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Abstract
Copper Tolerance of Amphibalanus amphitrite
as observed in Central Florida
by
Hannah Grace Brinson
Major Advisor: Emily Ralston, Ph.D.

Copper tolerance in the invasive barnacle Amphibalanus amphitrite has been
observed in Florida by the Center for Corrosion and Biofouling Control since 2012
and by Weiss (1947). To test the theory that this barnacle preferentially settles on
copper coated surfaces to avoid settlement competition by other sessile species, a
series of two experiments and a literature review of historical copper toxicity tests
on larval barnacles was conducted. The barnacle A amphitrite was preferentially used
in many previous toxicity studies because it is readily available, has high fecundity,
and is more sensitive to some toxicants than other species, including the native
barnacle A eburneus.

In order to resolve the difference between observed recruitment by A
amphitrite on copper coatings, with reported copper sensitivity as larvae in lab
experiments, an in situ field experiment was performed. A series of panels coated
with paint containing different concentrations of copper was immersed at the Florida
Institute of Technology static test site at Cape Marina, located in Port Canaveral, FL
during two different seasons: winter with low fouling pressure and summer with high
fouling pressure. During the winter, the barnacle A amphitrite and an invasive species
of bryozoan Watersipora subtorquata complex recruited on low copper content
surfaces, but did not occupy enough space for competition to be a factor. During the
summer, the barnacle A amphitrite recruited almost exclusively on the highest copper
iii

content panels, while the bryozoan W subtorquata complex recruited on the low
copper content panels, similar to the pattern seen in winter. The native barnacle
Amphibalanus eburneus settled exclusively in the inert surfaces. Through these
results, it can be determined that A amphitrite likely responded to higher competition
pressure by recruiting to higher copper treatments, unlike W subtorquata complex
and A eburneus.

A second set of experiments was designed to look at settlement preferences
of A amphitrite. In one experiment, larvae of the barnacle A amphitrite were isolated
in mesocosms with the choice of settlement on the high copper-content coated
surface, that it readily recruited on in the previous experiment, and an inert surface.
In the second experiment larvae of both A amphitrite and A eburneus were placed in
the mesocosms with same choice of substrate. A amphitrite settled in significantly
higher numbers on the inert surfaces rather than settling evenly on both surfaces,
regardless of whether there was competition from a congenitor or not. Given the
results of the previous in situ experiment this result was not expected.

Copper tolerance in the barnacle A amphitrite has been observed through
recruitment studies and observations in several parts of Florida. Though this barnacle
is known to be sensitive to copper in the literature, the anomaly of its recruitment to
copper coated surfaces is yet to be determined. Settlement studies of A amphitrite
revealed a preference for settlement on inert surfaces without competing recruits,
which is indicative of the literature sensitivity results but not the observed
recruitment of this organism.
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Chapter 1 : Copper Toxicity in Different
Barnacle Species; A Literature Review

Abstract
Copper sensitivity varies among different barnacle species depending on their
origin, environmental conditions, and larval stage. The two barnacle species that are
the focus of this thesis are: Amphibalanus eburneus, the ivory barnacle native to the
southeastern coast of the United States, and Amphibalanus amphitrite, the invasive
pink acorn barnacle that is thought to have travelled on the hulls of ships to the United
States. These barnacles are found in marinas where copper and other heavy metal
pollutants are abundant. Their tolerance to these pollutants in the larval stage is
paramount to their survival, and since it has been observed that A amphitrite, as an
adult, settles on copper-coated surfaces where A eburneus does not, it is hypothesized
that A amphitrite is more tolerant of copper and other toxicants. However, through a
detailed literature review, it has been discovered that the barnacle A amphitrite is the
organism of choice for ship hull coating toxicity tests due to its high fecundity,
hardiness in a laboratory setting, and sensitivity to toxicants. The sensitivity of A
amphitrite is higher than that of A eburneus. This difference between observed
recruitment in Port Canaveral and sensitivity reported in literature may be due to high
anthropogenic pollution and other environmental exposure factors associated with A
amphitrite as found in Central Florida.
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Introduction
Copper toxicity is an important subject to study in the marine setting because
copper is the main biocide used in antifouling paints, found on 70% of ships/vessels
around the world. Copper plated hulls have been used as far back as the Roman and
Chinese ships, and is back in use through the implementation of the Rotterdam
Convention in 2004 and ultimate banning of TBT (tributyl tin) in ship paints by the
IMO (International Maritime Organization) in 2008 (Almeida et al, 2007; Brady,
2000). Its ban was due to its extreme harm to the marine environment and its
organisms (Finnie, 2006; Hydrex, 2011; Hietkamp, 2006). Copper and other biocides
that have replaced TBT are not as effective at keeping all organisms off the hulls of
ships. The organisms that can withstand copper biocides are referred to as “copper
tolerant”. Copper tolerance has been reported for biofilms, tunicates, calcareous
tubeworms, and barnacles (Weiss, 1957; Johnston et al, 2009; Darbyson et al, 2009).
The copper released from vessels may take several different forms or species.
Copper ions specifically Cu2+, are the most toxic and are readily available to act on
physiological sites on organisms, known as bioavailability (Valkirs et al, 1994). High
doses of copper affect organisms by inactivating vital processes within the organism
through contact or absorption of the toxic ion into the organism, which then inhibits
metabolic processes (Corner and Sparrow, 1956; Rainbow, 1985). Tolerant
organisms can combat the toxic levels of bioavailable copper by resisting the metal
and/or the weaker members of the population perish. Organisms can resist heavy
3

metals in a variety of ways: enhancing physiological/biochemical tolerance
mechanisms such as metal binding proteins, or enacting different life cycle traits in
developmental changes, such as metamorphosis (Forbes and Calow, 1997; Lopes et
al, 2011; Rainbow, 1985). Another way that some organisms survive lethal biocides
is to change their life cycle traits to ultimately avoid the toxicant all together (Gall et
al, 2013; Lopes et al, 2011).
Copper in the water column is an important factor to consider because almost
all fouling organisms, including barnacles, start their life in the plankton, and are
affected by bioavailable copper at this stage as well as when trying to settle on a ship
hull. Copper is listed as a priority pollutant in the National Recommended Water
Quality Criteria, with recommended dissolved copper concentrations in the marine
environment to not exceed 4.8 µg/L, with an instantaneous concentration of 30 µg/L
allowable (EPA, 2016; Valkirs et al, 1994). This number was calculated using the
Biotic Ligand Model (BLM). This model helps to predict the overall toxicity of a
heavy metal using multiple water quality factors such as pH, dissolved organic
carbon, calcium, and dissolved organic material (Meador, 1991; Toro et al, 2001; de
Schamphelaere and Jansen, 2003; Pinho et al, 2010; Arnold et al, 2005). Copper can
be released in the form of antifouling paint particles (APP) or already dissolved
copper ions (Cu2+) from mechanical cleaning processes on the hulls of ships in the
marine environment (Turner, 2010; EPA, 1999; Valkirs et al, 1994). These two forms
of copper have different toxic effects on the aquatic environment in which they were
4

released. It has been estimated by Valkirs et al. that within minutes to hours of an inwater ship hull cleaning, the toxic levels of dissolved copper reaches ambient, nontoxic concentrations again. However, APP can persist in the marine environment,
and slowly release their biocides into the water column long after the mechanical
cleaning has been completed on a vessel, and may travel/be swept to areas outside of
the general area in the harbor or marina where the ship was originally cleaned
(Turner, 2010; Valkirs et al, 1994). The BLM helps to determine how bioavailable
copper behaves: short lifespan in the water column, readily adsorbs to dissolved
organic material and clays, and enters the sediments around ship hull cleaning areas,
harbors, and marinas (Figure 1.1; Santore et al, 2001). Though the BLM was
designed for use in freshwater, it is being adapted for use in marine environment
because of routine use of copper based biocides (Pinho and Bianchini, 2010;
Slaveykova and Wilkinson, 2005). The use and feasibility of the Biotic Ligand
Model (BLM) will be interpreted for use in marine and estuarine environments,
through its use in various modelling articles. This data will be summarized through
a literature review, and will include information such as the environment in which
the model was used in (aquatic or marine) and the species that was studied. Only
papers that include models of copper as the heavy metal were included in this review.
Organisms that are copper tolerant in the larval form are likely to be in
harbors and on vessels tha travel across the ocean to another area of the world where
they may be considered an invasive, or alien, species. There are many different
5

vectors that can transport marine organisms such as aquaculture, natural movement
of plants, and plastic debris, but human vessels have the highest amount of organism
transport through ballast water and on the hulls (Carlton, 2011; Floerl, 2005;
Gollasch, 2001, Dreanno et al, 2006). Organisms that are transported on the hull of
a copper coated ship already have advantages over the more sensitive native species
in the area of invasion because of their copper tolerance (Piola et al, 2009). One of
these species that has been observed in Central Florida is Amphibalanus amphitrite
or the pink acorn barnacle.
Barnacles and their reactions to copper in the marine environment have been
well studied in the literature. The following sections outline the results of this
literature review through historical toxicity tests focusing on the two barnacle
species: Amphibalanus amphitrite and Amphibalanus eburneus. Amphibalanus
amphitrite has been observed to tolerate copper in the adult form, so it is
hypothesized that they will be more tolerant to copper in the larval form than A
eburneus, the native Florida barnacle species that does not tolerate copper in the adult
stage. Factors that were taken into consideration were the duration of each toxicity
test, and whether that test attempted to determine lethal concentration values (LC50)
or effective concentration values (EC50). If an EC50 test was run, the behavioral
factors associated with the test were discussed as well.

6

Figure 1.1: Conceptual model of the interaction between copper and the surface of
the gills, considering different water quality parameters affecting the bioavailability
of copper as well as speciation of the copper ions. In this figure: dissolved organic
carbon, pH, and calcium (Santore et al, 2001).

7

Copper Tolerance of Barnacles
Qui et al (2005) outlined the importance of testing copper tolerance in
barnacle larvae at different naupliar stages because of their varying sensitivity.
Larval barnacle development consists of six different nauplier stages, followed by a
final cyprid stage which is the settlement stage. It is important to test the sensitivity
of each of these stages, since a barnacle nauplii could be exposed to a toxicant at any
of these stages of development. Qui et al reviewed the LC50 values of each stage of
larval development of the barnacle A amphitrite (Figure 1.2; Qui et al, 2005), and
concluded that naupliar stage 2 was the most sensitive to toxicants with LC50 values
ranging from 0.032 for Nauplier stage II to 0.213 in Nauplier stage VI. Other
toxicology studies of A amphitrite came to the same conclusion: naupliar stage two
was the most sensitive stage of development (Qui et al, 2014; Valkirs et al, 1994). In
papers that examined the cyprid stage, settlement of the larvae is inhibited by
pollutants through the loss of metabolic processes due to heavy metal poisoning,
most importantly copper (Pyefinch and Mott, 1947; Leilei et al, 2004, Qui et al,
2005).

8

Figure 1.2: Effects of copper concentrations on the survival rate of Amphibalanus
amphitrite in nauplier stage 2 (A), nauplier stage 4 (B), and nauplier stage 6 (C) in a
48-hour period. Each bar represents the mean standard deviation of each data point
(Qui et al, 2005).
9

Several other barnacle species have been used throughout the literature that
are not as common to the United States, but are more common in colder areas such
as the coastlines of Europe and Japan. It is important to consider these other species
of barnacle because they are the most abundant species in these regions, making these
barnacle larvae feasible to obtain for research. Some of these barnacle species
include Amphibalanus improvisus (Lang et al, 1980), Semibalanus (Balanus)
balanoides and Balanus crenatus (Pyefinch and Mott, 1947), Chthamalus
challengeri (Leilei et al, 2014), Amphibalanus variegatus (Gall et al, 2013),
Perforatus (Balanus) perforates (Prato et al, 2012), Megabalanus (Balanus)
tinntinnabulum (Rao et al, 1987), included in this review (Table 1.1).
Results varied greatly among studies. This may have been due to differences
in the amount of time the toxicity test was run. For example, if an organism was
exposed to the same concentration of toxicant for a longer period, it may seem as if
the organism was more sensitive than with the shorter test. Longer exposure time
corresponds to a longer toxicant accumulation time within the organism. The Biotic
Ligand Model (BLM) can help determine if the chemical gains toxicity throughout
the test to control for different experimental run times. The BLM, used prior to an
experiment, also calculates the bioavailable fraction. If the toxin concentration is
higher than calcium, DOC, DOM, and other minerals, it determines the likely
speciation of the toxicant (Arnold et al, 2005; Anderson and Morel, 1978). If the
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metal ion is not bioavailable, there will be no effect on the organism at all, despite
the presence of the heavy metal, such as copper.

