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Abstract Secondary spread largely determines the

distribution and success of invasive species and

depends ultimately on the capacity of the invader to

disperse and colonise over multiple scales. Spread of

the invasive seaweed Codium fragile ssp. fragile

(Codium) can occur through the dispersal of vegeta-

tive fragments, which can be buoyant or non-buoyant

depending on environmental conditions. This study

examined the factors influencing the dispersal, settle-

ment, and establishment of these two types of

propagules in eelgrass (Zostera marina) meadows of

ı̂les de la Madeleine, Canada, where Codium lives

epiphytically on eelgrass rhizomes. To measure dis-

persal, *1,400 Codium fragments were marked,

released, and tracked under different hydrodynamic

conditions in areas of high and low eelgrass density.

Under all conditions, buoyant fragments dispersed one

to two orders of magnitude further than non-buoyant

fragments. Dispersal distance was positively corre-

lated with wind speed (a proxy for surface currents in

this system) for buoyant fragments and with current

speed for non-buoyant fragments. For the latter,

dispersal distance was also negatively correlated with

eelgrass height and density. Natural deposition of

drifting fragments in experimentally-manipulated eel-

grass meadows was variable in space and time, but was

not affected by eelgrass shoot density. Experimental

disturbance of eelgrass meadows enhanced the den-

sity, biomass, and percent cover of Codium, suggest-

ing that the exposure of eelgrass rhizomes by natural

or anthropogenic disturbance promotes invasion by

Codium. Our results highlight the importance of small-

scale field experiments in determining the local factors

affecting the spread of invasive species.

Keywords Biological invasions � Codium fragile �
Dispersal � Disturbance � Secondary spread � Zostera

marina

Introduction

The global spread of invasive species through anthro-

pogenic means is well recognised and at times well

documented. However, secondary spread after initial

introduction remains less studied (Vander Zanden and

Olden 2008) though it can contribute to the success of

invasive species (see reviews by Parker et al. 1999;
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Molnar et al. 2008). The geographic range and

distribution of any species is ultimately determined

by environmental tolerances and biological interac-

tions, but the rate and pattern of range expansion of an

introduced species depends upon its dispersal (Schaff-

elke et al. 2006; Lester et al. 2007). Dispersal will not

only depend on species traits (e.g., the number and

characteristics of the propagules produced), but also

on environmental conditions that can influence spread

(e.g., distance and direction dispersed) and survival in

new locations (Lodge 1993; Johnson and Padilla 1996;

Johnson and Chapman 2007; Simberloff 2009). With

regards to invasive species, it is therefore vital to

understand the factors controlling secondary spread to

ensure effective management strategies (Vander Zan-

den and Olden 2008; Wilson et al. 2009).

For invasive species, two complementary aspects

make up secondary spread: (1) diffusive local dis-

persal, which increases population density and slowly

expands the species’ range, and (2) long-distance

dispersal (often termed ‘‘jump dispersal’’) into non-

adjacent areas. This latter process can rapidly expand

the invaded range by creating distant satellite popu-

lations from which additional local spread can occur

(Reed et al. 1988; Wilson and Lee 1989; Hengeveld

1994; Hastings et al. 2005; Mineur et al. 2010;

Johnson et al. 2012). This combination of dispersal

mechanisms should greatly increase both the rate of

spread and the probability that the species will persist

in its new environment (Johst et al. 2002; Ellner and

Schreiber 2012).

Local dispersal usually occurs through the natural

reproductive and dispersal mechanisms of the species

in question, whereas jump dispersal in invasive

species is usually interpreted as a result of anthropo-

genic mechanisms (Blakeslee et al. 2010; Johnson

et al. 2012; Taylor et al. 2012). For example, Suarez

et al. (2001) demonstrated that invasive Argentinean

ants (Linepithema humile) dispersed over large dis-

tances by anthropogenic means (mostly by ships) in

addition to slower local spread by natural mechanisms.

Similarly, jump dispersal in the ash borer beetle

(Agrilus panipenni) is associated with the transport of

infested wood products (Muirhead et al. 2006), and

zebra mussels (Dreissena polymorpha) can be carried

between lakes and watersheds by boaters (Buchan and

Padilla 1999; Johnson et al. 2001).

However, many species also have natural mecha-

nisms for assuring the long-distance dispersal of their

propagules, and thus jump dispersal can also occur in

invasive species without human intervention (Forrest

et al. 2000; Lyons and Scheibling 2009). In marine and

aquatic systems, many species across different phyla

have planktonic life stages that can disperse over long

distances via currents (Norton 1992; Kinlan and

Gaines 2003). Marine macroalgae in particular can

employ several strategies for spread (Gaylord et al.

