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ABSTRACT.—The barnacle, Chelonibia testudinaria 
(Linnaeus, 1758), is reported to associate with nearly 
every species of sea turtle and is particularly common 
on loggerheads, Caretta caretta (Linnaeus, 1758), with 
symptoms of Debilitated Turtle Syndrome (DTS). Here, we 
test recruitment rates of C. testudinaria on various natural 
and artificial substrata, including carapace from healthy and 
debilitated loggerheads. In addition, the sizes of individual 
barnacles were followed through time to estimate early 
growth rates and to provide attachment duration estimates. 
Floating racks holding replicate panels of four treatments 
(DTS turtle carapace scutes, healthy turtle carapace scutes, 
Plexiglas®, and slate tile) were placed at four independent 
sites in Charleston County, South Carolina. Panels were 
monitored for 34–54 d. Our findings indicate that C. 
testudinaria larvae recruit and grow at significantly higher 
rates along the open shore vs protected areas, but do not 
recruit differentially to the four substratum types. Individual 
barnacle growth was highly variable within and between 
sites and substratum types; the mean growth rate was 4.28 
mm d−1 (95% CI: 3.42–5.14 mm d−1). However, due to the high 
variability in growth, this value cannot serve as a fine-scale 
indicator for attachment duration. Further experiments of 
substratum selection and long-term survival are needed to 
fully clarify the nature of the barnacle/turtle association. 

Substratum selection by marine invertebrate larvae is specific for a number of ses-
sile species (Pawlik 1992). For these organisms, there is strong selection to locate 
appropriate habitat during the larval period because it leads to survival and repro-
duction at the adult stage (Pasternak et al. 2002, Railkin 2004). Acorn barnacles 
(Cirripedia: Thoracica: Balanomorpha) are sessile organisms that exhibit varying de-
grees of substratum specificity across species, ranging from those that are generalists 
to others that are highly selective (Southward 1987, Anderson 1994). Epibiotic bar-
nacles in particular exhibit distinct settlement preferences, with species from several 
different families attaching exclusively to a single host organism such as sponge (e.g., 
Archaeobalanidae), coral (e.g., Pyrgomatidae), or crustacean (e.g., Poecilasmatidae) 
(Molenock and Gomez 1972, Anderson 1992, Voris et al. 1994, Van Syoc and Winther 
1999, Mokady and Brickner 2001, Tsang et al. 2009). The whale and turtle barnacles 
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(superfamily Coronuloidea) are especially remarkable for attaching to hosts that are 
mobile (Darwin 1854, Monroe 1981, Scarff 1986, Zardus and Balazs 2007).

Nearly all species of barnacles undergo planktic larval development during which 
settlement is preceded by a period of dispersal of the larvae in the environment fol-
lowed by delivery to a substratum. Larval dispersal and transport are key compo-
nents of settlement and involve many factors which, depending on location, may 
include winds (Thiébaut et al. 1994, Bertness et al. 1996, Epifanio and Garvine 2001), 
currents and tides (Johnson 1960, Scheltema 1968, 1971, Efford 1970, Epifanio 1988), 
bathymetric distribution (vertical displacement) of larvae due to hydrodynam-
ics (Pineda et al. 2007), salinity (Thiébaut et al. 1992), larval abundance (Raimondi 
1990), and larval behavior (reviewed in Pineda et al. 2007). Vagaries in these factors 
contribute to large-scale spatial variability in settlement patterns (Gaines et al. 1985, 
Pineda 2000, Raimondi 1990). Epibiotic specialists such as turtle and whale barna-
cles face the additional challenge of locating a scarce and mobile substratum, raising 
the question of how they find such specialized substrata.

