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1.  INTRODUCTION

Dispersal plays a central role in understanding spe-
cies ecology and evolution (Bowler & Benton 2005).
This process is defined by the movement of an indi-
vidual from one site to another, followed by a repro-
duction event at the new site (Ronce 2007). This def-
inition addresses the individual movement, which
directly affects population dynamics and distribu-
tion, and the possibility of mating encounters, pro-

moting gene flow and affecting the genetic structure
(Cayuela et al. 2018). In a particular type of dispersal
known as sex-biased dispersal (SBD), males and
females present contrasting behaviors that lead to
different dispersal patterns (Perrin & Mazalov 2000,
Li & Kokko 2019a): a philopatric (non-dispersing) sex
and a dispersing sex. These differences in mobility
have consequences for ecological and evolutionary
dynamics (Trochet et al. 2016, Li & Kokko 2019b).
Previous studies on SBD have focused on terrestrial
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vertebrates, and thus this phenomenon is poorly ex -
plored for marine organisms, especially invertebra -
tes (Trochet et al. 2016).

The study of SBD commonly relies on 2 different
approaches. Direct approaches (e.g. manipulative
ex periments, tracking, and mark−release−recapture
techniques in the field) may precisely identify the
dispersing sex (Hutchings & Gerber 2002, Beirinckx
et al. 2006). However, such methodologies may be
challenging when studying marine invertebrate taxa
because these organisms can be small and cryptic,
and their dispersal commonly includes a planktonic
larval phase. Contrastingly, indirect approaches con-
sist of molecular analyses, which may infer SBD,
given its potential to leave a genetic signature on
species genetic structure (Prugnolle & De Meeus
2002). Usually, indirect approaches compare nuclear
DNA and mitochondrial DNA markers, indicating
male-biased dispersal when markers show discor-
dant results (Prugnolle & De Meeus 2002). Due to
maternal inheritance of the mitochondrial DNA, this
marker only indicates the female genealogy. Discor-
dant patterns between maternally and bi-parentally
inherited markers might therefore indicate dispersal
differences between sexes. Bi-parentally inherited
markers, such as microsatellites, are also used to
detect male- and female-biased dispersal (Goudet et
al. 2002, Durand et al. 2019). These approaches are
often used to investigate SBD in marine organisms
because they do not require the movements of an
individual to be fully tracked (Driggers et al. 2014,
Roycroft et al. 2019). To better evaluate SBD, direct
and indirect approaches should be combined when
possible (Lawson Handley & Perrin 2007).

Tube-building amphipods are good model organ-
isms for the study of SBD by integrating direct and
indirect methods. These animals have direct devel-
opment, no larval phase, and are commonly found
in shallow waters and rocky shores (Duffy & Hay
2000, Hamilton et al. 2006, Bueno et al. 2016). The
tube-building trait is found in species from the
superfamilies Corophioidea, Synopioidea, Photo -
idea, Caprelloidea, and Aoroidea (Lowry & Myers
2013, Serejo & Siqueira 2018). Usually, pereopods
3 and 4 have silk-producing glands (Kronenberger
et al. 2012, Lowry & Myers 2013). The ‘amphipod
silk’ is used to build sand or seaweed tubes that are
then inhabited by these animals (Dixon & Moore
1997, Cerda et al. 2010, Poore et al. 2018). Adults
(males and females) and juveniles construct tubes
occupied by a single individual except during re -
productive events, when mating pairs share the
same tube, or when juveniles born in the progeni-

tor’s tube remain there for days (Borowsky 1983,
Appadoo & Myers 2003).

Tube-building amphipods are less mobile than
non-tubiculous species (Duffy & Hay 1994), but mo -
bility may vary among tubiculous species (McDonald
& Bingham 2010, Beermann & Franke 2012). Males
and females of tube-dwelling amphipods might show
differences in affinity to their tubes, with males being
more mobile than females and frequently found out-
side the tubes, searching for mates (Borowsky 1983,
1985a,b, Shillaker & Moore 1987, Mattson & Cedha-
gen 1989, McCurdy et al. 2000). Females of many
species seem to have lower mobility because they do
not actively search for males. In contrast, there are
also cases where females are found outside tubes
more frequently than males (Stevens et al. 2006,
Bringloe et al. 2013). The distinct dispersal behavior
and its consequences are still not fully understood,
and we lack studies combining direct and indirect
approaches.

SBD can be a scale-dependent phenomenon
(Gauffre et al. 2009, Li et al. 2019), particularly for
tube-building species living on host algae along
rocky shores. For these animals, there are 3 distinct
hierarchical spatial scales: small, local, and large.
The small scale represents individual dispersal at the
level of the individual’s size, along with limited dis-
tances (cm). Some of the amphipod traits may be
associated with limitations on dispersal over small
scales. For instance, these amphipods are considered
to present low mobility compared to other marine
species due to their small size, direct development
(Gunnill 1982, Hay et al. 1988, Christie et al. 1998),
and juveniles recruiting near their parents (Thiel &
Vásquez 2000). These traits may also affect dispersal
over local scales (m) along the rocky shore. Amphi -
pods exhibit patchy distributions in this environment
(Tanaka & Leite 2003), with dispersal among patches
being potentially influenced by differential sex mo -
bility over small scales. It is known that individuals
might be transported by drifting (Miller et al. 2007,
Bringloe et al. 2013). Thus, if one sex is more mobile
over small scales (i.e. moves between algae more fre-
quently), it has a higher chance of being transported
over local distances. Finally, large scales represent
the movement of individuals among rocky shores
(km). Even though amphipods are direct developers,
long-distance dispersal may be mediated by rafting
(Haye et al. 2012), i.e. passive transport of organisms
on items floating on the ocean surface (Thiel & Gutow
2005). Over large scales, males and females have the
same chances of being transported by rafting, which
reduces the probability of SBD at this scale.
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Here, we used Cymadusa filosa Savigny, 1816, a
tube-building amphipod species, to explore dispersal
at distinct spatial scales combining direct and indi-
rect approaches. Ultimately, we tested whether dis-
persal in C. filosa is sex-biased at different scales. To
confirm that sexes present different mobility over
small scales, we performed behavioral tube-occu-
pancy experiments to define male and female behav-
ior. Over local scales, field colonization experiments
and molecular analyses using microsatellites were
conducted to evaluate dispersal rates and genetic
relatedness for each sex. Finally, we investigated the
dispersal of each sex over large scales (among sites)
using microsatellites. Specifically, we tested the fol-
lowing hypotheses: (1) over the small scale of SBD,
one of the sexes will show lower fidelity to their tubes
and subsequently show higher mobility than the
other sex; (2) the sex with the higher mobility will be
more likely to colonize new habitats than the other
sex, resulting in more significant genetic variation
seen in the more mobile sex (local-scale SBD); and
(3) sex does not influence large-scale SBD.

2.  MATERIALS AND METHODS

2.1.  Study system

The tube-dwelling amphipod Cymadusa filosa
(Fig. 1) is a marine herbivore commonly found in ha -
biting many macrophyte species in tropical and
warm-temperate shallow waters (LeCroy 2002, Peart
2004, Serejo & Siqueira 2018). On rocky shores, this
amphipod inhabits macroalgae and constructs tubes
by binding algal blades and other small particles

using silk (Appadoo & Myers 2003, Machado et al.
2019a). Newly born juveniles use their silk to build
tubes using only fecal pellets and detritus. Often, the
tube is occupied by a single individual. However,
tube-sharing occurs between sexually mature males
and females for copulation or between females and
offspring (Appadoo & Myers 2003). Like other small
marine herbivores, C. filosa uses algal hosts as both
food and habitat (Duffy & Hay 1991, Lasley-Rasher et
al. 2011, Machado et al. 2019b). Although this herbi-
vore is a generalist feeder, thus able to feed and
potentially occur on various macroalgae, its abun-
dance on algal hosts is strongly determined by pre-
dation pressure (Machado et al. 2019b). Selecting
C. filosa as a model organism had additional benefits
because it can be successfully raised under labora-
tory conditions and it can also rapidly colonize new
algal patches, which allows laboratory and field ex -
periments with this tube-dwelling amphipod (Bueno
& Leite 2019, Machado et al. 2019a).