Table 1.1: Compiled results of literature review of copper toxicity tests performed
on two barnacle species of interest: A amphitrite and A eburneus. All studies used
ion species Cu2+.
Barnacle
Species
Balanus
eburneus

Balanus
(Amphibalanus)
amphitrite

Life
Stage

Length
(hours)

Type
Test

of

Results
(mg/L)

Author
(Date
published)

Figure

Stage
II

48

LC50

0.75 ±
0.2

Prato et al
(2012)

Figure
1.7

Stage
II

48

EC50
(molting
inhibition)

0.032

Qui et al
(2005)

Figure
1.9

Stage
II

48

LC50

0.145

Qui et al
(2005)

Figure
1.2

Stage
IV

48

LC50

0.156

Qui et al
(2005)

Figure
1.2

Stage
VI

48

LC50

0.213

Qui et al
(2005)

Figure
1.2

Stage
II

24

EC50
(swimming
alteration)

0.06 ±
0.01 *

Faimali et
al (2006)

Figure
1.4

Stage
II

24

LC50

0.25 ±
0.04 *

Faimali et
al (2006)

Figure
1.4

Stage
II

2

LC50

0.2

Valkirs et
al (1994)

-

-

Cyprid

2

EC50
(inhibition
to settle)

0.024

Valkirs et
al (1994)

-

-

Stage
II

48

LC50

0.45 ±
0.2

Prato et al
(2012)

Figure
1.7
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Table 1.2: Results of literature review of copper toxicity tests performed on various
barnacle species. Two studies with an asterisk used copper pyrithione; all other
studies used Cu2+.
Barnacle
Species
Elminius
modestus

Balanus
balanoides

Balanus
crenatus

Amphibalanus
variegetus

Balanus
perforates

Chthamalus
challengeri

Author
(Date
published)
Corner and
Sparrow
(1956)
Pyefinch and
Mott (1947)
Pyefinch and
Mott (1947)
Pyefinch and
Mott (1947)
Pyefinch and
Mott (1947)
Pyefinch and
Mott (1947)
Pyefinch and
Mott (1947)

Length
(hours)

Type of Test

Results
(mg/L)

Stage II

~ 24

LC50

50

Stage III

6

LC50

0.34

Stage IV

6

LC50

0.38

Stage V

6

LC50

0.46

Stage VI

6

LC50

0.46

Stage IV

6

LC50

0.27

Stage V

6

LC50

0.23

Stage VI

6

LC50

0.26

Pyefinch and
Mott (1947)

Figure
1.8

Stage I and II
(industrialized)

24

0.11

Gall et al
(2013)

Figure
1.10

Stage I and II
(reference)

24

0.081

Gall et al
(2013)

Figure
1.10

Stage II

48

LC50

0.27 ±
0.04

Prato et al
(2012)

Figure
1.7

Stage II

24

LC50

0.156

Qi et al
(2014)

Figure
1.5

Stage III

24

LC50

0.249

Qi et al
(2014)

Figure
1.5

Stage IV

24

LC50

0.315

Qi et al
(2014)

Figure
1.5

Stage V

24

LC50

0.391

Qi et al
(2014)

Figure
1.5

Stage VI

24

LC50

0.465

Qi et al
(2014)

Figure
1.5

Cyprid

24

LC50

0.817

Qi et al
(2014)

Figure
1.5

Cyprid

24

EC50
(settlement
inhibition)

0.135

Qi et al
(2014)

Figure
1.6

Life Stage

EC50
(molting
inhibition)
EC50
(molting
inhibition)

12

Figure
Figure
1.3
Figure
1.8
Figure
1.8
Figure
1.8
Figure
1.8
Figure
1.8
Figure
1.8

Figure 1.3: This line graph from Corner and Sparrow (1956) represents the LC50
values of barnacle larvae in naupliar stage I or II for both mercury and copper.
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Figure 1.4: Qi et al (2014) performed both LC50 copper toxicity tests on the larvae
of the barnacle Chthamalus challengeri, but also performed 5-day EC50 tests on the
cyprid stage, where the effect observed was inhibition to settle.
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Figure 1.5: The line graph above represents the LC50 values of the barnacle Balanus
balanoides in the cyprid stage. The two metals Mercury (Hg) and Copper (Cu) were
both used alone and in conjunction in different toxicity tests with the same barnacle
larvae (Pyefinch and Mott, 1947).

15

Figure 1.6: The line graphs represent molting inhibition of Balanus (Amphibalanus)
amphitrite due to the toxic effects of copper. This EC50 test was completed over the
course of 8-days, starting at nauplier stage II, and the time at which their molting
occurred was measured. If their molting took longer than the control group, this was
considered inhibition (Qui et al, 2005).
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Table 1.3: Average LC50 and EC50 values for Cu2+ toxicity tests on the larval stages
of each of the most popularly tested different barnacle species, as found from the
literature review (Table 1.1). The standard deviation column denotes the
differences in toxicity values found in the literature review, where a standard
deviation of zero means n=1. Amphibalanus eburneus was included in this table
because it is the species of special consideration within the scope of this paper.

EC50
Barnacle
Species

LC50

Toxicity
(mg/L)

Standard
Deviation

Average
length
(hours)

Toxicity
(mg/L)

Standard
deviation

Average
length
(hours)

Amphibalanus
amphitrite

0.028

0.01

24

0.178

0.03

36

Amphibalanus
eburneus

-

-

-

0.75

0.00

48

Balanus
balanoides

-

-

-

0.41

0.06

6

Amphibalanus
veriegatus

0.095

0.02

24

-

-

-

Balanus
crenatus

-

-

-

0.253

0.02

6

Chthamalus
challengeri

0.135

0.00

24

0.398

0.23

24
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Discussion
Barnacle Toxicity
The two barnacle species A eburneus and A amphitrite found along the east
coast of Central Florida have differentsettlement patterns. A eburneus were not found
to settle on copper coated surfaces, but still settle in marinas. A amphitrite were found
to settle on most copper coated surfaces in this area of Florida, even on coatings that
contain booster biocides, such as pyrithione, which has been found to be more toxic
than copper ions (Table 1.1; Famieli et al, 2006). From these observations, it was
hypothesized that A amphitrite larvae will have a higher tolerance to copper ions in
their larval form. The long larval life span of barnacles keeps them exposed to
dissolved copper for an extended period before settlement can occur, especially when
spawned in marinas and other highly polluted areas. The larvae must be able to
survive for their whole life cycle to the cyprid stage, and the cyprid stage should be
tolerant of copper as well for the barnacle to settle on a copper coated surface.
Therefore, the larvae of A eburneus, which is not found on copper surfaces, should
be more sensitive to copper in its larval form, and more likely to perish during its
larval life. However, this copper tolerance pattern was not found. The average LC50
value found for A amphitrite in the literature was 0.178 𝑚𝑔/𝐿 for an average of 36hour testing. A eburneus was found to have an LC50 value of 0.75 𝑚𝑔/𝐿 in a 48-hour
testing period. The closest barnacle species to this sensitivity was that of Chthamalus
18

challengeri, with LC50 value of 0.398 𝑚𝑔/𝐿 in a 24-hour test period (Table 1.2).
These results show that A eburneus has a lower sensitivity to copper pollutants than
A amphitrite. Coincidentally, A amphitrite has the lowest tolerance to copper while
larvae than any other barnacle species found in this literature review.
Barnacles are used in toxicity testing depending on their availability in the
area where the toxicity testing is being done. If native species are used for testing,
the findings of the toxicity tests can be applied to the water quality criteria standards
in that region. Prato et al (2012) tested the copper sensitivity of A eburneus and
Balanus perforatus against A amphitrite in Italy, where these barnacle species are
found commonly in the marine environment. It was found that A amphitrite is the
species of choice because of its highly sensitive reactions to dissolved copper ions
and other common pollutants in highly developed marine areas (Figure 1.7). A
amphitrite is the barnacle of choice in many toxicity studies because of its easily
manipulated reproduction, rapid developmental cycle that is easily controlled by
temperature, and is economically important to most marine operations (Dreanno et
al, 2006; Clare and Matsumura, 2000; Matsumura et al, 1998).
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Figure 1.7: The bar graphs represent the LC50 values of three different barnacles in
nauplier stage II: Balanus (Amphibalanus) amphitrite, Balanus perforatus, and
Balanus (Amphibalanus) eburneus, exposed to three different toxins: Copper (Cu),
Cadmium (Cd), and Sodium Dodecyl Sulphate (SDS) (Prato et al, 2012).

20

The difference in observed recruitment of Central Florida A amphitrite adult
barnacles may be due to the amounts of pollutants that the larvae are exposed to
throughout their development. From studies performed by Gall et al (2013), the
barnacle Amphibalanus variegatus was found to have differing copper tolerances in
its larval form depending on where the brood-stock adult barnacles were collected.
If these barnacles were collected from an area of the estuary with high anthropogenic
pressures and vessel movement, the larvae had a higher copper tolerance (Figure
1.10). This was validated by collecting oysters and sediment samples in each of the
areas where the barnacles were also collected to be spawned later in the lab. The
tissue of the oysters and sediment samples were analyzed for total copper content; if
the samples had higher copper content, the site was labelled as “industrialized.”
Contemplating the lessons learned from Gall et al, it can be assumed that A amphitrite
from ports in Central Florida may have a higher copper tolerance than the lab reared
barnacles normally used in scientific studies because of a higher exposure rate
throughout their life cycle.
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Figure 1.8: Bar graph of EC50 values from the barnacle Amphibalanus variegatus
larvae in naupliar stage II collected from four different sections of an estuary system
that all have different amounts of anthropogenic pressures. The amount of
anthropogenic pressures was measured from the total copper concentration found in
the sediments and the bodies of oysters in the area (Gall et al, 2013).

Biotic Ligand Model
Toxicity tests such as the ones discussed earlier are important to the
antifouling paint industry because they show the sensitivity of marine fouling
organisms, thus creating a threshold concentration that will not harm their
development, but still reach the overall goal of settlement inhibition. The US EPA
has set stringent standards of less than 4.8 grams of copper per square meter of ship
hull mechanically cleaned, where 5.5% of the total copper was released from the ship
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hulls as dissolved copper according to the results developed from these toxicity tests
(EPA, 1999). For toxicity testing, the larvae that are more sensitive to the toxicant
should always be used to set the lowest effective toxicity allowable threshold (Figure
1.2; Figure 1.5). Copper is listed as a priority pollutant in the National Recommended
Water Quality Criteria because of the effects observed during these larval tests. Also,
incorporating the use of EC50 tests instead of LC50 tests leads to more conservative
numbers for water quality criteria standards (Figure 1.4).

Figure 1.9: This line graph represents the EC50 and LC50 values of the barnacle
nauplier stage II of Amphibalanus amphitrite, completed after a 24-hour test for each
(Faimali et al, 2006). Copper pyrithione was dissolved into seawater for this test,
which yields an organic complex of the copper ion.
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Figure 1.10: Qi et al (2014) performed 24-hour copper toxicity tests on the barnacle
Chthamalus challengeri in different larval stages including a) nauplius II b) III c) IV
d) V e) VI f) and cyprid. Copper was dissolved in the form of copper (2+) sulfate.

