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Tracking Biological Invasions: An Assessment of Mussel 
Species in the St. Johns River, Jacksonville, FL

Walter A. Holt1 and Yvette L. Garner1,*

Abstract - Perna viridis (Asian Green Mussel) and Mytella charruana (Charru Mussel) 
have been found within the estuaries of Florida, including the St. Johns River, for the past 
30 y. This study verified the continuing presence of these 2 invasive mussels as well as the 
native Ischadium recurvum (Hooked Mussel) within the St. Johns River estuary. We found 
Hooked Mussels and Charru Mussels at all sampling locations, whereas we documented the 
Green Mussel at 2 sites. The overall densities and sizes of the Hooked Mussels and Charru 
Mussels varied by location. We observed higher densities of Charru Mussels at sites with 
lower salinities; none were observed at sites with salinity greater than 30‰. We noted the 
greatest Hooked Mussel density at moderate salinities, and those mussels had greater mean 
shell length compared to other mussel species at sites upriver. Our study highlighted the co-
existence of native and non-native mussels within the estuary, and stressed the importance 
of continued monitoring of introduced mussel species in the southeastern US. 

Introduction

 Many invasive species (hereafter, invasives) reach new environments through 
anthropogenic means, and usually begin to thrive in their newly established habitat 
if conditions support the species (Sodhi and Ehrlich 2010). Invasives compete with 
native inhabitants for resources such as food, water, and living space, thus disrupt-
ing natural ecosystem dynamics (Sodhi and Ehrlich 2010). Not only can invasives 
disturb the balance of entire ecosystems, they can also impose high economic and 
ecological costs (Pimentel et al. 2001, Ruiz et al. 1997). The introduction of the 
non-native Dreissena polymorpha (Pallas) (Eurasian Zebra Mussel) to the North 
American Great Lakes provides an example of the economic and ecological dam-
age a single species can cause to the environment that it has invaded. The species’ 
invasion has resulted in the decline of native bivalve unionids and is estimated to 
cost $1 billion/year in damages and control efforts (Hebert et al.1991, Nalepa and 
Schloesser 1992, O’Neill 1997, Ricciardi et al. 1998, Pimental et al. 2005). Pterois 
volitans (L.) (Red Lionfish) and P. miles (J. W. Bennett) (Common Lionfish) are 
also responsible for deleterious environmental effects that have led to the decline 
of native coral-reef fishes in the Bahamas (Green et al. 2012).
 One of the ways that invasives are introduced into marine ecosystems is via 
release of ballast water in a port from large commercial oceangoing vessels such 
as cargo and cruise ships (Carlton 1989). When taking on ballast water, ships can 
inadvertently draw up marine organisms including mussel larvae. These ships 
often travel to other ports around the globe, where they are required to comply 
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with separate international and local laws related to the release of ballast water 
offshore (USEPA 2001).
 An additional vector for the introduction of marine invasives is through hull 
fouling—the accumulation of marine animals attached to the hull of a ship (Carlton 
1987). These fouling organisms are transported from one port to another and could 
spawn if and when conditions are suitable. The larvae can then settle in their new 
location and they often survive if environmental conditions are favorable. To limit 
the transfer of fouling organisms from one site to another, the US Department of 
Homeland Security (2015) requires vessel-hull cleaning on a regular basis, as per 
their classification maintenance plan.
 Complete monitoring of seagoing traffic is not feasible. The National Invasive 
Species Act of 1996 was implemented to reduce marine invasives; however, this 
legislation was likely enacted too late, after many invasions had already occurred.
 Jacksonville Harbor, a domestic and international trade port located on the St. 
Johns River, has a rich history of growth and development dating back to its foun-
dation in 1822. Jacksonville Harbor, operated by the Jacksonville Port Authority 
(JAXPORT), currently ranks 3rd in the state of Florida for tonnage of foreign and 
domestic cargo imports and exports, and ranks 35th of the 150 ports nationwide (US 
Army Corps of Engineers 2016). Catering to the growing demands of cargo traf-
fic, plans to deepen the river channel to accommodate larger oceangoing vessels to 
allow them to enter and exit the river during any tidal cycle have been formulated 
and could result in an increased volume of cargo and cruise ships within the harbor 
(Jacksonville Port Authority 2016). The growth in maritime shipping traffic within 
the St. Johns River could further increase the probability of more invasives entering 
the port.
 Over the past 3 decades, at least 2 marine mussel species have been introduced 
to the southeastern US: Mytella charruana (d’Orbigny) (Charru Mussel), and 
Perna viridis (L.) (Asian Green Mussel). These mussels possess several character-
istics that make them successful invaders, including the ability to develop dense 
aggregations on human-made and natural substrates, and wide temperature and 
salinity tolerances (Table 1). The potential impact of these non-native mussels on 
the native Ischadium recurvum (Rafinesque) (Hooked Mussel) and ecosystem of 
the St. Johns River, and their potential to cause substantial economic impacts is 
important to understand, yet the St. Johns is an understudied system. Therefore, the 
objectives of this study were to determine distributions and quantify the densities 
and shell morphometries for the native Hooked Mussel and the introduced Charru 
Mussel and Asian Green Mussel present in the St. Johns River estuary.