2.2.  Laboratory experiment — small-scale SBD

To test if the level of mobility of C. filosa varies
between sexes over small scales, we conducted a
laboratory experiment using adult males and non-
ovigerous females (mean ± SD length: males = 14.8 ±
1.7 mm; females = 15.1 ± 1.7 mm). We used the fre-
quency of amphipods that moved between 2 algal
pieces to measure mobility over a small spatial scale
(cm). Observations were conducted over 96 h. Ovi -
gerous females were not included in the analysis to
avoid the effects of offspring brooding on female
behavior. In this experiment, the brown seaweed
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Fig. 1. A male (m) and a female (f) specimen of Cymadusa filosa
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Sargassum sp. was offered as food and substratum to
C. filosa. We could not identify the Sargassum at the
species level due to taxonomic uncertainty on spe-
cies from the South Atlantic (Coimbra 2006). Amphi -
pods were collected at Fortaleza Beach, southeastern
Brazil (23° 31’ S, 45° 09’ W), and maintained in labo-
ratory cultures. The cultures were kept in tanks with
seawater with an air pump and aerator, under a
12:12 h photoperiod, and at a temperature of 22°C.
The amphipods used in the experiment were ob tai -
ned from cultures in the laboratory. Seaweeds were
collected at the same site and kept in the laboratory
for approximately 5 d before the experiment.

Each experimental unit (n = 17 per sex) consisted of
a cylindrical cup with seawater (height = 6 cm, dia -
meter = 10 cm, volume = ~400 ml), 2 apical portions

(~8 cm thallus length) of Sargassum sp. placed at
opposite sides of the cup, and 1 adult amphipod
(Fig. 2B). Experimental units were maintained with
seawater under a 12:12 h photoperiod and at a tem-
perature of 22°C. Based on previous tests, we offered
each amphipod a quantity of seaweed greater than
they should be able to consume during the experi-
ment. The location of the first constructed tube was
registered 2 h after adding the amphipods to the
cups. Algal pieces were examined every 12 h. We
considered that the amphipod did not move if it was
on the same algal piece as it was during the previous
observation. Otherwise, it was considered that the
amphipod moved from one algal piece to the other.
The change between algal pieces was considered a
proxy for mobility.
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Fig. 2. (A) Study sites in Ubatuba, southeastern Brazil. (B) Petri dish setup used in the male and female Cymadusa filosa mobil-
ity experiment (for details of the experiment, see Section 2.2). (C) Field experiment underwater (for details of the experiment, 

see Section 2.3)
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For the laboratory experiment, we compared the
mobility level between males and females of C. filosa
using generalized estimating equations (GEEs) with
a binomial distribution. This approach accounts for
data with dependence structure, such as repeated
measurement data (Quinn & Keough 2002, Zuur et
al. 2009, Pekár & Brabec 2018). For the analysis, we
considered the change between algal pieces (0 or 1,
binary variable) as the response variable, sex (male
and female) as a fixed factor, and individuals (each
one with a unique identification) as a grouping vari-
able. An exchangeable correlation structure was
used to account for repeated observations over time.
The choice of such a correlation structure over other
possibilities (e.g. autoregressive) was supported by
quasi-likelihood under the independence model in -
formation criterion calculated from the ‘MESS’ pack-
age in R (Ekstrøm 2020). The Wald test was used to
test the significance of the factor ‘sex’. The GEE was
performed using the ‘geepack’ package (Yan 2002,
Yan & Fine 2004, Højsgaard et al. 2006) in R 3.6.3 (R
Core Team 2020). Trials in which a dead amphipod
was found at the end of the experiment (1 out of
17 males) or in which the amphipod joined the 2 algal
pieces (1 out of 17 females) were excluded from the
analysis because, in these cases, it was impossible to
determine the movement between algal pieces. Also,
replicates in which the amphipod consumed one of
the algal pieces entirely (1 out of 17 females) were
not considered for analysis, as a change towards the
unconsumed algal piece could represent foraging
rather than the level of mobility of this individual.

2.3.  Field experiment — local-scale SBD

To test if males and females of C. filosa differ in
their potential to disperse in the field, we performed
a field experiment at Fortaleza Beach in March 2019.
We considered the colonization of defaunated sea-
weeds by male and female C. filosa as a dispersal
proxy over a local scale (m). The seaweeds Sargas-
sum sp., Dichotomaria marginata (J. Ellis & Solander)
Lamarck, and Padina gymnospora (Kützing) were
randomly collected in the subtidal zone (1 to 2 m
depth) at the study area and carried to the laboratory
in thermal boxes. These were the most abundant
algae species (Machado et al. 2019a, Peres et al.
2019). In the laboratory, seaweeds were cleaned in
seawater to remove associated organisms (e.g. fauna
and epiphytes). Each experimental unit (n = 5 per
algal species) consisted of 1 algal frond tied to a plas-
tic screen (1 cm mesh size; 10 cm × 10 cm area) with

adjustable plastic clamps and a string. In the field, by
using adjustable plastic clamps, each experimental
unit was attached to a rope with a fishing float and an
iron stick buried in the sediment (Fig. 2C). The ex -
periment was set up during low tide at 1.5 m depth.
The experimental unit remained underwater, with
the fishing float at the surface. Replicates were kept
about 50 cm from the rocky shore and at least 1 m
from each other. The field experiment ran for 4 d,
allowing for the recolonization of defaunated algal
fronds by associated mobile fauna (Taylor 1998,
Tanaka & Leite 2004).

After 4 d, algal fronds were collected and stored in
fabric bags (0.2 mm mesh size) for faunal retention.
Samples were transported to the laboratory, frozen,
and then washed in fresh water to remove the associ-
ated fauna. Individuals of C. filosa were identified,
and the number of males and females per sample
was counted. The sex determination of C. filosa was
based on secondary sexual traits. Males present gen-
ital papilla and a striking difference in size between
gnathopods 1 and 2, while females have oostegites.
Individuals with no secondary sexual traits were con-
sidered juveniles.

To evaluate the potential source of males and fe -
males of C. filosa colonizing the defaunated algal
fronds of the field experiment, we sampled the algal
bed at the study area monthly during the summer
(December 2018, January and February 2019). At
each sampling event, 3 fronds of Sargassum sp.,
D. marginata, and P. gymnospora were collected ran-
domly from the subtidal rocky shore (n = 9 per algal
species) and stored in fabric bags (0.2 mm mesh size)
for faunal retention. The same procedures described
above for samples from the field experiment were
applied to determine the sex ratio of C. filosa in the
algal bed.

A chi-squared test was used to evaluate if observed
ratios (male:female or juvenile:adult) deviated from
specific expected ratios for amphipods in algal beds
and in the colonization experiment. We tested the
null hypothesis for amphipods from the algal bed
that the sex ratio does not deviate from 1:1. For
amphipods in the colonization experiment, we tested
the null hypothesis that the sex ratio does not deviate
from that found on the algal bed, since the number of
males and females colonizing the defaunated algal
fronds would depend on the stock of such amphipods
on the algal bed. In this case, any deviation in the sex
ratio of C. filosa from the colonization experiment
com pared to the sex ratio found on the algal bed
could indicate differences in dispersal levels be -
tween males and females of this amphipod. Due to
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the high occurrence of juveniles (see Section 3), we
also tested if the ability of C. filosa to colonize defau-
nated algal patches differed between juveniles and
adults. We used the chi-squared test to compare the
ratio between juveniles and adults in the colonization
experiment (i.e. observed ratio) based on that found
on the algal bed (i.e. expected ratio). Amphipods were
deposited at the Zoology Museum of the State Univer-
sity of Campinas (ZUEC) (ZUEC-CRU 4373 to 4384).