The EPA utilizes toxicity tests from scientific studies and the Biotic Ligand
Model (BLM) to set its water quality standards. A review of the literature on the use
and development of the BLM indicates that it is difficult to modify for use in the
marine environment. The model considers physiochemical parameters in the water
column to assess the toxicity of different heavy metal ions. In the marine
environment, there are many more parameters to consider such as dissolved sodium
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and chlorine ions in differing ratios, depending on the salinity of the environment
being modelled. The use of this model for political purposes is particularly important
because time, money, and effort are saved by using the BLM to find EC50 values of
the most sensitive organisms rather than performing toxicity tests. However, the
accuracy of this model is often questioned, especially when it is used to model more
complex systems, such as the marine environment (Schamphelaere and Jansen, 2003;
Pinho et al, 2010). Scientists and policy makers depend on this model and routine
toxicity tests to make stringent water quality standards; it is important that the BLM
be close to actual toxicity test numbers for its results to be properly utilized.

Conclusion
A amphitrite cannot tolerate copper in larval form at higher concentrations
than A eburneus. This is supported through extensive literature review of copper
toxicity tests on a variety of barnacle species. The BLM has not been fully developed
to complete these toxicity tests in the marine environment. Further research must be
completed on the A amphitrite larvae in Central Florida to determine whether
increased environmental stresses from highly active ports and marinas in the region
have caused a higher copper tolerance in these barnacles than is seen in the literature.
More extensive research must also be completed on the use of BLM in the marine
environment to properly utilize this model in the setting of water quality criteria
standards.
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Chapter 2 : In Situ Recruitment of Fouling
Organisms to Surfaces of a Varying Spectrum
of Copper Concentrations

Abstract
Three types of International copper-based ablative paints were
immersed at Port Canaveral, FL: International Interspeed (IS) 6200 (18.9% copper
by weight), International Interspeed (IS) 6400 (32.9% copper by weight), and
International Interspeed (IS) BRA640 as a standard (37.1% copper by weight). The
two IS paints 6200 and 6400 were mixed together in a 1:1 ratio to create a paint with
a concentration of 25.9% copper by weight. International Interguard 264, a red epoxy
paint, was used as control panels. Two trials of these panels were immersed at
different times of the year: winter and summer. The winter trial had significant
differences in Watersipora subtorquata complex recruitment, with the bryozoan
occupying more space on IS 6200. A amphitrite recruited significantly more on all
copper coated panels, especially IS 6200, over epoxy. Because very little recruitment
space remained, an additional trial was run in the summer. The summer trial had
significantly higher macrofouling recruitment than the winter trial. The epoxy panels
were the only panels with A eburneus recruitment, and their recruitment was
significantly higher than A amphitrite. A amphitrite recruited significantly more
often on BRA640 than any other coating at the end of the summer trial, indicating a
difference in recruitment pattern between winter and summer.
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Introduction
Recruitment of benthic marine organisms is a subject that has been under
scrutiny by ecologists for many years because of the complex interactions.
Recruitment is the settlement, growth, death, and overall changes that an organism
undergoes once it is attached to a submerged surface. Several factors determine
changes in recruitment and diversity of a benthic community, such as tolerance of
harsh conditions, predation susceptibility, and settlement competition (Edwards and
Stachowicz, 2011). More and more, organisms are exposed to anthropogenic toxins,
and the organisms either undergo a change in phenotype within the population or die
(Gall et al, 2013). This change in phenotype is usually strongest within estuarine
sessile organisms, which was the case in a study conducted by Weiss in Biscayne
Bay, Florida (1947) (Medina et al, 2007; Weiss, 1947). Several different benthic
fouling organisms, notably the barnacles A amphitrite, A improvisus and A eburneus,
were studied using antifouling, copper- and mercury-based paints immersed in the
marine environment (Table 2.1; Weiss, 1947).
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Table 2.1: Total percent cover of organisms attaching on 662 tested antifouling
painted surfaces in Biscayne Bay area, Florida (Weiss, 1947).
Organism
Barnacles
Encrusting bryozoans
Hydroids
Erect [arborescent] bryozoans
Tunicates
Tubeworms
Sponges

Percent cover
67
18
9
5
1
< 0.1
< 0.1

Mercury is no longer the focus of antifouling technologies because of its ban
through the implementation of the Rotterdam Convention in 2004 (Hietkamp, 2006;
Finnie, 2006). Weiss determined that A amphitrite and to a lesser extent A
improvisus, could recruit on copper coatings, which was notably called copper
tolerance (Weiss 1947; Table 2.2). Copper tolerance in the organisms was based on
the time they settled and their total percent cover on the copper-coated antifouling
painted surfaces versus the nontoxic control surfaces fouled at the same time in an
adjacent area. This phenomenon has been observed at Port Canaveral, Florida by the
Center for Corrosion and Biofouling Control (CCBC) since early 2010 (pers obs).
Despite 50 plus years of observation data on the copper tolerance of barnacles in
Florida, this subject hasn’t been studied in detail after the findings of Weiss in
Biscayne Bay, FL.
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Table 2.2: Total number of barnacles and corresponding percent of total population
attached to 33 toxic and nontoxic surfaces exposed at one-month intervals from
October 1944 to May 1946 (Weiss, 1947).
Barnacle
Species
Amphibalanus
improvisus
Amphibalanus
amphitrite
Amphibalanus
eburneus

Barnacles
Surface
Total
17,959

on

Nontoxic Barnacles on Toxic Surface

% of Total
87.7

Total
15

% of Total
9.4

1,503

7.5

145

90.6

564

2.8

0

0.0

CCBC operates two static immersion test rafts at Cape Marina in Port
Canaveral, Florida and in the Indian River Lagoon at Grant, Florida. It has been
observed that two main species of barnacle recruit to test panels suspended from
these rafts: A amphitrite and A eburneus, and to a lesser extent Amphibalanus
improvisus. For the purposes of this study, Port Canaveral is the ideal location to
conduct an in situ copper tolerance study because it is one of the busiest cruise ship
ports in the Western Hemisphere, contributing over $350 million to the Central
Florida economy, supports over 3 million tons of cargo movement through the port
on cargo ships, and has a turning basin large enough for Navy ballistic submarines,
all of which travel widely and make this port highly susceptible to ecological
invasions (Floerl, 2005; Braun et al, 2002; Reyier et al, 2010).
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A amphitrite is an invasive species that has been observed and reported to be
copper tolerant in the marine environment at the Port Canaveral, Florida test site
(Weiss 1947; Carlton et al, 2011, pers obs). Conversely, A eburneus is a copper
sensitive, native species that is used as an indicator species for copper and other trace
metals in its adult form, and settles readily at the Grant, Florida test site and
throughout the Indian River Lagoon (Barber and Trefry, 1981; Karson and Osman,
2012; Mook, 1976). These two barnacles compete for settlement space due to their
similar spawning times at both locations, unlike A improvisus which prefers the
cooler months of the year for reproduction and recruitment. There are several other
invasive species that have been observed to settle on copper coated surfaces at Port
Canaveral, such as Hydroides elegans and W subtorquata complex. The degree to
which copper recruitment occurs in these species is unknown. Hydroides elegans
(Haswell 1883) is an invasive species of calcareous tubeworm that is likely to have
originated from the Caribbean, settles gregariously and has a low larval dispersal rate
(Pettengill et al, 2007; Walters et al, 1997). W subtorquata complex (d'Orbigny,
1852) is an encrusting bryozoan originating in New Zealand that is an existing alien
species in practically every port around the word due to its high fecundity and
resistance to harsh toxicants (Stachowicz and Byrnes, 2006; Clark and Johnston,
2009). Encrusting bryozoans are ranked second in tolerance according to Weiss’
study, while tubeworms were noted as having less than 1% cover, contrary to current
observations (Weiss, 1947; Table 2.1). The mix of a high number of copper tolerant
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species and similar non-tolerant species makes Port Canaveral an ideal location for
in situ studies looking at community development and copper tolerance.
It is hypothesized that there is a preference for recruitment to copper surfaces
in A amphitrite depending on the diversity and fouling pressures of the benthic
community. This means that there will be a higher recruitment of A amphitrite on
copper coated surfaces as compared to adjacent inert surfaces because the barnacle
has a high tolerance of harsh conditions but a low competitive advantage over
colonial species such as W subtorquata complex. The purpose of this study was to
understand the development of the community on different gradients of copper
coated surfaces, particularly copper tolerant organisms such as A amphitrite and W
subtorquata complex.

Methods

Port Canaveral, constructed in 1945, is the second largest cruise port in the
United States (Braun, 2002; Figure 2.1). It has semidiurnal tidal cycle, with an
average water temperature of 23.9oC (Scripps Institution of Oceanography
Waverider Buoy, Station 41113; CCBC water quality data). This test site has a large
population of alien benthic invertebrates likely due to the mix of recreational and
commercial ships, prevalence of anthropogenic hard substrates and high-water
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retention times (Floerl, 2005). There have been observations of copper tolerance in
A amphitrite and many other invertebrates at this test site, so recruitment on copper
painted surfaces during any time of year is highly likely.

Figure 2.1: A diagram highlighting the location of the field test site in Port
Canaveral, Florida.

Four different ship hull paints were utilized during this experiment, all from
the company International Paints. The same brand of paint was used throughout this
experiment to avoid bias from different chemical mixing ratios, fillers and
ingredients that may vary among different coating companies. International
Interspeed 6200 (18.9% copper by weight), International Interspeed 6400 (32.9%
copper by weight), and International BRA640 (37.1% copper by weight) were used
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as the copper treatments, and International Interguard 264 epoxy in red was used as
the inert control (Swain et al, 2006). In order to create a full spectrum of copper
concentrations within this recruitment study, as suggested by Yang et al (2016), the
two Interspeed paints 6200 and 6400 were mixed together in a 1:1 ratio to create a
paint with 25.9% copper by weight.
The paints were applied as four replicates on 15 x 30 cm (6 x 12 inch) PVC
panels, for a total of 20 panels. The panels were carefully prepared before painting
by first sanding with 80 grit sandpaper, drilled in four corners approximately 2 cm
from each side for proper hanging on the PVC deployment frames, then excess
plastic shavings and dust were cleaned lightly with lint-less rags soaked in acetone.
The paints were mixed mechanically with a high-speed mixer and roller applied at
the standard 156-micron wet film thickness (WFT) recommended in the International
paints’ product datasheet (PDS) manuals. The Interguard red epoxy is a 2-part epoxy
which was mixed the same way as the Interspeed paints in a 4:1 ratio recommended
in its PDS manual. All panels were coated first with Interguard 264 red epoxy as a
standard barrier coat, then the copper paints were applied approximately 4 hours after
the epoxy coat was applied, while the epoxy coat was still tacky.
The first round of panels, named “winter”, was immersed in October 31,
2016. A second identical set, created with fresh panels and paint was immersed at
the same test site in March 31, 2017, named the “summer” panel set. This panel set
was immersed after the winter panel set fouling plateaued as far as benthic
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community development. Because of lack of free space, there was negligible
recruitment occurring on the copper coated panels, therefore there was no reason to
continue monitoring. Freshly painted panels were used to eliminate the risk of
creating a disturbed environment that would ultimately affect the growth and
recruitment patterns of the fouling community.
Panels were visually assessed weekly using a modified ASTM D6990-05.
This method assesses the total percent cover of all benthic fouling organisms that are
directly attached to the surface of the panels. The initial algae cover is recorded as
“biofilm,” but as the algae progressed, new species immerged as macro algae,
labelled as “green algae.” Fouling organisms that are mature enough to be identified
with the naked eye are identified and recorded as part of the total percent cover on
the panel by taxonomic group. Any smaller fouling organisms that are not a biofilm
and too small to be identified were labelled as “incipient fouling.” The method was
modified from the published standard in that percent cover is reported, rather than
fouling rating for clarity of results.
The total fouling was analyzed statistically using Permutational Analysis of
Variance (PERMANOVA) tests. The barnacle species A amphitrite and A eburneus
were separated from the community, as was W subtorquata complex. These species
were selected because they are either reported to be copper tolerant or, in the case of
A eburneus are a congeneric space competitor. They were analyzed separately using
two-way Repeated Measures ANOVAs in the program SigmaPlot to analyze the
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significant differences in their recruitment onto each treatment panel. Time was
analyzed as well, but was not shown here because of the apparent significant
differences found in every trial due to new recruitment within the community over
time. Post-Hoc test results were analyzed using the Holm-Sidak method. The fouling
community data of the winter trial and summer trial were further analyzed using nonmetric Multidimensional Scaling plots (nMDS plot) in R version 3.3.1 to determine
general differences in the community over time and copper content.
Shannon-Weiner diversity and Simpson’s diversity of the benthic
communities was calculated, using the formulas explained below, then run through
another series of one-way ANOVA tests and Post-hoc Tukey tests in R version 3.3.1
to identify significant differences between the immersed treatments. The ShannonWeiner Diversity Index (H’), or alpha diversity, is the diversity in individual taxa,
measured with the equation: 𝐻′ = ∑ 𝑝𝑖 |𝑙𝑛 (𝑝𝑖 )|, where p is the proportion of
organisms “i” to the total individuals at the site. Simpson’s Diversity Index (S) is an
index describing the number of species represented in an ecological community; 𝑆 =
𝑠/√𝑁, where s is the total number of species represented in the site and N is the total
number of individuals in the site. For this study, the taxonomic groups were used for
both diversity measurements. Simpson’s diversity is an index ranging between zero
and one, where one is a community with a single taxa representing each even portion
of the community, and zero is a community dominated by a single taxa.
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Results

