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Abstract
In laboratory-based biofouling assays, the influence of physicochemical surface characteristics
on barnacle settlement has been tested most frequently using the model organism Balanus
amphitrite (=Amphibalanus amphitrite). Very few studies have addressed the settlement
preferences of other barnacle species, such as B. improvisus (= A. improvisus). This study aims
to unravel the effects of surface physicochemical cues, in particular surface free energy (SFE)
and surface charge, on the settlement of B. improvisus cyprids. The use of well-defined surfaces
under controlled conditions further facilitate comparison of the results with recent similar data
for B. amphitrite. Zero-day old cyprids of B. improvisus were exposed to a series of model
surfaces, namely self-assembled monolayers (SAMs) of alkanethiols with varying end-groups,
homogenously applied to gold-coated polystyrene Petri dishes. As with B. amphitrite,
settlement of B. improvisus cyprids was influenced by both SFE and charge, with higher
settlement on low-energy (hydrophobic) surfaces and negatively-charged SAMs. Positivelycharged SAMs resulted in low settlement, with intermediate settlement on neutral SAMs of
similar SFE. In conclusion, it is demonstrated that despite previous suggestions to the contrary,
these two species of barnacle show similar preferences in response to surface free energy; they
also respond similarly to charge. These findings have positive implications for the development
of novel antifouling coatings and support the importance of consistency in substrate choice for
assays designed to compare surface preferences of fouling organisms.
Keywords
Cyprid, antifouling, Balanus improvisus, self-assembled monolayer, surface energy, surface
charge.
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Introduction
Increasing regulation of biocides for marine antifouling applications has led to growing interest
in novel strategies to avoid the undesirable accumulation of marine fouling organisms on
submerged man-made structures (Clare 1998; Yebra et al. 2004; Bressy et al. 2012). In aqueous
environments, the capacity of materials to wet and de-wet plays an important role in the
interfacial dynamics between the substrate, water and adhesives of fouling organisms (Aldred
et al. 2013; Petrone 2013). Such sessile organisms have developed specialised sensory systems
that enable them to find optimal substrates via detection of surface physicochemical features
(Clare & Nott 1994; Callow et al. 2005; Aldred et al. 2006; Bielecki et al. 2009; Stewart et al.
2011). Many fouling organisms, such as barnacles and mussels, have evolved adhesive
secretions with superior abilities compared to synthetic glues, to attach to submerged surfaces
with diverse properties (Nott 1969; Clare et al. 1994; Ödling et al. 2006; Stewart et al. 2011;
Kamino 2013). These highly specialised glues thus allow fouling organisms to cope with the
unpredictability of surfaces found in the marine environment (Nott & Foster 1969; Walker &
Yule 1984; Aldred & Clare 2008; Aldred et al. 2011; Maruzzo et al. 2011).
Understanding the settling behaviour of fouling larvae during the initial stages of
colonization as well as the innate criteria they use to discriminate between surfaces (Matsumura
et al.1998; Andersson et al. 1999; Berntsson et al. 2004; Murosaki et al. 2009) will play an
important role in the development of antifouling coatings. Barnacles are one of the most
thoroughly studied groups of fouling organisms due to their significant economic impact and
relative simplicity of rearing in the laboratory (Holm 2012). In particular, the sub-tropical
species Balanus amphitrite has been adopted as a widely-used model organism for testing the
performance of coatings under development (Aldred & Clare 2008; Clare & Aldred 2009).
However, this focus on a single problematic species may have been to the detriment of a
broader understanding of barnacle fouling ecology. Looking at the twelve well-defined zones
in the world’s oceans described by Woods Hole (1952), variations in salinity, clarity,
temperature, and micronutrients clearly point to different adaptations of various species in
different places. It is thus important to broaden studies of other relevant fouling species, to test
further the assumption that B. amphitrite is a suitable model. In particular, it is unclear whether
or not surface preferences observed in the case of cyprids of B. amphitrite hold true for other
