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Abstract
Epibenthic fouling communities are dominated by invasive species that are globally 
distributed and can have substantial ecological and economic impacts in coastal habi-
tats. Little is known about inter- specific differences in life history strategies that cos-
mopolitan invasive species employ to acquire space and succeed in invaded habitats. 
The goal of this study was to examine the impact of seawater temperature on recruit-
ment and growth of several cosmopolitan fouling species including the tunicates 
Botrylloides violaceus, Botryllus schlosseri and Diplosoma listerianum, as well as the bryo-
zoans Bugula neritina and Watersipora subtorquata. To do this, the iBARGE (Invasive 
Bryozoan and Ascidian Recruitment and Growth Experiment) program was developed, 
utilizing a global network of collaborators to examine patterns over a broad geographic 
scale and a wide range of naturally varying seawater temperatures. This project pro-
duced a data set of thousands of photographs from 18 marinas in five countries in 
summer 2014 and 2015, allowing for recruitment and growth to be tabulated at a va-
riety of temperatures. Thermal growth curves were established for five invasive spe-
cies, and growth was compared among temperatures across sites, revealing a significant 
thermal effect. Recruitment was linked to temperature, with generally higher recruit-
ment at warmer seawater temperatures and the highest peak recruitment values for 
the bryozoan Bugula neritina. Temperature also changed the relative importance of 
growth and recruitment for several species. These results paint a complex picture of 
the interactions among invasive fouling species as they relate to seawater 
temperature.
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Impact of seawater temperature on growth and recruitment of 
invasive fouling species at the global scale

Joshua P. Lord

1  | INTRODUCTION

Epibenthic fouling communities are heavily influenced by cosmopolitan 
invasive species, but changes in temperature could alter the dynamics 
between native and invasive species by affecting growth, recruitment 
and competition. Temperature is the primary factor driving changes in 
epibenthic community composition over large latitudinal scales (Engle & 
Summers, 1999; Riedel, Monro, Blows, & Marshall, 2014), and global sea 

surface temperatures could rise by up to 3.7°C by 2100 due to global 
warming (IPCC 2014). Seawater temperature plays a substantial role in 
shaping fouling communities, which are composed of tunicates, bryozo-
ans, sponges and a variety of other organisms that grow on boats, docks 
and aquaculture equipment. Temperature controls reproductive timing 
(Dean & Hurd, 1980; Freestone, Osman, & Whitlatch, 2009) and recruit-
ment rates (Janiak, Osman, & Whitlatch, 2013), which can have lasting 
effects on community structure (Sams & Keough, 2012). Growth rates of 
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fouling organisms are also modulated by seawater temperature (Amui- 
Vedel, Hayward, & Porter, 2007; Koopmans & Wijffels, 2008; McCarthy, 
Osman, & Whitlatch, 2007), which can affect competitive abilities and 
competitive outcomes among species (Lord & Whitlatch, 2015).

Climate change has the capacity to cause shifts in community com-
position (Dijkstra, Westerman, & Harris, 2011; Sagarin, Barry, Gilman, 
& Baxter, 1999) as well as localized extinctions and an increase in the 
number of invasive species (Helmuth et al., 2002; Stachowicz, Terwin, 
Whitlatch, & Osman, 2002). While many studies of global warming focus 
on individual species’ responses to changes in temperature, it is important 
to understand how communities are going to respond to climate change, 
which requires experiments on groups of strongly interacting species 
(Gilman, Urban, Tewksbury, Gilchrist, & Holt, 2010; Harley et al., 2006). 
While it is difficult to determine causality with surveys conducted over 
long periods of time (Somero, 2012), it is possible to predict which species 
will increase or decrease in abundance with warmer temperatures based 
on species’ position within their latitudinal or thermal ranges (Lord, Calini, 
& Whitlatch, 2015; Sagarin et al., 1999). However, in order to incorporate 
the complexity of spreading invasive species in conjunction with changing 
seawater temperatures, it is necessary to understand the mechanisms by 
which invasive species are spreading and affecting communities.

