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Abstract.

Rhodolith seabeds are habitats underpinned by free-living calcareous macroalgae. We partitioned the

relevance of the scale of temporal (four seasons throughout two successive years) and spatial (three depth strata: 18, 25
and 40 m) variation on the diversity, structure and abundance of amphipod assemblages living in rhodolith seabeds from
Gran Canaria Island. In total, 3996 individuals, belonging to 32 taxa, were identified. Multivariate analyses showed
consistent differences in assemblage structure among seasons and depths; more diverse and abundant amphipod
assemblages were often observed during spring at 18- and 25-m than at 40-m depth. Ovigerous females of Gammaropsis
ostroumowi and Ampithoe ramondi were observed mainly at 18 and 25 m. Juveniles of both species were exclusively
recorded at 18 and 25 m, so denoting a clear segregation in their population structure with depth. In summary, this study has
demonstrated that the ecological pattern of amphipods associated with rhodolith seabeds can vary greatly across both time

(seasons) and space (depth).
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Introduction

Rhodoliths seabeds worldwide cover extensive subtidal envir-
onments, functioning as ‘ecosystems engineers’ (Teichert
2015). These communities are mainly composed by non-
geniculate, free-living, calcareous macroalgae, belonging to
the division Rhodophyta, which present a rugged appearance
and diverse morphology (de O Figueiredo et al. 2007). In
temperate waters of the Atlantic Ocean, the main species of
rhodolith are those within the genus Lithothamnion and Phy-
matolithon (Konar et al. 2006). The ecological relevance of
rhodolith seabeds is based on the fact that the branched and
intertwined structure of these red algal nodules provides stable
three-dimensional habitats for associated fauna (Riosmena-
Rodriguez et al. 2017). Rhodoliths are also colonised by
epiflora, which provide a secondary habitat, increasing the
spatial heterogeneity of rhodolith seabeds (Nelson ez al. 2012,
Riosmena-Rodriguez et al. 2017). Therefore, rhodoliths and
attached epiflora facilitate associated epi- and infaunal assem-
blages, providing a large number of available ecological niches
and protection against predators (Jones et al. 1994; De Grave
1999; Hinojosa-Arango and Riosmena-Rodriguez 2004;
Amado-Filho et al. 2010; Thomsen 2010). For these reasons
rhodolith seabeds are, indeed, considered ‘hot spots’ of biodi-
versity (Sciberras et al. 2009), supporting a higher diversity and
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abundance of species than do the surrounding sedimentary
habitats (Neill et al. 2015). Despite their importance, the ecol-
ogy of these habitats has received little attention, relative to
communities supported by other seaweeds (Nelson et al. 2012).

Rhodolith seabeds are distributed worldwide within the photic
zone, from 0- to 200-m depth, mainly in environments under high
light penetration and moderate levels of hydrodynamism (Foster
2001; Konar et al. 2006; Sciberras et al. 2009; Riosmena-
Rodriguez et al. 2017). Abrupt environmental gradients, which
may occur through narrow vertical scales (i.e. from 0- to 50-m
depth), can influence the distribution and abundance patterns of
nearshore communities (Tuya et al. 2007; Brokovich et al. 2008).
Variation in depth directly affects physical processes, such as
levels of hydrodynamism, light attenuation, sedimentation, tem-
perature and salinity (Fulton e al. 2005; Mindel et al. 2016),
which alter the distribution and structure of rhodolith seabeds
(Steller et al. 2007; Sciberras et al. 2009; Otero-Ferrer et al.
2020), including the size, morphology and physiology of individ-
ual rhodoliths and, consequently, the presence of associated
epiflora and fauna (Steneck 1986; Grall and Hall-Spencer
2003; Pefia and Barbara 2008).