common fouling species, such as B. improvisus. B. amphitrite and B. improvisus are
cosmopolitan species, with overlapping distributions (e.g. Moore & Frue 1959). B. amphitrite
is a tropical/sub tropical species, whereas B. improvisus can tolerate colder waters, e.g. the
Baltic Sea, and lower salinities, extending to the upper reaches of estuaries (Carlton et al. 2011).
Although the settlement behaviour of B. improvisus has been studied with regard to
varying environmental conditions (Berntsson & Jonsson 2003; Jonsson et al. 2004) and
different surface properties (Dahlström et al. 2000; 2004; Pinori et al. 2013), our understanding
of the settlement behaviour and surface preferences of B. improvisus lags far behind B.
amphitrite. Perhaps the most thoroughly studied aspect of B. improvisus settlement behaviour
is the response of cyprids to surface topography (Andersson et al. 1999, Berntsson et al. 2000a;
2000b; Berntsson et al. 2004). Many surface features used in antifouling research have been
designed to be biomimetic, inspired by the naturally occurring external structures of foulingfree organisms (Salta et al. 2010; Scardino & de Nys 2011). Such structures are reproduced as
3-dimensional patterned surfaces fabricated from synthetic polymers (e.g. Murosaki et al. 2009,
Aldred et al. 2010b; Ahmed et al. 2011; Greco et al. 2013; del Campo 2013). Using such
surfaces, Aldred et al. (2010b) demonstrated similar effects on the settlement of cyprids of B.
amphitrite as had been observed previously for B. improvisus. For both species, features of the
same order of magnitude as the cyprid body, but slightly smaller, reduced settlement by up to
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100%. It appears, therefore, that the response of cyprids of the two species to the physical
nature of the surface can be consistent in laboratory assays. The response to surface chemistry,
however, is less clearly defined. The prevailing view that cyprids of B. amphitrite exhibit a
strong preference for high energy surfaces (Finlay et al. 2010) was recently questioned by
Petrone et al. (2011), who found instead a preference for low-energy surfaces when
experimental bias was removed. Cyprids of B. amphitrite also showed a strong response to
surface charge, settling in greater number on negatively charged surfaces with very low
settlement on positively charged ones.
Over the years, many studies have aimed at a better understanding of the effects of
surface parameters such as SFE on the settlement behaviour of barnacles. The reason for this
continued interest is that SFE in particular has frequently been linked to the efficacy of foulingrelease coatings (Callow & Fletcher, 1994). This position was arrived at based both on theory
and empirical evidence, having been correlated directly to the adhesion of marine organisms
(Lindner 1992; Meyer & Baier, 1992). Low SFE is undoubtedly a useful characteristic in a
surface designed to prevent adhesion, with the so-called 'Baier minimum' (Baier 1973; Dexter
1979) between 20-30 mN m-2 providing minimal adhesion. The question is whether barnacle
cyprids perceive differences in surface chemistry, in terms of charge or SFE, and settle
accordingly. If the response is conserved between species across diverse habitats this would be
an advantage in the design of 'non-stick' marine coatings. If, however, different barnacle
species from different locales respond differently to such surface characteristics this would
present an obstacle to the design of novel non-fouling materials. Historically, the latter has
been presumed to be the case, based upon observations of the settlement of cyprids from
different species on a range of experimental surfaces.
Significant effects of surface chemistry have been demonstrated repeatedly in the
literature, however as discussed by Petrone et al. (2011), these former studies share a common
disadvantage in that the surfaces used in laboratory-based settlement assays often differed in
more than one respect, confusing the interpretation. For example, O’Connor and Richardson
(1994) found that settlement of B. improvisus cyprids was higher on polystyrene compared to
glass. Glass is a high-SFE material and polystyrene generally has low SFE, but the two
materials also differ in several other ways that may also be perceived by exploring cyprids,
such as surface roughness and different chemical features. The apparent preference of B.