The larval settlement stage of barnacles, the cyprid, does not feed but instead 
acquires the energy reserves needed to power the search for suitable substratum 
from its earlier feeding stages (nauplius I–VI) (Lucas et al. 1979, Walker et al. 1987, 
Thiyagarajan et al. 2002). Consequently, the search period is finite, but its maximum 
duration is difficult to predict (Hentschel and Emlet 2000). For some species it is 
known that the cyprid stage can persist for as long as 3–4 wks (Lucas et al. 1979). 
The role of the timing of larval settlement on juvenile growth is considered species 
specific (Thiyagarajan et al. 2003), but prolonged larval life leads to limited energy 
reserves and can result in failure to metamorphose and decreased substratum speci-
ficity (Pechenik et al. 1993, Jarrett 2003, Thiyagarajan et al. 2003). Upon finding a 
substratum, environmental factors including light, boundary currents, gravity, hy-
drostatic pressure, temperature, and salinity can be important cues directing cyprid 
attachment (Crisp 1984), along with surface texture (Crisp and Barnes 1954) and 
substratum properties such as hardness and wettability (Roberts et al. 1991). In ad-
dition, chemical constituents from the substratum, from conspecifics, and from mi-
crobial biofilms also play a role in site selection and adhesion (Crisp and Ryland 1960, 
Crisp and Meadows 1963, Jarrett 1997, Qian et al. 2003, Zardus et al. 2008, Elbourne 
and Clare 2010, Thiyagarajan 2010, Holm 2012). Though known to aid settlement in 
at least one epibiotic barnacle (Standing et al. 1984), chemical cues have not been well 
studied in commensal species.

Barnacles that are obligate epizoites of sea turtles range from several species that 
are specialized for particular turtle species (Frick et al. 2011, Frick 2012, Hayashi 
2013) to Chelonibia testudinaria (Linnaeus, 1758), which lives on all species of sea 
turtles (Frick et al. 1998, Kitsos et al. 2003, Lazo-Wasem et al. 2011), as well as on 
crabs and other crustaceans (Cheang et al. 2013) and sirenians (Zardus et al. 2014). 
The effects of barnacles on turtles are not well documented, but these crustaceans 
are considered commensals rather than parasites as they draw no nutritional en-
ergy from their hosts nor do they provide any known benefits (Zardus et al. 2007). 
However, they are sometimes associated with wounds (Flint et al. 2009) and in high 
abundance barnacles may impose negative effects by increasing frictional drag on 
their hosts. 

Chelonibia testudinaria is the largest of the turtle barnacles; it typically grows on 
the scutes of the carapace and plastron of sea turtles, but has also been found on scales 
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of the head and flippers and occasionally on the claws (Matsuura and Nakamura 1993, 
Pfaller et al. 2006). The anatomical features (scutes, scales, and claws) are protected 
from the outside environment by a superficial layer of keratinized tissue (Block and 
Bolling 1938, Espinoza et al. 2007) and it is possible that the protein composition of 
the keratin is recognized by C. testudinaria cyprids. Recent studies have established 
that Chelonibia patula (Ranzani, 1818), C. testudinaria (Cheang et al. 2013), and 
Chelonibia manati Pilsbry, 1916 are the same species (Zardus et al. 2014). Although 
C. testudinaria has historically been considered to associate only with sea turtles, 
these studies reveal that it also occurs on the skin of snakes, carapaces of arthropods, 
and the epidermis of sirenians. 

Chelonibia testduinaria is particularly common on loggerhead sea turtles, Caretta 
caretta (Linnaeus, 1758), in coastal waters of the southeastern US (Dodd 1988, Frick 
and Slay 2000). Specifically, the carapaces of many juvenile loggerheads exhibiting 
symptoms of Debilitated Turtle Syndrome (DTS) are almost completely covered with 
C. testudinaria (Norton et al. 2008) and the soft tissue is typically encrusted with an-
other barnacle, Platylepas hexastylos (Fabricius, 1798) (KS pers obs). In recent years, 
DTS has accounted for an increasing percentage of loggerhead strandings in South 
Carolina (mean = 13.7% of total loggerhead strandings from 2000 to 2011; South 
Carolina Department of Natural Resources unpubl data) and has become a growing 
concern for sea turtles in the Southeastern United States. Turtles exhibiting symp-
toms of DTS are characteristically emaciated, anemic, hypoglycemic, and are often 
completely covered in barnacles when they strand. 

The heavy epibiota load associated with DTS is likely the result of a multifactorial 
process. Debilitation results in stationary floating and decreased grooming, which 
likely facilitates cyprid attachment. Healthy C. caretta reduce epibiont loads by ac-
tively scraping the carapace against hard substrata (Frick and McFall 2007). Excessive 
stationary floating due to debilitation may place the turtle in water conditions and 
concentrations of plankton ideal for abundant cyprid attachment. The combination 
of increased attachment and decreased behavioral debridement could account for 
the observed epibiont loads associated with DTS. Alternatively, debilitated turtle 
carapaces may in some way be inherently more attractive to barnacle cyprids.