Amphipods are one of the most abundant epifaunal groups
from rhodolith seabeds (De Grave 1999; Teichert 2015). These
marine invertebrates include species with different trophic
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strategies (e.g. detritivores, omnivores, carnivores and
herbivores), being prey for other crustaceans, polychaetes and
many species of fish (Guerra-Garcia et al. 2014; Jiménez Prada
et al. 2015). Amphipods present sexual dimorphism (Sainte-
Marie 1991), with females showing a brood pouch, or marsu-
pium, where eggs are incubated until fully developed juveniles
are released (Thiel 1998). The sex ratio of populations is often
female-biased (Thiel 1998) and most species are iteroparous
annuals, producing several generations during a year (Sainte-
Marie 1991).

Initially, the distribution and abundance of amphipods living
in rhodoliths is favoured by the large complexity of the habitat
(Riosmena-Rodriguez et al. 2017). However, such patterns may
notably differ among amphipod species and even among the
phases of'their life cycles (De Grave 1999; Sciberras et al. 2009;
Teichert 2015). In particular, changes in the diversity, abun-
dance and assemblage structure of amphipods across depths and
varying temporal (seasonal) scales have been scarcely refer-
enced in the literature, focusing on the ecology of amphipods
living in rhodoliths.

Rhodolith beds in the Canary Islands (eastern Atlantic
Ocean) occupy extensive areas across a wide bathymetric
gradient, from ~15-m to 150-m depth (Riera er al. 2013).
Taking advantage of the spatial distribution of these habitats
in the shallow subtidal (1540 m), the present study aimed to
partition the relevance of temporal (seasons and years) and
spatial (three depth strata) scales on the diversity, structure and
abundances of amphipod assemblages living in a rhodolith
seabed located in the Gran Canaria Island. More specifically,
rhodolith beds and associated epiflora and epifauna (here,
amphipods) were seasonally studied at three depth strata (18,
25 and 40 m) throughout two successive years (i.e. eight times).
Initially, we expected that depth consistently affected the
abundances of epiphytic flora and amphipods associated with
rhodoliths, in particular over the two most abundant species,
namely, Gammaropsis ostroumowi and Amphitoe ramondi,
including the abundances of ovigerous females and juveniles.
Second, we expected indirect positive effects of the presence of
epiphytic flora on the richness and abundance of amphipods.

Materials and methods

Studly region

The study was conducted at the eastern coast of Gran Canaria
Island (Canary Islands, eastern Atlantic Ocean; see Supplemen-
tary materials Fig. S1, available at the journal’s website) on a
rhodolith bed near Gando Bay (27°55'54''N, 15°21'11”"W), dur-
ing two successive years (December 2015 — October 2017). In
this area, north-eastern trade winds notably determine the local
oceanographic patterns. Wind waves, with higher prevalence
during summer, generate near-bottom turbulence at lower
depths, affecting shallow subtidal habitats. Rhodolith beds appear
locally distributed as mosaics of neighbouring habitat patches,
between 15- and 50-m depth (Fig. S1). The study took place at
three different depths (18, 25 and 40 m) that encompass the local
bathymetric range in the vertical distribution of rhodolith beds,
while keeping SCUBA security standards during field collections
atall times. These rhodolith beds are mainly composed of several
genera of red calcareous algae, such as Lithothamnion spp. and
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Phymatolithon spp. (Haroun et al. 2002; Pardo et al. 2014;
Otero-Ferrer et al. 2020).

Sampling design and collection of samples

Sampling was conducted through two successive years
(December 2015 — October 2017), including four seasonal
sampling campaigns in autumn (December), winter (March),
spring (July) and summer (October; see fig. A2 in Otero-Ferrer
et al. 2020 for in situ measures of water temperatures and PAR
light). Samples were taken using SCUBA, while keeping
security standards during field collections. At each depth stra-
tum, five random replicates (25 x 25 cm) were taken each time,
by collecting all rhodolith nodules up to 5 ¢cm inside the sea
bottom. SCUBA divers collected samples by hand, and they
were rapidly enclosed within cloth bags. Samples were pre-
served in a freezer at —20°C until sorting.