amphitrite for hydrophilic surfaces was reported in a number of studies, (Rittschof & Costlow
1989; O’Connor & Richardson 1994; Gerhart et al. 1992). However, similar experiments
conducted using B. improvisus demonstrated an opposite tendency for settling on hydrophobic
(low SFE) surfaces (Dahlström et al. 2004). Maki et al. (1994) highlighted the absence of a
correlation between surface wettability and temporary adhesion strength of B. amphitrite
cyprids. The apparent difference in surface selectivity between these two species thus became
a point of interest.
The present study aimed to identify the response of cyprids of B. improvisus to a range
of model surfaces (self-assembled monolayers) with varying SFE and surface charge in order
to compare the response to that of B. amphitrite for the first time in a controlled manner.
Furthermore, the effect of cyprid age on the settlement behaviour of B. improvisus was
evaluated using sealed polystyrene Petri dishes to reduce the phenomenon of floating cyprids,
as proposed by Qiu et al. (2008). The results from this work have the potential to guide the
development of novel environmentally-friendly antifouling coatings by repelling cyprids
during the initial stages of surface colonization.
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Materials and Methods
Culture of cyprids. Adult Balanus improvisus were supplied by the Department of Biological
and Environmental Sciences, The Sven Lovén Centre for Marine Sciences, Tjärnö University
of Gothenburg, Sweden, and reared in the laboratory at Newcastle University. The larvae
released from the first stock of adults were cultured and used to obtain new broodstock
barnacles on panels of Plexiglass.
Barnacles were maintained in artificial seawater (Tropic-Marin® 22) at 19 ± 2 °C.
Adults were cleaned by brushing and the seawater was changed every two days. Adult broodstocks were allowed to release nauplii naturally yielding approximately 10,000 stage-1 nauplii
over a period of 3 to 4 h. The nauplii were attracted to a cold light source and transferred at
intervals to a dilute solution of Thalassiosira pseudonana for temporary storage. When a
sufficient number had been collected, the nauplii were transferred to a clean plastic bucket
containing 10 L of 0.7 µm filtered artificial seawater (ASW) with 36.5 mg L-1 of streptomycin
sulphate and 21.9 mg L-1 of penicillin G at 28 °C. The larvae were fed an excess of a mixture
of 70 % T. pseudonana and 30 % Tetraselmis suecica. After two days the solution was filtered
and nauplii were stored in clean ASW with 50 % of T. pseudonana and 50 % of T. suecica for
a further two days until metamorphosis to the cyprid stage. Cyprids were then filtered from the
solution and transferred into ASW. Following filtration, 0-day-old cyprids were used to
identify a suitable container in which to carry out assays, free from experimental bias, and
subsequently to investigate the effect of varying surface energy and charge on cyprid settlement.
Additionally, other cyprids from the same batch were stored at 6 °C and aged for up to 5 days
for studying the effect of cyprid age on settlement.
Settlement assays. Cyprid settlement assays were conducted in sterile polystyrene (PS) Petri
dishes (BD Falcon 1006, USA) filled to the brim with filtered seawater (14 mL maximum
volume per dish) and subsequently sealed with a PS lid, ensuring that no air bubbles remained
inside. This configuration avoided the issue, previously reported, of cyprids being trapped at
the air/water interface during assays. For comparison, cyprid settlement assays were also
conducted in 24-well PS tissue culture plates (TC Plate 24-Well F, Sarstedt, USA), which
presented the organisms with an air/water interface.
Settlement assays in response to varying surface energy and charge were carried out in
gold-coated Petri dishes, as described by Petrone et al. (2011). Briefly, both the bottoms and
the lids of the Petri dishes were placed on a rotating sample holder, which was progressively
inclined by a moving arm at an angle up to 30º during metal evaporation, enabling metal
deposition on both the side and the bottom (top) of the Petri dishes. Subsequently, filling the
Petri dishes with the SAM incubation solutions (see below) ensured that the whole interior of
the Petri dishes were homogeneously coated, and presented the same surface chemistry.
Assays were performed in 24-well PS plates with 2 mL FSW and 20 cyprids, and in PS
Petri dishes with 30 cyprids in 14 mL ASW at a salinity of 22. All assays were conducted in