Field-Site Description

 The St. Johns River (SJR) estuary is located in Duval County on the northeast 
Atlantic coast of Florida. The Trout, Arlington and Broward rivers are the main 
sources of freshwater and nutrient inputs in this portion of the SJR estuary (Bellino 
and Spechler 2013). Additional tributaries include Dunn and Clapboard creeks as 
well as the Intracoastal Waterway (Bellino and Spechler 2013). The SJR estuary is 
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also flanked by saltwater marshes mostly to the north and partially to the south close 
to the mouth of the river (Bellino and Spechler 2013).

Methods

Sampling procedures
 We selected 8 public floating docks within the SJR in relation to the salinity gradi-
ent within the estuary and for their ease of public access (Table 2; Fig. 1). Four field 
sites were located on the north side and 4 were located along the south side of the 
river. We conducted field studies at each site on 2 separate occasions (8–10 December 
2015 and 9–11 May 2016). During each field study, we laid out transect tapes along 
the seaward edges of the floating docks and we used a random number generator to 
select 5 sampling points along each transect. We collected samples by scraping all 
fouling organisms within a 40 cm x 40 cm (0.16 m²) quadrat (placed vertically on 
the dock float beneath the water line) into a net. We used a YSI 556 datasonde (Yel-
low Springs Instrument Company, Yellow Springs, OH) to record water-quality data 
(temperature and salinity) at each site when sampling was conducted.

Figure 1. Study-site locations within the St. Johns River, Duval County, FL. 

Table 2. Sampling-site names and geographic coordinates.

Site Site name	 Latitude, longitude

1 Alimacani Park	 30°25'16.05"N, 81°25'15.49"W
2 Jim King Park at Sisters Creek	 30°23'43.68"N, 81°27'31.91"W
3 Palms Fish Camp	 30°24'17.25"N, 81°30'25.25"W
4 Brown’s Fish Camp	 30°25'02.88"N, 81°31'57.47"W
5 Reddie Point Preserve	 30°23'24.96"N, 81°37'09.16"W
6 Lonnie Wurn Boat Ramp	 30°22'34.79"N, 81°35'05.35"W
7 Fort Caroline National Memorial	 30°23'12.00"N, 81°29'56.62"W
8 Mayport Marina and Boat Ramp	 30°23'50.76"N, 81°25'43.48"W
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 We placed each net sample into an individual Ziploc bag that was then labeled 
and promptly transported to the laboratory for processing. We identified mussel 
specimens to species, which were then sorted, counted, and weighed. Using digi-
tal calipers, we also took morphometric shell measurements (length, width, and 
height; to nearest 0.01 mm) of each specimen (after Bell and Gosline 1997).

Data analysis
 We standardized the total number of mussels collected per site to the number of 
individuals per m2 (individuals/m2) to compare mussel densities among locations 
(Fig. 2). We employed a 2-way factorial ANOVA to test the effects of species (fixed; 
Charru Mussel versus Hooked Mussel) and field site (fixed; sites 1–8) on shell 
length. We evaluated significant differences among treatments with a Bonferroni 
post-hoc test of an ANOVA. We performed correlation analyses to assess the rela-
tionship between mussel density and salinity using Pearson’s test and used a 1-way 
ANOVA to compare salinities of field sites. We employed a Holm–Sidak post-hoc 
test of an ANOVA to evaluate significant differences among treatment means. We 
omitted Asian Green Mussels from these tests due to their low abundance. Also, we 
did not evaluate temperature because there was little difference among sites. We 
conducted all statistical analyses in SPSS (IBM SPSS Software, Armonk, NY).