The two panel sets were analyzed each week for fouling cover and
community diversity. Each of the panel sets was split into five different categories
for analysis: total percent cover, total macrofouling cover, W subtorquata complex,
A amphitrite and A eburneus. Total Each category included only organisms related
to that category. For example, total macrofouling cover included all macrofouling
organisms, and no biofilm or insipient fouling cover, where total percent cover
included all biofouling organisms. Differences were found in the total amount of
fouling cover for each panel set because of the time of year that they were exposed
(Lieberman, 2016). These differences are highlighted in the rest of the results section.
Generally, the higher copper content panels had lower fouling cover. Time is
included in the statistical analysis as rate of change for the five categories described
above. There was a dip in the fouling community cover during the winter set and
after 95 days (Figure 2.2A). This dip may have been caused by fish grazing, since
the panels were statically immersed without a protective cage. The summer
community did not have the dip in community cover like the winter set because the
fouling growth was so rapid that fish grazing was quickly covered by new recruits.
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Winter Trial
The winter set shows a steady increase in fouling cover over time, with the
rate of increase in cover equivalent for each of the coatings. (Figure 2.2A). The
majority of fouling consisted of biofilms on the copper-coated surfaces during the
majority of the winter trial, where the inert epoxy panels were quickly covered with
new recruits of soft fouling organisms. The rate of macrofouling recruitment was
significantly different between the copper coated panels and the epoxy panels during
the winter trial for total macrofouling cover (p<0.05; Figure 2.3A). This trend
became apparent at day 14 of immersion and continued throughout the rest of the
trial. At day 81, IS 6200 fouling was significantly higher in total macrofouling cover
than BRA640 (0.009) and IS 6400 (0.010), but still significantly lower than epoxy
(p = 0.007). IS 6200 continued to become significantly more coated in macrofouling
than IS 50:50 mix at day 172 (p = 0.017). At day 95, IS 50:50 mix became covered
in macrofouling significantly higher than IS 6400 (p = 0.017) and BRA640 (p =
0.013) at immersion day 144, but still significantly lower than epoxy (p = 0.006) and
IS 6200.
When looking at the subcategory W subtorquata complex, its recruitment
made the most significant difference between the copper coated panels, where the
rate of macrofouling recruitment was greater on IS 6200 and IS 50-50 mix than any
other copper treatment coating (p < 0.05; Table C; Figure 2.3A). These differences
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started at 144 of immersion, where W subtorquata complex recruitment was
significantly higher on IS 6200 than BRA640 (p = 0.005), IS 6400 (p = 0.006) and
epoxy (p = 0.006) and IS 50-50 mix had significantly higher recruitment than
BRA640 (p = 0.007), IS 6400 (p = 0.009) and epoxy (p = 0.010). At day 193, all
copper treatment panels had significantly higher W subtorquata complex recruitment
than epoxy (pIS6200 = 0.005; pIS50:50 = 0.006; pIS6400 =0.007; pBRA640 = 0.013), the
copper treatment IS 6200 had significantly higher recruitment than IS 6400 (p =
0.009) and BRA640 (p = 0.006), and copper treatment IS 50:50 mix had significantly
higher recruitment than IS 6400 (p = 0.017) and BRA640 (p =0.010). IS 6200 and
IS 50:50 mix recruitment was never significantly different, nor was recruitment on
IS 6400 and BRA640.
For the two barnacle subcategories, significance was found between the
epoxy coatings and all of the copper coating because of minimal recruitment during
the winter trial (p < 0.001; Table E; Figure 2.4). The winter set had recruitment of
one A eburneus on the epoxy inert control panels; all other barnacle recruitment
consisted of A amphitrite. A amphitrite recruitment was significantly higher on IS
6400 than IS6200 (p = 0.007), IS50:50 mix (p = 0.005), BRA640 (p = 0.006), and
epoxy (p =0.006). On the final day of immersion, the only two treatments that were
not significantly different in A amphitrite recruitment was IS 6200 and BRA640.
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Significance was found in the diversity of the communities during the winter
trial (p < 0.05; Table G). Shannon-Weiner diversity was significantly lower (p <
0.05) on copper panels than the epoxy control; Interspeed 6400 and BRA640 had
significantly lower diversity (p = 0.004; p < 0.001, respectively) than IS 6200 (Figure
2.7A; Table 2.3). There were significant differences in Simpson’s diversity among
the different copper coatings in the winter set (p = 0.003); IS 50-50 mix and IS
BRA640 were significantly less diverse than epoxy (p = 0.006, p = 0.014,
respectively; Table I; Figure 2.8A).
An nMDS plot was developed for the winter trial, to examine similarities
among the communities that recruited to the different coatings (Figure 2.9A). IS 6200
and IS 50-50 mix group closely suggesting similar communities between these
coatings. Dissimilarities, as identified by SIMPER, between these two coatings were
primarily total macrofouling and W subtorquata complex cover (26.4% and 21.1%
respectively). Communities that formed on epoxy coatings formed a loose grouping
on the opposite side from the previous grouping. SIMPER analysis shows that the
epoxy panels were most dissimilar to all other coatings because of total macrofouling
cover (23.0% for IS 6200; 25.1% for IS 50-50 mix; 26.1% for IS 6400; 25.0% for IS
BRA640). The other two copper coatings IS 6400 and BRA640 are dispersed
randomly through the plot (Figure 2.9A).
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Summer Trial

The summer trial was immersed to examine copper tolerance during a time
of increased fouling recruitment due to higher sea surface temperatures and other
environmental factors. There was a higher recruitment rate on the epoxy panels in
both total fouling cover and total macrofouling cover, with a lower fouling
recruitment on the copper-coated panels (Figure 2.2B). The cover consisted primarily
of macrofouling organisms, which contrasts with the biofilm dominated communities
in the winter (Table B; Figure 2.3B). Epoxy had significantly higher recruitment of
macrofouling organisms starting at 21 days of immersion on copper treatment panels
IS 50:50 mix (p = 0.006), IS 6400 (p = 0.006), and BRA640 (p = 0.005), but was not
significantly higher than IS 6200. After 49 days of immersion, the macrofouling
recruitment on epoxy was still significantly higher than IS 6400 (p = 0.005) and
BRA640 (p = 0.006), also significantly higher recruitment on IS 6200 over IS 6400
(0.009) and BRA640 (p = 0.006), and again significantly higher recruitment on IS
50:50 mix over IS 6400 (p = 0.010) and BRA640 (p = 0.007). After 70 days of
immersion, epoxy and IS 50:50 mix still had significantly higher macrofouling
recruitment than IS 6400 and BRA640, but IS 6200 had higher recruitment of
macrofouling organisms than all three copper treatments: IS 50:50 mix (p = 0.013),
IS 6400 (0.007), and BRA640 (0.010). These trends continued throughout the rest of
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the summer trial. IS 6200 macrofouling recruitment was never found to be
significantly different than epoxy.
There was a decrease in W subtorquata complex recruitment during the
summer trial (p < 0.05; Table D; Figure 2.6B). After 42 days of immersion, there
was significantly lower recruitment of W subtorquata complex on epoxy than any
copper treatment panel: IS 6200 (0.006), IS 50:50 mix (0.005), IS 6400 (0.010), and
BRA640 (0.006). Also, at day 42, there was significantly higher recruitment on IS
50:50 mix over IS 6400 (p = 0.007) and BRA640 (p = 0.013) as well as significantly
higher recruitment on IS 50:50 mix over IS 6400 (0.007). There were no significant
differences in recruitment of W subtorquata complex found again in the communities
on any panel treatment until 70 days of immersion, where there was significantly
higher recruitment on IS 6200 over all copper treatment panels: IS 50:50 mix (0.006),
IS 6400 (p = 0.005) and BRA640 (p = 0.006). After 77 days of immersion, IS 6200
recruitment became significantly higher than epoxy (p = 0.007) as well as all the
other copper treatments. At the end of the summer trial at day 105, W subtorquata
complex recruited significantly higher on IS 6200 than epoxy (p = 0.007), IS 6400
(0.006) and BRA640 (p = 0.005), and IS 50:50 mix had significantly higher
recruitment than BRA640 (p = 0.006).
Barnacle cover on the epoxy panels consisted of A amphitrite when
recruitment until day 56 of immersion, where there was a steady recruitment and
growth of A eburneus while recruitment of A amphitrite fluctuated throughout the
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rest of the study. There was no recruitment of A eburneus on any copper treatment
panel (Figure 2.5A). For A amphitrite, there was significantly higher recruitment to
IS 6200 than the other copper treatment panels at day 56 of immersion: IS 50:50 mix
(p = 0.006), IS 6400 (p = 0.006), and BRA640 (p = 0.005). There was no difference
in recruitment of A amphitrite on any panel before day 56. After 77 days of
immersion, IS 6200 had significantly higher recruitment of A amphitrite than all
other treatment panels: epoxy (p = 0.006), IS 50:50 mix (p = 0.009), IS 6400 (p =
0.005), and BRA640 (p = 0.006). After one more week of immersion, the significant
difference between IS 6200 and IS 50:50 mix disappeared. After day 104, there was
significantly higher recruitment of A amphitrite on all copper treatment panels than
epoxy: IS 6200 (0.005), IS 50:50 mix (p = 0.007), IS 6400 (p = 0.006) and BRA640
(p = 0.006).
The Shannon-Weiner diversity of the summer communities was found to be
significantly different (p < 0.05; Figure 2.7B). Epoxy had a significantly higher
diversity than the copper coated panels: IS 50-50 mix (p < 0.001), Interspeed 6400
(p < 0.001) and IS BRA640 (p < 0.001) and there was also significantly higher
diversity on IS 6200 than the copper coated panels IS 50-50 mix (p < 0.001), IS 6400
(p < 0.001) and IS BRA640 (p < 0.05). The Simpson’s Diversity of the fouling
community during the summer trial were not found to be significant (p = 0.754;
Figure 2.8B).
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Using nMDS plots, the summer community was further analyzed as a whole,
and some patterns were seen between the copper content of the panels and
community. There is a clustering of points from the two coatings epoxy and IS 6200,
suggesting that these two coatings have a similar community structure (Figure 2.9B).
In SIMPER analysis, these two coatings were found to be significantly different due
to macrofouling recruitment (23.0%). The rest of the points formed a cluster of the
other three copper coatings with no particular pattern. The coatings IS 6200 and all
other copper-based coatings were found to be mainly influenced by W subtorquata
complex cover (31.1% for IS 50-50 mix; 28.9% for IS 6400; 28.1% for IS BRA640).
The coatings compared to IS 50-50 mix were all found to have differences influenced
by barnacles (30.5% for IS 6400; 29.1% for IS BRA640; 21.6% for epoxy). The rest
of the panels were found to be different due to total macrofouling cover, with no
specific taxonomic group.
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Figure 2.2: Line graphs of the average total percent cover over time (days) for each
of the treatment and control panels for the winter set (A) and summer set (B) of
panels. The winter set was immersed October 31, 2016 and the summer set was
immersed March 31, 2017. The treatments were: International Interspeed 6200
(18.9% copper by weight, grey dashed line), 1:1 Interspeed mixed paint (25.9%
copper by weight, grey solid line), International Interspeed 6400 (32.9% copper by
weight, black dashed line), International BRA640 (37.1% copper by weight, grey
dotted line), and International Interguard 264 (0% copper by weight, black solid
line). The error bars represent standard deviation between the four replicate panel
samples.
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Figure 2.3: Line graphs of the total macrofouling cover over time (days) for each of
the treatment and control panels for the winter set (A) and summer set (B). The winter
set was immersed October 31, 2016 and the summer set was immersed March 31,
2017. The treatments were: International Interspeed 6200 (18.9% copper by weight,
grey dashed line), 1:1 Interspeed mixed paint (25.9% copper by weight, grey solid
line), International Interspeed 6400 (32.9% copper by weight, black dashed line),
International BRA640 (37.1% copper by weight, grey dotted line), and International
Interguard 264 (0% copper by weight, black solid line). The error bars represent
standard deviation between the four replicate panel samples.
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Figure 2.4: Area graphs of barnacle cover categorized into total barnacle cover
(black), A amphitrite (pink), and A eburneus (grey) on each on the five different
coatings: (A) Interguard 264 red epoxy (0% copper) (B) Interspeed 6200 (18.9%
copper) (C) Interspeed 1:1 mix (25.9% copper) (D) Interspeed 6400 (32.9% copper)
and (E) Interspeed BRA640 (37.1% copper) during the winter trial.
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Figure 2.5: Area graphs of barnacle cover categorized into total barnacle cover
(black), A amphitrite (pink), and A eburneus (grey) on each on the five different
coatings: (A) Interguard 264 red epoxy (0% copper) (B) Interspeed 6200 (18.9%
copper) (C) Interspeed 1:1 mix (25.9% copper) (D) Interspeed 6400 (32.9% copper)
and (E) Interspeed BRA640 (37.1% copper) during the summer trial.
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Figure 2.6: Line graphs of the total Watersipora subtorquata complex cover over
time (days) for each of the treatment and control panels for the winter set (A) and
summer set (B). The winter set was immersed October 31, 2016 and the summer set
was immersed March 31, 2017. The treatments were: International Interspeed 6200
(18.9% copper by weight, grey dashed line), 1:1 Interspeed mixed paint (25.9%
copper by weight, grey solid line), International Interspeed 6400 (32.9% copper by
weight, black dashed line), International BRA640 (37.1% copper by weight, grey
dotted line), and International Interguard 264 (0% copper by weight, black solid
line). The error bars represent standard deviation between the four replicate panel
samples.
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Figure 2.7: Line graphs representing the average change in diversity, calculated
using the Shannon-Weiner Index, of the fouling community over time for the winter
(A) and summer (B) panel sets. The winter set was immersed October 31, 2016 and
the summer set was immersed March 31, 2017. The treatments were: International
Interspeed 6200 (18.9% copper by weight, grey dashed line), 1:1 Interspeed mixed
paint (25.9% copper by weight, grey solid line), International Interspeed 6400
(32.9% copper by weight, black dashed line), International BRA640 (37.1% copper
by weight, grey dotted line), and International Interguard 264 (0% copper by weight,
black solid line). The error bars represent standard deviation between the four
replicate panel samples.
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Figure 2.8: Line graphs representing the average change in Simpson’s diversity, of
the fouling community over time for the winter (A) and summer (B) panel sets. The
winter set was immersed October 31, 2016 and the summer set was immersed March
31, 2017. The treatments were: International Interspeed 6200 (18.9% copper by
weight, grey dashed line), 1:1 Interspeed mixed paint (25.9% copper by weight, grey
solid line), International Interspeed 6400 (32.9% copper by weight, black dashed
line), International BRA640 (37.1% copper by weight, grey dotted line), and
International Interguard 264 (0% copper by weight, black solid line). The error bars
represent standard deviation between the four replicate panel samples.
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Figure 2.9: The plots above detail the community structure and its differences due
to percent copper of the winter trial panels (A) and the summer trial panels (B). The
plots are nMDS, with stresses around 0.05 for both (stress A = 0.026; stress B =
0.055), which is indicative of well-illustrated relationships. Solid circles represent
grouping area of interest for each trial. Dotted line in (A) represents overlapping of
a second grouping of interest.
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Discussion