Debilitated turtles often display atypical, multifocal Beta keratin thickness on the 
carapace scutes. This is likely the result of a combination of factors, including abnor-
mal keratin deposition due to excessive barnacle colonization and abnormal keratin 
wear related to both drag and barnacle growth. Turtles with excessive barnacles may 
also groom excessively, damaging the keratin on the carapace. Furthermore, the epi-
biont community of inactive debilitated turtles probably also includes keratin eating 
copepods (Badillo et al. 2007).

Barnacles covering debilitated turtles are usually small to medium in size, yet it is 
not known how quickly they reach these sizes. Knowing growth rates might make it 
possible to use barnacle size as an indicator to infer the onset of the clinical symp-
toms of DTS.

The primary objective of the present study was to test settlement specificity of the 
turtle barnacle C. testudinaria in the natural environment using settlement panels 
made of turtle scute and non-turtle materials. To test the possibility that debilitated 
turtle carapace is in some way more attractive to this barnacle, we also compared 
settlement rates of C. testudinaria between scutes taken from healthy and debili-
tated turtles. Attachment rates were compared among several geographical sites to 
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assess variability in recruitment and provide insight into where C. testudinaria lar-
vae occur. In addition, growth of barnacles on the panels was followed to estimate 
growth rates for the first month post-settlement.

Methods

Barnacle settlement assays were conducted during the spring and summer of 2009 
using a series of floating racks with arrays of test panels (Fig. 1). The racks were con-
structed of glued, polyvinyl chloride (PVC) pipe or welded, squared aluminum tub-
ing and measured approximately 0.9 × 0.6 × 0.3 m. Racks made of PVC were deployed 
at protected locations while the more durable aluminum racks were used at an ex-
posed site. Each rack carried test panels made of four different treatment materials: 
Plexiglas® (plastic), slate tile, debilitated-turtle scute (DTS) from loggerhead sea tur-
tles, and scute from non-debilitated loggerheads (non-DTS). The racks held 12 panels 
each with three replicates of each test material. The panels were fastened by Velcro® 
to plastic base plates that were bolted through their centers to cross-bars at the bot-
tom of the rack. The panels along the cross bars were held in a vertical position and 
the treatments placed in random order. Foam pipe insulation or fishing buoys were 
placed at the top of each rack to keep it bobbing at the surface with the test panels 
immersed at a uniform depth of approximately 0.3 m. Depending on deployment 
location, the racks were either tethered to a moored US Coast Guard buoy or to a 
stationary pier. 

All test panels were circular disks measuring 10.5 cm in diameter (surface area = 
86.6 cm2) and were cut using a hole saw. Scute material for the test panels was ob-
tained from dead loggerheads retrieved by the South Carolina Sea Turtle Stranding 
and Salvage Network with authorization from the South Carolina Department of 
Natural Resources. DTS scutes were taken from individuals that were emaciated and 
encrusted with epibiota, while non-DTS scutes were taken from individuals that died 
from acute causes (typically watercraft interaction). The scute material was cut from 
the carapace with the underlying bone intact. The disks of scute were air-dried and 
detached from the underlying bone and glued to a plastic backing with Z-spar® ma-
rine epoxy. 

Racks were deployed at various independent sites in Charleston County, South 
Carolina (Fig. 2). Racks were placed at three protected sites: “Aquarium”, inside 
Charleston Harbor near the South Carolina Aquarium; “Folly”, in the Folly River 
which is a tidal channel south of Charleston and behind a barrier island; and “Isle of 
Palms” (IOP), another tidal channel behind a barrier island, but north of Charleston. 
One exposed site was located outside the mouth of Charleston Harbor (“Exposed”). 
Racks were deployed at each site twice during the experiment, first in May and end-
ing in July (34–54 d) then again in September and ending in October (50 d). The 
“Exposed” rack was moved for the second deployment to a more sheltered location 
inside the harbor jetties and southeast of Sullivan’s Island for increased protection 
and accessibility.