Some invasive fouling species like the tunicate Diplosoma listeria-
num are successful due to strong competitive abilities (Claar, Edwards, 
& Stachowicz, 2011; Vance, Lauterbach, & Lenz, 2009), which can be 
affected by seawater temperature (Lord & Whitlatch, 2015). Fouling 
species including the tunicate Didemnum vexillum can do well because 
of fast growth rates (Lord & Whitlatch, 2015; McCarthy et al., 2007), 
while others occupy space rapidly via high levels of recruitment (Dean & 
Hurd, 1980; Janiak et al., 2013; Sams & Keough, 2012). Fouling species 
can have substantial negative impacts on aquaculture operations; for 
example, the tunicate Ciona intestinalis outcompetes mussels for food 
(Comeau, Filgueira, Guyondet, & Sonier, 2015) and D. vexillum over-
grows aquaculture cages (Aldred & Clare, 2014; Valentine, Carman, 
Dijkstra, Blackwood,  2009). Most invasive tunicates and bryozoans 
have relatively limited larval dispersal and are primarily transported by 
international shipping and by aquaculture (Molnar, Gamboa, Revenga, 
& Spalding, 2008), enabling them to have broad global distributions in 
any area of suitable habitat and temperature regime.

In fouling communities, space is the limiting variable (Sebens, 
1986), much like in terrestrial plant communities, and there are 
tradeoffs in energy allocation among different space acquisition tech-
niques. Across a wide range of organisms, there is a tradeoff between 
growth, reproduction and competitive ability (Edwards & Stachowicz, 
2010; Heino & Kaitala, 1999; Tilman, 2004), although some plants ex-
hibit both fast growth and strong defensive abilities, with little appar-
ent tradeoff (Ridenour et al., 2008). Edwards and Stachowicz (2010) 
examined growth, reproduction, mortality and overgrowth ability in 
fouling organisms in Bodega Bay, California, USA, and produced an 
excellent data set showing tradeoffs among some of these charac-
teristics; no species was highly ranked across all categories. The best 
competitors in that study were not the same as the species with the 
highest fecundity or growth rate, so no single characteristic could be 
used to predict success of a species.

Because recruitment patterns vary depending on seasonality of a 
site (Freestone et al., 2009) and temperature has a strong influence on 
growth, reproduction and competition (Dean & Hurd, 1980; Lord & 
Whitlatch, 2015), it is likely that the cumulative abilities of species and 
tradeoffs within species vary by site and season. Therefore, the goal 
of this study was to assess the growth and recruitment patterns of 
several common invasive fouling species over a large geographic scale 
and over a wide range of naturally varying temperatures. A network of 
collaborators at 18 sites in five countries was established in order to 
compare fouling community recruitment and growth at sites with vary-
ing thermal regimes and suites of native and invasive species. It was 
hypothesized that both recruitment and growth would be affected by 
seawater temperature and that species would display differential allo-
cation between growth and reproduction. Focusing on cosmopolitan 
invasive species (tunicates Diplosoma listerianum, Botrylloides violaceus 
and Botryllus schlosseri; bryozoans Bugula neritina and Watersipora sub-
torquata) facilitates the prediction of temperature- dependent changes 
in abundance and impact of these species on a global scale.

2  | MATERIAL AND METHODS

2.1 | Study area

A network of collaborators was utilized as part of the Invasive Bryozoan 
and Ascidian Recruitment and Growth Experiment (iBARGE), with high 
school and college students and teachers deploying experiments at 
local marinas. Polyvinyl-chloride (PVC) panels were suspended be-
neath floating docks at a total of 18 sites in temperate locations in five 
countries (Table 1).

2.2 | Experimental design

The iBARGE program was developed in 2014 and continued at differ-
ent sites in 2015, with the primary objective of gathering long- term 
recruitment and growth data for cosmopolitan fouling species. At each 
site, collaborators suspended a set of four blank 10 × 10 cm PVC pan-
els facing downward from a floating dock at a local marina, approxi-
mately 0.5 m beneath the surface of the water. Marinas used for these 
experiments were all near the mouth of estuaries or opened directly 
to the ocean in order to minimize variability in salinity among sites. 
Panels were deployed for at least 8 weeks (typically 12 +  weeks) dur-
ing summer, although start and end dates varied among sites (Table 1).

