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Abstract. As the earth’s climate has warmed, many tropical species have expanded their
ranges poleward and encountered high-latitude seasonal temperature regimes, in which fur-
ther permanent expansion is limited by physiological vulnerability to cold temperatures.
The barnacle Megabalanus coccopoma is native to shorelines from Baja California to Peru
and has been introduced to many locations worldwide, including the southeastern USA.
The ability of larvae to develop successfully at local temperatures can be an important fac-
tor limiting the spread of invasive species. To determine if cold temperatures limited larval
success near the northern range limit of M. coccopoma along the Atlantic southeastern
USA coast, we measured lower temperature limits to larval development, examined the
effects of temperature on larval growth and energy accumulation, and calculated a larval
energy budget to estimate the extent of potential larval dispersal in this region. Larvae were
able to develop through metamorphosis at 16°C, which is much colder than sea surface
temperatures during the spawning season in their invasive range, making it unlikely north-
ern range limits are set by a lower temperature limit to larval development. Energy budgets
suggest that for larvae produced at the northern end of the invasive range, long distance
dispersal to sites far poleward of the current range limit is possible. Similar to the findings
of the handful of other studies on cold tolerances of tropical marine invertebrate larvae,
larvae should be successful far poleward of current adult distributions.
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Tropical species are colonizing poleward latitudes
as ocean temperatures warm (Canning-Clode et al.
2011; Carlton 2011). Cold temperatures are gener-
ally assumed to be a key factor that limits the pole-
ward ranges of many marine species (Hutchins
1947; Hochachka & Somero 2002) because species’
thermal tolerance limits are often correlated with
environmental temperatures found near the edges of
biogeographic distributions (Andronikov 1963; Ush-
akov 1964; de Rivera et al. 2007; Jones et al. 2009).
However, few studies have examined cold tolerance
of tropical marine species (Feary et al. 2013), and
this is especially true when it comes to larval life his-
tory stages (Sewell & Young 1999; Hardy et al.
2014). Larval temperature tolerances may be partic-
ularly important in determining the distributions of
marine species because larvae are the primary

dispersive stage of most benthic marine organisms
(Pechenik 1999), and larval stages are generally
more sensitive to physiological stress than adults
(Andronikov 1975; Anger 2001; Sanford et al. 2006;
de Rivera et al. 2007; Walther et al. 2010; Byrne &
Przeslawski 2013). Although larvae are more often
than not the most sensitive life history stage, season-
ality of spawning limits the cold temperatures they
experience to those during the warmer times of the
year (Hare et al. 2002).

Larvae of tropical species may not be able to col-
onize poleward latitudes for a number of reasons.
One possibility is temperature sensitivity; larvae of
many species have a temperature threshold beneath
which development or metamorphosis cannot pro-
gress (Andronikov 1963; Anger et al. 2003; Sanford
et al. 2006; de Rivera et al. 2007; Fowler et al.
2011), and this cold threshold could inhibit colo-
nization of poleward habitats. Another possibility is
that larvae carried poleward into cooler waters may
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have lower growth and energy accumulation due to
temperature-driven reductions in function (Dawirs
& Dietrich 1986; Storch et al. 2009). Size and ener-
getic content are good predictors of both pre- and
postsettlement success (Pechenik 2006; Tremblay
et al. 2007); therefore, smaller, energy-poor larvae
from cooler waters may have reduced recruitment
and postsettlement survival. A third possibility is a
physiological limitation on the distance of dispersal
and recruitment; the competent stage of barnacle
larvae (the cyprid) is nonfeeding, and metabolic con-
sumption of protein and lipid during this nonfeeding
period sets a “point of no return” past which larvae
do not have adequate energy reserves to settle and
metamorphose (Lucas et al. 1979; Jackson & Strath-
mann 1981; Marsh et al. 2001; Pineda et al. 2007).
Dispersal potential is dependent on a number of fac-
tors including duration of the pelagic period. In
marine invertebrates with nonfeeding larvae, ener-
getic reserves set a hard limit to the length of the
competency period, and therefore the total duration
of the pelagic period. All of these factors can influ-
ence where and how far larvae go, as well as their
physiological state upon arrival in a new environ-
ment (Jackson & Strathmann 1981; Marsh et al.
2001; Emlet & Sadro 2006; Pineda et al. 2007;
Tremblay et al. 2007).

Megabalanus coccopoma (DARWIN 1854) is a large-
bodied, nearshore acorn barnacle whose native range
extends along coastlines of the tropical eastern Pacific
(Henry & McLaughlin 1986), and this species has
been introduced to many locations worldwide, includ-
ing the eastern USA, northern Africa, Europe, Japan,
and Australia (reviewed in Crickenberger 2014). Like
most other barnacles, M. coccopoma is a simultane-
ous hermaphrodite that broods its embryos prior to
hatching. Hatching occurs at the second nauplius
stage; larvae then progress through four more nau-
pliar molts (stages III, IV, V, and VI), after which
there is a terminal molt to the nonfeeding cyprid stage
(Severino & Resgalla 2005). Barnacle cyprids are
entirely dependent on energy stored during earlier
feeding stages, and the competency window and sub-
sequent juvenile success are dependent on these stored
energetic reserves (Lucas et al. 1979; Southward
1987; Anderson 1994; Emlet & Sadro 2006).