Sample processing

Each sample was defrosted and filtered through a 0.5-mm sieve
to remove sand and debris from the rhodoliths. From all
organisms retained by the mesh, amphipods were sorted and
then identified under a stereomicroscope (Leica, EZ4W,
Wetzlar, Germany) to the lowest possible taxonomic level, in
most cases, to the species level. The taxonomic guide provided
by Hayward and Ryland (1990), and specific references from the
Macaronesian area (Riera et al. 2013; Png-Gonzalez et al. 2014;
Garcia-Sanz et al. 2016), were used for species identification.
For the two most abundant species, namely, G. ostroumowi and
A. ramondi, the relative abundances were also partitioned
according to ovigerous females and juveniles. To distinguish
juveniles, we used the size criterion and the absence of sec-
ondary sexual characters, such as the size and shape of the
gnathopods and the presence of oostegites or penial papillae
(Fernandez-Gonzalez 2017). Species richness and abundances
per sample were standardised according to the amount of
available habitat (i.e. the biomass of rhodoliths). Epiphytic
macroalgae were removed from each sample, identified under a
microscope (Leica, DM1000) and, subsequently, dried at 70°C
for 48 h, so as to obtain their dry weight.

Statistical analyses

All modelling and testing were here implemented in the R3¢ ;
statistical environment (https://cran.r-project.org/bin/windows/
base/old/3.6.1/). Generalised linear models (GLMs), using a
negative binomial family because of over-dispersion of abun-
dance data, were fitted to the multivariate abundance-data
matrix, by means of the ‘mvabund’ package (Wang et al.
2012). We tested the multivariate hypothesis of whether the
amphipod assemblage structure varied among depths (fixed
factor with three levels: 18, 25 and 40 m), seasons (fixed factor
with four levels: winter, spring, summer and autumn) and years
(random factor with two levels). The importance of these mul-
tivariate differences was tested by the ‘Anova’ function, which
provided an analysis of deviance. P-values were then calculated
using 999 resampling iterations via a PIT-trap resampling pro-
cedure. The relative contribution (in terms of %) of each of the
three factors to explain the overall multivariate variance was
estimated via the ‘best.r.sq’ function.
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Fig. 1. Temporal variation in the epiphytic algal biomass (+s.e. of the
mean) at 18-, 25- and 40-m depth. Au, autumn; W, winter; Sp, spring; and
Sm, summer.

Mixed-effects GLMs were fitted to univariate responses,
including the following: the richness and total abundance of
amphipods, as well as the abundances of the most abundant
species (Gammaropsis ostroumowi, Ampithoe ramondi, Par-
dia punctata, Dexamine spinosa, Pseudoprotella phasma and
Ampithoe helleri), and the abundances of ovigerous females
and juveniles of G. ostroumowi and A. ramondi, i.e. the two
most abundant species. Mixed-effects GLMs were fitted by
means of the ‘Ime4’ (https://cran.r-project.org/web/packages/
Ime4/index.html) and ‘lmerTest’ packages (Kuznetsova et al.
2017) to test for differences among depths (three levels: 18, 25
and 40 m) and seasons (four levels: winter, spring, summer and
autumn), as fixed factors, and years (two levels) as a random
factor. Models were fitted using a Poisson, or a negative
binomial, family distribution of residuals, with a square-root
link function. For all fitted GLMs, diagnosis plots of residuals
and Q—Q plots were visually inspected to check the appropri-
ateness of the fitted models (Harrison e al. 2018). To select
models with the largest parsimony, the Akaike information
criterion (AIC) was obtained for the null model and models
containing only the covariate (the biomass of rhodoliths per
sample) and the entire set of predictors (full model including
the three factors). Because the AIC was larger when the random
effect (‘year’) was considered for univariate responses, this
factor was finally not included. Finally, simple linear regres-
sions tested whether the richness and total abundance of
amphipods was predicted by the total epiphytic algal biomass,
separately for each depth stratum.

