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Figure 4.1: Reynolds optimally interpolated daily sea surface temperature (SST) in the 
native and US SE introduced ranges of Megabalanus coccopoma.  Native range a) 
average daily minimum and b) the number of extremely cold days (SST < 12°C).  US SE 
range c) average daily minimum and d) the number extremely cold days.  Open circles 
represent present populations, and open squares represent seasonal or absent populations.  
Black lines represent the biogeographic regions used to clip environmental data.  All 
values were calculated as annual averages between 2006 and 2009. 
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Figure 4.2: Sea surface temperatures at known presence (filled symbols) and absence 
(open symbols) locations of Megabalanus coccopoma within the Atlantic US SE before 
the range retraction (circles) and after the range retraction (triangles) and globally.  
Minimum daily sea surface temperatures within the a) Atlantic US SE and b) globally 
with a horizontal line depicting the lower lethal limit (2.3°C).  The number of extremely 
cold days (number of days less when SSTs were less than 12°C) within the c) Atlantic 
US SE  and d) globally.  
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Figure 4.3: The distribution of Megabalanus coccopoma along the Atlantic US SE coast 
a) before and e) after the range retraction displaying populations that were  present (black 
circles) and absent or seasonal (white symbols) (see  Crickenberger & Moran, 2013 for 
further details).  Predictions of MaxEnt models based on the global range of M. 
coccopoma b) prior to the range retraction and f) after the range retraction.  Predictions of 
MaxEnt models based on the native range of M. coccopoma c) prior to the range 
retraction and g) after the range retraction.  Predictions of MaxEnt models based on the 
global distribution of M. coccopoma d) prior to the range retraction and h) after the range 
retraction.  Black circles represent predicted presence locations and white circles 
represent predicted absence locations. 
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SUMMARY 

Marine species’ geographic distributions are on the move due to a combination of 

climate change and anthropogenic introductions.  This phenomenon is well-documented 

at temperate latitudes.  Similar processes and mechanisms responsible for limiting the 

expansion of tropical species are less frequently studied (Feary et al., 2013).  Here I 

examined the range limits, range shifts, and lower thermal limits of the tropical barnacle 

Megabalanus coccopoma to better understand the mechanism(s) responsible for 

determining its poleward range limit in the Atlantic US SE.  In order to understand the 

potential range limits of M. coccopoma, I examined the larval and adult lower thermal 

tolerances and used larval energy budgets to estimate the potential extent of larval 

dispersal.  Larvae are often considered the most sensitive life history stage for many 

marine organisms, and larvae serve as the primary means for dispersal in many benthic 

marine invertebrates (Pechenik, 1999).   

Previous work with temperate marine invertebrates has demonstrated that lower 

limits to larval development prohibit further poleward expansion (Sanford et al., 2006; de 

Rivera et al., 2007); however, this approach has only been attempted in two other tropical 

marine invertebrates (Sewell & Young, 1998; Hardy et al., 2014).  Like these other 

species, larvae of M. coccopoma can successfully complete development far north of 

their current range limit.  Although larval development did not limit the poleward range, 

larval energetics likely limit the extent of seasonal populations.  The potential for 

energetic limitations to larval dispersal is recognized (Jackson & Strathmann, 1981), but 

not always considered in models of larval dispersal (Pineda et al., 2007).  Lower limits to 
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function (FT50) best predicted the poleward range limit, while lower lethal limits (LT50) 

overestimated the potential geographic distribution.  This suggests that temperatures that 

result in loss of function, and possibly long-term physiologically stressful temperatures, 

are most likely responsible for limiting the poleward extent of M. coccopoma in the US 

SE.   

When surveying the distribution of M. coccopoma within the Atlantic US SE to 

compare to my lab based range limit estimates, I documented a large range retraction and 

rapid range re-expansion.  Prior to the cold months of 2010, M. coccopoma extended 

from Ft. Pierce, FL to Cape Hatteras, NC.  Following this cold time period, the range 

retracted down to northern Florida, rapidly re-expanded during 2011, and was re-

established in its previous range by the summer of 2012.  The rates of range re-expansion 

during 2010 and 2011 were the fastest documented for any marine invertebrate and are 

some of the few documented for any tropical marine organism.  Similar rapid range shifts 

may be increasingly typical of tropical species introduced in warm, poleward traveling 

currents (Feary et al., 2013).   