The panels were inspected weekly for settlement and individual barnacles were 
followed on each panel. The measure of the basal rostro-carinal diameter (r1) and 
width (r2) were taken to the closest millimeter with a ruler and an elliptical area 
value was calculated (π × r1 × r2). We intended to remove all organisms other than C. 
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testduinaria, but in practice this proved impossible to accomplish without destroy-
ing the structural integrity of the scute.

Recruitment rates were adjusted to account for variation in immersion length (22–
54 d) for each array by dividing the observed barnacle counts by the number of days 
each array was deployed. The data were then log transformed to improve normality 
and analyzed with a two-way analysis of variance (ANOVA) with site and substratum 
as factors. 

Figure 1. Floatable experimental rack system with test panels attached. 

Figure 2. Map of Charleston, South Carolina, displaying rack locations. “Exposed 1” marks the 
initial location of the exposed rack which was moved to the position marked “Exposed 2” later 
in the experiment. 
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To estimate an overall growth rate, a mean growth rate for each individual bar-
nacle was first calculated by dividing the change in size (mm2) by the number of 
days between the first and last measurement. The data were log transformed and 
analyzed by ANOVA with site, substratum, and an interaction term as factors and 
the response variable Log(SizeChange/Day).

Results

Recruitment
There was no significant interaction between site and substratum (P > 0.05). A 

significant difference in recruitment was detected for the site factor overall (Tables 
1, 2; ANOVA: P < 0.01) (n = 370). A Tukey multiple-comparison test among sites re-
vealed that the exposed site yielded higher recruitment rates than the Folly site (P < 
0.01), whereas no significant differences in recruitment rates were observed among 
any of the remaining sites (Table 2). Interestingly, no significant difference in recruit-
ment was seen for substratum type (P > 0.05). A two-sample t-test was used to com-
pare the mean recruitment levels for DTS and non-DTS panels. This test showed no 

Table 1. Total recruitment of the barnacle Chelonibia testudinaria on experimental panels (all 
panels 86.6 cm2) at each site by substratum type. Folly 1 and 2 represent initial and secondary 
deployments at the same site. Exposed 1 and 2 were deployed sequentially at somewhat different 
localities (see Fig. 2).

Site Days exposed DTS (n) non-DTS (n) Plexiglas (n) Slate (n) Total
Aquarium 37 30 12 14 4 60
Folly 1 54 12 9 21 38 80
Folly 2 50 11 16 15 6 48
Isle of Palms 34 12 3 12 3 30
Exposed 1 42 15 77 21 12 125
Exposed 2 29 0 24 3 0 27
Total  80 141 86 63 370

Table 2. Analysis of variance table for Chelonibia testudinaria recruitment at different sites and on 
different substratum types. Significant factors (P < 0.05) are indicated with an asterisk. DTS = debilitated 
turtle syndrome, IOP = Isle of Palms.

Factors df
Sum of 
squares

Mean 
square F value P Source Adjusted P

Site 3 8.8183 2.9394 4.6486 0.00658* Exposed-Aquarium 0.929935
Exposed-Folly 0.006898*
Exposed-IOP 0.487596
Folly-Aquarium 0.097326
Folly-IOP 0.615609
IOP-Aquarium 0.849360

Substratum type 3 1.4872 0.4958 0.7840 0.50927 non-DTS-DTS 0.673148
non-DTS-Plexiglas 0.504143
non-DTS-Slate 0.755276
DTS-Plexiglas 0.996962
DTS-Slate 0.999942
Slate-Plexiglas 0.999492

Interaction 9 7.4921 0.8325 1.4332 0.21197   
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significant difference in mean recruitment for these two types of carapace samples (t 
= −0.9485 P = 0.3516). 