Despite the broad distribution of this historically
tropical species, little is known about what limits its
poleward distribution within either its introduced or
native ranges (Crickenberger 2016). Megabalanus
coccopoma is an invasive species along the south-
eastern coast of the USA, where it was first discov-
ered in 2006. It was first recorded in the same year
from an extensive area including shorelines of

Florida, Georgia, South Carolina, and North Caro-
lina (Crickenberger 2014). Since 2006, M. coccopoma
has reached high abundances in these regions; the
current adult range of M. coccopoma extends from
Ft. Pierce, FL, to Cape Hatteras, NC, with some
seasonal populations documented as far north as
Kitty Hawk, NC (Crickenberger & Moran 2013).
Since the first year (2006), M. coccopoma has main-
tained a generally stable northern limit near Cape
Hatteras, NC, a well-established biogeographic
break (Spalding et al. 2007; Crickenberger 2016).
Between 2006 and 2009, seasonal populations that
recruited during periods of warmer weather and
then died back during the winter were found north
of Cape Hatteras to Kitty Hawk, NC (Cricken-
berger & Moran 2013). During the exceptionally
cold months of the winter of 2010, the range of M.
coccopoma retracted back to northern Florida, but
was reestablished north to its previous northern
range limit by the summer of 2012 (Crickenberger &
Moran 2013). The reestablishment of the same pole-
ward range limit at Cape Hatteras at multiple time
points suggests recolonization by larval transport is
rapid and the range of M. coccopoma has reached
equilibrium within this region.

Rapid recolonization within the southeastern
USA suggests dispersal occurs within rapidly mov-
ing surface waters of the Gulf Stream because
inhabiting deeper waters in the Gulf Stream system
would promote local retention (Hare & Govoni
2005). The Gulf Stream comes close to shore near
Cape Hatteras, North Carolina, and then moves fur-
ther offshore to the east. Tropical fishes originating
south of Cape Hatteras are often found in north-
eastern USA waters. These fishes are carried pole-
ward within the warm waters of the Gulf Stream,
and then transported westward back onto the conti-
nental shelf in warm-core streamers (Hare et al.
2002). In species with nonfeeding larvae, such as M.
coccopoma, transport eastward in the Gulf Stream
could result in larvae reaching the “point of no
return” prior to being carried westward to nearshore
locations suitable for settlement.

To assess the role of cold temperatures and larval
dispersal in setting the poleward limits of M. coc-
copoma in the southeastern USA, we investigated
the effects of temperature on development, meta-
morphosis, and energetics of larvae and estimated
the potential extent of larval dispersal. We specifi-
cally tested whether 1) larvae can complete develop-
ment at the comparatively cold temperatures north
of the current poleward range limit, 2) cold temper-
atures affect the potential for larval success by
reducing the accumulation of energetic reserves and
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growth, and 3) the pelagic larval duration of M.
coccopoma can potentially limit dispersal to pole-
ward regions even when temperatures permit larval
development and metamorphosis.

Methods

Larval rearing

Adult Megabalanus coccopoma were collected
from Fernandina Beach Pier in Fernandina Beach,
Florida, USA (30.62�N, 81.44�W) on July 10, 2013,
and transported to the laboratory. Larvae were
obtained by breaking open the tests of fecund adults
(n = 11), removing ripe egg lamellae, and placing
the lamellae in the light beam of a fiber optic light
for 4 h. Barnacle nauplii are positively phototactic,
so using a fiber optic light allowed us to collect
healthy larvae that swum up from the lamellae lying
on the bottom of beakers filled with 35 ppt filtered
natural seawater (FSW) (Emlet & Sadro 2006;
Walther et al. 2013). After 4 h, hatched stage II
nauplii were placed at concentrations of 1 larva
mL�1 in 1 L beakers with 800 mL of FSW, and cul-
tures were lightly aerated. Five replicate cultures
were maintained at each of five temperatures: 22,
19, 16, 13, and 10°C because 22°C is the lowest tem-
perature larvae would typically experience within
their introduced range during the spawning season,
and 19, 16, 13, and 10°C are representative of tem-
peratures found progressively further north of the
current adult range (Fig. 1). Water was changed
every other day, and at each water change, larvae
were fed the diatom Chaetoceros gracilis. Because
larvae feed faster at higher temperatures, and also
because larvae of M. coccopoma become impaired if
algal densities are too high, we adjusted algal con-
centrations for the different treatments as follows:
1 9 105 cells mL�1 at 10°C and 13°C, 1.75 9 105

cells mL�1 at 16°C, and 2.5 9 105 cells mL�1 at
19°C and 22°C. Pilot studies determined these densi-
ties were satiating for larvae but did not clog larval
appendages or inhibit swimming. Algal densities
were determined using a hemocytometer.

Temperature limits to larval development and

metamorphosis to juveniles

To measure the effects of temperature on develop-
mental rate and to estimate the lower threshold for
successfully completing development, cultures raised
at 22, 19, 16, 13, and 10°C were assessed daily by
haphazardly sampling 10–20 swimming larvae from
each culture and staging them under a light

microscope (Olympus CX41, Center Valley, PA,
USA). When >50% of larvae in a culture were at
one developmental stage, the culture was considered
to be at that stage. Cultures at the cyprid stage were
continuously aerated and checked daily for individu-
als that had metamorphosed to the juvenile stage.