2002), including both sexually- and asexually-pro-

duced propagules (gametes, spores, fragments, or

whole thalli) which can either settle near the parent

individual (local spread) or disperse over long dis-

tances (jump dispersal). Positively-buoyant propa-

gules (usually fragments or whole plants) are common

in many macroalgae (van den Hoek 1987; Santelices

1990; Norton 1992), and thus invasive marine algae

that have the ability to float may have an enhanced

potential for rapid secondary spread into uninvaded

areas. Although local and long-distance dispersal can

thus both contribute to the successful spread of an

invasive species, the exact mechanisms and factors

controlling them may differ substantially. For exam-

ple, conditions that promote the local spread of algae,

such as short propagule viability and rapid sinking

speed, may reduce the probability of jump dispersal

(Gaylord et al. 2002; Harwell and Orth 2002; Higgins

et al. 2003).

Finally, successful spread requires not only the

dispersal of propagules, but also their survival and

establishment (Lodge 1993). Determining the factors

controlling both local and long-distance dispersal, as

well as their settlement and survival (i.e., recruit-

ment), is thus important for understanding the

invasion dynamics of a species as well as develop-

ing effective management strategies (Johnson and

Chapman 2007).

The invasive subspecies of the green alga Codium

fragile (C. fragile ssp. fragile, formerly C. fragile ssp.

tomentosoides and hereafter referred to as Codium)

has been introduced to and is present in many

temperate regions (Lyons and Scheibling 2009). It is

currently spreading through ı̂les de la Madeleine in the

Gulf of St. Lawrence, Canada, especially in the large

(20–40 km2) lagoons that make up a large part of the

coastal zone of this archipelago (see Simard et al.

2007; Drouin 2013 for details). Whereas Codium

normally attaches to hard substrata (such as rocks or

shells), in this system it is almost always found

attached to the rhizomes of eelgrass Zostera marina
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(Garbary et al. 2004; Simard et al. 2007; Drouin et al.

2011), which forms extensive meadows in the lagoons.

Codium reproduces exclusively asexually though

parthenogenic gametes, isolated filaments (utricles),

and fragments (Trowbridge 1998; Prince and Trow-

bridge 2004). Fragments range in length from small

buds (ca. 1 cm in length) released from adults to entire

thalli (30–40 cm) that have been dislodged from the

substratum. Whereas the gametes and utricles are

evidently produced as propagules, the latter more

likely function fortuitously as such. Regardless, any

type of fragment can attach and grow into a mature

thallus if it comes into prolonged contact with a

suitable substratum (Nanba et al. 2002; Scheibling and

Melady 2008; Watanabe et al. 2009). Within eelgrass

meadows, short-range dispersal by gametes appears to

be the dominant mode of colonisation, at least on

artificial substrata (Drouin 2013). However, these

cannot disperse far enough (Trowbridge 1998) to

explain longer dispersal within and between the

lagoons. Instead, it appears that this long-distance

dispersal occurs through the dispersal of fragments

either directly via the settlement and attachment of

fragments or indirectly via the release of gametes from

fragments.

Under certain conditions, Codium fragments can be

positively buoyant (Dromgoole 1982; Gagnon et al.

2011), thus increasing their dispersal potential (Ga-

gnon et al. 2011). This state only occurs, however,

under conditions of high light intensity when photo-

synthesis causes excess gas bubbles to accumulate in

the thallus. Shifts from buoyant to non-buoyant states

can occur over both short (daily) and long (seasonal)

temporal scales (Gagnon et al. 2011). Therefore, both

buoyant and non-buoyant fragments can be produced,

depending on the light environment, and these frag-

ments likely have differing dispersal potentials. The

dispersal potential of non-buoyant fragments would be

expected to depend on local bottom conditions and

characteristics (e.g., current speed, topography, veg-

etation; Gaylord et al. 2002; Watanabe et al. 2009)

whereas buoyant fragments should be more affected

by surface conditions (e.g., surface currents; Biber

2007).

In addition to the dispersal potential of fragments,

the spread of a species such as Codium will be

determined by the number of fragments that settle and

survive (i.e., the quantity of fragments which settle on

a suitable substratum and grow into adult thalli). As

Codium grows primarily on eelgrass rhizomes in the

studied system, it is thus essential for drifting

fragments to first be deposited into eelgrass meadows

and then come in contact with rhizomes. Deposition is

likely a function of the fragment properties (e.g., size,

buoyancy), environmental conditions (e.g., currents),

and structural aspects of the eelgrass meadow (i.e.,

density and height of plants). Attachment will then

depend on processes that expose rhizomes (e.g.,

currents, disturbance), which are normally covered

by sand or mud.