2.4.  Molecular analyses —
local- and large-scale SBD

Molecular analyses were performed with indi -
viduals of C. filosa collected on 5 different rocky
shores located in Ubatuba, São Paulo, Brazil: Fort-
aleza; Domingas Dias (23° 30’ S, 45° 08’ W); Enseada
(23° 29’ S, 45° 05’ W); Lamberto (23° 30’ S, 45° 07’ W);
and Itaguá (23° 27’ S, 45° 03’ W) (Fig. 2A). We tested
sex-biased dispersal within (local scale) and among
(large scale) locations, enabling us to evaluate dis-
persal at both scales. At each location, we sampled
40 fronds of each of the 3 most abundant macroalgae
species in the subtidal zone: Sargassum sp., D. mar-
ginata, and P. gymnospora. It is essential to note that
algal species does not affect the genetic structure of
the same C. filosa populations (Peres et al. 2019). All
algal species were collected at depths of 1 to 2 m by
snorkeling. In total, we collected 120 fronds per loca-
tion to maximize our chances of obtaining a sufficient
number of males and females for the analyses. Each
frond was collected from the rocky bottom by scrap-
ing. Fronds were then enclosed in individual plastic
bags before transportation to the laboratory. Even if
some amphipods escaped during this process and not
all individuals were collected, this would not affect
molecular analyses. Because we were interested in
the precise position of each animal and its distance to
other individuals on a local scale, every collected
frond was assigned to an (x,y) coordinate. We used a
measuring tape to establish a fixed horizontal tran-
sect along with the total extent of the rocky shore to
define our x-axis. Each collected frond was then
assigned a y-coordinate using the perpendicular dis-
tance from the frond position to the horizontal fixed
x-axis, also determined using a measuring tape. The
maximum x-value was 65 m, and the maximum
y-value was 28 m. In the laboratory, we examined all
fronds for C. filosa individuals. Every specimen had
its exact position on the rocky shore defined and its
sex determined. All individuals were preserved in
100% ethanol and stored at −20°C.

A total of 123 males and 249 females of C. filosa
were included in the genetic analysis (Table 1).
Genomic DNA was extracted from all individuals fol-
lowing a modified salt-extraction protocol, according
to Aljanabi & Martinez (1997). All amphipods were
genotyped at 10 polymorphic microsatellite loci (for
details on primers and PCR amplification, see Peres
et al. 2018). All analyses were performed using male
and female datasets. We estimated FIS (Weir & Cock-
erham 1984) and compared it between sexes. This
index represents heterozygote deficiency in local
populations; we expect the dispersing sex to have
higher values because local populations will consist
of local individuals and immigrants from other popu-
lations. As a result of selecting individuals from 2 dif-
ferent gene pools, there will be a sign of heterozy-
gotic deficit caused by the Wahlund effect. We also
assessed relatedness (2FST / [1 + FIT]) of individuals
(Queller & Goodnight 1989), which is expected to be
higher in the philopatric sex. FST (Weir & Cockerham
1984) was used as an estimator of population differ-
entiation and is also expected to be higher in the
philopatric sex. All calculations were performed in
FSTAT ver. 2.9.3.2 (Goudet 1995), and statistical sig-
nificance was assessed using 10 000 randomizations.
Population differentiation was also investigated by
conducting a principal coordinate analysis (PCO)
and pairwise-FST among locations using GeneAlEx
6.5 (Peakall & Smouse 2006, 2012). Significance for
pairwise-FST was assessed with 9999 permutations,
followed by the Bonferroni correction (Rice 1989).

We performed comparisons on the assignment in -
dex mean (mAIc) and on variance (vAIc) between
males and females (Favre et al. 1997, Mossman &
Waser 1999, Goudet et al. 2002). AIs determine the
probability of an individual being assigned to the
population from where it was sampled or being
assigned as an immigrant. The sex with the lower
mAIc and higher vAIc represents the one that is pro -
bably migrating among populations. These analyses
were performed using FSTAT ver. 2.9.3.2 (Goudet
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Location Females Males

Itaguá 69 43
Enseada 36 7
Lamberto 39 19
Domingas Dias 67 35
Fortaleza 38 19
Total 249 123

Table 1. Number of individuals of Cymadusa filosa from each 
location used for genetic analysis
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1995) and GeneAlEx 6.5 (Peakall & Smouse 2006,
2012). We decided to use both software programs
because FSTAT allows the input of missing geno-
types (i.e. not all 10 microsatellites scored for an indi-
vidual), while GeneAlEx does not allow missing val-
ues (i.e. it excludes these individuals).

We conducted a genetic autocorrelation analysis to
detect local-scale genetic structure at each location
using male and female datasets separately (Peakall
et al. 2003, Banks & Peakall 2012). This analysis com-
bines pairwise genetic distance and spatial data for
all individual pairs at a specific location and gener-
ates an r coefficient ranging from −1 to 1 for each
predetermined distance class. Here, we used 1 m
interval distance classes, which means that an r coef-
ficient was generated for all individuals that were
less than 1 m apart, followed by iterations every 1 m
(1, 2, 3, … m) until the entire spatial area was cov-
ered. The error associated with the r coefficient was
calculated with 9999 bootstraps; we also estimated
the 95% confidence interval with 9999 permutations,
testing for r = 0. The philopatric sex is expected to
show higher r coefficients outside the 95% confi-
dence interval and error bars not containing 0 within
the range.

3.  RESULTS

3.1.  Laboratory experiment — small-scale SBD

Males changed between algal pieces more often
than females (GEE, correlation parameter = 0.095 ±
0.056 [SE]; Wald test, χ2 = 4.44, df = 1, p = 0.035). Dur-
ing the experiment, 13 males (of 16) relocated to the
other algal piece at least once, while only 7 females
(of 15) explored a novel habitat. During every obser-
vation period, we noted a higher proportion of males
changing between algal pieces than females, except
for the last observation (96 h) (Fig. 3).

3.2.  Field experiment — local-scale SBD

A total of 202 individuals of Cymadusa filosa were
found in the algal bed (34 males, 29 females, and 139
juveniles). The sex ratio of C. filosa observed on the
algal bed did not deviate from the expected 1:1
(male:female) (χ2 = 0.40, df = 1, p = 0.529). In the col-
onization experiment, 308 individuals of C. filosa
(38 males, 39 females, and 231 juveniles) were found
on the experimental thalli. The sex ratio of C. filosa
from the colonization experiment (1:1.03) did not

deviate from the expected 1:0.85 (male: female ratio,
based on the algal bed) (χ2 = 0.66, df = 1, p = 0.416),
suggesting that males and females have similar
capabilities of dispersal and colonization of novel
habitats. Juveniles were more abundant than adults
in both the algal bed and in the colonization experi-
ments (juvenile:adult ratio = 1:0.45 for the algal bed
and 1:0.33 for the experiment). Furthermore, juve-
niles were found in the colonization experiment in a
higher proportion than expected (i.e. juvenile:adult
ratio in the algal bed) (χ2 = 5.50, df = 1, p = 0.019),
suggesting that juveniles have higher dispersal rates
than adults.

3.3.  Genetic analyses — local- and large-scale SBD

There were no significant differences between ma -
les and females for FST, mAIc, and vAIc estimates, but
we found a difference between FIS values (Table 2,

141

Fig. 3. Percentage of male (m) and female (d) Cymadusa
filosa changing between algal pieces every 12 h throughout 

a 96 h laboratory experiment

FIS FST r mAIc vAIc

Female 0.0183 0.0247 0.0475 0.04353 5.52061
Male 0.0872 0.0203 0.0368 −0.08882 5.12992
p 0.0443 0.6637 0.5683 0.5986 0.7930

Table 2. FSTAT results of assignment index mean (mAIc) and
variance (vAIc), F-statistics, and relatedness (r) for each sex 

of Cymadusa filosa. Bold indicates significance (p < 0.05)
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Fig. 4). PCO showed no differences between male
and female genetic structure (Fig. 5), with the x- and
y-axes explaining, respectively, 12.35 and 9.97% of
the variation for females and 12.69 and 11.31% for
males. Pairwise-FST values represent low levels of
population differentiation (Table 3). Moreover, ge-
netic autocorrelation did not show signs of sex-biased
dispersal for any sex at any location in our distance
classes (see Fig. A1 in the Appendix).

4.  DISCUSSION

Although there are many tube-dwelling amphipod
species (Lowry & Myers 2013, Moore & Eastman
2015), little is known about their sex-specific behav-
iors and dispersal capabilities. Combining manipula-
tive experiments from the laboratory and field with
genetic analyses, we provide evidence that the am -
phi pod Cymadusa filosa exhibits sex-biased disper-
sal over small spatial scales but lacks SBD over local
and large scales.