Results

In total, 3996 amphipods were counted, including 32 taxa (25
determined at the species level, four at the genus level and three
at the family level; Fig. S2). The multivariate structure of
amphipod assemblages differed among depths, seasons and
years (see Supplementary materials Tables S1, S2). The factors
‘year’ and ‘depth’ explained a larger amount of variation in the
multivariate structure (~10 and 12% respectively) than did
‘season’ (~6%).
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Fig. 2. Temporal variation in the richness (+s.e. of the mean) of amphi-
pods (number of taxa, standardised per the amount of available habitat) at
18-, 25- and 40-m depth. Au, autumn; W, winter; Sp, spring; and Sm,
summer.
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Fig. 3. Relationship between the richness of amphipods (standardised per
kilogram of rhodolith) and the epiphytic algal biomass (square-root
transformed) at (a) 18-, (b) 25- and (c) 40-m depth. The relationship was
significant only at 40 m.

In general, higher biomasses of epiphytic algae attached to
rhodoliths were collected at 18 and 25 m than at 40 m (Fig. 1;
‘depth (40 m)’; Table S3, P < 0.001). A larger biomass of
epiphytic algal biomass was observed in spring and summer
(Fig. 1) than in winter (Fig. 1; ‘season (winter)’; Table S4,
P < 0.005), particularly at 18 m in winter of 2016. The richness
of amphipods at 18 and 25 m was significantly larger than that at
40-m depth (Fig. 2; ‘depth (40 m)’; Table S5, P < 0.001). In
particular, in spring 2016, the largest number of taxa was
recorded at 18- and 25-m depths (Fig. 2). There was a significant
positive relationship between the richness of taxa and the
epiphytic algal biomass at 40 m (P < 0.001, R* = 0.2601), but
not at 18 and 25 m (Fig. 3).

The total abundance of amphipods decreased significantly
with depth; larger abundances were observed at 18 and 25 m
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summer.

than at 40 m (Fig. 4; ‘depth (40 m)’; Table S6, P < 0.001). A
significant positive relationship was detected between the total
abundance of amphipods and the epiphytic algal biomass at
40 m (P < 0.001, R* = 0.1265), but not at 18 and 25 m (Fig. 5).
Six species accounted for 75.5% of the total abundance of
amphipods, including G. ostroumowi, A. ramondi, D. spinosa,
P. punctata, P. phasma and A. helleri (Fig. 6; Fig. S2). In
general, these species followed a similar bathymetrical pattern
as that reported for the total abundance of amphipods, with
larger abundances at 18 and 25 m than at 40 m (Fig. 6; Tables S2,
S7-S12). The species G. ostroumowi (Fig. 6a) and A. ramondi
(Fig. 6b) dominated the assemblage, with a total of 1520 and 890
individuals respectively (60.3% of the total abundance). Both
species showed larger abundances at 18 and 25 m than at 40 m
(Fig. 6a, b).

Juveniles of G. ostroumowi were recorded only at 18 and
25 m, but were absent at 40 m (Fig. 7); larger abundances were
recorded in winter and spring (Fig. 7; ‘season (winter) and
(spring)’; Table S12, P < 0.001). Ovigerous females were
observed throughout the entire study, including an abundance
peak at 18 m (6.6 £ 1.9 ind. kg_l; at winter (2016; Fig. §;
‘season (winter)’; Table S13, P < 0.001). A similar temporal
pattern was observed for 4. ramondi, with juveniles being
recorded only at 18 and 25 m, and the largest abundances in
spring 2016 (Fig. 8; ‘season (spring)’; Table S14, P < 0.05).
Ovigerous females of A. ramondi reached the largest abun-
dances in spring 2016 at 25-m depth, despite no statistically
significant differences being observed (Fig. 8, Table S15).

Discussion

Our results showed differences in the diversity, structure and
abundance of amphipod assemblages with depth, which were
consistent over time. In general, a higher richness and abun-
dance of amphipods were observed at 18 and 25 m than at 40 m.