Here we examined the dispersal of buoyant and

non-buoyant Codium fragments within the ı̂les de la

Madeleine lagoon system and determined how envi-

ronmental factors (e.g., current speed, vegetation)

affect these processes. We also measured the coloni-

sation of fragments in eelgrass meadows where we

manipulated the structure (height and density of

shoots) to determine how variation in these aspects

of the natural environment could affect the settlement

of fragments. We hypothesized that buoyant frag-

ments disperse further than non-buoyant fragments. In

addition, we hypothesize that buoyant fragments are

not affected by bottom characteristics, whereas non-

buoyant fragments are, so that their dispersal is limited

by high eelgrass density and height. Finally, we

examined the role of disturbance on the colonisation

rates of Codium. To this end, we did a manipulative

experiment to evaluate the hypothesis that disturbance

promotes the settlement of Codium thalli, possibly by

providing more suitable substratum.

Methods

Study site

This study was done in 2008 and 2009 in the Lagune

de la Grande-Entrée in the ı̂les de la Madeleine

archipelago, located in the Gulf of St. Lawrence,

eastern Canada (Fig. 1). The lagoon is dominated by

eelgrass (Z. marina) meadows, interspersed with bare

areas of sand flats, with a salinity ranging from 28 to

32 psu and maximum temperatures reaching

22–24 �C in the summer. Codium has been present

since at least 2003 (Simard et al. 2007) and mainly

occurs in dense patches in shallow areas (\3 m depth)

attached to eelgrass rhizomes. The lagoon is not

affected by oceanic currents, so the only currents
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affecting fragments within the lagoons are weak tidal

currents (\0.05 m s-1; Koutitonsky et al. 2002) and

those caused by wind.

Fragment dispersal

A series of dispersal experiments was done in July and

August 2008 on the south shore of Grosse-Île to

determine the role of buoyancy, eelgrass density, and

current speed on the dispersal distance of Codium

fragments in eelgrass meadows. Different methods

were used to determine the dispersal of buoyant and

non-buoyant fragments, but in both cases trials were

conducted under unidirectional current conditions

(i.e., during ebb or flood tide) in waters of 1–2 m

depth.

For buoyant fragments, 10 fragments (approxi-

mately 10–15 cm long, with 1–2 branches) were

released by a diver from a fixed point approximately

20 cm from the bottom to simulate tips breaking off

from attached thalli (i.e., the average height of Codium

thalli in the lagoon). A line was marked with rope and

buoys 10 m downstream, and another diver recorded

the time each fragment took to cross the line (i.e.,

disperse 10 m). These fragments were marked with

brightly coloured string (for easier visibility in the

eelgrass), which was threaded through the fragments

and trimmed B2 mm from the thallus so as to not

become entangled or interfere with the hydrodynamic

characteristics of the fragments; all fragments were

thus accounted for during the trials. Eighteen trials (of

ten fragments each) with buoyant fragments were

conducted at several locations in Grosse-Île lagoon

and under different hydrodynamic conditions (i.e.,

some during ebb tide, and some during flood time).

The trials were conducted over 2 weeks, with one or

two trials being done each day, and all trials were

standardised for dispersal after 1 h (i.e., dispersal

distances were estimated as D = (3,600 s 9 10 m)/t,

where D is the distance (m) dispersed in 1 h and t is the

time (s) to disperse 10 m. Current speed was measured

using a Nortek Vector acoustic Doppler velocimeter

placed approximately 20 cm from the bottom (i.e., at

the same height at which the fragments were released).

Data on hourly wind speed were obtained from

Environment Canada and used as a proxy for surface

current speed (note however, that this was only

possible due to the very weak tidal currents our sites

and may not be applicable in many other areas). A

type-II regression (using the mean estimated distance

for each trial) were performed with distance as the

dependent variable, and current and wind speeds as the

independent variables. Regression assumptions (nor-

mality and linearity by visual inspection of the

Fig. 1 Location of study sites in the Lagune de la Grande-Entrée in the ı̂les de la Madeleine archipelago. Grosse-Île: 47�3700700N,

61�3202500W; Salt Mine: 47�3602600N, 61�3305500W; Old Harry: 47�3502600N, 61�2901000W

1126 K. Gagnon et al.

123



variances, and homoscedasticity with Bartlett’s test)

were checked prior to performing the analysis, and all

assumptions were met.

For non-buoyant fragments, 50 fragments (also

10–15 cm long) were similarly released from a

starting point 20 cm from the bottom, but were

allowed to disperse for a fixed time (1 h). For each

trial, a point of release was randomly chosen within

the study area and marked, and the density and height

of eelgrass along a 10-m transect downstream (from

the direction of the tidal current) were measured.