Off the coasts of a number of locations globally subtropical western boundary 

currents that carry tropical water to mid-latitudes have been warming at a rate two to 

three times faster than average surface ocean warming (Wu et al., 2012).  In cases where 

there are large differences between the temperatures in the poleward traveling currents 

and the adjacent coastal waters, metapopulations may develop where lower latitude 

populations, and possibly offshore locations within the swath of the warm oceanic 

currents, serve as source populations for the more ephemeral coastal populations.  My 
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work lends some support to this idea and suggests that the dynamics of range expansion 

in tropical species may be fundamentally different from temperature species when both 

are moving poleward in coastal regions.  Extreme cold events in temperate species have 

resulted in reproductive failure or reductions in density (Wethey et al., 2011), but have 

rarely caused range shifts.  In contrast, here I documented a dramatic range retraction.  A 

more limited capacity for acclimation and repair of chill damage at these colder 

temperatures (Pörtner, 2002; Renault et al., 2004) may explain the massive die-offs 

instead of the more innocuous effects previously documented in temperature species.   

Both LT50 and FT50 were poor predictors of the range retraction.  However, the 

number of extremely cold days (the number of days when SSTs were less than 12°C) was 

a good predictor of the range retraction and the distribution of M. coccopoma globally.  

There was an exception to this pattern where three seasonal occurrences were 

documented off the coast of San Diego, which is north of the range limit in the native 

range, and in all three cases only a single extremely cold day occurred.  MaxEnt models 

were trained using data from the global range, only the native range, and only the US SE 

range.  Only my model trained on the US SE data was able to accurately predict both the 

range retraction and range limits prior to the range retraction.  Differences in the 

predictions of my models suggest that the range limiting mechanism(s) may be different 

between the native and introduced ranges of M. coccopoma.  Within the introduced range 

of the US SE cold temperatures that prevent function and/or result in mortality over 

longer periods of time seem to determine the extent of M. coccopoma’s distribution.  

Within its native range a combination of dispersal limitation, Allee effects, biotic 
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interactions, and possibly an inability to develop lamellae at cooler temperatures may 

limit M. coccopoma’s distribution, but the limiting factors in this region are unknown. 

Rapid evolution or founder effects leading to variation in environmental tolerances in 

introduced genotypes are alternative explanations to spatial variation in the range limiting 

mechanism, but the population genetic studies to date have found no differences in the 

haplotypes found between the native and introduced ranges (Yamaguchi et al., 2009; 

Cohen et al., 2014).  Regardless of the mechanisms at play in limiting the distribution of 

M. coccopoma in its native range and its US SE range, my species distribution models 

suggested that consideration of spatial variation in the range-limiting mechanism is 

fundamentally important in accurately predicting range limits and even more so in 

predicting range shifts.   

Surprisingly little information exists on mechanisms of cold tolerance of marine 

organisms.  Mechanisms responsible for avoiding ice formation have received some 

attention in marine invertebrates (Crisp et al., 1977; McAllen & Block, 1997; Sinclair et 

al., 2004; Hawes et al., 2010).  However, mechanisms responsible for non-freezing chill 

damage are poorly resolved.  The oxygen-limitation hypothesis is the most well studied 

explanation for lower thermal tolerance limits in marine organisms and suggests that 

lower thermal limits are set by a failure to deliver adequate levels of oxygen to 

mitochondria (Pörtner, 2002; Pörtner, 2010).  Within this framework for understanding 

thermal tolerance, thermal tolerance windows are defined where by species experience 

temperatures that are within their optimum, pejus, and pessimum ranges.  In both the 

pejus and pessimum ranges, oxygen demand exceeds supply and genes involved in 
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cellular mechanisms for preventing physiological damage are upregulated.  While the 

oxygen limitation hypothesis is well supported in limiting the cold tolerance of a number 

of marine organisms, studies utilizing this approach have not considered the potential 

effects of cumulative chill damage, which can potentially lead to mortality over long-

term exposures.  In insects, the processes of chill damage are better studied and are 

thought to be the result of membrane phase transition, protein denaturation or reduced 

function, and/or ion equilibration (Kostal et al., 2004).   