Climate envelope modeling of range limits

We used daily sea surface temperature (SST) mea-
surements (UK Met Office, 2005) to predict the
potential distribution of M. coccopoma in the south-
eastern USA based on our measurements of the
lowest temperature at which larvae completed devel-
opment (16°C). Temperature data were sampled at a
geographic resolution of 0.054° (~4 km). Sea surface
temperature data were downloaded using MGET
(Roberts et al. 2010) and calculations were made
with ArcGIS 10.1 (ESRI, Redlands, CA, USA).
Because M. coccopoma was first documented in the
southeastern USA in 2006 and the range of M. coc-
copoma retracted within the southeastern USA fol-
lowing the exceptionally cold temperatures during
January and February of 2010 (Crickenberger &
Moran 2013), we confined the time period to 2006–
2009. The peak spawning period for M. coccopoma
(the time when most larvae are in the plankton) in
this region is between May and August (Gilg et al.
2010), so for each year we counted the total number
of days between May 1 and August 31 during which
the SST was greater than or equal to 16°C. The
total number of days above 16°C was then averaged
among the 4 years. We used these averages to esti-
mate the latitude at which temperatures would be
greater than or equal to 16°C, the lowest tempera-
ture where complete development and metamorpho-
sis was possible, for the number of days required to
complete development and metamorphosis at that
temperature.

Biochemical assays

To determine the effects of temperature on accu-
mulation of protein and lipid, 3–10 samples of 10–
50 larvae were collected and frozen at �80°C for
protein and lipid measurements at each developmen-
tal stage for each temperature treatment. In treat-
ments with sufficient metamorphs (19 and 16°C),
juvenile barnacles were sampled for protein and
lipid within 24 h of settlement.

Protein was extracted following the methods of
Holland & Gabbott (1971) as modified for larvae by
Moran & Manahan (2003). Extracted proteins were
quantified using a Micro BCA Protein Assay Kit
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(Pierce Product #23235, Waltham, MA, USA). A
PowerWaveTM Microplate Spectrophotometer (Bio-
Tek, Winooski, VT, USA) was used to measure
optical density, and BSA was used as the standard.

Lipid classes including triacylglycerols (TAG),
phospholipids (PL), aliphatic hydrocarbons (HC),
free sterols (ST), and fatty alcohols (ALC) were iden-
tified and quantified using an Iatroscan MK6 thin-
layer chromatography system. Total lipid was
extracted using a 2:2:1 (v:v:v) methanol:water:chloro-
form solution (Bligh & Dyer 1959; Moran & Mana-
han 2003), with fatty alcohol (ALC) added to each
sample prior to lipid extraction as an internal stan-
dard. Extracted lipids were resuspended in a known
volume of chloroform (20–30 lL) and then loaded
onto quartz Chromarods (n = 3 per sample, 3 lL sus-
pension per rod), developed in a 60:6:0.1 (v:v:v) hex-
ane:diethyl ether:formic acid solution for 30 min, and
analyzed using the Iatroscan system (Iatro Laborato-
ries, Inc., Tokyo, Japan) and PeakSimple v3.88 soft-
ware (SRI Instruments, Menlo Park, CA, USA).
Standards were tripalmitin (TAG), L-a-lecithin (PL),
nonadecane (HC), cholesterol (ST), and stearyl alco-
hol (ALC). Total lipid was calculated as the sum of
all lipid classes present in a given sample.

Quantities of protein, TAG, PL, HC, ST, and
total lipid were compared among temperature treat-
ments at each developmental stage using one-way
ANOVAs followed by Tukey post hoc tests; when

data could not be transformed to meet the assump-
tions of normality and equal variances, we used a
Wilcoxon/Kruskal–Wallis test followed by compar-
isons of each pair using Steel–Dwass tests. All statis-
tical analyses were performed in JMP (version 10,
1989–2010; SAS Institute Inc., Cary, NC, USA).

Larval size

At each developmental stage, 20 larvae from each
rearing temperature were haphazardly sampled, pre-
served in 50% ethanol, and subsequently pho-
tographed using a digital camera (QImaging,
Surrey, BC, Canada) attached to a light microscope
(Olympus CX41). Total length and total area were
measured from the photographs using ImageJ (Sch-
neider et al. 2012). We measured total length as the
distance between the anterior-most portion of the
dorsal shield and the dorsal tail spine (nauplii), or
the longest distance across the larva (cyprid). Area
was only measured at the cyprid stage. Because size
data could not be transformed to meet the assump-
tions of normality and equal variances, total length
and cyprid area were compared among temperature
treatments at each developmental stage using Wil-
coxon/Kruskal–Wallis tests, followed by compar-
isons of each pair using Steel–Dwass tests. All
statistical analyses were performed in JMP (version
10, SAS Institute Inc.).