Growth
Interaction between site and substratum type was not significant (ANOVA: P > 

0.05). Considerable variability in growth rates was observed within and among sites. 
After several weeks of deployment, crowding was also an issue on some of the ex-
perimental panels, particularly on the exposed rack. However, growth rates were 
predominantly linear during the first few weeks. Therefore, an average growth rate 
for each individual barnacle was calculated by dividing the change in size (mm2) by 
the number of days between the first and last measurement at approximately week 
four. Significant differences in growth were found among sites (Table 3; ANOVA: 
P < 0.001). A Tukey multiple-comparison test revealed that the mean growth rate 
at the exposed site was not significantly higher than at the Folly site (P = 0.05), but 
significantly higher than at the Aquarium site (P < 0.05). No differences in growth 
rates were observed between Folly and the Aquarium (P > 0.05). Growth rates were 
not calculated at IOP because no barnacles survived for more than 1 wk at this site. 

ANOVA also indicated significant differences in growth rates among substratum 
types (Table 3). Slate supported higher growth rates than DTS (P < 0.05) and Plexiglas 
panels (P < 0.05). No significant differences in growth rates were observed among 
any other substratum types (see Table 3) Growth rates were also higher on non-DTS 
panels than Plexiglas (P < 0.05). However, it is important to point out a methodologi-
cal challenge that may have biased very early growth rates on slate. The slate panels 
were substantially heavier than the other substratum types and the Velcro® fasteners 
used to secure them gave way over time so that many of the slate panels fell off early 
in the experimental period (often before the first visit, within 1–6 d) and were sub-
sequently replaced. Therefore, growth rates from the slate panels provided a window 
on only the earliest growth and any conclusions must be viewed with caution; thus, 
an overall mean growth rate was estimated using only data from DTS, non-DTS, and 
Plexiglas panels. 

Table 3. Analysis of variance table for Chelonibia testudinaria growth at different sites and on different 
substratum types. DTS = debilitated turtle syndrome. Significance codes: P < 0.05*, P < 0.01**, P < 
0.001***.

Factors df
Sum of 
squares

Mean 
square F value P Source Adjusted P

Site 2 16.97 8.48 8.02 0.000641*** Exposed-Aquarium 0.0475997*
Folly-Aquarium 0.7047239
Folly- Exposed 0.0501871

Substratum type 3 14.95 4.98 4.71 0.004302** DTS-Non-DTS 0.1438485
DTS-Plexiglas 0.8265562
DTS-Slate 0.0340888*
Non-DTS-Plexiglas 0.0234989*
Non-DTS-Slate 0.4123943
Slate-Plexiglas 0.0076985*

Interaction 4 7.74 1.94 1.83 0.130433   
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The period of time over which individual barnacles were monitored in the pres-
ent study ranged from 6 to 36 d. The mean growth rate calculated for individual 
barnacles was estimated at 4.28 mm2 d−1 with a 95% confidence interval of 3.42–5.14 
mm2 d−1 (n = 83). Data were somewhat skewed to the right and a large fraction of the 
barnacles had lower than average growth rates, so for comparison a 95% confidence 
interval for the median growth rate was also calculated at 1.91–3.33 mm2 d−1. 

Discussion

Recruitment
Spatial Variability in Barnacle Recruitment.—Where larval barnacles intercept 

their turtle hosts in the sea and their degree of substratum specificity remains enig-
matic. In the present study, recruitment of C. testudinaria on experimental panels 
varied among localities at the scale of kilometers. Overall recruitment was signifi-
cantly different among sites. However, a subsequent multiple comparisons test re-
vealed that the only significant difference was between the Folly and Exposed sites. 
This was not a fully replicated design as there was only one fully exposed site, but 
our results suggest a more open coastal rendezvous for barnacles and their hosts. 
This spatial variability in recruitment is also consistent with variation in larval abun-
dance found in other studies; physical and biological processes disperse larvae in the 
plankton, resulting in patchy arrival to different habitats (Caffey 1985). As previ-
ously discussed, the mechanisms affecting larval availability are complex, but in-
clude, particularly at inshore sites, reproductive output of adults, winds, currents, 
tides, and tidally generated waves (Johnson 1960, Scheltema 1968, 1971, Raimondi 
1990, Thiébaut et al. 1992, 1994, Bertness et al. 1996, Frederic et al. 2000, Pineda 
2000, Epifanio and Garvine 2001, Pineda et al. 2007). Large-scale spatial variability 
in settlement has been attributed to shoreline topography, changes in larval mortal-
ity, and reproductive timing (Gaines et al. 1985). 