These experiments examined the copper tolerance of fouling communities at
Port Canaveral, FL, with a focus on the invasive barnacle A amphitrite. A amphitrite
recruited readily to copper coatings, as opposed to the recruitment of the congenitor
A eburneus that did not settle on any copper coated surface. W subtorquata complex,
an invasive encrusting bryozoan and potential competitor, was also found on copper
coatings. W subtorquata complex and A amphitrite recruited differently between the
lower copper coated surface IS 6200 and IS 50:50 mix versus the higher copper
coated surfaces IS 6400 and BRA640, which is especially evident in the summer trial
where W subtorquata complex recruited significantly higher to the low copper
concentration panels while A amphitrite recruited significantly higher to the higher
copper concentration. Macrofouling recruitment on inert epoxy panels during both
trials was found to be significantly higher than recruitment on any copper coated
panel, which gives copper tolerant settlers a competitive space advantage over
organisms that cannot recruit on copper coated surfaces, and have to compete for
space on inert surfaces.
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Winter Trial

The winter trial did not have a high recruitment of macrofouling organisms
except on the inert epoxy panels. Biofilms were the main recruiter throughout the
beginning of the winter trial, until the lower copper concentration panels began to be
recruited by W subtorquata complex. Recruitment of two barnacle species A
amphitrite and A eburneus occurred throughout the trial, but was limited. A eburneus
recruited exclusively on epoxy panels and all panels had recruitment of A amphitrite.
Recruitment of A amphitrite was not found to be significantly different between
copper concentrations until day 193, where there was a significantly higher
recruitment to IS 6400 over all other coatings. At day 193, there was significantly
higher recruitment of A amphitrite on both IS 6200 and IS 50:50 mix as well as IS
6400. This reflects on the hypothesis that A amphitrite can recruit on copper coated
surfaces, and also suggests that this barnacle preferentially recruits on copper coated
surfaces. The only two copper treatments that were not significantly different were
IS 6200 and BRA640, suggesting again that A amphitrite can settle readily on copper
coated surfaces, no matter how concentrated the biocide.
The recruitment of the encrusting bryozoan on these panels was optimum for
the species because of the high space availability, which is beneficial to this
organism’s colonial growth strategy and stochastic settlement, as well as benefits
their filter feeding needs (Walters et al, 1999; Edwards and Stachowicz, 2011). Other
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hard fouling organisms like barnacles have a slower growth rate because each recruit
is an individual organism, while a recruit of an encrusting bryozoan clones into a full
colony of individuals that spread over the settlement surface. The feeding of this
organism is affected negatively by settlers around it because of its low-profile growth
on the surface. Any settled organisms around the encrusting bryozoan block water
flow, inhibiting feeding (Walters et al, 1999). The recruitment of W subtorquata
complex was found to be significantly higher on IS6200 and IS 50:50 mix panels
starting at day 144. This trend extended throughout the rest of the trial.
The recruitment of W subtorquata complex was much higher during the
winter trial, where the recruitment of barnacles was limited. However, A amphitrite
settled significantly more on copper coated surfaces over the inert epoxy surface,
suggesting copper preference. Survival of the barnacle A amphitrite also depends on
its gregarious settlement pattern. Barnacles reproduce sexually, and brood live young
within their shells. Since the organisms are sessile and cannot move after settlement,
it is important that each individual recruits close to another individual in order to
maximize reproductive success. If there is little competition for recruitment space on
a surface, gregarious settlement is more likely to occur with less macrofouling
obstructions (Knight-Jones, 1953; Clare and Matsumura, 2000).
The Shannon-Weiner diversity of the community for each panel set was quite
low, because the variety of species was low (Figure 2.7A). Despite the low ShannonWeiner diversity of the community on all panels, epoxy had significantly higher
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diversity than the copper coated panels, because there were more organisms of
species other than biofilm recruiting on these panels. A amphitrite and W subtorquata
complex dominated settlement on all copper-coated panels, which influenced the
Simpson’s diversity more than Shannon-Weiner diversity due to the way each of the
indices are calculated. The Shannon-Weiner index takes into account the summation
of the total organisms and each individual taxa, while the Simpson’s diversity
focuses on the total number of taxa, not individually calculated, and limited to an
index ranging between 0 and 1. The W subtorquata complex recruitment dominated
the community on IS 6200, which lowered the Simpson’s diversity while the A
amphitrite recruitment on IS 6400 lowered the Simpson’s diversity in the same way.
Significant differences found between the higher copper and the lower copper
concentration panels for both diversities was due to the mono- recruitment of A
amphitrite on the higher copper content panels, where the lower copper content had
3 different taxa on the panel: W subtorquata, A amphitrite, and biofilms.
Looking at the community as a whole using nMDS plots, the categorical
similarities can be seen in patterns throughout the plot, and SIMPER analysis
outlines specific differences within the community through these groupings. Again,
the difference in recruitment of new macrofouling organisms happened at around the
same rate for these two coatings, which is seen in the nMDS plots by grouping of
epoxy with the copper coated panel IS 6200. Within the SIMPER analysis, it was
found that the macrofouling recruitment caused the highest dissimilarity between
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these two coatings, but not enough to show a separation between the two coatings in
the nMDS plot. The other two highest copper content coatings (IS 6400 and
BRA640) are distributed throughout the rest of the plot, indicating that these coatings
have a community structure that is similar to the other three coatings. This separation
is not apparent within Figure 2.9A, because there was low, mono- recruitment of
macrofouling organisms on these panels throughout the winter trial. In opposition,
the SIMPER analysis comparing differences for the other copper coated surfaces,
found they were mostly controlled by A amphitrite recruitment. This makes sense,
because as seen in ANOVA analysis of the subcategories as well as diversity of the
communities on the higher copper concentration panels, there was recruitment of
solely A amphitrite on these coatings.
The recruitment of W subtorquata complex and A amphitrite is important to
consider because of the widespread use of copper-coated surfaces. These biocides
are meant to control fouling on marine structures, particularly the hulls of ships, to
keep drag low and efficiency high. However, the implication of this study is that the
higher the biocide content, the more hard fouling organisms recruit to those surfaces.
Hard fouling organisms, particularly barnacles, create the highest drag penalty of any
fouling organism (Shultz et al, 2011), so their control is of greater economic
importance than biofilms and other low-profile organisms. Through this study, a
preference for recruitment on higher biocide concentration coatings has been shown,
even during times of low fouling pressure. The fouling pressures in tropical regions
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of the world are on average higher than any other places, but these data are important
in discussing why he biocides in common use today, such as copper, have limited
efficacy.
In addition to the issues caused by fouling induced drag increase on ships,
this study has implications to the issue of invasive species. Invasive species, known
to be more pollutant tolerant, have higher fecundity, and greater larval successes than
native species, benefit from the biocides that do not allow native species to settle on
marine surfaces (Ferrario et al, 2017). In the case of W subtorquata complex, space
that is not taken by native species holds great value because of the availability of
more food and more space for the colony to stochastically settle. In the case of A
amphitrite, less recruitment competition creates larger areas for gregarious
settlement and higher reproductive success.
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Summer Trial