Results

 Field surveys in 2015 and 2016 yielded 4979 mussels from 8 sampling locations 
(Table 3). We found mussels fouling the vertical surface of all 8 floating docks 
sampled (concrete: sites 1–3 and 5–8; plastic: site 4), which included attachment 
to oysters and conspecific and heterospecific mussel shells. The native Hooked 

Figure 2. Graduated symbol map with mussel density (individuals/m²) and mean salinity 
(‰) for each survey site. Larger symbols represent higher densities per site.
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Mussel accounted for 62% of mussels sampled and was present at each site, al-
though densities among sites varied (Fig. 2). The Charru Mussel comprised nearly 
38% of the total mussels collected but was absent from site 1 (Fig. 2). The Charru 
Mussel was particularly abundant at sites 5 and 6, which are located at the points 
farthest upriver within the study area (in an area with lower salinity; Fig. 3) and are 
situated between 2 major Jaxport facilities (Fig. 2). The Asian Green Mussel was 
only present at sites 7 and 8, and represented 0.2% of the total mussels surveyed 
(Fig. 2). There were little differences in mussel densities between the 2 sampling 
events.
 We detected significant differences in salinity among sites (P < 0.001; Fig. 3). 
There was a negative correlation between overall mussel density and salinity (r = 
-0.789, n = 8, P = 0.02; Fig. 4), with total mussel density increasing with decreasing 
salinity. This negative correlation was very strong at the species level for the Charru 

Table 3. Total mussel counts and densities (individuals/m²) for all species at each field site. We cal-
culated densities ([total mussel counts] / 1.6). We sampled a combined total of 1.6 m2 at each site.

	 Total mussel count	 Total mussel density (individuals/m²)

	 Hooked	 Charru	 Asian	 Hooked	 Charru	 Asian
Site	 Mussel	 Mussel	 Green Mussel	 Mussel	 Mussel	 Green Mussel

1	 79	 -	 -	 49.38	 -	 -
2	 471	 31	 -	 294.38	 19.38	 -
3	 132	 118	 -	 82.50	 73.75	 -
4	 4	 33	 -	 2.50	 20.63	 -
5	 516	 647	 -	 322.50	 404.38	 -
6	 492	 798	 -	 307.50	 498.75	 -
7	 972	 137	 27	 607.50	 85.63	 16.88
8	 422	 117	 5	 263.75	 73.13	 3.13

Figure 3. Mean salinity (‰) differences across 8 field sites; P < 0.001. The symbols above 
the error bars denote significant differences between the treatment means based on a Holm–
Sidak post-hoc test of an ANOVA.
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Mussel (r = -0.860, n = 8, P = 0.006; Fig. 5). These findings offer additional evi-
dence that Hooked Mussels are found at various salinity levels and Asian Green 
Mussels are very scarce in the river (Fig. 2).
 The Hooked Mussel had a greater mean shell length (± SE) (site 5: 21.84 ± 0.57 
mm; site 6: 27.62 ± 0.59 mm) compared to the Charru Mussel (site 5: 13.66 ± 0.52 
mm; site 6: 20.7 ± 0.47 mm) (P < 0.001; Table 4, Fig. 6) at sites 5 and 6 where 
Charru Mussel densities were higher (Table 3; Fig. 2). Conversely, the Charru Mus-
sel had a greater mean shell length (± SE) (site 3: 16.54 ± 1.19 mm; site 8: 18.13 ± 
1.24 mm,) than the Hooked Mussel at sites 3 and 8 (site 3: 12.45 ± 1.12  mm; site 
8: 15.01 ± 0.61 mm,) (P < 0.001; Table 4, Fig. 6), where Hooked Mussel densities 
were higher (Table 3; Fig. 2).

Figure 4. Correlation between mean salinity (‰) and total mussel density (individuals/m²) 
across field sites; P = 0.02.