Fragments were again marked with coloured string, to

facilitate recovery. To maximise our chances of

accounting for all fragments, a 4-m-wide and 1.5-m-

high plastic fence, constructed of black plastic mesh

(mesh opening: 1.3 cm), was set up 10 m downstream

from the release point to catch fragments. The fence

was well anchored to the bottom to ensure that the

fragments could not pass under it. This, however,

limited the maximum dispersal distance of non-

buoyant fragments to 10 m. The distances the frag-

ments travelled over 1 h were then recorded to the

nearest 50 cm. Twenty-five trials were conducted

under different hydrodynamic conditions and eelgrass

characteristics, with 94 % of total released fragments

accounted for. Current speed was measured as above,

and the density and height of eelgrass shoots in the

transect were estimated from ten small circular plots

(diameter = 15 cm) located randomly along the

release path. A multiple regression was performed

using the mean dispersal distance of each trial as the

dependent variable, and current speed, eelgrass height,

and eelgrass density as independent variables. As for

the previous analysis, we checked the assumptions for

linear regression (normality, linearity, and homosce-

dasticity) prior to performing the analysis and found

that neither eelgrass density nor height variances were

homogeneous. Data for eelgrass density and height

were thus reciprocally transformed prior to conducting

the regression, which corrected the heteroscedasticity.

Fragment settlement

To determine how eelgrass characteristics impacted

the natural settlement (i.e., deposition) of drifting

Codium fragments, we manipulated eelgrass shoot

density and monitored subsequent natural colonisation

at three sites (Old Harry, Grosse-Île and Salt Mine; see

Fig. 1). At the beginning of the experiment in June

2008 we established four blocks of three 1-m2 circular

plots at each site (6 weeks later, two more blocks were

added at each site to increase the number of repli-

cates), and within each block, plots were randomly

assigned a density treatment: no eelgrass shoots, 50 %

of normal shoot density, and natural shoot density (see

Table 1 for natural eelgrass densities at each site). The

plots at Grosse-ı̂le and Salt Mine were at 1–2 m depth,

while the plots at Old Harry were at 2–3 m depth. The

different densities were achieved by cutting the

eelgrass at the base of the shoots, and plots were

trimmed regularly to ensure density treatments were

maintained throughout the experiment. The height of

the eelgrass shoots was measured at each site once a

month throughout the experiment, but was not

manipulated; the natural density of eelgrass shoots in

the control plots was also measured at the same time

(Table 1). The density and biomass of drifting (i.e.,

unattached) Codium fragments found in each of the

plots were recorded each week for 9 weeks (mid-June

to mid-August) with the fragments removed each time.

Since fragment settlement differed significantly

among the three sites (P = 0.03), each was analysed

separately to better understand the processes occurring

at each site (the Salt Mine site was removed from the

analyses and not examined further as almost no

fragments accumulated in any of the plots throughout

Table 1 Density and height of eelgrass (mean ± SE) in three sites throughout the sampling period

Site Density (shoots m-2) Height (cm)

June July August June July August

Grosse-Île 674 ± 29 677 ± 34 607 ± 19 26.6 ± 2.1 52.4 ± 2.9 61.4 ± 1.7

Old Harry 504 ± 31 226 ± 16 266 ± 17 43.4 ± 2.2 70.4 ± 3.3 75.3 ± 3.5

Salt Mine 714 ± 52 761 ± 21 390 ± 35 12.2 ± 0.4 19.1 ± 0.6 27.4 ± 1.1

Ten 1-m2 plots were chosen in each site, and within each of these, three circular smaller plots (diameter = 15 cm) were sampled for

density, and the height of 10 eelgrass shoots measured

Roles of dispersal mode, recipient environment and disturbance 1127
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the summer, see ‘‘Results’’). To determine the effects

of eelgrass density and time on Codium fragment

density, we used a general linear mixed model

implemented in SAS 9.3 (PROC GLIMMIX). Since

a Shapiro Wilkes test showed that the Codium

fragment density was non-normal and over-dispersed,

this allowed us to specify a negative binomial

distribution for Codium fragment density. In addition,

the maximum likelihood estimation method used in

GLIMMIX allowed us to run a repeated-measures

analysis despite missing values in some of the sites

(due to adding sites in mid-summer), unlike a classical

ANOVA approach in which these must be removed.

We checked for variance homogeneity using Bartlett’s

test prior to running the analyses, which show that

variances were homogeneous. We then applied a post

hoc Tukey’s test to determine which weeks differed

significantly from each other.