4.1.  Small-scale SBD — mobility differs 
between males and females

There are many hypotheses explaining the evolu-
tion of SBD, which are based on life-history traits,
ecological conditions, and mating systems (Green-
wood 1980, Perrin & Mazalov 2000). Tube-building
amphipods are prone to SBD over small and local
scales due to potential differences in mobility and
dispersal between sexes described in some mating
observations (Borowsky 1983) and colonization ex pe -
riments (DeWitt 1987, Munguia et al. 2007). Mating
in amphipods is facilitated via pheromone attraction
(Borowsky 1984,1985b, Borowsky & Borowsky 1987,
Thiel 2010). Usually, females stay in their tubes to
molt and mature for reproduction, and males join
them in a conjugal tube for copulation (Appadoo &
Myers 2003). After mating, it is believed that fe males
(carrying the offspring) remain within the tube while
the males leave in search of future partners (Bo -
rowsky 1983, Thiel 1999, Drolet & Barbeau 2012).
Our labo ratory experiments con firmed that changing
between tu bes (here a proxy for mobility) is more
likely in males than females, even in non-mating
contexts. Our experiment consisted of single individ-
ual trials, and there was no pheromone stimulus for
‘cruising male’ behavior (Borowsky 1983). Therefore,
mobility has to be explained by factors other than
reproduction.
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Fig. 5. Principal coordinate analysis (PCO) scatterplots
 considering the 2 principal coordinates for (A) female and
(B) male Cymadusa filosa. Gray lines indicate PCO1 and 

PCO2 axes

Fig. 4. GenAlEx results of (A) assignment index mean
(mAIc) and (B) frequency of distribution of the assignment
index (AIc) for female (orange) and male (purple) Cymadusa 

filosa. Vertical bars in (A) represent standard error
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Space is a limited resource for epibenthic species,
such as C. filosa and other invertebrates on macro-
algae (Angelini et al. 2011). The mobility observed
during experiments may be a small-scale mechanism
for monitoring nearby resources (López-Sepulcre &
Kokko 2005). Due to variation in host shelter (Gutow
et al. 2012) and palatability (Cronin & Hay 1996), am-
phipods may show differential habitat use along dis-
tinct regions of a plant (Machado et al. 2015). Some
tube-building amphipods, such as Ampithoe ramondi,
Erichthonius brasiliensis, Jassa falcata, and Sunam-
phitoe femorata, show aggressiveness to wards con-
and heterospecifics (Connell 1963, Brawley & Adey
1981, Borowsky 1985a, Cerda et al. 2010), which may
indicate a defensive behavior to protect tubes and sur-
roundings. This behavior might even lead to delimited
algae-patch territories, with the construction of equally
spaced tubes (e.g. Connell 1963), which we also de-
tected in our laboratory culture (S.G.L. Siqueira pers.
obs.). C. filosa might be a territorial species, whose
movement over small distances indicates a patrolling
behavior to protect resources (i.e. small algae patches).
This behavior is more intense in males, leading to
male-biased dispersal when looking at small scales.
However, this behavior does not result in genetic sig-
natures over the local scale, as discussed in Section 4.2.

4.2.  Local-scale SBD — similar rates of colonization
and genetic similarity among males and females

Even though we found differences in mobility and
tube occupancy over small scales, the field experi-
ment that explored local scales showed males and
females colonizing newly available habitats at simi-
lar rates. Also, there was no genetic spatial autocor-
relation for both sexes, which means that neighbor-
ing individuals are not more related than distant
individuals from the same rocky shore. Both results
suggest that tube-building amphipods are highly
mobile animals. Our findings corroborate previous
studies demonstrating rapid colonization of habitats

by amphipods as well as the absence
of genetic differentiation over local
scales (Taylor 1998, Poore & Steinberg
2001, Norderhaug et al. 2002, Tanaka
& Leite 2004, Bueno & Leite 2019,
Peres et al. 2019, Ros et al. 2020).
Some field experiments show higher
rates of colonizing males (DeWitt
1987) or females (Munguia et al. 2007).
Here, we show that both sexes equally
colonized defaunated algae.

The difference between small-scale and local-scale
dispersal may be explained by drifting in adults.
Tidal variation and wave action are critical drivers of
coastal community structure (Blamey & Branch
2009), altering the location of an individual through
drifting (Miller et al. 2007, Drolet & Barbeau 2012). In
this case, we can define drifting as the local transport
of individuals due to wave and current actions. For
tube-building amphipods, this may be the mecha-
nism that moves animals passively over local scales
(Locke & Corey 1989). Although males show less
affinity to their tube, this is not enough to skew their
drifting rate. Havermans et al. (2007) explored the
effects of drifting on dispersal in the amphipod Jassa
herdmani and found that this species can actively
leave its tube, swim to the surface, and be trans-
ported through drifting, then sink back to the bottom.
Interestingly, the authors did not find differences
between sexes performing this behavior. Therefore,
this phenomenon may be an essential mechanism of
local dispersal despite a tube-dwelling lifestyle
(Havermans et al. 2007), and it would explain the
similar colonization rates between males and females
of C. filosa, which would actively leave their tubes
and thus be transported by drifting. Colonization
experiments of defaunated algae placed 25−400 m
from the shore suggested that drifting is the local dis-
persal mechanism of amphipods (Salovius et al.
2005). These animals did not reach newly available
habitats by a stepping-stone dispersal. While step-
ping-stone local dispersal should be identifiable via
genetic analyses (genetic autocorrelation), we could
not observe these patterns within our data or within
previous studies (Peres et al. 2019).

Field experiments also revealed higher coloniza-
tion rates by juveniles. Juvenile-biased dispersal has
been suggested for some amphipod species (Franz &
Mohamed 1989, Thiel 1997, Stevens et al. 2006, Dro-
let & Barbeau 2012, Beermann 2014, Bueno & Leite
2019, Peres et al. 2019). We are not able to confirm if
this is an active or passive process. However, it is
known that juveniles are more prone to passive dis-
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Itaguá Enseada Lamberto Domingas Dias Fortaleza

Itaguá − 0.030 0.016 0.019 0.015
Enseada 0.018 − 0.051 0.044 0.046
Lamberto 0.008 0.016 − 0.033 0.028
Domingas Dias 0.021 0.018 0.020 − 0.029
Fortaleza 0.026 0.030 0.026 0.012 −

Table 3. Pairwise FST values among populations of Cymadusa filosa from
 different rocky shores. Below diagonal: females; above diagonal: males. No 

values were significant (at p < 0.001 after Bonferroni correction)
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persal by drifting because they are easily carried by
currents (Franz & Mohamed 1989, Thiel 1997, Drolet
& Barbeau 2012) and their tubes might not be as suit-
able for settling as adult tubes. Instead of binding
seaweed blades, juveniles mostly build their tube
using fecal pellets and amphipod silk (Appadoo &
Myers 2003). Juvenile-biased dispersal can be a
strategy to avoid competition in a high-density habi-
tat (Bowler & Benton 2005), such as macroalgae habi-
tats in subtropical environments (Tanaka & Leite
2003, Bueno et al. 2016, 2017, Machado et al. 2019a).

Alternatively, both adults and juveniles can also be
passively transported through whole macroalgal dis-
lodgment, followed by local rafting (Martone et al.
2012). The consequences of seaweed rafting are usu-
ally discussed from the long-distance dispersal per-
spective (Thiel & Haye 2006), but it may also be a
mechanism to transport animals along the rocky
shore over local scales (Miranda & Thiel 2008). Both
drifting and rafting may result in males and females
reaching new habitats, which might be advanta-
geous in unstable environments such as rocky
shores, where macroalgae and other substrates show
temporal variation (Bellgrove et al. 2004, Jacobucci
et al. 2009).

We expected the male-biased dispersal over small
scales (cm) to affect dispersal over local scales (m).
That is, males would colonize defaunated algae at a
higher rate since they are more mobile than females,
and this would be detected by the microsatellite
markers, showing genetic relatedness among spa-
tially closer females (hypothesis 2). Our results show
that mechanisms acting on local scales (e.g. drifting
or local rafting) may be stronger, preventing any sig-
nals of genetic differentiation resulting from SBD
over a small scale. Juvenile-biased dispersal is more
frequent than adult dispersal over local scales, but
both mechanisms occur. Adult and juvenile trans-
port, either actively or passively, is probably present
throughout the year (Franz & Mohamed 1989, Haver-
mans et al. 2007), leading to genetic homogeneity
over local scales.