Most species of amphipod from the present study have also
been found in other infra-littoral and circa-littoral habitats
(Péres 1967; De Grave 1999). In our case, the overall richness

Marine and Freshwater Research 79

y=3457+0.28x|[ |
150 { (&) 5 p=05
# . . R®=0.011
1001 . . o
501 . s ® .
. .%o *. . * .
0 -t . b ™ -
y=235+0.4x
150

100

a
o

(=)

-
ol
o

Abundance (no. of individuals)

-
o
o

o
o

o

Biomass algae (mg kg™")

Fig. 5. Relationship between the total abundance of amphipods
(standardised per kilogram of rhodolith) and the epiphytic algal biomass
(square-root transformed) at (a) 18-, (b) 25- and (¢) 40-m depth. The
relationship was significant only at 40 m.

(32 taxa) was greater than in beds dominated by the green alga
Caulerpa prolifera (27 taxa) and meadows of the seagrass
Cymodocea nodosa (17 taxa; Png-Gonzalez et al. 2014). This
seagrass facilitates amphipod assemblages because, similar to
rhodoliths, the structural complexity increased the amount of
available colonisation space and a range of trophic resources
(Taylor and Cole 1994; Sanchez-Moyano et al. 2007). From the
total of 32 amphipods recorded here, 16 species coincided with
those observed by Png-Gonzalez et al. (2014), which suggests
their adaptation to life under varying conditions provided by
different nearshore habitats.

Initially, changes in amphipod assemblages may be linked to
variation in habitat structure with depth, such as the size of the
rhodolith nodules and the biomass of epiphytic macroalgae.
Recently, Otero-Ferrer et al. (2020) described, for the study
area, an increase in rhodolith size (diameter) from 18 to 25 m,
and a decrease from 25 to 40 m, which can promote larger
abundances of amphipods at 25 m. At the same time, the lower
richness and abundance of amphipods at 40 m is coincident with
a significant decrease in epiphytic algal biomass. The bathy-
metrical pattern shown by epiphytic algal biomass was probably
linked with a higher light availability at shallower depths
(Connell 2005), which has also been described from other
rhodolith seabeds (Pascelli er al. 2013; McConnico et al.
2017). The presence of vegetation (here, epiphytic algae on
rhodoliths) can enhance the heterogeneity and complexity of the
habitat available for epifauna (i.e. amphipods), increasing their
abundance and species richness relative to unvegetated habitats
(de O Figueiredo et al. 2007; Vazquez-Luis et al. 2009). This
process, where a primary substrate (here, rhodoliths) supports a
secondary habitat created by sessile organisms (here, epiphytic
algae), which concurrently facilitates the diversity and abun-
dance of invertebrates, is an example of ‘habitat cascade’
(Thomsen et al. 2010). The presence of epiphytic algae associ-
ated with rhodoliths can alter local hydrodynamic regimes
(Eckman 1983), the availability of colonisable space, the
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quantity of food (Cunha et al. 2000), the intensity of predation
and competition, as well as larval dispersal and further recruit-
ment (Steller and Foster 1995).

Amphipods have a wide trophic diversity, including herbi-
vores, carnivores and omnivores (Guerra-Garcia et al. 2014).
However, most species feed on detritus (Sciberras et al. 2009;
Guerra-Garcia ef al. 2014), which plays an important role as a
trophic resource for marine invertebrates, being one of the main
trophic pathways in the marine realm (Zimmerman ez al. 1979),
particularly in and around vegetated habitats (Vazquez-Luis
et al. 2009; Michel et al. 2015). In our study, the most abundant
species, G. ostroumowi, has been described from hard substrates
and habitats dominated by algae and seagrasses (Zakhama-
Sraieb et al. 2011). The diet of G. ostroumowi mainly consists
of detritus (99%, according to Guerra-Garcia et al. 2014), being
able to take advantage of the heterogeneity of the rhodolith
seabeds to find large amounts of food (Sciberras et al. 2009).
Individuals belonging to the family Ampithoidae (here,
A. ramondi and A. helleri) and the species D. spinosa are mainly
herbivores (Ruffo 1982; Vazquez-Luis et al. 2009; Guerra-
Garcia et al. 2014). These species may feed on epiphytic algae
growing on rhodoliths, because they showed a larger presence at
18 and 25 m than at 40 m, which coincides with the largest
epiphytic algal biomasses throughout the study.