Four PVC panels were used so that recruitment, growth and com-
munity development could be continuously monitored. Once per week, 
the set of panels was placed in a seawater- filled plastic bin and photo-
graphed, after which one of the panels was scraped clear. A different 
panel was scraped clear each week, and this was done sequentially so 
that at any point, the panel set contained panels with 1, 2, 3, and 4 
weeks of growth (example in Figure 1). As such, each panel accumu-
lated 4 weeks of growth before it was scraped, allowing for quanti-
fication of recruitment (week 1) and growth (week 1 to week 2) and 
competition (weeks 3–4). Growth could be measured between weeks 
1 and 2 because there was still ample available space for unimpeded 
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growth, whereas 3-  and 4- week- old panels exhibited competition, 
which is described in a separate paper due to the disparate goals and 
analysis of that aspect of the project (Lord, 2016). Surface seawater 
temperature at each site was measured directly with a digital thermom-
eter every time photographs were taken.

2.3 | Photo analysis

Photographs were uploaded to DROPBOX© by collaborators so that 
they could all be analysed by one researcher to minimize any variability 
in identification and measurements. Identification of cosmopolitan foul-
ing species from photographs is common in fouling community research 
(e.g. Dijkstra, Harris, & Westerman, 2007; Lindeyer & Gittenberger, 
2011; Lord et al., 2015), and this study focused primarily on five fouling 
species that are globally abundant in temperate locations: the tunicates 
Botrylloides violaceus, Botryllus schlosseri and Diplosoma listerianum; and 
the bryozoans Bugula neritina and Watersipora subtorquata. These spe-
cies were either invasive or cryptogenic at all of the study sites (Table 2). 
They are visually distinct, so there was no difficulty in discerning among 
focal species. High sample size and a large number of sites were prior-
itized over genetic analysis, so it is possible that there were subpopu-
lations or even subspecies that were categorized together. Genetic 
differentiation can occur on the scale of meters in Botryllus schlosseri 
(Yund & O’Neil, 2000) and the species within the invasive Watersipora 
genus have recently been reshuffled based on genetic analysis (Vieira, 
Jones, & Taylor, 2014), but all of the species used in this study were in 

different genera and were visually distinct. Because of uncertain identi-
fication of subspecies or potentially distinct species within each genus, 
the species names in this study refer to the associated species complex 
(e.g. Botryllus schlosseri or unidentified subspecies of Botryllus schlosseri) 
or visually indistinguishable species. Using solely genus names would 
have been impractical and unclear because many of these genera con-
tain visually distinct native species at sites included in this study (e.g. 
Bugula turrita, Bugula stolonifera).

Recruitment was assessed as the percent cover of each species 
on panels after 1 week of deployment in the field. Percent cover was 
assessed using the image analysis software JMICROVISION©, which 
randomly assigned 100 points per photograph, each of which was 
categorized as empty space or identified to species. Identification of 
other species beyond the five focused on in this study was only made 
at the preliminary level, after which they were classified in broad mor-
phological categories (e.g. encrusting tunicate, arborescent bryozoan).

Growth was measured directly for each colony, using the image 
analysis program IMAGEJ (www.imagej.nih.gov/ij) as in Lord and 
Whitlatch (2015). Ten colonies of each of the five species of interest 
present on the panel were traced to measure area (cm2), using the 
10- cm- wide panel to set the scale of the photograph. The same colo-
nies were traced in week 1 and week 2, allowing for direct measure-
ment of colony growth for all species at every site at which it was 
present. Older panels (weeks 3–4) were not used for growth analysis 
because panels became saturated with colonies after week 2, which 
impeded growth and fostered competition for space.

TABLE  1 Sampling sites where experiments were deployed. The dates given are the start and end dates for the experiment and photographs 
at each of the sites. Latitude and longitude are provided for the harbor or bay in which sampling took place, but decimals are limited to protect 
privacy of privately owned marinas

City Country State Start End

Temperature (°C)

Latitude LongitudeMin. Max.