Fig. 1. Average sea surface temperatures (UK Met Office 2005) during the spawning season of Megabalanus coc-
copoma within the (A) introduced range in the southeastern USA, and in the (B) native range. Black dots represent
established populations of M. coccopoma and white dots represent locations of seasonal populations (see Crickenberger
2016).
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Cyprid oxygen consumption

To determine how rapidly cyprids use stored
energy reserves, we measured oxygen consumption
rates of cyprids at 22°C (from animals reared at
22°C) and converted this to energy equivalents for
catabolism of lipid and protein. Oxygen consump-
tion rates were measured with the end-point deter-
mination method of Marsh & Manahan (1999) with
the following modifications. Two to 33 cyprids were
suspended in filtered seawater (0.2 lm) in six respi-
ration vials of known volume (500–700 lL). Vials
were incubated at 22°C for 2 h after which 300 lL
subsamples were taken from each vial with a tem-
perature-equilibrated gas tight syringe. Oxygen ten-
sion was measured in each sample with a
temperature-calibrated polarographic oxygen sensor
(Model 1302, Strathkelvin Instruments, UK).
Cyprids in each vial were counted and per-cyprid
oxygen consumption was calculated as the slope of
the regression line of oxygen consumed per hour
against number of cyprids in each vial. The error
was calculated as the standard error around the
slope of the regression line.

Cyprid energy budgets and energetic limits to

dispersal

To understand how energetic constraints on pela-
gic larval duration might limit the poleward trans-
port of larvae, we estimated the amount of time
cyprids could remain viable in the plankton based
on their energy content and metabolic rates and
combined this time estimate with information on
surface current velocities and directions during the
spawning season in the invasive range of M. coc-
copoma. We do not know what the lower energetic
threshold is for successful metamorphosis in M. coc-
copoma, but in another acorn barnacle with a simi-
lar life history, Semibalanus balanoides, cyprids lose
their ability to metamorphose after catabolizing
~24% of their protein and ~70% of their total lipid
reserves (Lucas et al. 1979). We used these percent-
ages, combined with our measurements of cyprid
metabolic rate at 22°C, to determine the “point of
no return” for cyprids of M. coccopoma. We calcu-
lated the energy in mJ available from catabolism of
24% of the protein and 74% of the total lipid in lar-
vae of M. coccopoma using the energy equivalents
of Gnaiger (1983): 24 kJ g�1 for protein and 39.5 kJ
g�1 for lipid. Oxygen consumption (pmol O2 h�1)
was converted to mJ using energetic equivalents for
protein and lipid oxidation (484 kJ mol�1 O2; Gnai-
ger 1983). Finally, the functional cyprid duration

(FCD) (h) was calculated by dividing the amount of
energy available from expendable protein (mJ) and
total lipid (mJ) by the metabolic rate of energy
expenditure (mJ h�1). FCD was added to the total
duration of larval development to the cyprid stage
to estimate the planktonic larval duration (PLD).

Larval transport processes during the spawning
season of M. coccopoma have been estimated at a
Gulf Stream velocity of 3.6396 km h�1 and an aver-
age cross-slope velocity of 1.8324 km h�1 in warm-
core streamers (Hare et al. 2002). To estimate how
far north larvae could travel and still recruit to the
benthos at 22°C, we simulated dispersal at 50 km
intervals within the Gulf Stream using the most
northern established population (Avon, NC, USA;
35.35°N) as the starting point. We then calculated
the amount of time required for larval transport
from the starting point to 50-km distance intervals
along the Gulf Stream up to 600 km. For each of
these distances along the Gulf Stream, we also cal-
culated how far larvae would have to travel to reach
shore in a straight line going west. We then calcu-
lated the total time required for larvae to travel each
of these summed distances (Gulf Stream 50-km
intervals plus distance to shore) by dividing the Gulf
Stream distance and the straight-line distance to
shore by the average Gulf Stream velocity and the
average cross-slope velocity (3.6396 km h�1 and
1.8324 km h�1, respectively: Hare et al. 2002). To
estimate how far poleward larvae could travel and
still recruit as viable cyprids, the sum of these hours
was then subtracted from the PLD and compared to
the corresponding location where the straight lines
originating from the Gulf Stream intersected the
shoreline. Although straight-line transport from the
Gulf Stream to shore may not be realistic, it pro-
vides a maximum estimate of dispersal potential
because deviations from a straight path would
reduce the total poleward distance along which lar-
vae could successfully recruit to the shoreline.

Our use of surface velocities is also likely to pro-
vide a maximum estimate of poleward dispersal
potential. While we do not know the vertical migra-
tion patterns or preferred depth of larvae of M. coc-
copoma, larvae were positively phototactic at all
instars; likewise, cyprids of other barnacle species
are most abundant in surface waters (Pineda 1999;
dos Santos et al. 2007). Inhabiting deeper waters in
the Gulf Stream system would be likely to promote
local retention (Hare & Govoni 2005). The rapid
range reexpansion of M. coccopoma within the
southeastern USA during the summers of 2010 and
2011 (Crickenberger & Moran 2013) suggests that
larval transport occurs via surface waters.
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Results

Larval development and metamorphosis to juveniles

Larvae developed to the cyprid stage at all tem-
peratures above 10°C and metamorphosed to juve-
niles at 16, 19, and 22°C (Fig. 2). Larvae reared at
13°C reached the cyprid stage, but no cyprid meta-
morphosed to the juvenile stage. Development was
slower at colder temperatures; cultures reached the
cyprid stage in 9, 11, and 16 d, and juveniles were
first found in the cultures in 12, 18, and 26 d at 22,
19, and 16°C, respectively.