the dark at 28 °C with settlement of cyprids monitored at 24 and 48 h. Settled cyprids were
counted on the base, sides and lid of the Petri dish using 4 replicates for each surface.
Data analysis. Results are presented as means ± standard error (SE). The effect of surface
chemistry on settlement was examined by one-way analysis of variance (ANOVA) with Tukey
pairwise comparisons using Minitab 15 and an alpha level of 0.05.
A general linear model (GLM) was designed to test the effects of charge and SFE
independently on the settlement of the two species (drawing upon raw data from Petrone et al.
2011), and to highlight any interactive effects. Under normal circumstances data would not be
compared in this way between unrelated assays, however settlement on each surface was so
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similar between species (assays) that this approach was considered to be nonetheless rigorous
and highly illustrative.
To balance the model, two levels of SFE energy were assumed 'low' including the -CH3
surface and 'high' including all other surfaces whose contact angles lay within a 10º range (only
surfaces with data for both species could be included in the model). The model allowed
investigation of the effects of surface charge, SFE, species and the interactions between SFE
and species, and charge and species. The interaction between SFE and charge could not be
investigated due to the absence of low SFE charged surfaces. ‘Species’ was included as a covariate in the analysis.
Self-assembled monolayer preparation. Gold-coated substrates were immersed in 100 μM
thiol solutions in 99.5% ethanol (Kemetyl, Sweden). Thiols used to prepare SAMs were
HS(CH2)15CH3 (1-hexadecanethiol) (Fluka Chemie, Switzerland), HS(CH2)16OH (16hydroxy-1-hexadecantehiol) (gift from Biacore AB, now GE Healtcare, Sweden)
HS(CH2)11N(CH3)3+ Cl- (N,N,N-trimethyl-(11-mercaptoundecyl) ammonium chloride)
(Prochimia, Poland), HS(CH2)16NH2 (16-amino-1-hexadecanethiol) (Prochimia, Poland),
HS(CH2)11PO(OH)2 (11-mercapto-1-undecylphosphonic acid) (Prochimia, Poland),
HS(CH2)11SO3Na (sodium 11-mercaptoundecanesulfonate) (Prochimia, Poland), and
HSC6H4COOH (thiosalicylic acid, TSA) (Sigma-Aldrich, Sweden). After 24 hr incubation in
the dark and at room temperature, SAMs were rinsed three times with ethanol, sonicated for 3
min in ethanol and dried under N2 flow.
SAM characterization. Silicon (Si) wafers (Topsil Semiconductor Materials A/S) were cut
into pieces and subsequently cleaned with TL1 solution (1:1:5 solution of 25 % NH3 (Merck,
Germany), 30% H2O2 (Merck, Germany), and Milli-Q (Millipore) water), for 10 min at 80 ºC
prior to coating first with a 30 Ǻ-thick layer of titanium (Ti) (Balzers, Liechtenstein, 99.9%)
and then with a 2000 Å thick Au layer (Nordic High Vacuum AB, Sweden, 99.9%) at rates of
0.5 and 10 Å s-1, respectively.
An automatic null ellipsometer (Rudolph Research AutoEL III) equipped with a He–
Ne laser (λ=632.8 nm) set at an incidence angle of 70º was used to obtain the thickness of
SAMs on gold-coated Si. SAM thicknesses were calculated from the measurement outputs (Δ
and Ψ) using a three-layer parallel slab Au/SAM/air model. An isotropic refractive index
n=1.50 and k=0 was assumed for the SAM. The reported values were the averages of five
measurements on each surface.
Advancing contact angles of SAMs on gold-coated Si were measured with a CAM 2000
Optical Contact Angle Meter (KSV Instruments Ltd, Finland) equipped with a manual liquid
dispenser. The reported advancing contact angle values were the average of five measurements
on different locations. Gibbs surface free energy was calculated as described in Petrone et al.
(2011) using the Good-van Oss-Chaudhury (GvOC) model by measuring the advancing contact
angle on SAMs with three liquids, namely water (W), glycerol (G) and diiodomethane (DIM).
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Results
Effect of container. Polystyrene 24-well plates were used to determine the percentage of
cyprid (0-day-old) settlement after 24, 48 and 72 h. Settlement was low at each observation, 5
± 2%, 9 ± 3% and 15 ± 4% respectively (Fig. 1A). The low settlement values reflected the large
number of cyprids 'floating' trapped in the liquid meniscus. Performing settlement assays in
sealed Falcon 1006 Petri dishes, containing no trapped air, negated this issue and the mean
percentage of settled cyprids increased to 46 ± 11% after 48 h and 80 ± 8% after 72 h (Fig. 1B).