Norfolk USA VA 6/8/2014 8/28/2014 21 26 36.920 −76.179

Cape May USA NJ 6/2/2015 8/11/2015 16 24 38.950 −74.899

Staten Island USA NY 5/8/2015 9/6/2015 14 24 40.542 −74.137

Groton USA CT 6/4/2014 8/14/2014 14 21 41.317 −72.061

Newport USA RI 6/7/2015 8/30/2015 18 23 41.484 −71.321

Woods Hole USA MA 5/7/2015 7/29/2015 10 19 41.526 −70.671

Harpswell USA ME 5/27/2014 7/22/2014 12 16 43.792 −69.958

Dana Point USA CA 5/4/2015 7/29/2015 17 22 33.460 −117.699

Long Beach USA CA 5/21/2015 7/30/2015 17 20 33.760 −118.186

Santa Barbara USA CA 5/2/2015 8/18/2015 15 19 34.406 −119.692

Santa Cruz USA CA 5/31/2014 7/20/2014 13 16 36.965 −122.003

Charleston USA OR 6/4/2014 7/30/2014 9 13 43.346 −124.327

Halifax Canada 5/10/2015 8/12/2015 6 18 44.653 −63.565

A Coruna Spain 5/21/2015 7/30/2015 15 18 43.637 −8.392

Plymouth England 5/2/2015 8/23/2015 11 16 50.363 −4.152

Liverpool England 6/16/2015 8/11/2015 16 16 53.389 −2.984

Wellington New Zealand 12/08/2014 5/2/2015 13 17 −41.287 174.787

Bucklands Beach New Zealand 2/17/2015 5/12/2015 18 22 −36.880 174.900

http://www.imagej.nih.gov/ij
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2.4 | Data analysis

Recruitment was calculated from week 1 percent cover data, with 
an overall maximum for each species calculated across all panels and 
sites in which recruitment occurred for that species. Any panel with 
zero recruitment for a species was excluded for that species in order 

to ensure that only sites and times with ongoing recruitment were 
used. Average 1- week percent cover was calculated for each spe-
cies within each site in four 3°C temperature bins: >12–15, >15–18, 
>18–21 and >21–24°C. These bins included most of the temperatures 
at which the five focal species were found, and the 3°C bins were 
used so that each species had a high amount of recruitment data in 
each bin. These site- specific recruitment values in each temperature 
bin were then used to compute mean recruitment for each species 
across all sites. Mean recruitment temperatures for each species were 
calculated at the site level and then averaged across sites to high-
light the overall range of recruitment temperatures for each species. 
Statistical comparisons were made between species and temperature 
bins using a two- way analysis of variance (ANOVA) in SIGMASTAT©, 
using natural- log transformed growth data because raw data were 
non- normal. Percent cover of each species at 4 weeks was calculated 
across 2°C bins in order to show general trends in fouling growth and 
amount of available space at a range of temperatures.

Growth data were binned by seawater temperature as well, initially 
using 1°C bins to create growth curves for each of the five focal spe-
cies. Growth was divided by initial colony size to calculate size- specific 
growth rates that accounted for any variability in colony size among 
temperatures or species. Mean growth rates in each 1°C bin were fitted 
with third- order polynomial functions to approximate thermal growth 
curves for each species. To compare growth rates among species and 
temperatures, growth data were binned into 3°C bins in the same man-
ner as the recruitment data: >12–15, >15–18, >18–21 and >21–24°C. 
A two- way ANOVA was run in SIGMASTAT© on arc- sin transformed 
data (because cover data were proportions) to determine the effects of 
species and temperature bin on size- specific growth rates.

Mean recruitment and growth rates for each species were used to 
visualize tradeoffs between these characteristics for all five species. To 
illustrate temperature- dependent tradeoffs within and among species, 
relative recruitment and growth data were used for all five species at 
>12–15, >15–18 and >18–21°C. The lowest >12–15°C bin was ex-
cluded because not all of the five species had sufficient growth and 
recruitment data in this temperature range. Relative growth and re-
cruitment data were calculated by setting the maximum value for any 
species to 1 for growth and recruitment separately at each tempera-
ture, with values for other species scaled accordingly. For example, if 
a species had both the highest growth and highest recruitment, values 
would be 1 for both characteristics and the relative percent would be 
50% (evenly split). Species with higher relative growth than recruitment 
would show values over 50%, while species with higher relative recruit-
ment would display a relative percent under 50% in that temperature 
range. Tradeoff comparisons were not analysed statistically because 
comparisons of peak growth would include different sets of sites and 
recruitment and growth data came from the same pool of colonies.