Climate envelope modeling of range limits

Lower limits of complete larval development and
subsequent metamorphosis to juveniles suggested M.
coccopoma could recruit as far north as South Bris-
tol, Maine (43.85°N) (Fig. 3).

Larval biochemical content

Overall, protein accumulation was higher for lar-
vae reared at temperatures above 13°C; larvae
reared at 19°C had the most protein of any temper-
ature treatment (Fig. 4A). Large differences in pro-
tein accumulation between temperatures first
appeared at stage V. At this stage, larvae reared at
16 and 19°C accumulated more protein than larvae
reared at 22 or 13°C (p < 0.04 in all comparisons).
Stage V larvae reared at 22°C had more protein
than larvae reared at 13°C (p < 0.002). At the

cyprid stage, the 19°C treatment also had the most
protein (p ≤ 0.0002 when compared to 22 and 16°C
cyprids), and cyprids reared at 16°C had more pro-
tein than cyprids reared at 22°C (p = 0.032;
Tables 1,2). For juveniles, animals in the 19°C treat-
ment had significantly more protein than those
reared at 16°C (p = 0.0002). Insufficient samples
were collected to accurately quantify the amounts of
protein or lipid in juveniles reared at 22°C.

Low numbers of surviving larvae limited protein
sampling in some cases, so only two protein samples
were collected for stage IV larvae at 10°C, and no
cyprid protein samples were collected at 13°C.

The major lipid classes we found in larvae of M.
coccopoma were triacylglycerol (TAG), phospholipid
(PL), aliphatic hydrocarbon (HC), and sterol (ST).
Overall, larvae reared at temperatures above 13°C
accumulated more lipid throughout development,
and larvae reared at 19°C had the most lipid
(Fig. 4B–F). In some cases, lipid sampling was
limited by the number of surviving larvae at a par-
ticular temperature, so only one replicate was avail-
able for stage VI and cyprid larvae at 13°C and
only one replicate was available for stage IV larvae
at 10°C.

Fig 2. Development of larvae of Megabalanus coccopoma
at each rearing temperature. For rearing temperatures 16,
19, and 22°C, the last day listed for the cyprid stage is
when the first juvenile barnacles were observed (marked
with a J for juvenile). No cyprids reared at 13°C meta-
morphosed into juveniles.

Fig 3. Estimated northern range limits of Megabalanus
coccopoma based on the lower limit to larval development
and metamorphosis to juveniles. Gray represents pre-
dicted presence and white represents predicted absence.
Black dots represent established populations of M. coc-
copoma and white dots represent seasonal populations.
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Triacylglycerol was low across all temperatures
until stage VI when it began to accumulate at tem-
peratures above 13°C; the largest differences
occurred at the cyprid stage (Fig. 4B, Tables 1,2).
Cyprids had the most TAG at 19°C (p < 0.0001
when compared to cyprids reared at 22 and 16°C),

and cyprids reared at 22°C had more TAG than
cyprids reared at 16°C (p < 0.01). Larvae reared at
temperatures above 13°C accumulated more PL
throughout development, and large differences in PL
accumulation arose starting at stage V (Fig. 4C). The
largest differences among temperature treatments

Fig 4. Mean (A) protein (ng individual�1), (B) triglyceride, (C) phospholipid, (D) aliphatic hydrocarbon, (E) free
sterol, and (F) total lipid (ng individual�1) in Megabalanus coccopoma throughout development at each rearing temper-
ature (�SE, n = 3–10). Only two protein samples and only one lipid sample were collected for stage IV at 10°C, and
only one lipid sample was collected at stages VI and cyprid at 13°C, so these values were not included in the statistical
analyses. An asterisk above symbols indicates significant differences among rearing temperatures at a given develop-
mental stage (see Table 2 for post hoc comparisons).
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occurred at stage VI, where larvae reared at 19°C had
the most PL (≤0.01 in both comparisons), and larvae
reared at 22°C had more PL than larvae reared at

Table 1. Results of one-way ANOVAs and Wilcoxon/
Kruskal–Wallis tests examining the effect of rearing tem-
perature on protein (lg individual�1), lipid (ng individ-
ual�1), total length (lm), and cyprid area (lm2) at each
life history stage. Lipids include triacylglycerol (TAG),
phospholipid (PL), aliphatic hydrocarbon (HC), and
sterol (ST). Significant p-values are in bold (p < 0.05;
n = 3–10 samples).