The summer trial was immersed on March 31, 2017 to observe a higher
recruitment of macrofouling organisms on all panels, giving rise to varying results
in community structure, particularly between the copper tolerant species W
subtorquata complex and A amphitrite. In fact, both species of barnacle had higher
recruitment rates during the summer months because of the warmer sea surface
temperatures (Lieberman, 2016; McDougall, 1943; Weiss, 1948). These higher
growth rates of macrofouling organisms (Figure 2.3B) mostly recruited on epoxy
panels, but there was a higher covering on the copper treatment panels from the
summer panel set, rather than mostly biofilms. The macrofouling coverage increased
at similar rates on the IS 6200 and IS 50-50 mix panels to the epoxy panels, but the
community was comprised mainly of W subtorquata complex and A amphitrite. The
three higher copper concentration panel sets trended to this high rate of coverage as
well. This is interesting because it would be expected that the higher copper content
would deter more fouling than the lower copper content. In opposition to this theory,
A amphitrite again showed preference of recruiting on the copper coated surfaces
during the summer after 84 days of immersion, where IS 6200 had higher recruitment
and after 105 days of immersion all copper treatment panels had significantly higher
recruitment. The gregarious settlement of A amphitrite significantly favored the
copper coated surfaces, while W subtorquata complex covered recruitment space on
59

the lower copper coated surfaces more often and almost immediately after
immersion. Recruitment of A amphitrite on copper treatment panels occurred
throughout the summer trial, but the significance of their recruitment was seen more
immediately on IS 6200 than the other copper treatment panels until the end of the
trial. This is likely due to the different recruitment strategies of barnacles versus
encrusting bryozoans, as well as slower growth rates of barnacles as compared to
encrusting bryozoans.
Barnacle cover increased steadily throughout immersion time, particularly
quickly on both the epoxy and IS 6200, mainly due to the significant recruitment of
A eburneus on epoxy, while A amphitrite recruited significantly higher on IS 6200.
The recruitment of A eburneus can be noted after 49 days of immersion starting to
out-compete A amphitrite for available space on the inert surface. (Figure 2.5A).
Recruitment of A amphitrite was significantly higher on IS 6200 at the beginning of
the summer trial, then started to settle significantly more on IS 50:50 mix, then
eventually to all copper coated surfaces rather than recruiting to epoxy. The
significantly higher recruitment to copper coatings may be due to competition
between A eburneus and A amphitrite on the inert epoxy coating. Also, there was
significantly higher recruitment of macrofouling organisms on epoxy more than any
copper treatment, which may also play a role in the significant recruitment of A
amphitrite to copper coated surfaces.
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W subtorquata complex recruitment was not as high during the summer trial
as during the winter trial (Figure 2.6). At day 53, W subtorquata complex recruitment
became significantly higher on IS 6200 and IS 50:50 mix over both epoxy and
BRA640. This significance, combined with non-significant results of A amphitrite
recruitment at day 53 on these copper coatings suggests that there was higher colonial
growth over these panels, which leads to limited recruitment space for A amphitrite.
This trend of significantly higher recruitment of W subtorquata complex did not
continue throughout the summer trial. After day 70, the bryozoan was found to recruit
significantly higher on IS 6200 and no other coating. This is different from the winter
trial, where W subtorquata complex was found to have higher significance on IS
50:50 mix as well. Limited recruitment to only IS 6200 coated panels suggests that
W subtorquata complex did have higher recruitment pressures during the summer.
Coupled with the significantly higher recruitment of A amphitrite on IS 6400 and
BRA640 after day 84, it can be suggested that the limited recruitment of W
subtorquata complex was caused by pressures from A amphitrite.
Shannon-Weiner diversity and Simpson’s diversity during the summer
months was much more stable throughout the recruitment of various organisms.
Epoxy had the highest significant Shannon-Weiner diversity of any panel until the
very end of the immersion time, where interestingly the copper coated panels IS 6200
and IS 6400 had slightly higher diversity (Figure 2.7B). This trend is interesting,
because the biocide, even though it is low, in these coatings is supposed to deter
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settlement of fouling organisms to a surface, when in this case was found to be more
attractive to the fouling community. This attraction may be due to the initial covering
of the biocide coating by copper tolerant taxa, then a continual building of the fouling
community after the release of biocides had been slowed even further by the initial
fouling organisms: A amphitrite and W subtorquata complex. All other copper coated
panels had a lower Shannon-Weiner diversity, which makes sense because of the
near mono- recruitment of A amphitrite on these panels, just like in the winter trial.
The Simpson’s diversity of the summer community was not found to be statistically
significant, which may be due to the equal changes of the total taxa seen in the
community covering each coating during the summer trial. Since Shannon-Weiner
diversity takes into account the summation of all individual taxa and their
contribution to the overall diversity.
Through the use of nMDS plots, a similarity grouping can be seen between
the two coatings Interguard 264 and Interspeed 6200 (Figure 10B). This grouping is
found to be slightly dissimilar because of total macrofouling recruitment, but not
enough to cause the two coatings to be grouped separately. These two coatings had
very similar recruitment of organisms, with the major difference being recruitment
of A eburneus only occurring on the epoxy panels, which was not significant enough
to cause a difference in these two coatings being grouped, but enough to show in the
significant dissimilarity of macrofouling cover. In fact, Interspeed 6200 was found
to have significant dissimilarities from all the other coatings due to W subtorquata
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complex, which makes sense because there is a high recruitment rate of W
subtorquata complex on this coating compared to any other coating. The high
recruitment of W subtorquata complex on IS 6200 and IS 50-50 mix did cause a
slight grouping of the two coatings within the nMDS (Figure 6B). The other coatings
were found to be significantly dissimilar due to either W subtorquata complex or
barnacles. Because of the higher settlement of A amphitrite on the high copper
content panels at the end of this study, these coatings have even scattering of these
coatings throughout the nMDS plot.
The winter trial and summer trial demonstrate differences in the fouling
community throughout the year, as well as how these differences affect the long-term
community structure on copper-coated recruitment panels. The high recruitment of
barnacles on the higher copper content panels during the summer trial is interesting
because it occurs later in the trial. Recruitment of barnacles happened quickly after
immersion, but there was more competition for space on the inert and lower copper
content panels throughout the study, so the recruitment of A amphitrite shifted to area
of higher copper content and less recruitment competition. This pattern was not seen
in the winter trial because of the low recruitment rates of barnacles in general.
Interestingly, the recruitment pattern of W subtorquata complex appears to be the
same during the summer trial as the winter trial, where the highest recruitment
occurred on the lower copper concentration panels, in direct competition to the
recruitment of A amphitrite. Also, the recruitment pattern of A eburneus remains the
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same in both the winter and summer trials, where the only recruitment occurs on inert
surfaces, in direct competition with A amphitrite. The parallel recruitment patterns
of W subtorquata complex and A eburneus during the winter and summer trials
combined with the changing recruitment pattern of A amphitrite validates the
hypothesis that A amphitrite preferentially recruits on higher copper content panels
in the presence of competitors.
When comparing these two trials, which varied in the fouling pressure after
immersion, the recruitment of settling organisms can change depending on the
fouling pressures. The invasive barnacle species A amphitrite is copper tolerant. A
amphitrite was found to have no preference in the concentration of copper biocide in
the coating, and was able to settle readily on all coatings. And, the barnacle was able
to move recruitment efforts to higher copper concentration areas when recruitment
pressures were too high. The other copper tolerant organism included in this study
W subtorquata complex, did not change its recruitment patterns significantly like A
amphitrite when fouling pressure increased. Instead, this encrusting bryozoan
utilized its stochastic settlement and colonial growth strategy to its advantage, in
order to out-compete other organisms on optimum settlement areas.
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Conclusion

The recruitment of A amphitrite on copper-based coatings, also known as
copper tolerance, has been observed in Port Canaveral, FL for several years. The
native species A eburneus recruits on inert panels in the same location as copper
tolerant A amphitrite, have also been observed, which provides a niche area of empty
space for A amphitrite to readily invade. To experimentally determine whether A
amphitrite preferentially recruits to copper-based coatings rather than inert coatings,
a series of panels with a gradient of copper levels were immersed during the winter
and summer months, and analyzed for fouling cover and patterns in community
structure. A amphitrite was found to recruit readily to copper coatings, while A
eburneus only recruited on inert surfaces. Watersipora subtorquata complex, another
organism known to tolerate copper, was found to recruit to all surfaces and occupy
lots of space, but only on lower copper concentration paints or inert surfaces. The
high cover of Watersipora subtorquata complex and the native barnacle A eburneus
on these specific coatings created strong space competition pressures for the barnacle
A amphitrite, to the point where recruitment of this barnacle occurred primarily on
the higher copper content panels during the summer months, supporting the proposed
hypothesis. Supplemental studies will be conducted looking at recruitment of A
amphitrite in situ to further examine their apparent copper tolerance.
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Chapter 3 : Settlement of Amphibalanus
amphitrite in the Presence and Absence of a
Congeneric Competitor

Abstract

Settlement behavior of cyprid larvae of the barnacle A amphitrite is partially
controlled by settlement inducing protein complex (SIPC) signatures on submerged
surfaces. These chemical cues combined with physical characteristics of the surface
determine areas of idea recruitment for the cyprid larvae. Larva-larva interactions
and settlement preference of the two Central Florida species A amphitrite and A
eburneus were observed without competition in an in situ mesocosm experiment with
a choice of settlement surfaces: BRA640 and Interguard 264 red epoxy. These two
surfaces are defined only by their difference in copper biocide concentrations, and
the copper based paint has been proven previously to be recruited by A amphitrite.
Two experiments were run simultaneously inside a series of mesocosms
containing each of the two coatings described above. After 10 days, the panels were
removed and organisms were identified and counted. A eburneus did not settle in any
of the mesocosms, only A amphitrite. A amphitrite settled significantly more on the
inert epoxy panels, with only a few barnacles on the BRA640 panels. This does not
support the hypothesis that A amphitrite would settle equally on both epoxy and
BRA640 without the presence of competitors. A amphitrite settled significantly
more in the mesocosms containing both barnacle larvae, but still only on the inert
surface. It can be concluded that the cyprid larvae of A amphitrite seek areas of lower
recruitment in the face of competing settlers, and less pollutants when given a choice.
The higher settlement of A amphitrite in the mesocosms containing both larvae is
deduced to be response to higher concentrations of chemical cues of SIPC from both
barnacle larvae species exploring the surface of the settlement panels.
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Introduction

Barnacle behavior is often studied because these organisms are nuisance
foulers on marine surfaces, such as ship hulls, piers, oil rigs, etc. Two species of
barnacle, A amphitrite and A eburneus and have been proven to have differing
recruitment patterns that are related to space availability. The Center for Corrosion
and Biofouling Control (CCBC) operates two static immersion test rafts, one at Cape
Marina in Port Canaveral, Florida and another in the Indian River Lagoon at Grant,
Florida. It has been observed that two main species of barnacles’ recruit to test panels
suspended from these rafts: A amphitrite and A eburneus. A amphitrite has been
proven to be copper tolerant as well as recruit preferentially on copper containing
surfaces in the face of high recruitment competition (Weiss 1957; Chapter 2) at the
Port Canaveral, Florida test site. Conversely, A eburneus is copper sensitive and has
been found through in situ studies outlined in Chapter 2 to only settle on inert
surfaces (Barber and Trefry, 1981; Karson and Osman, 2012). These two barnacles
compete for recruitment space due to their similar breeding and spawning times. A
amphitrite is an invasive barnacle in this region and was thought to have been
introduced throughout the tropics on ship hulls. Port Canaveral has both large ships
and active marinas (recreational boat harbors) that make it susceptible to invasions
(Floerl, 2005).
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Mesocosms were used for this study to allow for natural behaviors and
physiological responses as A amphitrite went through its larval stages and settled.
Mesocosms provide control over organisms exposed in the study while still allowing
exposure to natural environmental fluctuations and food sources, where barnacle
larvae can grow naturally without the hindrance of lab stressors such as food and
nutrient shortages that stunt natural growth, increased susceptibility to disease which
natural flow of new water decreases, and skewed behavioral effects from a contained
environment (Papandroulakis et al, 2005; Medina et al, 2004; Vallino, 2000; Briant
et al, 2017).
The natural life cycle of these barnacles, as seen in Figure 3.1 (Clare and
Matsumura, 2000) consists of planktonic stages (nauplius I-VI), a settlement stage
(cyprid), and then a final metamorphosis into a permanently attached barnacle.
Barnacles have to metamorphose through six stages of nauplier growth, four of
which feed on phytoplankton, before finally metamorphosing into the non-feeding
cyprid stage, where they then use a settlement-inducing protein complex (SIPC) as a
primary chemical cue to indicate favorable recruitment location (Qui et al, 2004;
Hadfield, 2011; Jouuchi & Satuito, 2007). Because barnacles are permanently
attached as adults, the choice of where to settle is a critical one for the cyprid.
Chemical and physical settlement cues sensed by barnacle cyprids in the
marine environment are not fully understood, but there is a basic understanding of
how cues affect settlement behavior and interactions between larval barnacles.
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Gregarious settlement of barnacles is an important behavioral trait, first discovered
by Knight-Jones (1951) through observations of the barnacle Semibalanus (Balanus)
balanoides. Since then, SIPC, formerly known as arthropodin, has been isolated from
adult shells, cyprid “footprints” and as a water borne chemical cue leading to
settlement. SIPC is a glycoprotein with three binding subunits, bound by sugar chains
of lectin, making this molecule very heavy and able to stick to surfaces for extended
periods of time (Clare and Matsumura, 2009; Dreanno et al, 2006; Rittschof et al,
1997; Matsumura et al, 1998; Walters et al, 1999). Barnacles develop this protein
during the cyprid stage, and during exploration of surfaces for possible settlement
space, the cyprids secrete SIPC from their antennular discs onto the surface (Walters
et al, 1999; Clare et al, 1994; Clare and Matsumura, 1999). These “barnacle
footprints” were first photographed by Clare et al (1994), and are attractive to other
barnacle cyprids in the area of greatest footprint concentration (Clare and
Matsumura, 1999; Matsumura et al, 2009). This chemical was originally assumed to
only be present in the adult barnacle, because of the gregarious recruitment behavior
of larval barnacles attracted to the shells of adults, in order to promote sexual
reproductive success (Knight-Jones, 1953).
The question of recruitment of the barnacle A amphitrite in the presence of
multiple competing species was examined in the previous chapter, but its settlement
without any competition and with competition from the non-copper tolerant A
eburneus, has not been answered and will be examined in this chapter. It is
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hypothesized that A amphitrite will settle equally on both copper coated surfaces and
inert surfaces in the absence of any competitors. However, when A eburneus is
included, settlement preference will shift to greater settlement by A amphitrite on
copper surfaces to avoid competition.