3  | RESULTS

There were several substantial differences in recruitment and growth 
with respect to both species and seawater temperature. There were 

F IGURE  1 Example photographs from Woods Hole, MA, USA, 
showing experimental panels with 1 (A), 2 (B) and 4 (C) weeks of growth



     |  5LORD

a significant differences in recruitment among species and across 
temperatures, with highest recruitment for Bugula neritina and gener-
ally higher recruitment at warmer seawater temperatures (two- way 
ANOVA, temperature F3,58 = 3.17, p = .031, species F3,58 = 4.42, 
p = .007; Figure 2). Diplosoma listerianum and Watersipora subtorquata 
had the lowest recruitment rates, averaging less than 2% cover after 
1 week, compared to over 9% for B. neritina. This was mirrored by 
maximum recruitment values for each species; B. neritina reached over 
65% cover in 1 week at its peak, while peaks for D. listerianum and 
W. subtorquata were less than 5%. The bryozoan B. neritina also had 
the highest mean recruitment temperature (19.5°C), while the other 
species all fell between 16.4 and 17.2°C, although this difference was 
not significant (one- way ANOVA, p = .31; Figure 3).

Percent cover on 4- week- old panels showed a steady increase in 
cumulative percent cover with warmer seawater temperatures, largely 
driven by robust values for Botryllus schlosseri and B. neritina at higher 
temperatures (Figure 4).

Thermal size- specific growth curves showed differing patterns 
across species, with clear peaks for Botrylloides violaceus, Botryllus 
schlosseri and W. subtorquata, but not for D. listerianum or B. neritina 
(Figure 5). All species displayed their lowest growth rates at cooler 
seawater temperatures, with a general increase in growth at warmer 
temperatures. However, D. listerianum and B. neritina exhibited two 
peaks in growth; one peak around 15°C and another at approximately 
20°C (Figure 5). These temperature trends were reflected in the 3°C 
binned analysis as well, with significant differences in growth rate 
based on species and seawater temperature, with a non- significant 

interaction term (two- way ANOVA, species F4,57 = 14.49, p < .001; 
temperature F3,57 = 11.25, p < .001; interaction F12,57 = 0.89, p = .56; 
Figure 6). Most species displayed their highest growth rates in the 
warmest temperature bin, and Botryllus schlosseri and D. listerianum 
had the highest peak growth rates (Figure 6).

Recruitment and growth data that were used to calculate tradeoffs 
showed several clear differences among species (Figure 7). No spe-
cies was strong across both categories, as B. neritina had the highest 
recruitment but the lowest growth rate of the five species studied 
(Figures 2 and 6). By contrast, D. listerianum had the highest peak 
growth rate but had far lower mean recruitment rates than B. neritina. 
When recruitment and growth values were set to add up to 100% for 
each species, it was evident that temperature influenced the relative 
proportions of these factors within species (Figure 7). The relative im-
portance of growth increased substantially from approximately 30% 
at >15–18°C to above 50% at >21–24°C for Botryllus schlosseri, while 
B. neritina exhibited the opposite trend with increasing temperature 
(Figure 7).

4  | DISCUSSION

Results from this study highlighted the influence of temperature 
on recruitment and growth of several cosmopolitan invasive foul-
ing species on a large geographic scale. Seawater temperature had 
a strong impact on growth, recruitment and tradeoffs in all five 
major species studied. These findings align well with other studies of 

TABLE  2 Status of fouling genera at all 18 sites sampled. No genera were known to be native at any site, although two genera were of 
cryptogenic origin at a subset of sites. Dashes (–) represent absence of genera at individual sites in this study