Membrane phase transition can be alleviated by homeoviscous adaptation, which 

is the process of changing the composition of cell membranes to increase membrane 

fluidity (MacMillan & Sinclair, 2011).  Without a change in the fluidity, cellular 

membranes become rigid and are unable to undergo normal cellular processes.  

Homeoviscous adaptation has been documented in a several marine invertebrates 

(Cuculescu et al., 1999; Pernet et al., 2007), but does not always occur (Rais et al., 2010; 

Ronges et al., 2012).  Rapid cold hardening, which is a rapid change in cold tolerance 

over minutes to hours, has been attributed to homeoviscous adaptation (Overgaard et al., 

2006).  To the best of my knowledge, the process of rapid cold hardening remains 

undocumented in any marine invertebrate, but several studies have documented rapid 

changes (< 12 h) in phospholipid membrane fluidity in fish and intertidal mussels due to 

changes in temperature (Williams & Hazel, 1994; Williams and Somero, 1996; Farkas et 

al., 2001). 

Protein denaturation can be obviated through the production of chaperones or 

cryoprotectants.  Evidence of the role of protein chaperones in cold tolerance of marine 
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organisms is limited and suggests that the protein chaperon Hsp70 does not play a 

significant role in limiting the negative effects of cold stress.  Hsp70 was not expressed in 

response to cold-shock in the crab Carcinus maenas and was expressed at lower levels in 

cold-acclimated crabs than in warm-acclimated crabs (Kelly et al., 2013).  In the mussel 

Perna viridis, Hsp70 was expressed at higher levels than the control in one out of the 

three cold-temperature treatments and expressed at much higher levels at a control hot 

temperature (Urian et al., 2011).  Chaperones other than Hsp70 may be more important in 

limiting chill damage in marine invertebrates.  In the crab Petrolisthes cinctipes, 

acclimation to cold temperatures resulted in upregulation of sugar-transport genes and 

glucose-related genes, possibly to produce the cryoprotectants glycogen (Muise & Storey, 

2001) or trehalose (Colson-Proch et al., 2009).  Expression of genes involved in nucleic 

acid binding, chromatin remodeling, and structural or cytoskeletal remodeling were also 

unregulated, possibly to maintain similar levels of cellular activity at colder temperatures 

(Ronges et al., 2012).  Similarly, Kelley and others (2013) found some evidence of 

increased expression of cyclin D1, which is involved with cellular proliferation.  At the 

whole organism level, cytoskeletal remodeling may also allow for functionality at colder 

temperatures because loss of activity has been attributed to depolymerization of actin 

filaments in insects (Grout & Morris, 1986).   

Disequilibrium of ion concentrations can be reduced through all of the 

mechanisms listed above because both membrane fluidity and cross-membrane transport 

proteins are important in maintaining ionic balance.  Loss of membrane potential due to a 

change in ionic concentrations has been implicated in both loss of function and chill 
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damage (MacMillian & Sinclair, 2011).  In insects, loss of membrane potential can result 

in reduction in protein synthesis, leakage of cytoplasmic solutes, depletion of energetic 

substances in cells, or the accumulation of potentially toxic metabolic waste (Slachta et 

al., 2002; Ramløv, 2000).  Sommer et al. (1997) found large changes in intracellular pH 

when the lugworm Arenicola marina was exposed to cold temperatures, suggesting an 

inability to regulate ion transport because intracellular pH is both passively and actively 

regulated; however, this study does not mention the possibility of cumulative chill 

damage and instead focuses on oxygen-limited thermal tolerance, which likely occurs 

concurrently with processes involved in chill damage.  