Measurement Stage df v2 p

Protein III 4 17.7973 0.0014

IV 3 32.1002 <0.0001

V 3 27.4125 <0.0001

VI 3 36.0592 <0.0001

Cyprid 2 40.9204 <0.0001

Juvenile 1 26.774 0.0002

TAG III 4 6.7879 0.1475
IV 3 11.3317 0.0015

V 2 17.6359 0.0005

VI 2 11.6854 0.0029

Cyprid 2 42.6956 <0.0001

Juvenile 1 4.7647 0.029

PL III 4 8.4581 0.0030

IV 3 4.4796 0.0307

V 3 14.4558 <0.0001

VI 2 75.8978 <0.0001

Cyprid 2 0.8162 0.4540
Juvenile 1 0.6028 0.4629

HC III 4 0.7432 0.584
IV 3 1.7029 0.2291
V 3 1.8111 0.1812
VI 2 4.7143 0.0947
Cyprid 2 7.9633 0.0022

Juvenile 1 0.0871 0.7764
ST III 4 2.7929 0.0855

IV 3 0.3169 0.813
V 3 6.464 0.0911
VI 2 1.5238 0.4668
Cyprid 2 1.0103 0.3791
Juvenile 1 0.1096 0.7503

Total lipid III 4 8.7308 0.0027

IV 3 4.8171 0.0251

V 3 14.4730 <0.0001

VI 2 110.2365 <0.0001

Cyprid 2 5.0826 0.0144

Juvenile 1 0.3478 0.5739
Total length III 4 27.2726 <0.0001

IV 4 54.6094 <0.0001

V 3 41.6566 <0.0001

VI 3 41.6682 <0.0001

Cyprid 3 67.2918 <0.0001

Cyprid area Cyprid 3 65.3412 <0.0001

Table 2. Results of post hoc comparisons of protein (lg
individual�1), lipid (ng individual�1), total length (lm),
and cyprid area (lm2) among rearing temperatures.
Lipids include triacylglycerol (TAG), phospholipid (PL),
aliphatic hydrocarbon (HC), and sterol (ST). Shared let-
ters indicate that means do not differ (Tukey post hoc or
Steel–Dwass tests, p > 0.05), n/a indicates data were not
available for comparison, and dashes indicate no post hoc
tests were performed because rearing temperature did not
have a significant effect at that life history stage (see
Table 1).

Measurement Stage 22°C 19°C 16°C 13°C 10°C

Protein III A A A A A
IV A B A C n/a
V A B B C n/a
VI A B C A n/a
C A B C n/a n/a
J n/a A B n/a n/a

TAG III – – – – –
IV A B B B n/a
V A A B B n/a
VI A Ba C n/a n/a
C A B C n/a n/a
J n/a A B n/a n/a

PL III AC AB A AC C
IV AB AB A B n/a
V A B B A n/a
VI A B C n/a n/a
C – – – n/a n/a
J n/a – – n/a n/a

HC III – – – – –
IV – – – – n/a
V – – – – n/a
VI – – – n/a n/a
C A B B n/a n/a
J n/a – – n/a n/a

ST III – – – – –
IV – – – – n/a
V – – – – n/a
VI – – – n/a n/a
C – – – n/a n/a
J n/a – – n/a n/a

Total lipid III AC AB B C C
IV AB AB A B n/a
V A B B A n/a
VI A B C n/a n/a
C AB A B n/a n/a
J n/a – – n/a n/a

Total length III A A A A C
IV A A A B C
V A B AB C n/a
VI A B AB C n/a
C A B C D n/a

Cyprid area C A B C D n/a

aMarginally greater than at 16°C (p = 0.0549).
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16°C (p < 0.0001). Hydrocarbon was similar among
temperature treatments across all temperatures, with
the exception that there was significantly more HC in
cyprids reared at 22°C compared to cyprids reared at
16 and 19°C (p < 0.003 in both comparisons;
Fig. 4D). No significant differences were found in ST
at any developmental stage (Fig. 2E). Larvae reared
at 19°C had the most total lipid; in general, larvae
accumulated more lipid when reared at temperatures
above 13°C. Differences in total lipid accumulation
began at stage III, but were largest at stage VI where
larvae reared at 19°C had the most total lipid
(p < 0.0003 in both comparisons), and larvae reared
at 22°C had more total lipid than larvae reared at
16°C (p < 0.0001; Fig. 4F, Tables 1,2).

Larval size

Larvae were generally larger at temperatures
above 13°C; all measures of size showed cyprids
were largest at 19°C (Fig. 5; Tables 1,2). At 19°C,
cyprids were the longest followed by 16, 22, and
13°C in decreasing order (p < 0.03 in all compar-
isons; Fig. 5A). Cyprid area was greatest in cyprids
reared at 19°C (p < 0.0001 in all three comparisons),
followed by 16, 22, and 13°C in decreasing order
(p < 0.003 in all comparisons; Fig. 5B).

Cyprid oxygen consumption

Cyprid oxygen consumption rate was 235.9 � 34
pmol O2 h�1 larva�1 at 22°C.

Cyprid energy budget and energetic limits to dispersal

We estimated cyprids reared at 22°C had 12.0 mJ
of energetic reserves that could be metabolized
before reaching a “point of no return” beyond
which cyprids could not metamorphose (lipid:
[1684 ng total 9 70%] 9 39.5 kJ g�1; protein:
[2.076 lg total 9 24%] 9 24 kJ g�1; [Gnaiger
1983;]). Cyprids reared at 22°C catabolized an esti-
mated 0.114 mJ h�1 at 22°C (235.9 pmol O2 h�1

larva�1 9 484 kJ mol O2
�1). Therefore, we esti-

mated cyprids could remain viable for 105 h at
22°C before exhausting their energetic reserves
below the amount necessary to complete metamor-
phosis to a juvenile (12.0 mJ/0.114 mJ h�1). Because
larvae required 9 d (216 h) to develop to the cyprid
stage, and our estimates suggest they could remain
competent for an additional 105 h, larvae in 22°C
water could successfully recruit after a maximum of
321 h in the plankton. Thus, larvae that were
spawned at Avon, NC (35.35°N) and developed at

22°C could potentially disperse as far as the eastern
shore of Virginia (37.41°N) (Fig. 6).