City Country State

Fouling genera

Botrylloides Botryllus Bugula Diplosoma Watersipora

Norfolk USA VA Invasive Cryptogenic – – –

Cape May USA NJ Invasive Cryptogenic Invasive – –

Staten Island USA NY Invasive Cryptogenic – – –

Groton USA CT Invasive Cryptogenic Invasive Invasive –

Newport USA RI Invasive Cryptogenic Invasive – –

Woods Hole USA MA Invasive Cryptogenic – – –

Harpswell USA ME Invasive Cryptogenic – – –

Dana Point USA CA – Invasive – Invasive Invasive

Long Beach USA CA – Invasive Invasive Invasive Invasive

Santa Barbara USA CA Invasive – Invasive Invasive Invasive

Santa Cruz USA CA Invasive Invasive Invasive Invasive Invasive

Charleston USA OR Invasive Invasive – – –

Halifax Canada Invasive Invasive – – –

A Coruna Spain Invasive Cryptogenic Invasive Cryptogenic Invasive

Plymouth England Invasive Cryptogenic Invasive Cryptogenic Invasive

Liverpool England Invasive Cryptogenic – – –

Wellington New Zealand Invasive – – Invasive Invasive

Bucklands Beach New Zealand – Invasive – Invasive Invasive
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growth (Amui- Vedel et al., 2007; Koopmans & Wijffels, 2008; Lord & 
Whitlatch, 2015; McCarthy et al., 2007), recruitment (Dean & Hurd, 
1980; Freestone et al., 2009; Stachowicz et al., 2002) and tradeoffs 
(Edwards & Stachowicz, 2010) but incorporate data from globally dis-
tributed sites, underscoring the potential impacts of climate change 
on fouling communities worldwide. The hypotheses that temperature 
would alter growth and recruitment patterns and that these invasive 
species would have different life history strategies were supported by 
the results.

Considerable differences in mean and maximum recruitment rates 
among species (Figure 2) indicated that regardless of temperature, 
some species (e.g. Bugula neritina) favored life history strategies that 
emphasize high recruitment as a means to occupy space. The bryo-
zoan B. neritina also had a substantially higher mean recruitment 
temperature (19.5°C) than any of the other species studied, which 
averaged approximately 16°C across all sites (Figure 3). This suggests 
that B. neritina is likely to become more abundant with short-  or long- 
term increases in seawater temperature in colder- water regions like 
the Gulf of Maine and the Northeast Pacific. Increased prevalence 
of warm- water species like B. neritina with warming seawater tem-
peratures is a common trend (e.g. Helmuth et al., 2006; Sagarin et al., 
1999) that was supported by 4- week- old panel cover, which showed 
a substantial increase in the percent cover of B. neritina above 20°C 
(Figure 4). Experimental panels filled up twice as quickly at 24 as 18°C 
(Figure 4) due to a combination of high recruitment and higher growth 
rates (Figures 5 and 6), signifying that higher seawater temperatures 
may also lead to a reduction in the amount of open space. Available 
space is the limiting factor in many natural and artificial benthic hab-
itats (Sebens, 1986), so this could result in greater competition for 
space and favor species that are strong competitors. It may also favor 

F IGURE  3 Comparison of mean recruitment temperatures for five 
fouling species, calculated as the average recruitment temperature 
across all sites at which each species was present (±SE). The 
minimum and maximum temperature at which each species recruited 
to experimental panels is also noted, with Bugula neritina recruiting at 
the highest mean and peak temperatures

F IGURE  4 Week 4 mean percent cover shown as a function of 
temperature across all sites. Thick bar at top of graph shows the 
mean combined percent cover of the five species included in this 
study. All species varied substantially in percent cover with regard to 
temperature, and panels at 24°C filled up twice as fast as panels at 
18°C overall

F IGURE  2 Comparison of recruitment for five cosmopolitan 
fouling species, measured as percent cover after 1 week of 
deployment. Bugula neritina had significantly higher recruitment 
than all other species (±SE). Growth in the warmest temperature bin 
(21–24°C) was significantly higher than at lower temperatures for 
both Botrylloides violaceus and B. neritina, denoted by asterisks for 
intra- specific comparisons
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species that are able to utilize a wide range of substrates, including 
eelgrass, in order to gain a release from space competition (Carman 
et al., 2016).