Disturbance-induced colonisation

To determine the effects of disturbance on the final

phase of colonisation of eelgrass meadows by Codium

(i.e., the attachment of fragments and growth of thalli)

six pairs of 10-m-long transects (located at 1–2 m

depth) were selected and marked with sub-surface

buoys in an eelgrass meadow at the Grosse-Île site in

mid-August 2008. We checked carefully to confirm

that there was no Codium within the transects at that

time and that eelgrass height and density were

relatively consistent among transects. Each pair of

transects was at least 50 m from adjacent pairs, and

within each pair, transects were separated by 5–10 m.

For each pair, one transect was randomly assigned the

disturbance treatment, and the other left unmanipu-

lated as a control. Disturbances were created by

walking through the eelgrass while pulling an anchor,

which exposed rhizomes (and removed some eelgrass

biomass: [50 % reduction) along a *30-cm wide

strip (giving a total disturbed area of 3 m2), simulating

the disturbance by a boat propeller or an anchor. This

was done as a pulse treatment, i.e., only performed

once. Ten months later (mid-June 2009), the percent

cover of Codium attached to rhizomes in each transect

was visually estimated (we ignored any drifting or

unattached fragments) Individual thalli were then

collected and counted, and their average length and

total biomass in each transect measured. Paired t tests

were used to determine if there were differences in

percent cover, density, total biomass, and mean thalli

length between the treatments.

Results

Fragment dispersal

When buoyant and non-buoyant trials were compared

(all buoyant fragment trials grouped together, and all

non-buoyant fragment trials grouped together), buoy-

ant fragments dispersed one to two orders of magni-

tude further than non-buoyant fragments after 1 h.

Approximately 60 % of the non-buoyant fragments

dispersed less than 3 m from the release point after

1 h, and less than 10 % reached the fence at 10 m

(Fig. 2). However, estimates of the dispersal of

buoyant fragments after 1 h varied from 53 to 507 m

(extrapolated from a 10-m distance), with 70 %

dispersing 300 m or more (i.e., 2 orders of magnitude

greater than the non-buoyant fragments; Fig. 2).

Current speed (as measured 20 cm above the

bottom) did not significantly affect the dispersal

distance of buoyant fragments (t = -0.67,

P = 0.51, R2 = 0.027). However, the effect of wind

speed (i.e., a proxy of surface current) on the dispersal

of these fragments was significant and highly posi-

tively correlated (Fig. 3; t = 7.15, P \ 0.0001,

R2 = 0.76).

For non-buoyant fragments, current speed influ-

enced dispersal, but its effects on distance were

affected in turn by eelgrass height and density

(Table 2; significant three-way statistical interactions

between current speed and eelgrass density and

height). At low current speeds, dispersal distances

were similar in all conditions; however, at higher

current speeds, fragments dispersed further in low

eelgrass density and height conditions, and an increase

in either height or density (or both) decreased the

effect of current speed (Fig. 4).

Fragment settlement

Biomass and fragment density were correlated (linear

regression, P \ 0.01, R2 = 0.63), and thus only

density was used for statistical tests as it more

accurately represents propagule pressure. Almost no

fragments accumulated in any of the quadrats in the

Salt Mine site throughout the summer (only 15 in total

1128 K. Gagnon et al.
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over the whole experiment) and thus there were no

significant differences between treatments or over

time. At both the Old Harry and Grosse-Île sites

fragment density varied over time, while eelgrass

density had no significant effects (Table 3). Overall,

there were more fragments at the Old Harry site than at

the Grosse-Île site throughout most of the summer,

with order-of-magnitude differences in early summer

(June; Fig. 5). Temporal patterns varied between the

two sites with a steady decrease in the number of

fragments over the first half of the observation period

at the Old Harry site (Fig. 5A) in contrast with a mid-

season peak observed at the Grosse-Île site (Fig. 5B).

Disturbance induced colonisation

Only five of the six pairs of transects could be found in

June 2009 (the sixth pair was closest to the shoreline

and was most likely affected by ice scouring over the

winter). All measures of abundance (percent cover,

biomass, and density) of attached Codium thalli were

3–5 times greater in the disturbed transects than in the

undisturbed transects (Fig. 6; t4 = -4.20, P = 0.014;

t4 = -3.03, P = 0.039; t4 = -3.77, P = 0.020,

respectively). In fact, there were very few Codium

thalli found in the non-disturbed transects. However,

the average length of the attached Codium was

Fig. 2 Dispersal distances

of buoyant and non-buoyant

Codium fragments in

eeglrass meadows. Values

for all fragments were

pooled for each trial and

standardised for estimated

dispersal after 1 h

[nbuoyant = 180 (18 trials of

10 fragments each),

nnon-buoyant = 1,000 (25

trials of 50 fragments each)]

Roles of dispersal mode, recipient environment and disturbance 1129
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consistently around 15 cm and did not differ signif-

icantly between disturbed and undisturbed treatments

(Fig. 6; t4 = 0.24, P = 0.829).