An alternative, but not mutually exclusive, possibility to cumulative chill damage 

is a negative energy balance due to a decrease in feeding rate and increased energetic 

costs associated with the processes described above that could lead to mortality over long 

periods of time.  This may be exacerbated by low levels of ventilation and circulation 

because anaerobic metabolism is more energetically costly.  Although seawater has a 

higher oxygen saturation point at colder temperatures, oxygen affinity rises with 

decreasing water temperatures making transport to tissues more difficult and limits 

oxygen exchange due to slower movements.  In combination with increased protective 

energetic costs, oxygen limitation and mortality may occur over longer time periods 

(Portner, 2002; Sokolova et al., 2012).  Mechanisms responsible for no-freeze chill 

damage are generally unknown in marine organisms, despite the fact that the majority of 

ectotherms are killed at temperatures above their freezing points (Ronges et al., 2012).  A 

better understanding of the mechanisms responsible for non-freezing chill damage can 
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better inform predictions of the potential for marine organisms to move poleward and 

possibly the evolutionary capacity to adapt to more variable temperature regimes found at 

higher latitudes. 
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Appendix A 

The distribution and abundance of Megabalanus coccopoma along the Atlantic US SE 
coastline 

 
Table A-1: List of locations and sources for Megabalanus coccopoma prior to the range 
retraction during the winter of 2009/2010.  Populations were considered established if 
listed as such on the USGS NAS database or if large, dense aggregations were known to 
be present prior to the cold snap from various unpublished sources.  Otherwise 
Megabalanus coccopoma was considered present at a given location. 
 
Location ˚N ˚W Status Date Source 
Ponce Inlet, FL 29.0724846 -80.918664 established 2006 USGS NAS 
St. Augustine, FL 29.8917 -81.31 established 2006 USGS NAS 
Palm Valey, FL 30.1327 -81.3851  present  2007 USGS NAS 
Jacksonville, FL 30.397383 -81.390409 established 2007 USGS NAS 
Sapelo Island, GA 31.41805 -81.29631667 established 2009 D. Hurely pers. 

comm. 
Sapelo Island, GA 31.54832 -81.21068 present 2009 J. Shalack pers. 

comm. 
Chatham, GA 31.8042 -81.0042  present 2006 USGS NAS 
Tybee Island GA 31.99146667 -80.84495 established 2009 J. Richardson pers. 

comm. 
Tybee Island, GA  32.02419167 -80.84133611 established 2009 J. Richardson pers. 

comm. 
Beaufort, SC 32.261868 -80.678163 established 2007 USGS NAS 
Beaufort, SC 32.29083333 -80.64583333 established 2009 D. Knott pers. 

comm. 
Beaufort, SC 32.30694444 -80.64583333 established 2009 D. Knott pers. 

comm. 
Hunting Island, SC 32.3624  -80.44073333 established 2009 pers. obs. 
Beaufort, SC 32.38429167 -80.78694444 established 2009 D. Knott pers. 

comm. 
Edisto Beach, SC 32.4872  -80.3197 present 2007 USGS NAS 
Folly Beach, SC 32.639625 -79.979535 present 2006 USGS NAS 
Folly Beach, SC 32.65365 -79.93888333 established 2009 pers. obs. 
Folly Beach, SC 32.6857  -79.8867 established 2006 USGS NAS 
Sullivans Island, SC 32.7583 -79.8597 established 2006 USGS NAS 
Isle of Palms, SC  32.78428333 -79.78513333 established 2009 pers. obs 
Bald Head Island, NC 33.840336 -77.964993 established 2006 USGS NAS 
Waties Island, SC  33.8483 -78.5542  present 2007 USGS NAS 
Wrightsville Beach, NC 34.21166 -77.790241 present 2006 USGS NAS 
Carteret, NC 34.82973 -76.35473 present 2007 USGS NAS 
Frisco, NC 35.2254167 -75.6361389 established 2007 S. Jones pers. comm. 
Avon, NC 35.347472 -75.50183 established 2007 S. Jones pers. comm. 
Rodanthe, NC 35.585 -75.4608  present  2007 S. Jones pers. comm. 
Oregon Inlet, NC 35.76683 -75.527583 present 2007 S. Jones pers. comm. 
Kitty Hawk, NC  36.101167 -75.7116389 present 2007 S. Jones pers. comm. 
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Table A-2: Size of Megabalanus coccopoma at locations surveyed in 2010, 2011, and 
2012. 
 