This study prioritized a broad geographic range and large number 
of sites over a large number of panels at every site, which resulted in 
a limited amount of recruitment data (one panel per week per site). 
Recruitment in benthic communities and on experimental panels is 
extremely variable even over small spatial scales (Watson & Barnes, 
2004) due to factors like currents, distribution of source populations, 
and the short larval duration of tunicates. As such, there could be a 
high degree of variability in recruitment even within a site (marina) that 
would not be captured by a single set of experimental panels. As a re-
sult, all recruitment analysis was conducted based on averaged values 
across all sites, leading to a high amount of variability in recruitment 
data (Figures 2 and 3) that could have been minimized by including 
several sets of panels in various locations around each marina. Other 
long- term studies of fouling communities have used similar sets of 
four panels hung in one location in harbors or marinas (e.g. Reinhardt, 
Osman, & Whitlatch, 2012; Stachowicz et al., 2002). Within- site vari-
ability associated with this type of sampling may obscure detailed re-
cruitment patterns in the present study, but the overall trends such 

as high recruitment at warm temperatures for B. neritina are robust 
and underscore the impact that temperature can have on recruitment 
in the fouling community (Freestone et al., 2009; Stachowicz et al., 
2002).

In seasonal regions like the Northwest Atlantic, a long- term in-
crease in seawater temperature may just lead to a shift towards 
earlier recruitment for all species as waters warm during the spring 
(Freestone et al., 2009; Stachowicz et al., 2002). However, rapid spring 
changes from winter to summer temperatures could leave only a short 
window for species such as Botryllus schlosseri and Botrylloides viola-
ceus to dominate recruitment. The largest impact of changing tem-
peratures will likely be on species such as B. neritina that have highly 
temperature- dependent recruitment as well as a high recruitment 
peak; a slight increase in temperature could lead to a large increase in 
recruitment. This is important because species that become primary 
space occupiers have a substantial advantage over later recruiting spe-
cies (Sams & Keough, 2012).

Growth rates were also strongly temperature- dependent, which 
was not unexpected given the findings of other studies on growth in 
fouling communities (Amui- Vedel et al., 2007; Koopmans & Wijffels, 
2008; Lord & Whitlatch, 2015; Saunders & Metaxas, 2009). The 

F IGURE  5 Size- specific growth rates 
of five cosmopolitan fouling species (±SE). 
Species Botrylloides violaceus (A), Botryllus 
schlosseri (B) and Watersipora subtorquata 
(E) showed general increases in growth 
with temperature. Patterns were not as 
clear for Diplosoma listerianum (C) and 
Bugula neritina (D) which displayed multiple 
peaks in growth. R- squared values show 
proportion of variability explained by 
third- order polynomials fitted to growth 
data for each species to highlight general 
patterns. Growth curves shown on the 
same plot (F) were based on scaled data, 
with the maximum growth rate for each 
species set to 1 so that patterns could be 
compared across species. Abbreviations: 
BV = Botrylloides violaceus; BS = Botryllus 
schlosseri; DL = D. listerianum; BN =  
B. neritina; WS = W. subtorquata
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growth rate peaks around 20°C for Watersipora subtorquata, Botryllus 
schlosseri and Diplosoma listerianum fit the overall pattern suggested 
by Lord et al. (2015) that temperate sites have the highest proportion 
of invasive fouling species at approximately 20°C (Figure 5). Higher 
growth rates at summer temperatures makes the most sense because 
this is typically the time with the highest productivity, so species may 

evolve faster growth to capitalize on available food resources or sim-
ply grow faster because of increased food availability (McCarthy et al., 
2007). While some invasive fouling species can have higher feeding 
rates than natives (Byrnes & Stachowicz, 2009), further experiments 
on the impact of food availability on growth rates in fouling commu-
nities are necessary.

Increasing seawater temperatures of 1–4°C with global warming 
(IPCC 2014) will likely affect growth rates of all five studied invasive 
fouling species because of the temperature- dependence of growth 
(Figures 5 and 6; Amui- Vedel et al., 2007; McCarthy et al., 2007; 
Saunders & Metaxas, 2009). Importantly, space is the limiting factor 
in fouling communities (Sebens, 1986), so increased growth or recruit-
ment by one species is likely to result in corresponding decreases for 
other species. This is not necessarily a negative outcome, as fouling 
communities are largely composed of invasive species in most tem-
perate locations, so invasive species are likely to be both the ‘win-
ners’ and ‘losers’ of global warming at many sites. In discussing plant 
communities, Tilman (2004) explained that the probability of invasions 
is much higher near the peak growth rate of potential invaders, but 
only if there are resources available to support this growth. This is im-
portant in fouling communities because colder- water invaders such as 
Didemnum vexillum and Ciona intestinalis (Lord et al., 2015) are likely to 
become less potent invaders in temperate regions with global warm-
ing, while warmer- water species (e.g. B. neritina) may become more 
prevalent. The suite of established species is also important, because 
the resource needed for invaders to take hold is space, so the pres-
ence of other native or invasive species with similar thermal peaks in 
recruitment and growth may prevent an invasion. While acquisition of 
space via growth and recruitment was the primary focus of this study, 
success of invasive species can also be linked to competitive ability, 
which was not examined in this study (Lord & Whitlatch, 2015; Vance 
et al., 2009). A combination of growth, recruitment, and competition 
likely combine with environmental factors to control the distribution 
and relative importance of cosmopolitan fouling species.