In South Carolina, neritic juvenile-sized loggerheads are abundant in shallow wa-
ter systems such as coastal inlets, bays, sounds, channels, and estuaries (Hopkins-
Murphy et al. 2003). However, the larger immature loggerheads and nesting females 
that provide more surface area for barnacle recruitment are most commonly found 
in nearshore and open-shelf waters (Murphy and Hopkins 1981, Hopkins-Murphy 
et al. 2003). Juvenile Kemp’s ridley, Lepidochelys kempii (Fitzinger, 1843), and green, 
Chelonia mydas (Linnaeus, 1758), sea turtles also forage in shallow, inshore water 
systems in South Carolina (Bill Roumillat, South Carolina Department of Natural 
Resources, pers comm), but stranding data indicate that these species are relatively 
less abundant (South Carolina Department of Natural Resources unpubl data) and 
they tend to host fewer barnacles than their loggerhead counterparts (Fuller et al. 
2010). Thus, a greater abundance of barnacle larvae along the open coast rather than 
in harbors or inlets would optimize host colonization, as most of the barnacle-host-
ing turtles are found offshore. 

An alternative possibility is that cyprids settled at the exposed site within a time 
period when a set of particular conditions promoted survival. The “recruitment win-
dow” hypothesis suggests that there are several components contributing to a pat-
tern of time-sensitive recruitment success (Pineda et al. 2006), including variability 
in juvenile performance (e.g., larval physiology), factors independent of settlers (e.g., 
environmental factors), and factors dependent on the number of settlers (e.g., early 
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settlers may occupy the optimal habitat and have higher survival rates) (Connell 1961, 
Raimondi 1990). Predation is one example of an important environmental factor that 
could vary spatially and temporally and could be one component of the recruitment 
window at the exposed site. Settlers may have been removed by predators before the 
first observation, thereby diminishing the recruitment rates at inshore sites.  

The “recruitment window” hypothesis proposes that conditions caused by settlers, 
such as intra- and inter-specific competition, may be contributing factors in differen-
tial survival. Lower recruitment at the Folly site may have been the result of competi-
tion. Non-target barnacles, mostly Amphibalanus eburneus (Gould, 1841), as well as 
oyster spat, sea squirts, bryozoa, polychaetes, and many other organisms settled on 
experimental panels at Folly and IOP. Chelonibia testudinaria was consistently the 
predominant species at the exposed site, although other species were documented 
at all sites. Secondary barnacle species can also act as recruitment inducers (Morse 
and Morse 1984), or in some cases inhibitors (Rittschof et al. 1985), and can cause 
interspecific competition among adult barnacles of different species (Connell 1972). 
While the diverse community of invertebrates and plants supported on the Folly 
panels may have out-competed barnacles for space and food, they may also have 
provided protection from predators and buffering from harsh environmental condi-
tions. Examining the complex interactions among species was beyond the scope of 
the present study, but warrants investigation in the future.

Substratum Variation in Recruitment.—Apart from patterns of spatial distribu-
tion, mean recruitment rates were equivalent among the four types of experimental 
substrata deployed at each locality. Pilot studies in the laboratory suggested that C. 
testudinaria preferentially settles on sea turtle carapace (J Zardus unpubl data). The 
lack of significant, consistent differences in recruitment among substratum types 
implies that substratum selection is not paramount. The insignificant differences 
in substratum preferences by C. testudinaria suggest that free roaming larvae may 
settle on substrata with more latitude than is commonly thought, a notion substanti-
ated by recent findings in genetic surveys of this species. The barnacles C. patula and 
C. manati are now understood to be junior synonyms of C. testudinaria, signifying 
that this barnacle regularly settles on sirenians, crabs, and other arthropods as well 
(Cheang et al. 2013, Zardus et al. 2014). There is also limited documentation of C. 
testudinaria settlement on alternative substratum types. This barnacle has been re-
corded on the American alligator, Alligator mississippiensis (Daudin, 1802) (Nifong 
and Frick 2011), on the diamondback terrapin, Malaclemys terrapin (Schwartz, 1955) 
(Seigel 1983), on an aluminum sea turtle identification tag (Balazs 1999), on plastic 
flotsam (Frazier and Margaritoulis 1990 identified as C. patula), and on a buoy (D 
Knott, Southeastern Regional Taxanomic Center, pers comm). Although it is clear 
that C. testudinaria can settle on various substratum types, in a greater ecological 
context it appears that survival is better on turtles and other mobile hosts.