Discussion

In order to colonize novel environments, larvae
must be physiologically and energetically capable of
both completing development under local conditions
and successfully undergoing metamorphosis. Larvae
of M. coccopoma successfully developed and meta-
morphosed at temperatures well below the summer
SSTs in the introduced adult range. Predictions of
poleward distributions based on the lower thermal
limits of larvae greatly exceed the adult range limits
of M. coccopoma, and suggest larval development
and subsequent metamorphosis to juveniles could
occur along most of the USA east coast during the
spawning season. Larvae in our experiments were
sourced from southerly populations during the
warm portion of the spawning season; therefore, if
this species shows local thermal adaptation or there

Fig 5. Mean (A) total larval length, and (B) cyprid area
(�SE, n = 20). An asterisk above symbols or letters above
bars indicate significant differences among rearing tem-
peratures (see Table 2 for post hoc comparisons).
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are maternal effects on larval thermal acclimatiza-
tion, the true discrepancy between the northern
range limit of adults and the lower threshold
for successful larval development could be even
greater.

In addition to lower thermal limits to larval devel-
opment, the effects of temperature on larval quality,
measured as larval size or energy stores, can signifi-
cantly influence pre- and postsettlement success
(Pechenik 2006; Tremblay et al. 2007). We found
that size, as well as the accumulation of protein and
lipid, peaked at 19°C and declined substantially at
lower temperatures. Therefore, although larvae of
M. coccopoma can develop at 16°C or lower, the fit-
ness of both larvae and settlers may be compro-
mised at some poleward locations where
metamorphosis was predicted to be possible. Tem-
peratures during the spawning season across most
of their native or introduced ranges are warmer than
19°C, except for the southernmost end of their
native distribution in Peru. The temperature size
rule predicts smaller body size at high temperatures,

larger body size at low temperatures, and smaller
body size at extremely low temperatures resulting in
thermal reaction norms similar to other tempera-
ture-dependent processes (Atkinson 1994; Wal-
czy�nska et al. 2016). In agreement with the
temperature size rule, larvae were larger and more
energy rich at 19°C, and decreased in size and ener-
getic reserves at higher and lower temperatures.

Climate envelope model predictions suggest the
range of M. coccopoma larvae during the spawning
season greatly exceeds the adult distribution. Our
simulation of larval dispersal suggests larvae may be
limited to a smaller area that is still north of the
current adult range. Based on our simple model,
during a 13-d pelagic period (9 d as feeding nauplii,
plus 4 d until cyprids reach the PNR) larvae should
be able to disperse northward to the eastern shore
of Virginia (37.41°N), which is 230 km north of the
adult range limit (Avon, NC 35.35°N). Thirteen
days is likely to be a minimum estimate of the pela-
gic period, however, for three main reasons: (1)
feeding larval development may be extended in the
field if food concentrations are lower (Lang &
Marcy 1982), (2) larvae in the field could encounter
temperatures cooler than 22°C, which would sub-
stantially prolong development, and (3) cyprid ener-
getic stores may increase with alternative food
sources in the field (Olson & Olson 1989; Payne &
Rippingale 2000). Our estimate of functional cyprid
duration was relatively short (4 d) compared to the
precompetency period (9 d), and may be an artifact
of the alga used in our experiments. In marine
invertebrate larvae, precompetent and postcompe-
tent periods are either similar in duration or the
postcompetent periods are longer (Jackson & Strath-
mann 1981).

Our data show that larvae of M. coccopoma can
develop, grow, metamorphose into juveniles, and
disperse far north of the current adult distribution.
The factor limiting permanent colonization farther
north, then, is likely to be the winter temperatures
that juvenile and adult life history stages experience.
This is consistent with modeling and field-survey-
based studies which suggest that, at least in the
southeastern USA, long-term exposure to cooler
temperatures delimit the poleward boundary of M.
coccopoma (Crickenberger 2016).

While temperature is likely important in determin-
ing the geographic distribution of M. coccopoma,
potential limitations to this species’ distribution also
include interspecific interactions (de Rivera et al.
2005), limited or excessive gene flow at the range
edge (Dawson et al. 2010), and physical barriers to
dispersal (Gaylord & Gaines 2000). We know of no