Figure 3.1: Depiction of the life cycle of a barnacle, starting with the planktonic
nauplier stage (N), then the settlement stage of a cyprid (C), moving through
metamorphosis to a juvenile barnacle (J), and finally to an adult barnacle (A), which
broods eggs and spawns live nauplii into the water column (Clare and Matsumura,
2000).
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Methods

A mesocosm was designed for this experiment that included biofouling
resistance without the addition of biocides. A cube-shaped mesocosm with 4 window
cut-outs and 2 solid sides was covered on the inside with 100-micron plankton mesh
to keep the barnacle nauplii inside but most competing organisms out while still
allowing for water flow and food exchange. A panel hanging mechanism was
mounted in the center for easy exchange of different types of both inert and copper
coated panels for settlement. A floating shade structure was used to keep
temperatures inside the mesocosm from fluctuating drastically throughout the day as
well as to discourage phototactic responses of the barnacle larvae. More details on
the design and effectiveness of the mesocosm can be found in the paper by Briant et
al, 2017 (Figure 3.2; Appendix B).
Barnacle nauplii were collected from two adult brood stock populations from
two different areas in Central Florida; Port Canaveral and Grant, Florida. The Port
Canaveral brood stock contained copper-tolerant A amphitrite collected from coppercoated surfaces. The Grant, FL brood stock was collected inside the Indian River
Lagoon and contained the native barnacle species A eburneus that dominates the
benthic sessile community (Lieberman, 2015; Barber and Trefry, 1981). The
barnacles were cleaned twice using soft bristle brushes in filtered sea water, then
placed in still, filtered seawater collected from Port Canaveral. Several adult
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barnacles were crushed into a paste and scattered through the water inside the beakers
of filtered seawater and live adult barnacles, then left for 60 minutes to spawn.
In the first attempt of the mesocosm experiment, each nauplii was counted
out by hand and then added to the mesocosms, for a total of 100 nauplii, per species.
The number of larvae were kept at lower concentrations for the first experiment, but
after the recruitment of only 5 barnacles total, the water column was sampled at Port
Canaveral for total amount of nauplii present naturally in the water column. The dose
was approximately doubled in subsequent mesocosm experiments to optimize
recruitment (Figure 3). The new fraction was obtained by first concentrating all
nauplii spawned into a 1000 mL beaker. Then, 25 mL of the concentrated sample
was examined under a field dissection microscope for the total number of nauplii.
That number was multiplied to account for the whole concentrated sample of nauplii,
assuming that all larvae were distributed evenly. The 25 mL sample was mixed back
into the 1000 mL sample, and divided evenly among all mesocosms.
Eight mesocosms were built for this experiment, with each mesocosm acting
as a replicate sample, thus providing the necessary space to complete two
experiments at the same time with four replicates per experiment. Two panels, BRA
640 and epoxy, were attached to the hanging panel mechanism integrated into the
mesocosm offering larvae a choice between copper and inert settlement surfaces.
Because of difficulty spawning the necessary number of larvae and the impending
arrival of Hurricane Irma, two settlement experiments were selected: A amphitrite
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settlement without competition and with competition. In the first experiment, A
amphitrite larvae were placed into the mesocosms containing a choice of either
copper-based BRA640 or epoxy to determine settlement patterns in the absence of
competition. In the second experiment, larvae of both A amphitrite and A eburneus
were placed in the mesocosms in roughly equal proportions to determine whether the
presence of a space competitor changes the settlement pattern to a stronger
preference for copper surfaces.
The barnacle larvae were left to grow and settle for 10 days before the panels
were removed (Anil et al, 2001; Jarrett and Pechenik, 1997). Each panel was labeled
and taken back to the lab for inspection under the microscope. Each of the barnacles
was identified under the microscope, and individually counted. There was light
recruitment of other organisms, namely tubeworms and hydroids, because their larval
size is smaller than 100 microns (Smith & Johnson, 1996). A representative subset
of microscope photos can be viewed in Appendix C. The total number of barnacles
and other fouling organisms were converted into number per dm2 for statistical
analysis.
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The data were analyzed using a Kruskal-Wallis test in R version 3.3.1,
comparing the total recruitment of barnacles per dm2 on the two different treatments:
BRA640 and Interguard 264. This test was used instead of a paired t-test because the
data were not normally distributed. The other organisms were not analyzed because
their settlement was low and they were not the focus of these experiments, but the
data are included in the results section.
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Figure 3.2: Diagram of mesocosm, consisting of a 30x30 cm PVC cube. Four of the
sides consist of 20x20 cm windows cut out of the PVC and replaced with 100 µm
nylon plankton mesh (PM) for water to pass freely through the structure but small
enough to contain the barnacle larvae. The 10x20 cm settlement panels (SP) were
centered inside the mesocosm (a). The whole container was periodically turned on
pivot points (PP) attached to the floating shade structure (SS). The mesocosm site in
a slot in the shade structure, labelled here as the shade offset (SO) exposing one mesh
side, and the top 2 cm of the vertical sides to the environment (b). The shade structure
(SS) helps to minimize phototactic response, keep the mesocosm at the surface, avoid
extreme temperature changed, and prevent contamination by debris (c).
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Results

Two sets of settlement experiments were run, one with only A
amphitrite in the mesocosms and one with the addition of a competing barnacle
species. The settlement response of A amphitrite was examined by adding both
species of barnacles to the mesocosms at a concentration of approximately 55
nauplii/L (Figure 3.3). Both experiments offered the larvae a choice of settling on
BRA640 (37.1% copper by weight) or red Interguard 264 epoxy (0% copper by
weight). No A eburneus settled during this experiment. In the absence of a
competitor, A amphitrite settled in significantly greater numbers on epoxy than on
the copper (p=0.04; Figure 3.4B). As with the no competition experiment, A
amphitrite settled in significantly higher numbers on the epoxy (p=0.02; Figure
3.4A) when the competing larvae were included. The settlement of A amphitrite in
the mesocosms with both larvae present was found to be significantly higher than the
mesocosms with only A amphitrite larvae present (p = 0.01). There was settlement
of other fouling organisms on the settlement panels during experimentation, but these
organisms did not influence the settlement of A amphitrite in the manner seen in the
in situ experiment.
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Figure 3.4: Bar graphs showing the recruitment of organisms per dm2 during the
choice, competition experiment (A) and choice no competition experiment (B). The
error bars indicate standard deviation between the mesocosm replicates.
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Discussion

Settlement of the barnacle A amphitrite in the presence and absence of
competition was investigated. In a previous experiment (Ch 2), A amphitrite was
shown to recruit on copper-coated surfaces where the native barnacle A eburneus
could not. A amphitrite has been found to change its recruitment patterns due to
competition from organisms such as W subtorquata complex, an invasive encrusting
bryozoan species that also recruits on copper-coated surfaces (Chp 2, Clark and
Johnston, 2009). Recruitment of an organism to a submerged surface differs from
settlement, because recruitment includes multiple other factors, namely other
organisms competing for the same space where settlement only entailed the physical
act of an organism morphing from the plankton to a sessile existence. However, the
question remains: does the recruitment pattern of a switch from inert to copper
surfaces during periods of high competition by A amphitrite change depending on
direct competition with larvae of the native barnacle A eburneus? It was hypothesized
that without competition, A amphitrite will recruit equally on both copper-coated
surfaces and inert surfaces, but with competition preferential settlement on copper
will be observed.
Through a series of mesocosm experiments, where A amphitrite larvae were
given a choice to settle on BRA640 (37.1% copper) or red Interguard 264 epoxy (0%
copper), the barnacle settled on inert surfaces. Only a few individuals recruited to the
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copper-coated surfaces providing evidence that A amphitrite has the ability to settle
on and tolerate copper, but prefers the inert epoxy coating. This does not support the
hypothesis of equal settlement on copper and inert surfaces in the absence of
competing larvae. In fact, the barnacle A amphitrite preferentially settles on the inert
surface similar to the recruitment pattern of the native species A eburneus in the in
situ experiments.
When both larvae were present, there was no shift in settlement preference of
A amphitrite to the copper panels. This was unexpected as recruitment in situ, showed
higher recruitment on copper treatment panels, especially during greater competition
pressures (Ch 2). The larval settlement may not have been in high enough
concentrations to trigger a shift in settlement response of the congeneric organism,
as was seen in recruitment studies of chapter 2. Also, it is likely that the adult
community of settled organisms may have enacted the change in settlement of A
amphitrite (Clare and Matsumura, 2000). Some adult organisms of different taxa
were seen in this study (Figure 4), however their space occupation was not as
extensive as the sessile reefs seen in Chapter 2.
When both larvae were included in the mesocosms, there was a significantly
higher recruitment of barnacles than in the single species experiment (p = 0.01). This
higher degree of recruitment may have been due to several factors, but most notably
the response of barnacle cyprids to SIPC present on the recruitment panels during
exploration and metamorphosis must be considered. Initial exploration behavior by
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cyprids alters the behavior of other settling barnacles. Since there were more larvae
present in the competition experiment mesocosms (Figure 3.3), a higher density of
footprints containing SIPC was likely to occur on the settlement panels. A higher
density of footprints and therefore more SIPC leads to greater induction of settlement
(Matsumura et al, 2000).
Some barnacle species are very specific in their gregarious settlement
responses. Matsumura et al (2009) showed that Semibalanus (Balanus) balanoides
settled preferentially in areas with conspecific SIPC over areas with SIPC from A
amphitrite. A amphitrite was non-specific in its settlement and did not differentiate
between sources of SIPC (Matsumura et al 2009). This agrees with the observation
of higher settlement by A amphitrite in this experiment when exposed to a higher
concentration of larvae of mixed species. A eburneus may be more similar to S
balanoides in its preference for conspecific SIPC. Although they would have
contributed some cyprid footprints, the proportion compared to the contribution from
A amphitrite would have been smaller and may not have cued a settlement response.
This combined with lower copper tolerance and change from adult environment may
explain the lack of settlement by A eburneus in the mesocosms.
A eburneus was not observed to settle in the mesocosms. This species may
have suffered low viability due to several different factors. Broodstock of this species
were collected from the IRL, a location with very different water quality (Salinity,
ambient copper concentration, etc). Despite using water from the Port for spawning,
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nauplii may have lacked inherited tolerance to Port conditions due to its sensitivity
(Barber and Trefry, 1981). The cyprid stage of barnacles does not eat, but survives
on energy reserves collected by the feeding, planktonic nauplier stages. The sole
purpose of the cyprid is to find an appropriate settlement location, which includes
factors such as food avaiability, secure attachment, minimal physical disturbances,
the presence of other barnacles and the absence of negative cues like excessive
toxicants (Walters et al, 1999). If a larvae fails to find sufficient positive cues, they
will return to the water column and continue to search for a new surface until they
settle or run out of stored energy and perish. Because of their sensitivity to antifouling
pollutants, cyprids of A eburneus may have examined the panels and rejected them,
therefore never settled. However, the footprints left behind by their exploration may
have positively influenced the recruitment rate of A amphirite larvae (Figure 3.4).
A amphitrite has been identified as a model invader in the study and others
because it has high fecundity, recruits easily in many different environments, and is
tolerant of pollutants (Stachowitz and Burnes, 2006; Floerl and Inglis, 2005). The
high fecundity of A amphitrite can easily be seen in this experiment. A eburneus
spawned in much lower numbers in the second trial of this experiment as compared
to A amphitrite despite using an equal number of adults. Low fecundity and pollutant
tolerance of the native barnacle may facilitate the invasion and community
dominance of the invasive barnacle A amphitrite into larger regions of the East Coast
of the United States. If an organism is not able to produce as many young as another
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organism within the same niche, the organism with a higher concentration of young
will be able to out-compete the other for food and other resources. In the case of
barnacles and other benthic organisms, recruitment space is potentially a limiting
resource for the larvae.
A eburneus has not been seen to settle or recruit on copper-coated surfaces,
while A amphitrite does. In this mesocosm experiment, there was some settlement of
A amphitrite on the copper-coated settlement panels, even though the barnacle chose
to recruit on epoxy significantly more often. Being more tolerant to pollutants makes
A amphitrite a successful invader because it is able to colonize and thrive on more
surfaces than the native species. Active marinas are full of anthropogenic pollutants
from biocide paints to petroleum products. If a native species is sensitive to these
pollutants, its population will most likely not thrive in a polluted environment such
as a marina, where an invasive species like A amphitrite will take its place in the
benthic community (Piola and Johnston, 2006).
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Copper tolerance in this species has been found to be accentuated by a
preference for recruitmment space. The behavior of these barnacles seems more
complex when searching for a viable recruitment area than has been described
previously. To thouroughly test this theory, other experiments observing settlement
behavior of the two barnacle species’ would be beneficial to clarify apparent
contradictions between settlement and recruitment patterns. If more is known about
the recruitment of barnacles, then more technologies that are less harmful to the
environment can be put into place for use as antifouling mechanisms.