Figure 1. Mean percentage of cyprids (0-day-old) of Balanus improvisus settled after 24, 48 and 72 hr
on uncoated polystyrene, in (A) 24-well plates and (B) sealed Petri dishes.

Effect of cyprid age. Figure 2 shows the mean settlement percentage of different ages of
cyprids, ranging from 0- to 5-days-old, after 24 and 48 h in PS Petri dishes. After 48 h, the
mean settlement percentages for 0, 1, 2, 3, 4 and 5-day-old cyprids were 46 ± 12%, 53 ± 9%,
51 ± 5%, 34 ± 3%, 28 ± 11% and 60 ± 3%, respectively. Settlement data differed significantly
between different ages of cyprid (p < 0.05, F= 4.46) (ANOVA, Tukey test) and pairwise
comparisons are presented in Figure 2. Cyprids 0, 1, 2 and 5 days post-metamorphosis settled
in significantly higher numbers compared to cyprids 3 and 4 days post metamorphosis.
Settlement after 24 h did not yield significant differences.
Settlement in response to varying surface energy and charge. Tests were conducted with
0-day-old cyprids as described in the literature (O’Connor and Richardson 1994, 1996;
Berntsson et al. 2000b; Dahlström et al. 2000; Berglin et al. 2001). SAMs were prepared from
positively-charged (-N(CH3)3+ and -NH3+), negatively-charged (-SO3-, -PO32- and -CO2-), and
neutral hydrophilic and hydrophobic (-OH and -CH3) tail groups. Thickness, advancing water
contact angle with three liquids (W, DIM and G) and Gibbs surface energy for SAMs used in
this work are reported in Table 1.
Settlement was enumerated at 48 h to allow comparison with previous studies. Cyprid
mean settlement was 11 ± 6% on the neutral and hydrophilic OH-SAM, and 47 ± 4% on the
neutral and hydrophobic CH3-SAM (Fig. 3). Settlement was 8 ± 2% and 2 ± 1% on the
positively charged N(CH3)3+- and NH3+-SAM, respectively. Cyprid settlement was highest on
the negatively charged surfaces with average percentages of 44 ± 4% on SO 3--, 49 ± 2% on
PO32-- and 43 ± 5% on CO2- -SAM. Settlement data differed significantly between surfaces (p
< 0.05, F= 30.42) at 95% confidence (ANOVA, Tukey method).
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Figure 2. Mean settlement percentages cyprids of B. improvisus from 0- to 5-days-old in uncoated PS
Petri dishes after 24 and 48 hr in FSW (salinity = 20). Results of Tukey pairwise comparisons are
presented. Means that do not share a letter are significantly different.