Figure 5. Correlation between mean salinity (‰) and mussel density (individuals/m²) per 
species across study sites; Charru Mussel, P = 0.006; Hooked Mussel, n.s., P = 0.284. 
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Discussion

Salinity and spatial distribution
 Salinity gradients found within an estuary are influenced by tidal mixing, fresh-
water discharge from rivers/streams, and daily/annual rainfall (Wong 1995). Such 
gradients are found in the St. Johns River estuary and are supported by the current 
study (Fig. 2) and work by Spinuzzi et al. (2013). Salinity varies among seasons 
and years; thus, the study by Spinuzzi et al. (2013) recorded lower salinity levels 
and wider salinity ranges within the St. Johns River estuary than the current data 
show. Such fluctuations in salinities influence where mussel species survive within 
an estuary (Bayne 1976), which could play a role in the dispersal and abundance of 
the mussel species in this study.
 In a survey to assess the abundance and distribution of non-native inver-
tebrates in the southeastern US, Spinuzzi et al. (2013) sampled for invasive 
mollusks at several sites in the St. Johns River including sites 2, 3, 6, and 8 in 
the current study. Those authors found Charru Mussels and Asian Green Mussels 

Table 4. Results of 2-way ANOVA for mean shell length (mm) with species and site as fixed factors 
(df = degrees of freedom, MS = mean square, F = value of the F-statistics, P = P-value).

Source of variation	 df	 MS	 F	 P

Species	 1	 4.365	 0.026	 0.871
Site 	 7	 10,004.562	 60.570	 <0.001
Species x site 	 6	 3362.713	 20.359	 <0.001
Error	 4954	 165.174		

Figure 6. Mean shell length (mm) (± SE) for mussels per species for all field sites; P < 
0.001. The symbols above the error bars denote significant differences between the treat-
ment means based on a Bonferroni post-hoc test of an ANOVA.
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at sites 2, 3, 6, and 8, while in the current study Charru Mussels were present 
at all of these sites, but Asian Green Mussels were only present at site 8. These 
differences in distribution and abundance of the Asian Green Mussel between 
the biannual (June 2006–June 2011) sampling by Spinuzzi et al. (2013) and the 
surveys we conducted in December 2015 and May 2016 could be due to lower 
water temperatures, especially in the colder winter months. Spinuzzi et al. (2013) 
did not mention if they conducted their surveys in the intertidal or subtidal 
zones (as in the current study); thus, it is difficult to draw conclusions regard-
ing any changes in the mussel distribution and abundance over time because 
tropical mussels show high mortality when exposed to colder air temperatures 
during low tide (Firth et al. 2011). If Spinuzzi et al. (2013) found Asian Green 
Mussels in the intertidal zone, there is reason to believe that exposure to cold 
air-temperatures from tidal fluctuations, especially in the winter of 2014 when 
temperatures dropped below freezing for 10 h on 7 January (NOAA 2014), could 
have reduced the number of Asian Green Mussels at these sites prior to the start 
of our study. Studies to quantify temperature tolerances of the Asian Green Mus-
sel in its introduced range are needed to better understand these trends. Spinuzzi 
et al. (2013) did not include the native Hooked Mussel, and the present study ap-
pears to be the first to report survey data for that species in the St. Johns River.
 The greater number of individual Charru Mussels that we detected at sites 
5 and 6 suggests that they prefer lower-salinity habitats than either Hooked Mus-
sels and Asian Green Mussels. A study by Yuan et al. (2010) suggested that the 
Charru Mussel survives best at salinity levels from 2–23‰ and follows trends in 
the current data that demonstrate an inverse relationship between Charru Mussel 
density and mean salinity. It should be noted that sites 5 and 6 are located between 2 
Jaxport cargo facilities that could be sites of introduction. Furthermore, freshwater 
inputs from the Trout and Broward rivers, which are sources of nutrient input into 
the St. Johns River estuary, could explain the greater number of native and non-
native mussels at these locations because marine mussels are filter feeders that rely 
on tidal currents and other inputs (e.g., rivers, streams, and run-off) for sources of 
plankton and detritus (Wright et al. 1982).
 Hooked Mussels were present at greater densities than Charru Mussels closer 
to the mouth of the river, which suggests their ability to better survive in areas of 
higher salinity than the Charru Mussel. These trends are consistent with previous 
findings in which the Hooked Mussel exhibited wide salinity tolerances from 4.6‰ 
to 30‰ (Allen 1960).
 The Asian Green Mussel was present in low densities at only 2 sites located 
close to the mouth of the river. This finding is consistent with those of previous 
studies in the species’ native range, where Asian Green Mussels thrive in seawater 
with a mean salinity of 32‰ but can tolerate higher salinities (Sivalingam 1977). In 
laboratory studies, McFarland et al. (2013) demonstrated that Asian Green Mussels 
are intolerant of salinities at or below 15‰, which parallels findings from the cur-
rent study, where we found that Asian Green Mussels were absent from all upriver 
(i.e., lower salinity) sites.
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 Charru Mussels and Asian Green Mussels prefer settling on disarticulated oyster 
shells compared to man-made substrates, even though larval mussels will settle 
on most hard surfaces regardless of substrate type (Gilg et al. 2010). In the pres-
ent study, differences in mussel density among sites could be due to floating-dock 
substrate types, especially the observed low mussel densities at site 4, which had 
a plastic substrate, compared to all other sites that had concrete substrates. Mus-
sel settlement preferences are complex; thus, it is possible that additional factors 
such as length of time the docks have been in the field, competition, and presence 
of conspecifics and predators could have also affected mussel densities observed in 
this study. 

