth) under a series of sequenced oxygen level
combinations of water at low (L) and high (H) oxygen
conditions (25 and 100% air saturation respectively). Prior
to the experiment, plates were immersed for five days in
either low (L) or high (H) oxygen conditions (100 and
25% air saturation, respectively). The plates were then
switched to either high or low oxygen conditions for a
further five days before a final switch for another five days,
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Systat version 13 (Systat, Cranes Software International,
Bangalore, India). Settlement selection data were analyzed
with χ2 tests using Microsoft Excel V 14.1.0 (©Microsoft
Corporation, CA, USA). Alpha values were set at p = 0.05
for each test.

Results
Field experiment

Figure 1. Spatial (panel) and temporal (day) comparison in
species richness. Bars represent the difference between the
average of species richness that settled on two different biofilms.
Biofilms were generated with an oxygenation history of high (HB)
and low (LB) oxygen levels (100 and 25% air saturation).

where some remained in the same treatment. This resulted
in a total immersion time of 15 days, where the combination of treatments with ‘early, mid and late biofilm’ were:
HHH, HHL, HLH, HLL, LHH, LHL, LLH and LLL. At
the end of the biofilming process, five larvae were pipetted
into each Petri dish containing 10 ml of seawater with
one of two oxygen level treatments (100% and 25% air
saturation). The total number of larvae that settled in each
experimental run after 60 min was measured. This protocol was repeated 10 times for the eight-biofilm history
treatments at two oxygen levels.
Statistical analysis
The effect of fouling community richness on field settlement was analyzed using a linear mixed model, where
biofilm was a fixed factor, and run and panel were random
factors. The effect of biofilm history on the swimming/
exploring settlement behavior of Bugula larvae was analyzed using a general linear model, where the response
variable was the proportion of the larvae that settled; oxygen level, age of the larvae and biofilm were fixed factors
and experimental run (day) was a random factor. Any
non-significant interactions involving the random factor were eliminated from the model (Quinn & Keough
2002). Tukey multiple comparisons were used to identify
differences between treatments. The settlement selection experiment was analyzed with a χ2 test. All ANOVA
analyses were conducted with the statistical software

Nine different species of settlers were found: one barnacle, one sponge, the bryozoans Watersipora subtorquata,
Bugula flabellata, Bugula neritina and Celleporella sp.,
and three tunicates, Diplosoma sp. (two different species)
and Botryllus sp. Biofilm type did not influence species
richness in a simple way; instead biofilm interacted with
both run (time) and panel (space) effects (Time × Panel ×
Treatment: χ2 = 38.89, df = 1, p < 0.001). Generally, higher
species richness occurred on plates with biofilms that had
a high oxygen history, although this pattern reversed for
some panels and days (Figure 1).
Pre-settlement behavior, oxygen levels and biofilm
history
No effect of experimental run (day) was found on any
interactions with age (F2,57 = 1.070, p = 0.350), oxygen
(F2,57 = 0.206, p = 0.814) or biofilm, (F1,57 = 1.615,
p = 0.533), and the overall interaction among these factors
(F 2.57 = 0.149, p = 0.862), so the model was reduced.
No significant effect of biofilm and its interactions
was found on larval behavior (Table 1A). However there
was a significant effect of the interaction between oxygen levels in the water and larval age (Table 1A). In the
high oxygen treatment, the amount of time larvae spent
exploring was similar between the 0 and 60 min old
larvae (Tukey p = 0.684). However, in the low oxygen
treatment there was a reduction in the exploration time
of larvae exposed to low oxygen conditions at both ages;
younger larvae spent the shortest time in the exploration
phase (Tukey p < 0.05), but the magnitude of the reduction in exploration time was greater for young than for
older larvae (Figure 2).
Larval settlement, oxygen levels and biofilm history
Oxygen levels in the water and biofilm oxygen history
interacted to affect larval settlement (Table 1B). In low
oxygen water, biofilm history had no effect on the proportion of larvae that settled, but in high oxygen water
there was a significant effect of biofilm history, where the
lowest settlement occurred on low oxygen history biofilms
(Tukey > 0.05; Figure 3A).
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Table 1. ANOVA for the effect of oxygen level in the water (OL), run, age, biofilm and factor interactions on (A) pre-settlement behavior
(exploring time), (B) settlement of B. neritina larvae on biofilms with histories of low and high oxygen immersion and (C) settlement of
B. neritina larvae on biofilms with variations in oxygenation history.
A

Source
Exploring time
Age
Run
OL
Biofilm
OL × age
Biofilm × age
Biofilm × OL
Error