4.3.  Large-scale SBD — lack of genetic 
structure among sites

Over large spatial scales, rafting may also promote
an absence of genetic structure among sites (Thiel &
Haye 2006). Even though we found male-biased dis-
persal over small scales, this did not lead to SBD
when looking at local and large scales. As we
expected, both sexes are dispersing among sites,

resulting in low levels of population differentiation.
Direct-developing species are often considered spe-
cies with low dispersal ability (Shanks 2009), but
there are exceptions (Weersing & Toonen 2009). In
the case of our study on amphipods, direct develop-
ment does not seem to affect dispersal ability on any
scale. Although direct developers lack a larval phase,
some gastropods, isopods, and amphipods colonize
drifting algae (Ingólfsson 1998, Salovius et al. 2005,
Miranda & Thiel 2008), and dispersal among sites
may occur through rafting. Algae-associated amphi -
pods and isopods might show low genetic differenti-
ation even among distant populations (Thiel & Haye
2006, Nikula et al. 2010, Haye et al. 2012, Grabowski
et al. 2019). Thus, rafting seems to be effective in pro-
moting connectivity over larger scales. In our case,
we could not identify the Sargassum species, but it
has pneumatocysts and floats after detachment from
the substratum (Britton-Simmons 2004, Thiel &
Gutow 2005, Hu et al. 2013, van Hees et al. 2019).
This indicates probable occurrence of rafting in the
studied region. For other species and locations, spe-
cific geographical conditions (currents, barriers) may
promote isolation among populations (Luttikhuizen
et al. 2019) and lead to speciation (Desiderato et al.
2019).

4.4.  Conclusions

We gained a deeper understanding of C. filosa dis-
persal by combining direct and indirect approaches.
Direct approaches showed behavioral male-biased
dispersal over small scales (laboratory experiment),
but different mobility between sexes over this scale
did not have consequences on dispersal over local
scales (field experiment). Indirect approaches using
molecular markers showed no SBD besides the po -
tential for this pattern to emerge due to different
mobility between sexes (Perrin & Mazalov 2000). Our
results reinforce the importance of integrating more
than one source of information and different spatial
scales to investigate species dispersal.

Molecular markers have been used to study the dis-
persal of amphipods and other organisms among sites
(Thiel & Haye 2006, Nikula et al. 2010, Gra bows ki et
al. 2019), and less commonly within sites and compar-
ing males and females. Field experiments have
shown females (e.g. Munguia et al. 2007), males (e.g.
DeWitt 1987), or juveniles as the most dispersing
group (e.g. Beermann 2014), al though not represent-
ing a unique form of dispersal. Nevertheless, little is
known about the genetic conse quences of these pat-
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terns. Given our results, we be lieve other tube-build-
ing amphipods species might show the same pattern
we found. Despite different dispersal behavior or re-
cruitment of juveniles closer to the females, the popu-
lations will show no genetic signatures of SBD, and
no higher genetic relatedness among spatially closer
individuals. Be havioral sex- or age-biased dispersal
are idiosyncratic and might happen simultaneously.
These processes might constrain the emergence of
genetic differentiation over small and local scales,
while large-scale rafting promotes connectivity
among sites.

Acknowledgements. We thank L. Waters for English proof-
reading. We also thank Martin Thiel and 2 anonymous
reviewers for their valuable suggestions. We thank Bruno
Rodrigues for his support in the statistical analyses, Cecilia
Amaral and Joselito Medeiros de Oliveira for the logistic
support during field work. P.A.P. was funded by Fundação
de Amparo à Pesquisa do Estado de São Paulo (FAPESP,
2014/15614−7), A.P.F. by Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior-Brasil (CAPES)-Finance Code
001, M-A.-S. by Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq 131908/ 2014−6) and Fun-
dação de Amparo à Pesquisa do Estado de São Paulo
(2017/18291-2, BIOTAFAPESP 2014/23141-1, 2017/ 16645-1),
S.G.L.S and F.P.P.L by Fundação de Amparo a Pesquisa do
Estado de Sao Paulo (BIOTAFAPESP 2018/10313-0).

LITERATURE CITED

Aljanabi SM, Martinez I (1997) Universal and rapid salt-
extraction of high quality genomic DNA for PCR-based
techniques. Nucleic Acids Res 25: 4692−4693

Angelini C, Altieri AH, Silliman BR, Bertness MD (2011)
Interactions among foundation species and their conse-
quences for community organization, biodiversity, and
conservation. Bioscience 61: 782−789

Appadoo C, Myers AA (2003) Observations on the tube-
building behaviour of the marine amphipod Cymadusa
filosa Savigny (Crustacea:  Ampithoidae). J Nat Hist 37: 
2151−2164

Banks SC, Peakall R (2012) Genetic spatial autocorrelation
can readily detect sex-biased dispersal. Mol Ecol 21: 
2092−2105

Beermann J (2014) Spatial and seasonal population dynam-
ics of sympatric Jassa species (Crustacea, Amphipoda).
J Exp Mar Biol Ecol 459: 8−16

Beermann J, Franke HD (2012) Differences in resource uti-
lization and behaviour between coexisting Jassa species
(Crustacea, Amphipoda). Mar Biol 159: 951−957

Beirinckx K, Van Gossum H, Lajeunesse MJ, Forbes MR
(2006) Sex biases in dispersal and philopatry:  insights
from a meta-analysis based on capture−mark−recapture
studies of damselflies. Oikos 113: 539−547

Bellgrove A, Clayton MN, Quinn GP (2004) An integrated
study of the temporal and spatial variation in the supply
of propagules, recruitment and assemblages of intertidal
macroalgae on a wave-exposed rocky coast, Victoria,
Australia. J Exp Mar Biol Ecol 310: 207−225

Blamey LK, Branch GM (2009) Habitat diversity relative to
wave action on rocky shores:  implications for the se lec tion
of marine protected areas. Aquat Conserv 19: 645−657

Borowsky B (1983) Reproductive behavior of three tube-
building peracarid crustaceans:  the amphipods Jassa
 falcata and Ampithoe valida and the tanaid Tanais cavo -
linii. Mar Biol 77: 257−263

Borowsky B (1984) Effects of receptive females’ secretion on
some male reproductive behaviors in the amphipod crus-
tacean Microdeutopus gryllotalpa. Mar Biol 84: 183−187

Borowsky B (1985a) Differences in reproductive behavior
between two male morphs of the amphipod crustacean
Jassa falcata Montagu. Physiol Zool 58: 497−502

Borowsky B (1985b) Responses of the amphipod crustacean
Gammarus palustris to waterborne secretions of conspe -
cifics and congenerics. J Chem Ecol 11: 1545−1552

Borowsky B, Borowsky R (1987) The reproductive behaviors
of the amphipod crustacean Gammarus palustris (Bous-
field) and some insights into the nature of their stimuli.
J Exp Mar Biol Ecol 107: 131−144

Bowler DE, Benton TG (2005) Causes and consequences of
animal dispersal strategies:  relating individual behav-
iour to spatial dynamics. Biol Rev Camb Philos Soc 80: 
205−225

Brawley SH, Adey WH (1981) The effect of micrograzers on
algal community structure in a coral reef microcosm. Mar
Biol 61: 167−177

Bringloe TT, Drolet D, Barbeau MA, Forbes MR, Gerwing
TG (2013) Spatial variation in population structure and
its relation to movement and the potential for dispersal in
a model intertidal invertebrate. PLOS ONE 8: e69091

Britton-Simmons KH (2004) Direct and indirect effects of the
introduced alga Sargassum muticum on benthic, subtidal
communities of Washington State, USA. Mar Ecol Prog
Ser 277: 61−78

Bueno M, Leite FPP (2019) Age and life style affect macro-
algae colonization by amphipods in shallow marine envi-
ronments. J Exp Mar Biol Ecol 514-515: 59−66

Bueno M, Dena-Silva SA, Flores AAV, Leite FPP (2016)
Effects of wave exposure on the abundance and compo-
sition of amphipod and tanaidacean assemblages inhab-
iting intertidal coralline algae. J Mar Biol Assoc UK 96: 
761−767

Bueno M, Dias GM, Leite FP (2017) The importance of shore
height and host identity for amphipod assemblages. Mar
Biol Res 13: 870−877