Figure 3. Settlement of cypris larvae of B. improvisus. on SAMs applied to sealed Petri dishes with 15
mL FSW (salinity=20) after 24 and 48 hr, where -CH3 is an abbreviation of HS(CH2)15CH3, -OH =
HS(CH2)16OH, -NH3+ = HS(CH2)16NH2, -N(CH3)3+ = HS(CH2)11N(CH3)3+, -CO2- (TSA) =
HSC6H4COOH, -PO32- = HS(CH2)11PO(OH)2 and -SO3- = HS(CH2)11SO3Na. Tukey pairwise
comparisons are presented. Means that do not share a letter are significantly different.
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Table 1. Measurements of advancing contact angles with three liquids in polystyrene (PS) Petri dishes
and on SAMs applied to Petri dishes (θW, θDIM, θG), surface free energy (SFE); (γ) estimated by the
GvOC approach and ellipsometric thickness. Data for -CH3, -OH, -N(CH3)3+, and -CO2- are reproduced
from Petrone et al. (2011).

Surface

Advancing contact angle/ °

PS
-CH3
-OH
-N(CH3)3+
-NH3+
-CO2- (TSA)
-PO32-SO3-

θW
79 ±3
107 ±1
39 ±2
60 ±2
47 ±2
56 ±3
63 ±1
41 ±3

θDIM
26 ±3
77 ±1
38 ±3
28 ±3
32 ±3
19 ±2
37 ±2
41 ±3

θG
54 ±2
83 ±2
18 ±2
50 ±3
49 ±2
21 ±2
50 ±1
37 ±1

SFE /
mJ m-2
γ
46
19
41
45
43
48
37
40

Thickness / Å
18.4 ±0.2
21.3 ±0.2
14.3 ±0.5
20.8 ±0.5
3.8 ±0.4
25.1 ±0.4
20.6 ±0.3

On comparison of present data with those presented by Petrone et al. (2011), close similarity
was noted between the settlement response of cyprids of B. amphitrite and B. improvisus to the
range of surfaces under investigation. A general linear model (GLM) was used to illustrate
these similarities. Taken together, the data satisfied the assumptions of normality and
homogeneity of variance required for this test.
The results of the GLM indicated a significant effect of species (F = 6.15 p = 0.021),
with generally higher settlement of B. improvisus across the range of surfaces. Given the
differences in assay method and period of time between conducting the two assays, however,
this result is not considered to be particularly informative. What was of special interest was the
relative response of the two species to the physicochemical properties of the surfaces. SFE did
not influence settlement significantly (F = 1.48 p = 0.235). On the contrary, charge exerted a
significant effect (F = 4.08 p = 0.03) with both species settling in greater numbers on negatively
charged surfaces. The interaction between SFE and species produced a significant result (F =
10.41 p = 0.004), suggesting a difference in the way that the two species respond to SFE. This
result may be explained by the far higher settlement of B. improvisus cyprids on the CH3 SAM
compared to the OH SAM; a difference that was much reduced, although nevertheless
significant (Petrone et al. 2011) for B. amphitrite. The interaction between charge and species
was not significant (F = 0.13 p = 0.876); both species responded similarly to surface charge.
The clustering suggested by these results can be seen clearly in an overlay of the two data sets
(Figure 4).
Discussion
Initial B. improvisus cyprid settlement assays were carried out in PS 24-well plates to reduce
the inherent variability in sessile drop assays on flat surfaces (Aldred et al. 2010a, Petrone et
al. 2011, 2013). Each well of a PS 24-well plate had 2 mL of FSW added containing 20 cyprids.
However, settlement assays carried out in PS well plates resulted in negligible cyprid
settlement after 48 h (see Fig. 1A) due to cyprids becoming trapped at the air/seawater interface.
The phenomenon of 'floating cyprids' in conventional 24-well plate settlement assays
(Qiu et al. 2008) is particularly problematic in assays involving B. improvisus. Observations in
initial assays suggested that very few cyprids (< 10%) were able to actively explore the bottom