SS

df

MS

F

p

171.991
1,551.750
20,298.010
317.206
2,907.670
283.881
0.055
47,674.560

1
2
1
1
1
1
1
71

171.991
775.875
20,298.010
317.206
2,907.670
283.881
0.055
671.473

0.256
1.155
30.229
0.472
4.330
0.423
0

0.614
0.321
<0.001
0.494
0.041
0.518
0.993

B

Settlement
Biofilm
OL
OL × biofilm
Error

0.676
0.016
0.484
1.704

1
1
1
36

0.676
0.016
0.484
0.047

14.282
0.338
10.225

0.001
0.565
0.003

C

Biofilm history
OL
Early
Mid
Late
Early × OL
Mid × OL
Late × OL
Mid × early
Late × early
Late × mid
Mid × early × OL
Late × early × OL
Late × mid × early
Late × mid × early × OL
Error

0.009
0.361
0.144
0.121
0.144
0.001
0.324
0.025
0.196
0.441
0.004
0.225
0.144
0.025
8.456

1
1
1
1
1
1
1
1
1
1
1
1
1
1
145

0.009
0.361
0.144
0.121
0.144
0.001
0.324
0.025
0.196
0.441
0.004
0.225
0.144
0.025
0.058

0.154
6.190
2.469
2.075
2.469
0.017
5.556
0.429
3.361
7.562
0.069
3.858
2.469
0.429

0.695
0.014
0.118
0.152
0.118
0.896
0.020
0.514
0.069
0.007
0.794
0.051
0.118
0.514

Model (A) was reduced after testing for non-significant interactions between random and fixed factors. SS and MS represent the sum of squares and mean square
of each interaction, respectively.

The larval settlement selection experiment showed that
both biofilm history and oxygen levels in the water also
affected larval choice (interaction: χ2 = 6.707, p = 0.009).
Larvae had similar proportions of settlement on both
biofilms when immersed in high oxygen water. The lowest
settlement was in the low oxygen water treatment combined with the low oxygen biofilm history (Figure 3B).
Effect of variation in biofilm history on larval
settlement

Figure 2. Proportion of time that B. neritina larvae spent exploring
settlement surfaces at two different ages: 0 min old (white bars)
and 60 min old (gray bars), in water at low oxygen and high
oxygen levels (25 and 100 % air saturation). Bars represent means
(± SE).

Larval settlement was affected by the entire history of the
biofilm and not only by its most recent oxygen history
(Table 1C). For larvae exposed to high oxygen water, the
effects of the biofilm history were cumulative and apparently dose-dependent: larvae showed lowest settlement on
biofilms that had little experience of higher oxygen levels
and the highest settlement when biofilms had the longest
history of higher oxygen levels (Figure 4A). In contrast,
larvae in low oxygen water showed no clear settlement
patterns with regard to biofilm history (Figure 4B).
There was a significant effect of the early history of
biofilms on settlement (Table 1C), with larvae settling at
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when mid-history biofilms were generated in high oxygen
conditions (Tukey p < 0.05; Figure 7).
A significant interaction between biofilm history and
the oxygen content of the water was observed (Table 1C).
In high oxygen water, larvae displayed higher settlement
on biofilms that started and finished with high oxygen
conditions. The settlement proportion decreased progressively through the lower oxygen level treatments.
The lowest proportion of larval settlement occurred on
biofilms that started and finished in low oxygen conditions
(Figure 8) (Tukey < 0.05). There was no significant difference among the biofilm groups immersed in the water
with low oxygen content (Tukey > 0.05).

Discussion

Figure 3. Proportion of B. neritina larvae settled on biofilms
generated at high (HB) and low (LB) oxygen levels (100 and 25% air
saturation). (A) Time trial experiment: settlement of larvae in each
biofilm after water immersion for 60 min. (B) Larval settlement
selection experiment: settling of larvae that selected each side of
the experimental surface, half of which had biofilms generated at
high (HB) and low (LB) oxygen conditions. Both experiments were
performed in water at high (100% air saturation, white bars) and
low (25% air saturation, gray bars) oxygen levels. Bars represent
means (± SE). 162×320 mm.

a lower proportion on the biofilms with a low oxygen history (Figure 5). An interaction between oxygen levels in
the water and late biofilm history was found (Table 1C),
with settlement being lowest for the low oxygen water
with low-oxygen biofilm histories compared to all other
treatments (Tukey p < 0.05; Figure 6). There was also a significant interaction between mid- and late-biofilm history
(Table 1C); settlement on late history biofilms was affected
by the mid history biofilm, where settlement was higher