Cayuela H, Rougemont Q, Prunier JG, Moore JS, Clobert J,
Besnard A, Bernatchez L (2018) Demographic and gene -
tic approaches to study dispersal in wild animal popula-
tions:  a methodological review. Mol Ecol 27: 3976−4010

Cerda O, Hinojosa IA, Thiel M (2010) Nest-building behavior
by the amphipod Peramphithoe femorata (Krøyer) on the
kelp Macrocystis pyrifera (Linnaeus) C. Agardh from
 northern-central Chile. Biol Bull (Woods Hole) 218: 248−258

Christie H, Fredriksen S, Rinde E (1998) Regrowth of kelp
and colonization of epiphyte and fauna community after
kelp trawling at the coast of Norway. Hydrobiologia 375: 
49−58

Coimbra CS (2006) Inferências filogenéticas na ordem
Fucales (Phaeophyceae), com ênfase no gênero Sargas-
sum C. Agardh do Atlântico Sul. PhD dissertation, Uni-
versidade de São Paulo

Connell JH (1963) Territorial behavior and dispersion in
some marine invertebrates. Res Popul Ecol (Kyoto) 5: 
87−101

145

https://doi.org/10.1093/nar/25.22.4692
https://doi.org/10.1525/bio.2011.61.10.8
https://doi.org/10.1080/00222930210147368
https://doi.org/10.1111/j.1365-294X.2012.05485.x
https://doi.org/10.1016/j.jembe.2014.05.008
https://doi.org/10.1007/s00227-011-1872-7
https://doi.org/10.1111/j.2006.0030-1299.14391.x
https://doi.org/10.1016/j.jembe.2004.04.011
https://doi.org/10.1002/aqc.1014
https://doi.org/10.1007/BF00395814
https://doi.org/10.1007/BF00393003
https://doi.org/10.1086/physzool.58.5.30158577
https://doi.org/10.1007/BF02518833
https://doi.org/10.1023/A:1017021325189
https://doi.org/10.1086/BBLv218n3p248
https://doi.org/10.1111/mec.14848
https://doi.org/10.1080/17451000.2017.1306650
https://doi.org/10.1016/j.jembe.2019.03.013
https://doi.org/10.3354/meps277061
https://doi.org/10.1371/journal.pone.0069091
https://doi.org/10.1007/BF00386656
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1016/0022-0981(87)90191-2
https://doi.org/10.1007/BF01012200


Mar Ecol Prog Ser 658: 135–148, 2021

Cronin G, Hay ME (1996) Within-plant variation in seaweed
palatability and chemical defenses:  optimal defense the-
ory versus the growth-differentiation balance hypo -
thesis. Oecologia 105: 361−368

Desiderato A, Costa FO, Serejo CS, Abbiati M, Queiroga H,
Vieira PE (2019) Macaronesian islands as promoters of
diversification in amphipods:  the remarkable case of the
family Hyalidae (Crustacea, Amphipoda). Zool Scr 48: 
359−375

DeWitt TH (1987) Microhabitat selection and colonization
rates of a benthic amphipod. Mar Ecol Prog Ser 36: 
237−250

Dixon IMT, Moore PG (1997) A comparative study on the
tubes and feeding behaviour of eight species of coro -
phioid Amphipoda and their bearing on phylogenetic
relationships within the Corophioidea. Philos Trans R
Soc B 352: 93−112 

Driggers WB III, Frazier BS, Adams DH, Ulrich GF, Jones
CM, Hoffmayer ER, Campbell MD (2014) Site fidelity of
migratory bonnethead sharks Sphyrna tiburo (L. 1758) to
specific estuaries in South Carolina, USA. J Exp Mar Biol
Ecol 459: 61−69

Drolet D, Barbeau MA (2012) Population structure of resi-
dent, immigrant, and swimming Corophium volutator
(Amphipoda) on an intertidal mudflat in the Bay of
Fundy, Canada. J Sea Res 70: 1−13

Duffy JE, Hay ME (1991) Food and shelter as determinants
of food choice by an herbivorous marine amphipod. Ecol-
ogy 72: 1286−1298

Duffy JE, Hay ME (1994) Herbivore resistance to seaweed
chemical defense:  the roles of mobility and predation
risk. Ecology 75: 1304−1319

Duffy JE, Hay ME (2000) Strong impacts of grazing amphi -
pods on the organization of a benthic community. Ecol
Monogr 70: 237−263

Durand S, Grandjean F, Giraud I, Cordaux R, Beltran-Bech
S, Bech N (2019) Fine-scale population structure analysis
in Armadillidium vulgare (Isopoda:  Oniscidea) reveals
strong female philopatry. Acta Oecol 101: 103478

Ekstrøm CT (2020) MESS:  miscellaneous esoteric statistical
scripts. R package version 0.5.7. https: //CRAN.R-project.
org/package=MESS

Favre L, Balloux F, Goudet J, Perrin N (1997) Female-biased
dispersal in the monogamous mammal Crocidura rus-
sula:  evidence from field data and microsatellite pat-
terns. Proc R Soc B 264: 127−132

Franz DR, Mohamed Y (1989) Short-distance dispersal in a
fouling community amphipod crustacean, Jassa marmo -
rata Holmes. J Exp Mar Biol Ecol 133: 1−13

Gauffre B, Petit E, Brodier S, Bretagnolle V, Cosson JF
(2009) Sex-biased dispersal patterns depend on the spa-
tial scale in a social rodent. Proc R Soc B 276: 3487−3494

Goudet J (1995) FSTAT (version 1.2):  a computer program to
calculate F-statistics. J Hered 86: 485−486

Goudet J, Perrin N, Waser P (2002) Tests for sex-biased dis-
persal using bi-parentally inherited genetic markers.
Mol Ecol 11: 1103−1114

Grabowski M, Jabłońska A, Weydmann-Zwolicka A, Gant-
sevich M, Strelkov P, Skazina M, Węsławski JM (2019)
Contrasting molecular diversity and demography pat-
terns in two intertidal amphipod crustaceans reflect
Atlantification of High Arctic. Mar Biol 166: 155

Greenwood PJ (1980) Mating systems, philopatry and
 dispersal in birds and mammals. Anim Behav 28: 
1140−1162

Gunnill FC (1982) Macroalgae as habitat patch islands for
Scutellidium lamellipes (Copepoda:  Harpacticoida) and
Ampithoe tea (Amphipoda:  Gammaridae). Mar Biol 69: 
103−116

Gutow L, Long JD, Cerda O, Hinojosa IA, Rothäusler E, Tala
F, Thiel M (2012) Herbivorous amphipods inhabit protec-
tive microhabitats within thalli of giant kelp Macrocystis
pyrifera. Mar Biol 159:141–149

Hamilton DJ, Diamond AW, Wells PG (2006) Shorebirds,
snails, and the amphipod (Corophium volutator) in the
upper Bay of Fundy:  top-down vs. bottom-up factors, and
the influence of compensatory interactions on mudflat
ecology. Hydrobiologia 567: 285−306

Havermans C, De Broyer C, Mallefet J, Zintzen V (2007)
Dispersal mechanisms in amphipods:  a case study of
Jassa herdmani (Crustacea, Amphipoda) in the North
Sea. Mar Biol 153: 83−89

Hay ME, Renaud PE, Fenical W (1988) Large mobile versus
small sedentary herbivores and their resistance to sea-
weed chemical defenses. Oecologia 75: 246−252

Haye PA, Varela AI, Thiel M (2012) Genetic signatures of
rafting dispersal in algal-dwelling brooders Limnoria
spp. (Isopoda) along the SE Pacific (Chile). Mar Ecol Prog
Ser 455: 111−122

Højsgaard S, Halekoh U, Yan J (2006) The R Package geep-
ack for generalized estimating equations. J Stat Softw 15: 
1−11

Hu ZM, Zhang J, Lopez-Bautista J, Duan DL (2013) Asym-
metric genetic exchange in the brown seaweed Sargas-
sum fusiforme (Phaeophyceae) driven by oceanic cur-
rents. Mar Biol 160: 1407−1414

Hutchings JA, Gerber L (2002) Sex-biased dispersal in a
salmonid fish. Proc R Soc B 269: 2487−2493