Conclusion

The barnacle species A amphitrite has been found to recruit on copper-coated
surfaces in Central Florida. Does this barnacle settle on these surfaces by chance, or
does the barnacle cyprid seek out areas where there is less competition for a better
chance at success? In this study, A amphitrite was found to settle preferentially on an
inert surface and this pattern did not change when a competitor was present. Without
competition for recruitment space, A amphitrite will settle preferentially in areas
viable of the greatest chance of survival.
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Chapter 4 : Conclusions and Future Research

Conclusion
The copper tolerance of the barnacle Amphibalanus amphitrite was studied
by looking at the historical data from toxicity assays as well as in a variety of field
experiments. This barnacle has been reported in literature and directly observed at
this site to recruit on copper surfaces. A amphitrite, which is reported to be a copper
tolerant species, was thought to preferentially settle on copper-coated surfaces to
avoid competition with other organisms. However, a review of literature showed this
species is preferred for toxicity studies because it is especially sensitive to toxicants
including copper, especially during the nauplius II larval stage. In a series of in situ
recruitment studies, A amphitrite had higher cover on copper coatings and recruited
to the high copper content coating when competition from a community of organisms
was higher. The native barnacle A eburneus competed for space on the inert surfaces
while W subtorquata complex competed for space on the low copper concentration
panels. When competition was excluded during larval settlement, A amphitrite
settled in significantly higher numbers on inert surfaces when given the choice
between a copper-coated surface and an inert one. This result coupled with results
from the extensive literature review of this barnacle and its toxicological assay results
suggest A amphitrite may be avoiding competition of other recruiting organisms. A
higher tolerance to copper may be advantageous to the species. This disagreement
between historic toxicity data and observed and experimental recruitment in situ
highlights the complexity of settlement preference and tolerance of natural
populations of organisms. There is much room for more investigation of this topic in
future studies.
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Future Research Recommendations

A amphitrite has been observed to be copper tolerant since Weiss (1947) in
Biscayne Bay, Florida through research conducted for the Woods Hole
Oceanographic Institute and in observations at this test site. However, toxicity assays
by members of the scientific community (namely Qui et al at the Hong Kong Baptist
University and Rittschof et al at Duke University Marine Laboratory) suggest that
this barnacle is not copper tolerant in the larval stages. In fact, it is considered the
barnacle species of choice in toxicity studies of new antifouling coatings because of
its fecundity and rapid growth, availability, and high sensitivity. Future research
should be conducted on environmental factors (i.e. factors that the larvae are exposed
to throughout development in this area), genetic variation between the barnacle
larvae, and a continuation of isolated experiments on behavior of this barnacle when
in direct competition with other settling larvae to decipher this contradiction.

Environmental factors that barnacle larvae are exposed to during their
development may play a major role in the copper tolerance of this species, and its
apparent sensitivity to copper and other toxicants in a laboratory setting. A method
similar to that of Gall et al, 2013 could be used. In this experiment, sediment core
samples and filter feeders such as oysters were taken from various locations around
an estuary. Each area was classified as either “metal-impacted” (i.e. areas of high
89

anthropogenic impact such as marinas) or “reference” (i.e. areas where
anthropogenic disturbance was minimal). Adult barnacles were also collected from
each of these locations, spawned in the lab, and their larvae were used in a series of
toxicity tests. The sediment samples and filter feeder samples were analyzed for their
total copper content, and the copper tolerance of the barnacle larvae were compared
against these results. Gall et al discovered that areas impacted by metal pollution
contained barnacle larvae with higher copper tolerance than the “reference” areas.
This may be the case with the Port Canaveral A amphitrite.

Genetic variation is an area of research that is becoming more commonplace
in the scientific community. This could be used to determine the difference between
the copper tolerant wild caught A amphitrite, laboratory reared A amphitrite and A
eburneus and potentially identify the mechanism of tolerance. Examining nauplii,
cyprids and adults could explain some of the differences seen in this study between
settlement and recruitment patterns. Finally, the mesocosm experiments could be
expanded to examine the settlement patterns in greater depth. A series of no-choice
experiments could be run where larvae of one or both species are exposed to only the
copper surface to determine if A amphitrite will settle on copper in the mesocosm.
The introduction of an organism other than a barnacle could increase competition
and cause a similar reaction to that seen in the in situ study. For example, the other
copper tolerant species that was prevalent in the in situ study, W subtorquata complex
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which seemed to be in direct competition for space on the low copper content panels
with A amphitrite. Additional experiments where larvae are exposed to panels with
adult communities present, where space is more limited may also lead to more similar
results to the in situ experiment.

The issue of copper tolerance has a direct impact on the efficacy of
antifouling coatings. Shipping is responsible for 90% of trade and most of these ships
are coated with copper. With the observed copper tolerance of multiple species here,
this widely used biocide is proving to be less effective than assumed. With a higher
drag penalty on most marine vessels travelling globally, there is an increase in fuel
consumption, greenhouse gas emissions, maintenance time, and probability of
transport of invasive species (Carlton, 2011; Shultz et al, 2011; Gall et al, 2013). This
population of A amphitrite was shown to be copper tolerant and to recruit readily to
but not settle preferentially on copper coatings. Further research may help elucidate
this complex but important relationship between fouling organisms and copper.
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Appendix A

Table A: Two-way repeated measures ANOVA table representing the winter trial of
total macrofouling cover and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date *
Replicate
Cu Conc
Cu Conc *
Replicate
Date * Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
13

358.87
154341.29

119.62
11872.41

149.19

< 0.001

39

3103.43

79.57

-

-

4

134003.04

33500.76

270.840

< 0.001

12

1484.31

123.69

-

-

52
156
279

39633.46
12076.39
345000.79

762.18
77.41

9.85

< 0.001

Table B: Two-way repeated measures ANOVA table representing the summer trial
of total macrofouling cover and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
12
36
4

528.34
130567.16
11956.96
113400.81

176.11
10880.59
332.14
28350.20

32.76
178.07

< 0.001
< 0.001

12

1910.55

159.21

-

-

48
144
259

32500.49
27552.15
318416.46

677.09
191.33

3.54

< 0.001
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Table C: Two-way repeated measures ANOVA table representing the winter trial of
W subtorquata complex recruitment and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu
Conc*Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
13
39
4

379.75
35913.16
1863.79
5282.34

126.59
2762.55
47.79
1320.58

57.81
18.88

< 0.001
< 0.001

12

839.12

69.93

-

-

52
156
279

11918.46
6502.08
62698.71

229.20
41.68

5.49

< 0.001

Table D: Two-way repeated measures ANOVA table representing the summer trial
of W subtorquata complex recruitment and its significant differences due to date,
copper concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
12
36
4

644.71
12522.04
2262.79
9220.48

214.90
1043.50
62.85
2305.12

16.60
13.99

< 0.001
< 0.001

12

1976.25

164.69

-

-

48
144
259

9206.62
8304.25
44137.14

191.80
57.67

3.33

< 0.001
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Table E: Two-way repeated measures ANOVA table representing the winter trial of
A amphitrite recruitment and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
13
39
4

19.27
571.10
138.13
55.29

6.42
43.93
3.54
13.82

12.40
5.99

< 0.001
0.007

12

27.66

2.31

-

-

52
156
279

286.61
228.44
1326.50

5.51
1.46

3.76

< 0.001

Table F: Two-way repeated measures ANOVA table representing the summer trial
of A amphitrite recruitment and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
12
36
4

394.14
18364.76
2217.36
3774.27

131.38
1530.40
61.59
943.57

24.85
7.59

< 0.001
0.003

12

1491.36

124.28

-

-

48
144
259

6161.43
6560.14
38963.46

128.36
45.56

2.82

< 0.001
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Table G: Two-way repeated measures ANOVA table representing the winter trial of
Shannon-Weiner diversity index and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
13
39
4

0.08
37.68
1.04
13.98

0.027
2.89
0.027
3.49

108.33
74.46

< 0.001
< 0.001

12

0.56

0.046

-

-

52
156
279

9.59
2.77
65.71

0.18
0.017

10.40

< 0.001

Table H: Two-way repeated measures ANOVA table representing the summer trial
of Shannon-Weiner diversity index and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
12
36
4

0.43
22.53
6.23
14.12

0.14
1.87
0.17
3.53

10.84
124.32

< 0.001
< 0.001

12

0.34

0.028

-

-

48
144
259

6.94
7.59
58.18

0.14
0.052

2.74

< 0.001
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Table I: Two-way repeated measures ANOVA table representing the winter trial of
Simpson’s diversity index and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
13
39
4

0.008
4.68
0.49
0.45

0.003
0.36
0.013
0.11

28.61
21.06

< 0.001
< 0.001

12

0.06

0.005

-

-

52
156
279

1.12
1.24
8.05

0.02
0.008

2.72

< 0.001

Table J: Two-way repeated measures ANOVA table representing the summer trial
of Simpson’s diversity index and its significant differences due to date, copper
concentration per treatment panel, and these two factors combined.
Source of
Variation
Replicate
Date
Date*Replicate
Cu Conc
Cu Conc *
Replicate
Date*Cu Conc
Residual
Total

DF

SS

MS

F

p-value

3
12
36
4

0.04
1.55
0.29
0.03

0.012
0.13
0.008
0.007

15.66
0.99

< 0.001
0.45

12

0.09

0.007

-

-

48
144
259

0.79
1.24
4.04

0.016
0.008

1.93

0.002
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Appendix C

Barnacle cyprid on epoxy coating

A amphitrite juvenile on
IS BRA640

Hydroid on red epoxy

Tubeworm and A amphitrite
on epoxy

109