Larvae of B. neritina alter their settlement behavior
according to both local oxygen levels in the water column
and the oxygen history of the biofilm they are presented
with at settlement, and these factors interact in a hierarchical way. The oxygen concentration in the water column
appears to be the primary cue for habitat selection; larvae in high oxygen conditions have a tendency to actively
reduce swimming time and spend more time exploring
settlement surfaces at fine scales. The response of Bugula
larvae to biofilm history depended on the concentration
of oxygen in the water, suggesting that larvae integrate
information from both benthic and pelagic conditions.
Larvae in water with high oxygen content avoid settling
on biofilms that have a long history of immersion in low
oxygen water, but the oxygen history of biofilms is less
important when the oxygen content of water is low.
The biofilm oxygen history affected settlement in the
field, albeit in complex ways. The effect of biofilm history
in the field varied in time and space: high oxygen biofilms mostly enhanced settlement rates but on o
 ccasions
decreased settlement. This temporal and spatial variation in the effect of biofilm history on settlement may
come from spatial and temporal heterogeneity in larval
supply – on some days, in some places, very different
fouling communities may have been ‘sampled’ on the settlement plates (Boucher et al. 1987; Aiken & Navarrete
2011). For example, some species (eg colonial ascidians)
seemed to prefer biofilms that were formed under low
oxygen conditions and on days when colonial ascidian
larvae were more common settlers, biofilms that had
experienced lower oxygen levels had greater settlement.
In contrast, most other species favored biofilms that had
experienced higher oxygen levels and so when colonial
ascidian settlers were relatively rare, high oxygen biofilms had the most settlement. These variable effects of
biofilm history in the field warrant further exploration,
but for now it is clear that larval settlement is affected by
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Figure 4. Proportion of larvae settled in biofilms with eight
different oxygenation histories. Experiments were performed in
water with oxygen 100 % air saturation (A) and 25 % air saturation
(B). The gradient horizontal bar represents the persistence of
submersion at high oxygen condition during the generation of
each biofilm. Bars represent means (± SE).

the oxygenation history of the biofilm. Recently, Cheung
et al. (2014) showed strong effects of biofilm oxygenation
history on recruitment (sensu Keough & Downes 1982);
the present results suggest that these effects on recruitment are driven by settlement rather than differential
post-settlement survival.
Larvae are capable of distinguishing between settlement locations through their response to chemical cues
(Dobretsov & Qian 2006). The mechanisms behind this
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have previously been described for benthic organisms,
where active organic compounds synthesized by bacteria
stimulate larval settlement and subsequent metamorphosis (Hadfield 2011; Sneed et al. 2014). The magnitude of
the response shown by larvae was found to be related to
the concentration of the organic compounds, which are
in turn dependent on the density and composition of the
biofilm. Hypoxia is known to reduce biofilm densities
and can alter the composition of the bacterial community
(Cheung et al. 2014), and therefore the amount of organic
compounds present.
It has been suggested that larvae show increased interaction with mature biofilms, as mature biofilms provide
an indication of extended periods of immersion (Hadfield
2011). Biofilms with higher densities provide larvae with
a cue of environmental stability. If more microorganisms
are attached to a substratum, there is a greater accumulation of metabolic products and nutrients which allows
for greater growth kinetics within the biofilm (Caldwell
& Lawrence 1986; Jeffrey & Paul 1986). However the historical process involved in biofilm formation must also be
considered. While it is true that in the present experiments
larvae generally showed lower settlement on hypoxic biofilms, in water with high oxygen content larvae avoided
settlement on biofilms that had been generated mostly
with low oxygen water. In other words, a biofilm that has
been immersed in high oxygen conditions for 100% of
the time, and therefore has a high oxygen biofilm history,
will receive higher settlement than a biofilm that is generated with hypoxic water or alternating normoxic–hypoxic
conditions. Also, settlement is influenced by the point of
origin of the biofilm. When a biofilm originates in low
oxygen conditions, settlement by larvae is reduced regardless of its subsequent exposure to higher oxygen levels. To
explain this apparent memory of the biofilm, it is necessary to consider that colonization history can change the
interactions among species (Sutherland 1974; Robinson
& Edgemon 1988). It would be expected that different
biofilm communities with similar histories could have the
same composition and structure. However, stochastic variation of the environment, in this case changes in water
oxygenation, influence the colonization process during
earlier stages of ecological succession, and are therefore
unpredictable at times (Vellend et al. 2014). Biofilms with
different histories will result in biofilms with different final
compositions, and it appears that larvae react differently
depending on this composition.
Bugula larvae can select their habitat using oxygen
levels in the water column as a proxy for habitat quality
when presented with a choice of settlement options (Lagos
et al. 2015), but the present results suggest that this ability
changes if settlement is forced (ie a larva is presented with
only one settlement option). In the settlement experiment
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Figure 5. Effect of early stage of biofilms history on settlement
of B. neritina larvae settled in biofilms generated with low (LB)
and high (HB) oxygen levels (25 and 100% air saturation). Bars
represent means (± SE).