Location 
 

Year n Mean 
(mm) 

SE Range (mm) # of individuals 
> 32.8 mm 

Ft. Pierce, FL 2010 82 17.1
  

1.0 45.5 - 4.7 5 

 2011 245 19.2 0.6 45.8 – 1.5 18 
 2012 70 21.4 1.1 47.3 – 2.6 7 
Ponce Inlet, FL 2010 59 14.2 1.1 30.4 – 3.5 0 
 2011 78 18.6 0.9 44.6 – 5.5 5 
 2012 24 22.3 2.0 38.1 – 7.8 4 
Daytona Beach, FL 2010 - - - - - 
 2011 211 9.2 0.2 38.8 – 2.5 1 
 2012 77 19.7 1.2 41.7 – 1.8 8 
Flagler Beach, FL 2010 - - - - - 
 2011 694 12.2 0.3 55.9 - 2.3 12 
 2012 294 17.7 0.6 51.2 – 4.8 34 
GTMNERR, FL 2010 166 14.4 0.8 45.7 – 2.1 13 
 2011 78 11.4 0.6 51.3 – 2.4 2 
 2012 13 11.9 1.4 21.2 – 5 0 
Jacksonville Beach, FL 2010 - - - - - 
 2011 535 6.6 0.1 32.6 – 0.8 0 
 2012 385 13.5 0.3 36.1 - 2 2 
Fernandina Beach, FL 2010 - - - - - 
 2011 458 8.1 0.2 39.2 - 1 2 
 2012 469 13.8 0.4 70.7 - 1 16 
Saint Simons Island, GA 2010 23 8.5 0.7 15.3 - 2 0 
 2011 144 13.0 0.3 20.4 – 7.1 0 
 2012 637 12.9 0.2 46.4 – 1.6 6 
Sapelo Island NERR, GA 2010 - - - - - 
 2011 28 16.7 1.2 27.2 – 4.2 0 
 2012 462 21.0 0.3 66.1 – 5.1 12 
Tybee Island, GA 2010 6 14.1 1.5 20.9 – 9.8 0 
 2011 124 16.4 0.5 28.3 - 3.3 0 
 2012 56 26.4 1.0 55.0 – 10.0 9 
Hunting Island, SC 2010 0 - - - - 
 2011 0 - - - - 
 2012 72 19.8 0.5 38.0 – 11.8 2 
ACE Basin NERR, SC 2010 0 - - - - 
 2011 1 - - 16.2 0 
 2012 4 25.0 8.9 51.6 – 13.9 1 
Folly Beach, SC 2010 0 - - - - 
 2011 15 18.8 0.9 23.5 – 12.9 0 
 2012 55 21.6 1.3 54.9 – 7.4 7 
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Appendix B 

Known occurrences of Megabalanus coccopoma 

Table B-1:  Known occurrences of Megabalanus coccopoma.  Only presence data were 
used to train the MaxEnt models and presences were thinned to one point per raster cell 
prior to running the models. 
 