Shell length
 Although the overall size of a mussel can be related to growth, mussel shell 
length is most often used as a reference for growth because it is easily measurable 
(Bayne 1976, Sprung 1984). Mussel shell size is, therefore, a promising indicator 
of habitat conditions (Bayne 1976) as areas of higher nutrient availability result in 
the formation of larger mussels within species (Newell 1990, Phillips 2002, Sprung 
1984). We recorded greater mean shell length for the Hooked Mussel at sites 5 and 
6 and for the Charru Mussel at site 6 compared to other sites, which supports our 
suggestion that nutrient availability is higher upriver.
 Interestingly, sites with greater mussel density for 1 species had relatively lower 
mean shell length compared to other species present. For example, we found the 
Hooked Mussel at greater densities at sites 2, 3, 7, and 8; however mean shell length 
at these sites was lower than for the the Charru Mussel. Conversely, we found 
Charru Mussels in greater densities at sites 5 and 6, but mean shell length for the 
Hooked Mussel was significantly greater at these sites.
 Results from a study by Bertness and Grosholz (1985) revealed a decrease in 
growth rate due to intraspecific competition in high-density mussel aggregations, 
which could suggest why the Charru Mussel did not show the same increase in 
mean shell length as the Hooked Mussel at sites 5 and 6 due to its high density. 
Arribas et al. (2016) proposed that the presence of the mussel Brachidontes rodri-
guezii (d’Orbigny) led to increased growth in the mussel Perumytilus purpuratus 
(Lamarck) when found co-occurring in dense assemblages with an equal number 
of individuals. It is possible that, in a similar manner, the presence of increased 
numbers of Charru Mussels led to the significant increase in mean shell length for 
Hooked Mussels at sites 5 and 6 in the current study. Additional studies are needed 
to determine if direct competition between Hooked Mussels and Charru Mussels 
increases or reduces growth in either species.
 The tropical Charru Mussel could experience winter die-offs particularly in the 
shallow subtidal environments established by the construction of the floating docks 
that we sampled in this study. Experiments by Yuan et al. (2016) suggested that 
adult Charru Mussels experienced higher rates of mortality than juvenile mussels 
when exposed to combined low salinities and temperatures. Therefore, adult Charru 
Mussels may have experienced higher winter mortality resulting in a higher propor-
tion of juvenile mussels during sampling. Further study is required to determine 
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the possible influence of larval supply and water-flow patterns in the estuary on the 
distribution and density of mussels in the St. Johns River.
 Due to the introduction of 2 tropical mussels, the Charru Mussel and the Asian 
Green Mussel (Baker et al. 2007, Lee 1987), to the Atlantic coast of the south-
eastern US, monitoring the distribution, density, and range of these invaders is 
increasingly important. Rising seawater-temperatures associated with climate 
change (Domingues et al. 2008), may cause northward shifts in the ranges of warm-
water non-native mussels, such as the Charru Mussel and Asian Green Mussel, 
which may threaten native fauna. Therefore, continued monitoring of non-native 
mussel species and their ranges is important, especially near major commercial 
ports such as Brunswick and Savannah, GA, and Charleston, SC, which could serve 
as potential introduction sites.
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