Fig. 6. Estimated physiological limits to poleward larval
dispersal based on planktonic larval duration (time to the
cyprid stage and time of cyprid viability based on an
energy budget) and oceanographic currents’ directions
and velocities. The single black dot marks the larval
release point at Avon, NC (35.35°N). Black triangles rep-
resent 50-km intervals within the Gulf Stream and white
triangles represent corresponding locations of onshore
transport. Hours remaining for poleward larval transport
in the Gulf Stream and subsequent transport onshore are
to the right of the black triangles. Numbers <0 indicate
that larvae at that location will not reach shore with suffi-
cient energy remaining for metamorphosis.
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studies on interspecific competition in M. coc-
copoma, but M. coccopoma is a very large and
rapidly growing barnacle that commonly overgrows
other barnacles within the southeastern USA (Crick-
enberger pers. obs), and is the largest barnacle on
the eastern USA coastline (Zullo 1979). Therefore,
range limitation through interspecific competition is
unlikely. Predators of M. coccopoma within the
southeastern USA are unknown and genetic data
are limited within the southeastern USA (Yam-
aguchi et al. 2009; Cohen et al. 2014), making it dif-
ficult to determine whether predation or gene flow
affect range limits of M. coccopoma. Ocean currents
moving offshore are commonly proposed as a physi-
cal barrier to dispersal in marine environments,
including the biogeographic break at Cape Hatteras,
NC (Gaylord & Gaines 2000), but the presence of
seasonal populations of M. coccopoma north of
Cape Hatteras suggest that these offshore currents
do not create an impenetrable barrier.

Previous work on another marine crustacean
along the USA east coast found the reverse of our
study; lower thermal limits to larval development
accurately predicted adult range limits, and adults
were able to tolerate temperatures beyond these
geographic limits (Sanford et al. 2006). However,
this study examined a temperate rather than tropi-
cal species. Adults of tropical species like M. coc-
copoma are unlikely to be able to tolerate the low
winter temperatures found north of Cape Hatteras,
NC (Crickenberger 2016); at the same time, season-
ality of spawning and recruitment times limit pro-
duction of larvae to only the warmer months of the
year (Hare et al. 2002). While studies on lower
thermal tolerances of larvae of tropical marine
invertebrates are very rare, the two other examples
we are aware of are consistent with the pattern
seen in M. coccopoma; larvae of the tropical sea
urchin Echinometra lucunter can complete develop-
ment at temperatures colder than those experienced
at their poleward range limit (also near Cape Hat-
teras, NC) (Sewell & Young 1999), and larvae of
the tropical sand dollar, Archnoides placenta, can
complete development at temperatures found north
of their current adult range limit (Hardy et al.
2014). Based on the few studies where the cold tol-
erance of tropical marine invertebrate larvae has
been tested, overwinter survival of adults may be
the key factor limiting poleward expansion (Feary
et al. 2013; Crickenberger 2016). However, in all of
these cases, eastern boundary currents provide a
mechanism for the transport of both larvae and
warmer tropical waters poleward. It remains to be
seen if these patterns hold at poleward range

boundaries where oceanographic circulation pat-
terns are different.
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Sewell MA & Young CM 1999. Temperature limits to fer-
tilization and early development in the tropical sea
urchin Echinometra lucunter. J. Exp. Mar. Biol. Ecol.
236: 291–305.

Southward AJ 1987. Barnacle Biology. CRC Press, Rot-
terdam. 496 pp.

Spalding MD, Fox HE, Allen GR, Davidson N, Ferda~na
ZA, Finlayson M, Halpern BS, Jorge MA, Lombana
A, & Lourie SA 2007. Marine ecoregions of the world:

a bioregionalization of coastal and shelf areas. Bio-
science 57: 573–583.

Storch D, Santelices P, Barria J, Cabeza K, P€ortner H, &
Fern�andez M 2009. Thermal tolerance of crustacean
larvae (zoea I) in two different populations of the kelp
crab Taliepus dentatus (Milne-Edwards). J. Exp. Biol.
212: 1371–1376.

Tremblay R, Olivier F, Bourget E, & Rittschof D 2007.
Physiological condition of Balanus amphitrite cyprid
larvae determines habitat selection success. Mar. Ecol.
Prog. Ser. 340: 1–8.

UK Met Office 2005. GHRSST Level 4 OSTIA Global
Foundation Sea Surface Temperature Analysis. Ver.
1.0. PO.DAAC, CA, USA.

Ushakov B 1964. Thermostability of cells and proteins of
poikilotherms and its significance in speciation. Physiol.
Rev. 44: 518–560.

Walczy�nska A, Kiełbasa A, & Sobczyk M 2016. ‘Optimal
thermal range’ in ectotherms: defining criteria for tests
of the temperature-size-rule. J. Therm. Biol. 60: 41–48.

Walther K, Anger K, & P€ortner H 2010. Effects of ocean
acidification and warming on the larval development of
the spider crab Hyas araneus from different latitudes
(54 vs. 79 N). Mar. Ecol. Prog. Ser. 417: 159–170.

Walther K, Crickenberger SE, Marchant S, Marko PB, &
Moran AL 2013. Thermal tolerance of larvae of Pol-
licipes elegans, a marine species with an antitropical
distribution. Mar. Biol. 160: 2723–2732.

Yamaguchi T, Prabowo RE, Ohshiro Y, Shimono T,
Jones D, Kawai H, Otani M, Oshino A, Inagawa S, &
Akaya T 2009. The introduction to Japan of the Titan
barnacle, Megabalanus coccopoma (Darwin, 1854)(Cir-
ripedia: Balanomorpha) and the role of shipping in its
translocation. Biofouling 25: 325–333.

Zullo VA 1979. Marine flora and fauna of the northeast-
ern United States. Arthropoda: Cirripedia. NOAA
Technical Report, NMFS Circular. 425: 1–28.

Invertebrate Biology
vol. 136, no. 1, March 2017

Larval development does not predict range limits 49