A decline in substratum specificity with time has been documented in the lab 
with the barnacle Semibalanus balanoides (Linnaeus, 1767) (Jarrett 1997), thus it 
is possible that our artificial panels (slate and Plexiglas) were used for settlement 
by older cyprids. Cyprids that settle on non-preferred substrata can suffer conse-
quences later in life, such as slowed growth and development (Jarrett and Pechenik 
1997). After settling on inanimate substrata, turtle barnacles likely experience less 
suitable conditions for survival than they would on sea turtle carapace. Predators in 
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particular probably impose the most significant impact on barnacle survival (Foster 
1987). Small mud crabs are commonly reported as part of the epibiont community 
of the northwest Atlantic population of loggerhead sea turtles (Caine 1986, Frick et 
al. 1998), but a wide variety of crabs probably pose a greater predatory threat on sub-
strata that are easier to board. A study by Venerus et al. (2005) supports the theory 
of improved survival on natural hosts by reporting that survival in the epizoic bar-
nacle Notabalanus flosculus (Darwin, 1854) is better on crab hosts than on benthic 
experimental test panels. Our study differs in that the panels were floating near the 
surface instead of resting near the bottom and our study period was shorter. Perhaps 
if our experiment had run longer a decline in the number of barnacles on our panels 
would have been observed. 

Growth
Growth is also influenced by recruitment in communities of marine benthic or-

ganisms. Successful establishment can depend on the ability of a species to comman-
deer space and barnacles in particular have been noted for this ability (Dayton 1971). 
In our study, barnacles were among the first colonists to appear on the panels and C. 
testudinaria in particular grew rapidly and monopolized space quickly, especially at 
the exposed site. 

Following the size of individuals over time allowed us to obtain growth rates. The 
linear model we developed from our measurements of early settlers resulted in a 
mean growth rate (excluding the slate substratum) of 4.28 mm2 d−1 (95% CI: 3.42–
5.14 mm2 d−1). This observed rate has a large standard error, a result not uncommon 
in measurements of barnacle growth, which can yield variations within species by 
up to a factor of seven (Anderson 1994). Regional environmental conditions, includ-
ing nutrient levels (Sanford and Menge 2001, Thiyagarajn et al. 2003), temperature 
(Sanford and Menge 2001, Thiyigarajan et al. 2003), and salinity (Thiyagaran et al. 
2007), have major impacts on barnacle growth (Crisp 1960). Local conditions, spe-
cifically rate of water flow, orientation of the barnacle relative to water flow, and pres-
ence of other individuals, also influences growth rates (Crisp 1984). 

The experimental rack at the exposed site probably was exposed to conditions 
more favorable than the Aquarium site. Energy content at the time of metamorpho-
sis has been linked to early growth rates (Thiyagarajan et al. 2003), and the larval 
exposure to food may have been higher at the exposed site. Even if plankton levels 
were similar, the swell action at the exposed site may have provided a higher rate of 
water flow over the barnacles, which would supply more food per unit time, allowing 
them to grow faster. 

For unknown reasons, barnacles on slate panels grew significantly faster than those 
on DTS and Plexiglas. As previously mentioned, mean growth rates on slate panels 
may have been biased upward because these panels were replaced more frequently 
than the other panels, and therefore growth on slate was captured at a younger age 
and may not have been limited by incipient crowding toward the end of the experi-
mental period. Alternatively, it is possible that growth rates were faster on slate due 
to some intrinsic difference such as the fouling community or the biofilm it hosted.

It is interesting to note that the barnacles that grew on our panels appear to have 
different morphology than those found on sea turtles. Chelonibia on turtles have 
thick shells, and even small individuals have pits to house the dwarf males (Zardus 
and Hadfield 2004). In contrast, C. testudinaria on crabs and sirenians tend to have 
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thin and smooth shells with no pits (Zardus et al. 2014), a difference that has been 
attributed to differences between flow rates on the surface of turtle and non-turtle 
substrata (Cheang et al. 2013). An example of a panel with C. testudinaria growth 
can be seen in Figure 3. Barnacles growing on our panels were thin-walled and lacked 
pits, perhaps reflecting a flow rate consistent with the “patula”-type morphology 
of Chelonibia. Differences in flow rates would presumably affect food delivery and 
consequently growth, further contributing to the high level of natural variability in 
growth rates seen in C. testudinaria.