Ingólfsson A (1998) Dynamics of macrofaunal communities
of floating seaweed clumps off western Iceland:  a study
of patches on the surface of the sea. J Exp Mar Biol Ecol
231: 119−137

Jacobucci GB, Tanaka MO, Leite FPP (2009) Factors influ-
encing temporal variation of a Sargassum filipendula
(Phaeophyta:  Fucales) bed in a subtropical shore. J Mar
Biol Assoc UK 89: 315−321

Kronenberger K, Moore PG, Halcrow K, Vollrath F (2012)
Spinning a marine silk for the purpose of tube-building.
J Crustac Biol 32: 191−202

Lasley-Rasher RS, Rasher DB, Marion ZH, Taylor RB, Hay
ME (2011) Predation constrains host choice for a marine
mesograzer. Mar Ecol Prog Ser 434: 91−99

Lawson Handley LJ, Perrin N (2007) Advances in our under-
standing of mammalian sex-biased dispersal. Mol Ecol
16: 1559−1578

LeCroy SE (2002) An illustrated identification guide to the
nearshore marine and estuarine gammaridean Amphi -
poda of Florida, Vol 2:  Families Ampeliscidae, Amphi -
lochidae, Ampithoidae, Aoride, Argissidae, and Hausto -
riidae. Florida Department of Environmental Protection,
Tallahassee, FL

Li J, Lv L, Wang P, Wang Y, Hatchwell BJ, Zhang Z (2019)
Sex-biased dispersal patterns of a social passerine:  com-
plementary approaches and evidence for a role of spatial
scale. Biol J Linn Soc 128: 592−602

Li XY, Kokko H (2019a) Sex-biased dispersal:  a review of
the theory. Biol Rev Camb Philos Soc 94: 721−736

Li XY, Kokko H (2019b) Intersexual resource competition
and the evolution of sex-biased dispersal. Front Ecol Evol
7: 111

146

https://doi.org/10.1007/BF00328739
https://doi.org/10.1111/zsc.12339
https://doi.org/10.3354/meps036237
https://doi.org/10.1098/rstb.1997.0006
https://doi.org/10.1016/j.jembe.2014.05.006
https://doi.org/10.1016/j.jembe.2014.05.006
https://doi.org/10.1016/j.seares.2012.02.001
https://doi.org/10.2307/1941102
https://doi.org/10.2307/1937456
https://doi.org/10.1890/0012-9615(2000)070%5b0237%3ASIOGAO%5d2.0.CO%3B2
https://doi.org/10.1016/j.actao.2019.103478
https://doi.org/10.1098/rspb.1997.0019
https://doi.org/10.1016/0022-0981(89)90154-8
https://doi.org/10.1098/rspb.2009.0881
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1046/j.1365-294X.2002.01496.x
https://doi.org/10.1007/s00227-019-3603-4
https://doi.org/10.3389/fevo.2019.00111
https://doi.org/10.1111/brv.12475
https://doi.org/10.1093/biolinnean/blz122
https://doi.org/10.1111/j.1365-294X.2006.03152.x
https://doi.org/10.3354/meps09218
https://doi.org/10.1163/193724011X615532
https://doi.org/10.1017/S0025315409002306
https://doi.org/10.1016/S0022-0981(98)00089-6
https://doi.org/10.1098/rspb.2002.2176
https://doi.org/10.1007/s00227-013-2192-x
https://doi.org/10.3354/meps09673
https://doi.org/10.1007/BF00378605
https://doi.org/10.1007/s00227-007-0788-8
https://doi.org/10.1007/s10750-006-0062-y
https://doi.org/10.1007/s00227-011-1794-4
https://doi.org/10.1007/BF00396966
https://doi.org/10.1016/S0003-3472(80)80103-5


Peres et al.: Sex-biased dispersal of an amphipod

Locke A, Corey S (1989) Amphipods, isopods and surface
currents:  a case for passive dispersal in the Bay of Fundy,
Canada. J Plankton Res 11: 419−430

López-Sepulcre A, Kokko H (2005) Territorial defense, terri-
tory size, and population regulation. Am Nat 166: 317−329

Lowry JK, Myers AA (2013) A phylogeny and classification
of the Senticaudata subord. nov. (Crustacea:  Amphi -
poda). Zootaxa 3610: 1−80

Luttikhuizen PC, Beermann J, Crooijmans RPMA, Jak RG,
Coolen JWP (2019) Low genetic connectivity in a fouling
amphipod among man-made structures in the southern
North Sea. Mar Ecol Prog Ser 615: 133−142

Machado GBO, Neufeld AB, Dena SA, Siqueira SGL, Leite
FPP (2015) Variation of amphipod assemblage along the
Sargassum stenophyllum (Phaeophyta, Fucales) thallus.
Nauplius 23: 73−78

Machado GBO, Ferreira AP, Bueno M, Siqueira SGL, Leite
FPP (2019a) Effects of macroalgal host identity and pre-
dation on an amphipod assemblage from a subtropical
rocky shore. Hydrobiologia 836: 65−81

Machado GBO, Ferreira AP, Leite FPP (2019b) Testing the
importance of predation refuge vs. food quality in deter-
mining the use of macroalgal hosts by a generalist
 marine mesograzer. Mar Biol 166: 55

Martone PT, Kost L, Boller M (2012) Drag reduction in wave-
swept macroalgae:  alternative strategies and new pre-
dictions. Am J Bot 99: 806−815

Mattson S, Cedhagen T (1989) Aspects of the behaviour and
ecology of Dyopedos monacanthus (Metzger) and D. por-
rectus Bate, with comparative notes on Dulichia tubercu-
lata Boeck (Crustacea:  Amphipoda:  Podoceridae). J Exp
Mar Biol Ecol 127: 253−272

McCurdy DG, Boates JS, Forbes MR (2000) Reproductive
synchrony in the intertidal amphipod Corophium voluta-
tor. Oikos 88: 301−308

McDonald PS, Bingham BL (2010) Comparing macroalgal
food and habitat choice in sympatric, tube-building am -
phi pods, Ampithoe lacertosa and Peramphithoe humer-
alis. Mar Biol 157: 1513−1524

Miller LP, O’donnell MJ, Mach KJ (2007) Dislodged but not
dead:  survivorship of a high intertidal snail following
wave dislodgement. J Mar Biol Assoc UK 87: 735−739

Miranda L, Thiel M (2008) Active and passive migration in
boring isopods Limnoria spp. (Crustacea, Peracarida)
from kelp holdfasts. J Sea Res 60: 176−183

Moore PG, Eastman LB (2015) The tube-dwelling lifestyle in
crustaceans and its relation to feeding. In:  Thiel M,
Watling L (eds) The natural history of the Crustacea,
Vol 2:  Lifestyles and feeding biology. Oxford University
Press, New York, NY, p 35−77

Mossman CA, Waser PM (1999) Genetic detection of sex-
biased dispersal. Mol Ecol 8: 1063−1067

Munguia P, Mackie C, Levitan DR (2007) The influence of
stage-dependent dispersal on the population dynamics
of three amphipod species. Oecologia 153: 533−541

Nikula R, Fraser CI, Spencer HG, Waters JM (2010) Cir -
cumpolar dispersal by rafting in two subantarctic kelp-
dwelling crustaceans. Mar Ecol Prog Ser 405: 221−230

Norderhaug KM, Christie H, Rinde E (2002) Colonisation of
kelp imitations by epiphyte and holdfast fauna; a study
of mobility patterns. Mar Biol 141: 965

Peakall R, Smouse PE (2006) GENALEX 6:  genetic analysis
in Excel. Population genetic software for teaching and
research. Mol Ecol Notes 6: 288−295

Peakall R, Smouse PE (2012) GenAlEx 6.5:  genetic analysis

in Excel. Population genetic software for teaching and
research — an update. Bioinformatics 28: 2537−2539

Peakall R, Ruibal M, Lindenmayer DB (2003) Spatial auto-
correlation analysis offers new insights into gene flow in
the Australian bush rat, Rattus fuscipes. Evolution 57: 
1182−1195

Peart RA (2004) A revision of the Cymadusa filosa complex
(Crustacea:  Amphipoda:  Corophioidea:  Ampithoidae).
J Nat Hist 38: 301−336

Pekár S, Brabec M (2018) Generalized estimating equations: 
a pragmatic and flexible approach to the marginal GLM
modelling of correlated data in the behavioural sciences.
Ethology 124: 86−93