Latitude Longitude Native/Introduced Source 
Present/Absent 

(1/0) 
8.268719444 -82.85710556 Native 1 1 
8.268719444 -82.85710556 Native 1 1 

7.423225 -80.14400833 Native 1 1 
8.88755 -79.62246944 Native 1 1 

8.891763889 -79.59898056 Native 1 1 
8.795175 -79.55423611 Native 1 1 
8.795175 -79.55423611 Native 1 1 

8.916294444 -79.53190833 Native 1 1 
8.816802778 -79.60004444 Native 1 1 
8.816802778 -79.60004444 Native 1 1 

23.222375 -106.4331333 Native 2 1 
21.52849722 -105.2869444 Native 2 1 
20.61972222 -105.2325 Native 2 1 
17.63138889 -101.5566667 Native 2 1 
16.82638889 -99.90444444 Native 2 1 
16.84666667 -99.9075 Native 2 1 

16.8575 -99.88666667 Native 2 1 
16.84083333 -99.85138889 Native 2 1 
16.80583333 -99.83777778 Native 2 1 
13.91444444 -90.78805556 Native 2 1 
13.58888889 -89.83527778 Native 2 1 
10.55916667 -85.70305556 Native 2 1 
9.843333333 -84.87527778 Native 2 1 
9.874166667 -84.85833333 Native 2 1 
9.973888889 -84.83194444 Native 2 1 
9.958611111 -84.73833333 Native 2 1 
8.981944444 -79.50361111 Native 2 1 
8.911944444 -79.56222222 Native 2 1 
8.802777778 -79.52305556 Native 2 1 
-2.201388889 -80.95305556 Native 2 1 
-2.210555556 -80.94555556 Native 2 1 
-2.210555556 -80.94555556 Native 2 1 
-2.218333333 -80.91777778 Native 2 1 
-2.293055556 -80.91611111 Native 2 1 
-2.644444444 -80.40722222 Native 2 1 
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Table B-1 Continued 
 

Latitude Longitude Native/Introduced Source 
Present/Absent 

(1/0) 
-2.707777778 -80.24027778 Native 2 1 
-5.081666667 -81.11972222 Native 2 1 

-0.4417 -90.2883 Native 2 1 
-0.486388889 -90.285 Native 2 1 

-23.6258 -45.3747 Introduced 3 1 
-23.3569 -44.8658 Introduced 3 1 
-23.6178 -45.3847 Introduced 3 1 
-23.371 -44.8367 Introduced 3 1 

-23.6264 -45.3747 Introduced 3 1 
-23.3569 -44.9325 Introduced 3 1 
-23.3569 -44.8658 Introduced 3 1 
-23.3569 -44.9325 Introduced 3 1 
-23.3569 -44.8658 Introduced 3 1 
-23.3569 -44.9325 Introduced 3 1 
-23.3569 -44.9325 Introduced 3 1 
-23.3569 -44.9325 Introduced 3 1 
22.4038 -97.4439 Introduced 4 1 
22.3361 -97.6327 Introduced 4 1 
23.0251 -82.8873 Introduced 4 1 
23.2548 -88.9385 Introduced 4 1 
23.0265 -82.8923 Introduced 4 1 
18.2111 -94.1318 Introduced 4 1 
18.6887 -93.8439 Introduced 4 1 
22.3023 -88.3442 Introduced 4 1 
18.3953 -94.0212 Introduced 4 1 

22.28 -97.7937 Introduced 4 1 
21.5705 -87.8837 Introduced 4 1 
24.7806 -82.3407 Introduced 4 1 
50.7729 1.61505 Introduced 5 0 
51.4648 2.70446 Introduced 5 0 
-0.44167 -90.2883 Native 6 1 
29.8917 -81.31 Introduced 7 1 

29.0724846 -80.918664 Introduced 7 1 
30.397383 -81.390409 Introduced 7 1 

30.1327 -81.3851 Introduced 7 1 
30.1067 -85.7047 Introduced 7 1 
30.1351 -85.6773 Introduced 7 1 
31.8042 -81.0042 Introduced 7 1 

29.259446 -89.953995 Introduced 7 1 
33.840336 -77.964993 Introduced 7 1 
34.21166 -77.790241 Introduced 7 1 
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Table B-1 Continued 
 

Latitude Longitude Native/Introduced Source 
Present/Absent 

(1/0) 
34.82973 -76.35473 Introduced 7 1 

32.660405 -79.922791 Introduced 7 1 
32.7583 -79.8597 Introduced 7 1 
32.6857 -79.8867 Introduced 7 1 
32.6482 -79.9617 Introduced 7 1 