Discussion

Our results show a clear difference in the dispersal

potential of buoyant and non-buoyant fragments, with

buoyant fragments potentially contributing to long-

range dispersal (van den Hoek 1987) should they

continue to disperse. Indeed, our results certainly

underestimated the dispersal of buoyant fragments—

we only measured their dispersal over a short time

period, and they could theoretically continue dispers-

ing as long as they remain buoyant (i.e., if light

conditions remained high enough to ensure buoyancy;

Gagnon et al. 2011) and do not wash up on the shore,

as seems to be the fate of many fragments (Gagnon

et al. 2011). The dispersal potential of a buoyant

fragment could be several hundred kilometres in one

season, although this is likely limited by varying wind

speeds and surface currents, as the spread of Codium

along the NW Atlantic coast seems to be approxi-

mately 50 km year-1 (Lyons and Scheibling 2009).

Although we saw no effect of bottom current speed (as

measured 20 cm above the bottom) on the dispersal

distance of buoyant fragments, there was a strong

correlation with wind speed (R2 = 0.76), which drives

currents at the water surface in this system. Long-

distance dispersal of buoyant fragments (over several

hundred metres to kilometres) is therefore likely

driven primarily by local environmental conditions

and may thus vary substantially both temporally and

spatially. At a larger scale (tens to hundreds of

kilometres), however, large-scale climatic or current

patterns probably determine overall dispersal patterns.

While many buoyant fragments will likely be removed

from the system by washing up on sandy shores

(Gagnon et al. 2011) or sinking to unsuitable areas

(e.g., sandy or muddy bottoms), the few that do

disperse to suitable habitats are likely of great

importance to the spread of this species. In geographic

areas with strong tidal currents, wind speed and

direction may have a more limited effect on fragment

dispersal, and in those cases, it would likely be the

speed and direction of tidal surface currents that

determine the dispersal of buoyant fragments.

Fig. 3 Correlation of average hourly wind speed and the

estimated dispersal distance of buoyant Codium fragments

(n = 18, each point represents the mean of one trial of ten

fragments)

Table 2 Summary of multiple regression showing the effects of eelgrass density (reciprocally transformed), eelgrass height

(reciprocally transformed), and current speed on the dispersal distance of non-buoyant Codium fragments

Parameter Standard estimate Error t P

Intercept -1.23 1.46 -0.84 0.41

Speed 776.6 232.6 3.34 0.004

Density 160.5 349.1 0.46 0.65

Height 59.05 30.1 1.96 0.07

Speed 9 density 1,365 46,650 0.03 0.97

Speed 9 height -20,150 48,930 -4.12 0.0007

Density 9 height -4,956 5,787 -0.86 0.40

Speed 9 density 9 height 1,749,000 713,200 2.45 0.02

Statistically significant values are indicated in bold. Multiple R2 = 0.93, P \ 0.0001

1130 K. Gagnon et al.
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In contrast, non-buoyant fragments dispersed over

much shorter distances, and most had stopped dis-

persing completely (i.e., had settled to the bottom) in

less than one hour. As expected, their dispersal was

correlated with bottom conditions, primarily a func-

tion of the speed of bottom currents, but modulated by

biotic features. As seen in rocky habitats (Watanabe

et al. 2009), individual site characteristics also had

important effects on the dispersal potential of Codium

fragments, though the important factors in rocky

habitats seem to be exposure, slope, type and rough-

ness of substrate, and presence of turf algae. In our

case, both high eelgrass density and height reduced the

effects of current, limiting dispersal and likely

promoting increases in local density (but see Drouin

2013, who found no effect of eelgrass density on the

recruitment of Codium to artificial concrete blocks,

though this was mainly recruitment from gametes and

not fragments). However, this conclusion is based on

observations that did not include situations of both

high shoot density and height and the highest current

speeds, therefore dispersal in these conditions is more

difficult to predict. However, it is likely that these

variables are not independent (i.e., high shoot height

or density alters the bottom current speeds) in which

case our conclusion that eelgrass characteristics limit

dispersal would still hold true. Since eelgrass grows

Fig. 4 Effect of current speed, eelgrass density, and eelgrass

height on the dispersal of Codium fragments. Trials are

separated into four categories: (1) low eelgrass density (\ 350

shoots�m-2) and low eelgrass height (\ 20 cm), n = 10; (2) low

density and high height, n = 5; (3) high density and low height,

n = 5; (4) high density and high height, n = 5

Fig. 5 Effect of time and eelgrass shoot density on the density

of Codium fragments at two sites over 9 weeks in summer 2008

(mean ± SE, n = 4 per treatment per week). Different letters

indicate significant differences between weeks (within the same

site)