8

of the wells, with most remaining trapped in the meniscus. The causes of this effect, and the
reasons for differences observed among species of barnacle cyprids, are unknown. However,
it is likely a combination of factors, such as the nature and efficiency of the culture filtration
procedure and the natural hydrophobicity of the cyprid cuticle. When first observed by
Pyefinch & Mott (1948) during assays with cyprids of B. crenatus, the issue was resolved by
filling assay bottles to the brim and closing with the lid. Since the problem was found only with
this species and not with the larger cyprids of B. balanoides (= Semibalanus balanoides) that
became the model barnacle species of the 1970s and '80s (Holm 2012), little further research
on this technical issue was conducted. As B. amphitrite became established as a laboratory test
species, however, methods to address 'floating' were developed since this species is affected,
albeit to a lesser degree. Qiu et al. (2008) suggested that the size and relative strength of cyprids
from the different species may explain why smaller cyprids of B. crenatus and B. amphitrite
may be more prone to floating than those of S. balanoides or Megabalanus spp., having a
proportionally larger surface area in contact with the air-water interface and reduced strength
to break free. Although plausible, this explanation does not completely explain why there are
such stark differences in the frequency of floating between species with similar-sized cyprids,
such as Elminius modestus where floating is highly problematic and B. amphitrite where it is
relatively less common. Variation in the behaviour of cyprids (encountering the meniscus more
frequently, for example) or differences in the composition/physical nature of the cuticle may
further explain the phenomenon. Similar findings were described by Petrone et al. (2013),
comparing settlement results from a sessile drop assay, glass vials and opposed glass surfaces.
In recognition of the effect of this phenomenon on the results of cyprid assays,
particularly those using species highly prone to floating, Qiu et al. (2008) designed an assay
format that used filled and hermetically sealed Petri dishes; essentially a modification of the
method used by Pyefinch & Mott (1948). This method was adopted in this work with B.
improvisus and demonstrated a marked improvement in the reliability of the assay result
compared to more conventional approaches. Settlement tests were conducted in PS FalconTM
1006 Petri dishes, which provide a hermetic seal when closed and thus a suitable environment
for swimming and surface exploration by cyprids. In so doing, floating was entirely avoided
and all cyprids were actively involved in the assay.
Using this modified assay method, cyprids of 0-, 1-, 2-, 3-, 4- and 5-days-old were used
to observe the effects of short-term cold storage on subsequent settlement (Rittschof et al. 1984;
O’Connor & Richardson 1994; Head et al. 2004). The results in Fig. 2 show significant
differences between the settlement recorded using cyprids 0-, 1-, 2- and 5-days-old compared
to 3- and 4-days-old. Dahlström et al. (2000) observed that storage of cyprids of B. improvisus
for more than 24 h decreased settlement by more than 50%. Although this dramatic effect was
not observed, younger cyprids (0-day-old) were nevertheless preferred for use in assays, which
enabled comparison with previous studies. The higher settlement of 5-day-old cyprids is
consistent with reduced discrimination with age (Rittschof et al. 1984) and depletion of energy
reserves (Tremblay et al. 2007); the cyprids become more ‘desperate’ to settle, i.e. the desperate
larva hypothesis (Toonen & Pawlik 1994).
Self-assembled monolayers applied to PS Petri dishes (bottom and lid), provided
considerable flexibility for modulation of the surface physicochemical features to which
cyprids were exposed. Cyprids settled more along the sides of Petri dish during the first 24 h,
while on the bottom and lid settlement increased after 48 h. For the purposes of this discussion,
it is assumed that the CH3- and OH-terminated SAMs do not carry significant surface charge
at the pH of seawater. Whereas this is almost certainly the case for the OH-SAM, it is possible
that the CH3-SAM may carry a negative charge in seawater due to preferential adsorption of
hydroxyl/hydronium ions. Considering the paucity of relevant experimental data, however,
these two SAMs are referred to here as 'neutral'.
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The range of chemistries used in these experiments demonstrated the importance of the effect
of surface charge and, more broadly, of surface energy towards settlement of cyprids. Previous
work with cyprids of Balanus amphitrite focused upon the correspondence between settlement
and high surface wettability (Rittschof & Costlow 1989; Gerhart et al. 1992; Roberts et al.
1991). O’Connor and Richardson (1994) compared the settlement of B. amphitrite and B.
improvisus and found that B. improvisus settled in higher numbers on a hydrophobic surface
(polystyrene) rather than on a hydrophilic surface (borosilicate glass), while B. amphitrite