32.639625 -79.979535 Introduced 7 1 
32.261868 -80.678163 Introduced 7 1 

32.4872 -80.3197 Introduced 7 1 
33.8483 -78.5542 Introduced 7 1 

-22.949925 -43.17353889 Introduced 8 1 
32.78193889 -117.2641722 Introduced 9 0 
32.86045556 -117.26285 Introduced 9 0 
32.86704444 -117.2573806 Introduced 9 0 
-4.818333333 -37.04527778 Introduced 10 1 
51.35033333 2.713833333 Introduced 11 0 
51.36583333 3.015833333 Introduced 11 0 
51.51583333 2.848666667 Introduced 11 0 
51.51583333 2.848666667 Introduced 11 0 

51.1695 2.6015 Introduced 11 0 
51.4145 2.77 Introduced 11 0 

29.91666667 -81.3 Introduced 12 1 
29.83333333 -81.3 Introduced 12 1 
29.78333333 -81.26666667 Introduced 12 1 

29.715725 -81.23915556 Introduced 12 1 
9.916666667 -84.55 Native 13 1 
9.633333333 -85.06666667 Native 13 1 
23.18527778 -106.4188889 Native 14 1 
23.18666667 -106.3883333 Native 15 1 
20.62666667 -105.2366667 Native 15 1 

50.77 1.62 Introduced 16 0 
51.4805 2.8015 Introduced 16 0 
-23.6263 -45.3746 Introduced 17 1 
-23.6257 -45.3746 Introduced 17 1 
-23.6177 -45.3847 Introduced 17 1 
-23.3568 -44.8657 Introduced 17 1 
-23.3568 -44.9324 Introduced 17 1 

21.27 -96.55 Introduced 18 1 
-0.4416 -90.2883 Native 19 1 
-33.86 151.24 Introduced 20 1 

34.64120278 138.9161528 Introduced 21 1 
34.58333333 138.8333333 Introduced 21 1 
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Table B-1 Continued 
 

Latitude Longitude Native/Introduced Source 
Present/Absent 

(1/0) 
33.71666667 135.3666667 Introduced 21 1 

35.3 139.4666667 Introduced 21 1 
35.68333333 140.85 Introduced 21 1 

35.3 139.4833333 Introduced 21 1 
35.45 139.65 Introduced 21 1 

35.36666667 139.9 Introduced 21 1 
-26.78 -48.62 Introduced 22 1 

23.76666667 -97.71666667 Introduced 23 1 
29.0724846 -80.918664 Introduced 7 1 

29.8917 -81.31 Introduced 7 1 
30.1327 -81.3851 Introduced 7 1 

30.397383 -81.390409 Introduced 7 1 
31.41805 -81.29631667 Introduced 24 1 
31.54832 -81.21068 Introduced 24 1 
31.8042 -81.0042 Introduced 7 1 

31.99146667 -80.84495 Introduced 24 1 
32.02419167 -80.84133611 Introduced 24 1 

32.261868 -80.678163 Introduced 7 1 
32.29083333 -80.64583333 Introduced 9 1 
32.30694444 -80.64583333 Introduced 9 1 

32.3624 -80.44073333 Introduced 24 1 
32.38429167 -80.78694444 Introduced 9 1 

32.4872 -80.3197 Introduced 7 1 
32.639625 -79.979535 Introduced 7 1 
32.65365 -79.93888333 Introduced 24 1 

32.660405 -79.922791 Introduced 7 1 
32.6857 -79.8867 Introduced 7 1 
32.7583 -79.8597 Introduced 7 1 

32.78428333 -79.78513333 Introduced 24 1 
33.840336 -77.964993 Introduced 7 1 

33.8483 -78.5542 Introduced 7 1 
34.21166 -77.790241 Introduced 7 1 
34.82973 -76.35473 Introduced 7 1 