Table 3 Summary of repeated-measures ANOVA showing

the effects of time (9 weeks), and eelgrass density (high,

medium, and low) on the settlement (density) of Codium

fragments in Old Harry and Grosse-Île sites

Source of variation df (num, denom) F P

Old Harry

Time 8, 65.55 16.95 <0.0001

Density 2, 30.88 1.17 0.32

Density 9 time 16, 64.46 1.49 0.13

Grosse-Île

Time 8, 57.13 5.75 <0.0001

Density 2, 20.42 0.78 0.47

Density 9 time 16, 55.2 1.20 0.30

Statistically significant values are indicated in bold
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quickly throughout the summer and maximum height

varies between sites, there are therefore likely seasonal

differences in dispersal distances of non-buoyant

fragments, with less dispersal later in the season. On

the other hand, release height of propagules can affect

dispersal potential (Gaylord et al. 2002), and this could

also increase during the growing season as Codium

grows as well, thereby enhancing dispersal. Likewise,

there are deeper navigation channels within the

lagoons where current speeds are much higher (pers.

obs.). There is little eelgrass in these areas, but

fragments that drift into them could disperse much

further, so these channels could potentially serve as

important ‘‘pathways’’ for the dispersal of non-buoy-

ant fragments at the scale of the studied lagoon.

Similarly, in areas where tidal currents are much

higher and the bottom habitat is less complex,

dispersal of bottom fragments may be much higher

and contribute to long-distance dispersal (Holmquist

1994) although this is not the case here.

In addition to dispersal, the production of propa-

gules and their survival after settlement plays a role in

successful spread of a species (Lodge 1993; Simberl-

off 2009). There were, however, no clear patterns of

settlement of Codium fragments with both spatial and

temporal variation in fragment settlement across the

lagoon. Two of our sites (Old Harry and Grosse-Île)

were both located adjacent (\100 m) to large Codium

populations, and yet Codium settlement differed

significantly between these two sites. We suggest that

differences in local current patterns are driving this

pattern, as Old Harry is more isolated from the rest of

the lagoon, while Grosse-Île is more open. Thus

fragments within Old Harry may be better retained

within the area than they are at Grosse-Île. The third

site (Salt Mine) was located much further away from

any Codium populations (nearly 1 km) and received

almost no fragments throughout the summer, suggest-

ing that distance from a source population may also

play a role at this spatial scale. Finally, differences in

colonisation may also arise from variations in frag-

ment production among sites and over time, due to

differences in natural conditions (e.g., wind-driven

waves) or human activities (e.g., boating), both of

which can cause fragmentation (Trowbridge 1998;

D’Amours and Scheibling 2007).

Changes in the physical environment due to the

growth of eelgrass may have also contributed to the

results we obtained: eelgrass height increased signif-

icantly in all sites over time (P \ 0.01 for all sites),

Fig. 6 Percent cover, total

biomass, density, and mean

thalli length of attached

Codium thalli in disturbed

and undisturbed transects

after 10 months

(mean ± SE, n = 5 per

treatment. Asterisks indicate

a significant difference

between treatments

determined through paired

t tests (P \ 0.05)
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approximately doubling in height from June through

August, and was significantly higher at the Old Harry

site than at the two other sites (P \ 0.01). Therefore,

the ideal height for retaining fragments may have

occurred earlier in the season at the Old Harry site,

while at Grosse-Île the eelgrass did not reach this

height until later. Meanwhile, the height of the

eelgrass at Salt Mine was significantly lower than

the two other sites throughout the whole summer

(P \ 0.01), possibly also contributing to the very low

number of fragments that settled there. There were,

however, no significant differences between eelgrass

density treatments at any sites. Thus it appears that the

eelgrass density does not influence the depositional

part of the colonisation process at small scales (i.e.,

several metres), but that is the density and height over

larger areas (i.e., tens to hundreds of metres) of the

meadows that determine how far fragments disperse

and where they settle.

In contrast, the exposure of eelgrass rhizomes

seems to be a key element determining the recruitment

of Codium. Population density appears highest in areas

where shoot density changes abruptly, such as the

borders between eelgrass patches and sand (pers. obs.)

where eelgrass rhizomes tend to be more exposed,

likely due to greater water motion or ice scouring.