Estimating C. testudinaria Age.—Estimating the age of barnacle specimens from 
their size is fraught with uncertainty due to multiple factors affecting their growth. 
Even in limiting our observations to early, linear growth we found wide variation 
among individuals. Nevertheless, from the largest individuals we measured, we can 
say with confidence that C. testudinaria can achieve 2.3 cm rostro-carinal length in 
26 d. The largest specimen of C. testudinaria reported in the literature is 7.8 cm in ros-
tro-carinal length, recorded from a green sea turtle in Japan (Hiro 1937). Reports of 
larger individuals in the Scripps Institution of Oceanography collections could not 
be confirmed by curators. A barnacle collected in South Carolina measured 59.8 × 
53.2 mm (J Zardus pers obs), which represents a typical large-sized turtle barnacle in 
the area.  We cannot predict the age of this barnacle with any accuracy by extrapolat-
ing from our data, especially because growth probably slows significantly with time, 
but at the unlikely constant linear growth rate of 4.28 mm2 d−1, a barnacle 59.8 cm in 
length and 53.2 mm in width would be approximately 1.6 yrs (95% CI: 487–770 d) old.

Mobile hosts, such as sea turtles, provide an enriched feeding environment for bar-
nacles by passive means because swimming by the turtles increases water flow and 
nutrient availability and allows the barnacles to expend less energy in cirral activity 
(Trager et al. 1990, Fuller et al. 2010). Another advantage conferred to barnacles by 

Figure 3. Photograph taken June 30, 2009, showing the barnacle Chelonibia testudinaria growing 
on a test panel from the rack at the “Exposed 1” site after being deployed for 13 d. 



Bulletin of Marine Science. Vol 90, No 2. 2014592

their turtle hosts is the prospect for opportunistic feeding. Barnacles associated with 
turtles may benefit from particulate matter that is dispersed when the host is feed-
ing. Loggerheads are carnivorous (Dodd 1988) and actively mine their food from the 
benthos, resuspending debris and bits of prey items in the process (Preen 1996, Fuller 
et al. 2010). The amount of additional food made available to the barnacle depends 
on the activity level, diet, and feeding behavior of the particular sea turtle. Therefore, 
C. testudinaria growth rates could vary among individual host turtles, and it is pos-
sible that the experimental panels used in our study actually underestimated poten-
tial growth rates. True growth rates would be most accurately assessed on foraging 
loggerheads. 

An additional complication to consider when predicting age of barnacles on sea 
turtles is the diversity and abundance of the entire epibiont community. Growth 
rates of barnacles have been shown to increase when the barnacles are kept free from 
other organisms (Barnes 1955). We did not manipulate nor remove anything from 
the panels, and the other organisms that colonized the panels may have competed for 
resources and consequently slowed the growth of C. testudinaria. Although growth 
of additional organisms may have skewed the observed growth rates for individual 
barnacles, C. testudinaria naturally grows on sea turtle carapace, which is often re-
ferred to as a “mobile ecosystem” because it hosts a large variety of species (Frick et 
al. 1998, 2002). Therefore, the growth rates we determined may be more similar to 
those on a sea turtle than if we had removed all other biota.

Turtles affected by DTS are characteristically encrusted with epibiota, which 
compete for space and potentially for food even more than on a healthy turtle, and 
barnacles on these turtles may exhibit different growth patterns than the barnacles 
in our study. Additionally, debilitated turtles are presumably floating at the water’s 
surface, which implies that the top of the carapace is not consistently submerged. 
Under these circumstances barnacles that are located laterally or marginally on the 
carapace may have faster growth and lower mortality rates due to longer submer-
gence times and reduced desiccation stress (Foster 1971). 

Much remains to be learned concerning the association of barnacles with sea tur-
tles, and differences in the natural history of the various species of barnacle and 
turtle undoubtedly contribute in important yet, thus far unknown, ways.
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