35.2254167 -75.6361389 Introduced 24 1 
35.347472 -75.50183 Introduced 24 1 

35.585 -75.4608 Introduced 24 0 
35.76683 -75.527583 Introduced 24 0 

36.101167 -75.7116389 Introduced 24 0 
31.04196667 -81.42251667 Introduced 25 1 
30.40466667 -81.5069 Introduced 25 1 

30.39655 -81.42801667 Introduced 25 1 
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Table B-1 Continued 
 

Latitude Longitude Native/Introduced Source 
Present/Absent 

(1/0) 
30.39195 -81.46315 Introduced 25 1 

29.94303333 -81.30601667 Introduced 25 1 
29.07348333 -80.91256667 Introduced 25 1 

29.06585 -80.91735 Introduced 25 1 
29.03751667 -80.90841667 Introduced 25 1 
29.03141667 -80.91641667 Introduced 25 1 

28.9892 -80.90106667 Introduced 25 1 
28.4771 -80.76741667 Introduced 25 1 

28.40855 -80.592 Introduced 25 1 
27.85578333 -80.4514 Introduced 25 1 
27.47433333 -80.29118333 Introduced 25 1 

 
Sources: 
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Appendix C 

The effects of temperature on size and energetic reserves of larvae of Megabalanus 
coccopoma 

 

Figure C-1: Mean A) protein (µg/individual), B) triacylglycerol (ng/individual) C) 
phospholipid (ng/individual), D) aliphatic hydrocarbon (ng/individual), E) free sterol 
(ng/individual), and F) total lipid (ng/individual) in Megabalanus coccopoma throughout 
development at each rearing temperature (±SE).  Only two protein samples and only one 
lipid sample was 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 developmental stage (see Table C-2 for post-hoc comparisons).  
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Figure C-2: Mean total length (µm) of Megabalanus coccopoma throughout development 
at each rearing temperature (±SE).  An asterisk above symbols indicates significant 
differences among rearing temperatures at a given developmental stage (see Table C-2 
for post-hoc comparisons). 
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Figure C-3: Mean A) cyprid area (µm2) and B) energy density (ng TAG/µm3) for 
Megabalanus coccopoma cyprids reared at 13, 16, 19 and 22°C (±SE).  Shared letters 
above bars indicate cyprid areas or energy densities whose means do not differ (Steel-
Dwass post-hoc tests, p>0.05).   
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Table C-1: Results of one-way ANOVAs and Wilcoxon/Kruskal-Wallis tests examining 
the effect of rearing temperature on total length (µm), protein (µg/individual) and lipid 
(ng/individual) at each life-history stage.  Significant p-values are in bold print (p<0.05). 
 
Measurement Stage DF Chi-Sq./F P 
 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 

 
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 
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Table C-1 Continued 

Measurement Stage DF Chi-Sq./F P 
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 
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Table C-2: Results of post-hoc comparisons of total length (µm), protein (µg/individual) 
and lipid (ng/individual) among rearing temperatures.  Shared letters 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 
C-1).  
 
Measurement Stage 22°C 19°C 16°C 13°C 10°C 
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 
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 B* 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 
 

 

 



 112 

Table C-2 Continued 
 
Measurement	
   Stage	
   22°C	
   19°C	
   16°C	
   13°C	
   10°C	
  
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 
*Marginally larger than 16°C (p=0.0549). 
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Table C-3: Results of a Wilcoxon/Kruskal-Wallis test comparing the effect of 
temperature on cyprid area and results of a one-way ANOVA comparing the effect of 
temperature on cyprid energy density. 
 
Wilcoxon/Kruskal-Wallis test for cyprid area   
 DF   Chi-square P 
 3 	
  

 

	
  

 

65.3412	
  

 

<0.0001	
  

 
One-way ANOVA for cyprid energy density 
 DF SS MS F P 
Temperature 2 3.941514 1.97076	
  

 

37.081	
  

 

<0.0001	
  

 
Error 24 1.2755375	
  

5.2170515 

0.05315	
  

 

  
Total 26 5.2170515	
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