showed the opposite trend, thus supporting the view that these organisms demonstrate opposite
preferences. However, Petrone et al. (2011) later demonstrated that when well-characterised
surfaces are used in conjunction with an optimised assay method, the opposite response could
be observed. In fact, cyprids of B. amphitrite 'preferred' low SFE CH3 surfaces, aligning the
behaviour of B. amphitrite to that of B. improvisus. Dahlström et al. (2004) also conducted
assays on hydrophilic (glass) and hydrophobic (PS) surfaces revealing a preference of cyprids
of B. improvisus for settling on non-polar, hydrophobic surfaces. The present results for B.
improvisus support this conclusion and suggest that the preferences of these two species in
response to SFE and charge are actually similar. Cyprids of B. improvisus were observed to
settle in higher numbers on non-polar, low-SFE CH3-SAMs, compared to high-SFE OHterminated SAMs.
SFE, therefore, seemed to influence the settlement of both species in a similar way. In
addition, those surfaces that carried a negative charge at the pH of seawater (CO2--, PO32-- and
SO3--terminated SAMs) showed high cyprid settlement for both species (despite having highSFE). Positively charged surfaces received low settlement for both species. Surface charge
therefore seems to have more influence over the decision to settle than SFE alone, with negative
charge overriding whatever selection criterion prevented cyprids from settling in high numbers
onto neutrally charged high-energy surfaces.
The GLM and data presented in Figure 4 support the conclusion that the two species
studied to date in fact share very similar preferences with regard to charge and SFE. However,
the magnitude of the difference in settlement between high and low SFE neutrally charged
surfaces was far higher for B. improvisus. This observation, in conjunction with ambiguous
results from B. amphitrite in previous studies, is probably the source of the widely held belief
that these two species have opposite responses to SFE. In summary, it seems that charge is the
overwhelming physicochemical stimulus and only when the surface charge is neutral do the
organisms respond directly to SFE. To fully understand the ecological implications of this
result, the question must be asked, how many naturally occurring surfaces carry a neutral
charge? If the answer is very few, then perhaps the role of SFE in the decision-making process
of cyprids at settlement has been overestimated.
The reduced settlement on positively-charged surfaces for both B. amphitrite and B.
improvisus remains unexplained, but may be a consequence of reduced tenacity during
temporary adhesion/surface exploration (Aldred et al. 2011). The effect is demonstrated clearly
however by settlement onto the N(CH3)3+- and CO2--terminated SAMs, which have similar
surface free energy of 45 and 48 mJ m-2 respectively (see Table1), but opposite charges.
Settlement on these surfaces was significantly different with over four times as many cyprids
settling on the latter.
It is evident that when the charge is neutral total surface energy is a predictor of cyprid
settlement to surfaces with two species assayed (B. amphitrite and B. improvisus) under
controlled conditions demonstrating a consistent response. Furthermore, the responses of
cyprids of the two species to surface charge are also consistent, raising an important question:
what is the mechanism by which surface charge modulates settlement? Maki et al. (1994)
rejected a correlation between surface wettability and temporary adhesion strength of cypris
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larvae of B. amphitrite, however it would perhaps be instructive to repeat these experiments
using well-characterised surfaces such as SAMs. Importantly, similar experiments must be
undertaken to identify if temporary adhesion is affected by surface charge, as was suggested
by observations of cyprid exploration on charged surfaces by Aldred et al. (2011). All available
evidence currently points to negatively charged surfaces binding cyprid temporary adhesive
strongly, providing a firm attachment and thus promoting settlement.

Figure 4. Settlement percentage of cypris larvae of B. improvisus used in this work and B. amphitrite
from a previous experiment (Petrone et al. 2011) where -CH3 is an abbreviation of HS(CH2)15CH3, -OH
= HS(CH2)16OH, -NH3+ = HS(CH2)16NH2, -N(CH3)3+ = HS(CH2)11N(CH3)3+, -CO2- (TSA) =
HSC6H4COOH.

To summarise, this study used a modified assay method and well-defined surfaces to identify
effects of both SFE and surface charge on the settlement of B. improvisus. The effects of charge
and SFE were both conserved between two different species of barnacle, improving the
prospect of designing inert surfaces with inhibitory characteristics that will deter multiple
barnacle species. These experiments in combination with similar tests on further species,
adhesion measurements and assays of pre-settlement behaviour may therefore significantly
improve our understanding of the factors controlling barnacle settlement and assist the
development of barnacle-resistant coatings for marine applications.
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