Peres PA, Azevedo-Silva M, Leite FPP (2018) Development
and characterization of novel microsatellite loci for the
amphipod Cymadusa filosa. Mar Biodivers 48: 1683−1686

Peres PA, Azevedo-Silva M, Andrade SC, Leite FPP (2019) Is
there host-associated differentiation in marine herbivo-
rous amphipods? Biol J Linn Soc 126: 885−898

Perrin N, Mazalov V (2000) Local competition, inbreeding,
and the evolution of sex-biased dispersal. Am Nat 155: 
116−127

Poore AG, Steinberg PD (2001) Host-plant adaptation in an
herbivorous marine amphipod:  genetic potential not
realized in field populations. Evolution 55: 68−80

Poore AG, Gutow L, Lörz AN, Thiel M (2018) Nest building
by a small mesograzer limits blade size of the giant kelp
Macrocystis pyrifera. Mar Biol 165: 184

Prugnolle F, De Meeus T (2002) Inferring sex-biased disper-
sal from population genetic tools:  a review. Heredity 88: 
161−165

Queller DC, Goodnight KF (1989) Estimating relatedness
using genetic markers. Evolution 43: 258−275

Quinn GP, Keough MJ (2002) Experimental design and data
analysis for biologists. Cambridge University Press, New
York, NY

R Core Team (2020) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna. www.r-project.org

Rice WR (1989) Analyzing tables of statistical tests. Evolu-
tion 43: 223−225

Ronce O (2007) How does it feel to be like a rolling stone?
Ten questions about dispersal evolution. Annu Rev Ecol
Evol Syst 38: 231−253

Ros M, Navarro-Barranco C, González-Sánchez M, Ostalé-
Valriberas E, Cervera-Currado L, Guerra-García JM
(2020) Starting the stowaway pathway: the role of disper-
sal behavior in the invasion success of low-mobile mar-
ine species. Biol Invasions 22:2797–2812

Roycroft EJ, Le Port A, Lavery SD (2019) Population struc-
ture and male-biased dispersal in the short-tail stingray
Bathytoshia brevicaudata (Myliobatoidei:  Dasyatidae).
Conserv Genet 20: 717−728

Salovius S, Nyqvist M, Bonsdorff E (2005) Life in the fast
lane:  macrobenthos use temporary drifting algal habi-
tats. J Sea Res 53: 169−180

Serejo CS, Siqueira SGL (2018) Catalogue of the Order
Amphipoda from Brazil (Crustacea, Peracarida):  Subor-
ders Amphilochidea, Senticaudata and Order Ingolfiell-
ida. Zootaxa 4431: 1−139

Shanks AL (2009) Pelagic larval duration and dispersal dis-
tance revisited. Biol Bull (Woods Hole) 216: 373−385

Shillaker RO, Moore PG (1987) The biology of brooding in the
amphipods Lembos websteri Bate and Corophium bonnel-
lii Milne Edwards. J Exp Mar Biol Ecol 110: 113−132

147

https://doi.org/10.1093/plankt/11.3.419
https://doi.org/10.1086/432560
https://doi.org/10.11646/zootaxa.3610.1.1
https://doi.org/10.3354/meps12929
https://doi.org/10.1590/S0104-64972015002310
https://doi.org/10.1007/s10750-019-3941-8
https://doi.org/10.1007/s00227-019-3502-8
https://doi.org/10.3732/ajb.1100541
https://doi.org/10.1016/0022-0981(89)90078-6
https://doi.org/10.1034/j.1600-0706.2000.880208.x
https://doi.org/10.1007/s00227-010-1425-5
https://doi.org/10.1017/S0025315407055221
https://doi.org/10.1016/j.seares.2008.06.002
https://doi.org/10.1046/j.1365-294x.1999.00652.x
https://doi.org/10.1007/s00442-007-0762-7
https://doi.org/10.3354/meps08523
https://doi.org/10.1007/s00227-002-0893-7
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1016/0022-0981(87)90023-2
https://doi.org/10.1086/BBLv216n3p373
https://doi.org/10.11646/zootaxa.4431.1.1
https://doi.org/10.1016/j.seares.2004.05.001
https://doi.org/10.1007/s10592-019-01167-3
https://doi.org/10.1007/s10530-020-02285-7
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
https://doi.org/10.1111/j.1558-5646.1989.tb04226.x
https://doi.org/10.1038/sj.hdy.6800060
https://doi.org/10.1007/s00227-018-3444-6
https://doi.org/10.1111/j.0014-3820.2001.tb01273.x
https://doi.org/10.1086/303296
https://doi.org/10.1093/biolinnean/bly202
https://doi.org/10.1007/s12526-017-0654-y
https://doi.org/10.1111/eth.12713
https://doi.org/10.1080/0022293021000055441
https://doi.org/10.1111/j.0014-3820.2003.tb00327.x
https://doi.org/10.1093/bioinformatics/bts460


Mar Ecol Prog Ser 658: 135–148, 2021

Stevens MI, Hogg ID, Pilditch CA (2006) Evidence for
female-biased juvenile dispersal in corophiid amphipods
from a New Zealand estuary. J Exp Mar Biol Ecol 331: 
9−20

Tanaka MO, Leite FPP (2003) Spatial scaling in the distribu-
tion of macrofauna associated with Sargassum steno-
phyllum (Mertens) Martius:  analyses of faunal groups,
gammarid life habits, and assemblage structure. J Exp
Mar Biol Ecol 293: 1−22

Tanaka MO, Leite FPP (2004) Distance effects on short-term
recolonization of Sargassum stenophyllum by mobile
epifauna, with an analysis of gammarid life habits. J Mar
Biol Assoc UK 84: 901−910

Taylor RB (1998) Short-term dynamics of a seaweed epifau-
nal assemblage. J Exp Mar Biol Ecol 227: 67−82

Thiel M (1997) Reproductive biology of an epibenthic am -
phi pod (Dyopedos monacanthus) with extended parental
care. J Mar Biol Assoc UK 77: 1059−1072

Thiel M (1999) Duration of extended parental care in marine
amphipods. J Crustac Biol 19: 60−71

Thiel M (2010) Chemical communication in peracarid
 crustaceans. In:  Breithaupt T, Thiel M (eds) Chemical
communication in crustaceans. Springer, New York, NY,
p 199−218

Thiel M, Gutow L (2005) The ecology of rafting in the mar-
ine environment. II. The rafting organisms and commu-
nity. Oceanogr Mar Biol Annu Rev 43: 279−418

Thiel M, Haye PA (2006) The ecology of rafting in the
marine environment. III. Biogeographical and evolu-
tionary consequences. Oceanogr Mar Biol Annu Rev
44: 323−429

Thiel M, Vásquez JA (2000) Are kelp holdfasts islands on the
ocean floor? — Indication for temporarily closed aggrega-
tions of peracarid crustaceans. Hydrobiologia 440: 45−54

Trochet A, Courtois EA, Stevens VM, Baguette M and others
(2016) Evolution of sex-biased dispersal. Q Rev Biol 91: 
297−320

van Hees DH, Olsen YS, Mattio L, Ruiz-Montoya L, Wern-
berg T, Kendrick GA (2019) Cast adrift:  physiology and
dispersal of benthic Sargassum spinuligerum in surface
rafts. Limnol Oceanogr 64: 526−540

Weersing K, Toonen RJ (2009) Population genetics, larval
dispersal, and connectivity in marine systems. Mar Ecol
Prog Ser 393: 1−12

Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution 38: 
1358−1370

Yan J (2002) geepack:  Yet another package for generalized
estimating equations. R News 2/3: 12−14

Yan J, Fine JP (2004) Estimating equations for association
structures. Stat Med 23: 859−874

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM
(2009) Mixed effects models and extensions in ecology
with R. Springer, New York, NY

148

Editorial responsibility: Inna Sokolova, 
Rostock, Germany

Reviewed by: M. Thiel and 2 anonymous referees

Submitted: March 12, 2020 
Accepted: October 26, 2020
Proofs received from author(s): December 23, 2020

Fig. A1. Results of genetic autocorrelation analysis for female and male Cymadusa filosa in each location. Bars represent 
standard error; dashed lines represent 95% CI, and distance class is represented in meters (m)
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