Temperature appears to not only affect recruitment (Figures 2 and 
3) and growth rates (Figures 5 and 6) but also the relative importance 
of these two characteristics in acquiring space (Figure 7). Tradeoffs be-
tween space acquisition techniques have been documented (Edwards 
& Stachowicz, 2010) in fouling communities and the relative growth 
and recruitment data in this study support previous findings. Species 
such as D. listerianum and W. subtorquata displayed relatively high 
growth rates compared to their recruitment levels (Figure 7), suggest-
ing that growth plays a large role in space acquisition for these spe-
cies. Both Botryllus schlosseri and B. neritina exhibited distinct shifts in 
their relative percent of growth and recruitment with temperature, po-
tentially signifying that seawater temperature can cause shifts in space 
acquisition techniques within species. This study did not examine en-
ergetic tradeoffs so cannot draw conclusions about energy allocation 
between growth and reproduction (e.g. Edwards & Stachowicz, 2010), 
but the data do suggest notable differences in growth and recruitment 
with both species and temperature that could impact fouling commu-
nity responses to climate change. While seawater temperature was 
the primary focus of this study and is important on large geographic 

F IGURE  6 Mean growth rates for each species in four different 
temperature bins. All species except Bugula neritina (BN) showed 
a trend of increasing growth at warmer temperatures. Significant 
differences within species are denoted by letters above each bar; 
bars with shared letters are not significantly different (±SE)

F IGURE  7 Life history strategies for five cosmopolitan invasive 
fouling species based on relative percent of growth and recruitment 
in three different temperature bins. When sums of relative growth 
and recruitment were set to 100% for each species, there were 
substantial differences in relative percentages with temperature for 
several species. Diplosoma listerianum consistently favored growth 
across all temperatures. Abbreviations: BV = Botrylloides violaceus;  
BS = Botryllus schlosseri; DL = D. listerianum; BN = Bugula neritina;  
WS = Watersipora subtorquata
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scales (Riedel et al., 2014), growth and recruitment could also be af-
fected by a host of other factors. Broad- scale factors like changing 
salinity, ocean acidification and hypoxia, or local factors such as food 
availability and predation could impact fouling community composi-
tion. The differential responses of individual species to all of these 
physical and biological stressors will determine how invasive species 
and fouling communities are shaped by climate change.

5  | SUMMARY

The substantial impact of temperature on growth and recruitment 
highlights the importance of temperature in controlling the impact 
and role of invasive species in the fouling community. Recruitment 
can have a strong effect on community composition but the timing 
and duration of recruitment is as important as peak recruitment rates 
in determining the success of invasive species. Because recruitment 
and growth have varying importance depending on seawater temper-
ature, it is important to incorporate both mean sea surface tempera-
ture and seasonal fluctuations in temperature (Freestone et al., 2009; 
Stachowicz et al., 2002) into predictions of the spread of invasive foul-
ing species. The impact of single species on communities is likely to be 
heavily influenced by local environments (Sams & Keough, 2012), a 
point that is underscored by the findings of this study showing the 
temperature- dependence of growth and recruitment. It is important 
to incorporate a wide geographic and thermal range of sites into stud-
ies predicting spreading rates and impacts of invasive species because 
of how temperature is likely to have disparate effects on different in-
vaders. Combining temperature- dependent growth and recruitment 
data from this study with quantified competitive interactions could 
enable predictions of not only the spread of invasive species but also 
the role of these species in the community post- establishment.
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