Figure 6. Effect of the interaction between late stage of biofilms
histories with oxygen levels in the water on settlement of
B. neritina larvae. Biofilms were generated with low (LB) and high
(HB) oxygen levels (25 and 100% air saturation), and the oxygen
levels in the water were high (100% air saturation) and low (25%
air saturation). Bars represent means (± SE).

in the present study, larvae rejected settlement sites on
hypoxic biofilms with high oxygen levels, but when they
were allowed to choose the settlement surface, they
rejected the most stressful conditions (that is, hypoxic
biofilm and hypoxic water). The drivers of these effects
are unknown, but it is anticipated that there are negative

effects of settlement in environments with low oxygen
conditions, such as is the case with some larvae of serpulid
polychaetes that suffer alterations in their development
and reduced survivorship (Shin et al. 2013). Alternatively,
low oxygen conditions indicate a superior competitor and
larvae are seeking to avoid such microsites.
Compared with younger larvae, older larvae have a
longer exploration time in water with low oxygen content.
This suggests that younger larvae can perceive the quality
of the habitat more efficiently, and that habitat selectivity
diminishes with age (Knight-Jones 1953, Toonen & Pawlik
2001; Gribben et al. 2006). Therefore the probability that
a younger larva will leave a given settlement location
and search for a new one is higher when using oxygen
as cue. Bugula larvae are lecithotrophic (non-feeding)
and their energy reserves decrease with age. Extra time
spent swimming in search of suitable habitats therefore
reduces larval energy reserves. As such, larvae become
increasingly desperate to settle as they age, and therefore increasingly willing to accept poorer quality settlement sites, regardless of environmental cues (Marshall &
Keough 2003). The cost of delayed larval settlement can
have short or long term impacts. For example, previous
experiments on the ascidian Diplosoma listerianu has
shown reduced growth rates and development of small
feeding zooids when settlement is delayed (Marshall et al.
2003). Similarly, in some barnacles and Bugula, development and survival from the juvenile stage to maturity is
also negatively affected by delayed settlement (Pechenik
et al. 1993; Wendt 1998). It must be considered that environmental perturbations by human actions can change
natural conditions, decrease fauna diversity and increase
the number of habitats with low oxygenation (Ruiz et al.
2009; Ferguson et al. 2013; Wilding 2014). Based on theoretical models (Burgess et al. 2009) that consider how
habitat availability and larval behavior can affect post-
settlement fitness, it is expected that with an increase in
the number of low oxygen microenvironments, larvae will
encounter fewer suitable habitats, and therefore spend
more time swimming. Since non-feeding larvae cannot
search indefinitely, they become increasingly desperate
to settle and indiscriminately choose settlement habitats
(Knight-Jones 1953; Toonen & Pawlik 2001). Settling in
sub-optimal (low oxygen) habitats could therefore result
in diminished outcomes for settlers, such as by alteration
in the short-term extracellular homeostasis and in the
acid base balance, and death; and could ultimately shift
the structure of benthic marine communities (Henry &
Wheatly 1992; Cancino et al. 2000; Gribben et al. 2006;
Elkin & Marshall 2007; Gebauer et al. 2011).
Seawater oxygen concentration provides larvae
with an important initial indication of the suitability
of an environment as a settlement site, while biofilms
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Figure 7. Effect of the interaction between mid and late stages of
biofilms histories generated with low (LB) and high (HB) oxygen
levels (0% and 100% air saturation) on settlement of B. neritina
larvae. Bars represent means (± SE).

653

daily variations in the tide, direction and wind speed,
as well as oxygen consumption by organisms, can all
generate high variability in flow and oxygen availability at microscale levels across short time spans (Vogel
1994). Therefore at small scales, oxygen availability can
provide a useful indication of habitat quality to settling
larvae. As oxygen conditions are likely to change rapidly over time, biofilms may provide a longer-term cue
regarding the history and stability of the environment.
It is suggested that biofilm industries test antifouling
approaches that incorporate waterborne oxygen conditions, since the present results clearly demonstrate that
low oxygen conditions (both waterborne and biofilm
histories) reduce larval settlement.
In conclusion, B. neritina larvae can select habitats
according to oxygen levels and biofilm composition.
Biofilms appear to be a secondary cue, while larvae
appear to respond most strongly to oxygen levels in
the water column. It still remains to be demonstrated
empirically how successional changes in biofilm composition are affected by variation in environmental variables such as oxygen content, and how this variation
may influence settlements patterns, and therefore the
structure of communities.
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