These areas may be prime settlement areas for

Codium, thereby contributing to the observed patch-

iness of Codium populations in the lagoons (Drouin

et al. 2011). The strong positive effect of disturbance

on recruitment that we experimentally demonstrated

supports this idea, and the high density of Codium in

shallow areas (pers. obs) is likely due, at least

partially, to higher rates of disturbance there. Distur-

bances likely fall into two main categories: 1) anthro-

pogenic disturbances caused by boat traffic (anchors

and propellers) in the summer (Occhipinti-Ambrogi

and Savini 2003), and 2) natural disturbances caused

by ice scouring in shallow waters near the coastline

(Williams 2007). The large size (*15 cm) of the

individual thalli observed in the disturbed sites

strongly suggests that the recruits were the result of

fragments settling and not other types of propagules

(i.e., gametes, utricles), as Codium growth during the

September–May experimental period is generally

limited (Fralick and Mathieson 1973, Bégin and

Scheibling 2003), especially at our sites, which are

covered by ice in winter. Disturbances have been

previously shown to facilitate the establishment of

many marine species, including invasive species (e.g.,

Reed et al. 2000; Valentine et al. 2007), and Codium’s

capacity for long-distance dispersal through fragmen-

tation coupled with frequently-disturbed habitats may

create ideal circumstances, thus accounting for the

rapid spread of this invasive species in the Gulf of St.

Lawrence. Fragments seem to take several weeks to

attach to a substratum, and seem to attach and grow

more quickly under static conditions (Scheibling and

Melady 2008). It is thus likely that the complex

structure of the eelgrass rhizomes and low current

speeds in eelgrass meadows promote the settlement

and reattachment of fragments, which may not occur

as easily in other habitats or areas with higher current

speeds.

The spread of Codium via fragments thus seems to

involve at least two distinct dispersal mechanisms.

Non-buoyant fragments, which usually settle within

metres of the parent plants, increase the local density,

leading to dense patches. In contrast, the buoyant

fragments have the potential to disperse over long

distances (over several kilometres), leading to the

establishment of new patches or populations. This type

of pattern has been previously predicted for species in

which long-distance jump dispersal occurs (Hastings

et al. 2005; Cannas et al. 2006; Marco et al. 2011), and

a similar natural bimodal dispersal strategy has been

observed in other invasive algae (e.g., Undaria

pinnatifida, Sargassum muticum; Forrest et al. 2000;

Valentine et al. 2007), in which sporophytes can

disperse long distances. This strategy also matches the

distribution of Codium we have observed in the

eelgrass meadows and regional spread observed

elsewhere (i.e., Carlton and Scanlon 1985; Lyons

and Scheibling (2009) have both observed that

spreading populations of Codium in the NW Atlantic

are disjunct). For both types of dispersal, disturbances

to the eelgrass, be they natural or anthropogenic,

greatly increase the chances of settlement and estab-

lishment. As previous work has shown buoyancy to be

positively correlated with light intensity (Gagnon et al.

2011), the relative importance of these two types of

dispersal will vary temporally. In any case, these two

dispersal modes likely explain the patchy distribution

of Codium seen in eelgrass meadows observed over

multiple spatial scales (e.g., Drouin et al. 2011).

As long-distance spread of invasive species is

usually associated with anthropogenic vectors (Wilson

et al. 2009), the possibility that buoyant fragments
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could contribute to natural long-distance dispersal

(jump dispersal) in this species is of particular interest.

Natural jump dispersal should, of course, occur in

species with long-lived planktonic stages (Shanks et al.

2003; Kinlan et al. 2005), but may also occur in other

marine and aquatic invasive species, including other

algae (e.g., Forrest et al. 2000; Stewart et al. 2007;

Lyons and Scheibling 2009) and the organisms asso-

ciated with floating algae (Bushing 1994; Helmuth et al.

1994; Thiel 2003; Minchinton 2006; Macreadie et al.

2011; Rothäusler et al. 2012). In terrestrial systems,

natural jump dispersal may also be common for many

plant species (Higgins and Richardson 1999; Higgins

et al. 2003; Kirk et al. 2011; Nogales et al. 2012),

insects and other invertebrates (Holway 1995; Williams

and Williams 1998; Li et al. 2013) and undoubtedly

birds and mammals (e.g., Vogel et al. 2003; Irestedt

et al. 2013). Environmental conditions can, however,

greatly affect dispersal potential and colonisation.

Thus, knowledge of local environmental conditions,

in addition to the traits of the invasive species in

question, remains necessary for predicting the spread

and managing the impacts of invasive species.
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