Temporal variation in the richness and abundance of amphi-
pods can be attributed to changes in habitat structure through
varying time scales, particularly seasonal changes, which alter
habitat complexity through increased occurrence of epiphytes
and associated algae (Sanchez-Jerez 1997). In general, our study
showed that abundances of amphipods were higher during
spring (July) and summer (October) than in autumn
(December) and winter (March). This agrees, for example, with
de O Figueiredo et al. (2007), who observed larger abundances
of amphipods in summer and autumn but showed a reduction in
the abundances in winter. As reported by Pascelli ez al. (2013),

reduced irradiance, low temperatures and strong waves cause
periodical disturbances on these habitats in winter. For example,
wave-induced resuspension of sediments and the movement and
subsequent erosion of rhodoliths promotes the removal of
epiphytes from rhodoliths, affecting associated epifauna
(Steller and Foster 1995; Amado-Filho et al. 2007, 2010). In
our study, changes in epiphytic algal biomass on rhodoliths may
have some influence over the seasonal dynamics of amphipod
assemblages. However, there should be other relevant factors
involved in such temporality, because the amount of variation
explained by the biomass of epiphytic algae was small.

Amphipods show a diversity of life-history patterns, which
may be influenced, among other factors, by latitude, depth and
salinity (Appadoo and Myers 2004), as well as local habitat
conditions, such as seasonality in the availability of food
resources or shelter (Sainte-Marie 1991). In this way, iteroparity
is a common reproduction strategy in invertebrates. Most amphi-
pods are, in turn, iteroparous annuals, producing several genera-
tions during a year (Sainte-Marie 1991). The population structure
of the two most abundant species, namely, G. ostroumowi and
A. ramondi, showed a greater relative abundance of juveniles than
of ovigerous females through the 2 years of sampling. These
results are consistent with studies from rhodolith seabeds in the
Gulf of California, in which juvenile individuals were consis-
tently more abundant than adults at certain times (Riosmena-
Rodriguez and Medina-Lopez 2010), mainly during reproductive
periods (Johnson et al. 2001). In rhodolith seabeds, the amount of
energy available for the reproduction of amphipods depends on
environmental conditions, including light and food availability
and, therefore, the presence of epiphytic algae (Jeong et al. 2009;
Riosmena-Rodriguez et al. 2017).

In our study, the two most abundant species, namely,
G. ostromowi and A. ramondi, presented juveniles only at 18-
and 25-m depth. This result agrees with that of the study
conducted by Sainte-Marie (1991), who postulated that the



82 Marine and Freshwater Research

reproductive potential of the family Lysianassidae can be
reduced at high depths. In this way, juvenile amphipods may
find, at 18 and 25 m, shelter from predators and favourable food
conditions, which can lead to a greater and optimal growth of
populations of both G. ostroumowi and A. ramondi (Jeong et al.
2009). However, more exhaustive studies of the population
structure of amphipods through bathymetric gradients are
necessary to confirm this hypothesis.

Conclusions

This is the first study attempting to explore, at the same time,
changes in the diversity, structure and abundance of amphipods
associated with rhodolith seabeds through several depth strata
and times. Overall, a larger diversity and abundance of amphi-
pods were observed at 18 and 25 m than at 40 m. The population
structure of the two most abundant amphipods showed a clear
bathymetric segregation, with the presence of juveniles exclu-
sively at 18- and 25-m depth. The significant variation through
spatial (here, depth) and temporal (here, seasons) scales, which
determine the diversity, structure and abundance of amphipods,
points to the presence of a secondary habitat provided by epi-
phytic algae on rhodoliths, as a mechanism partially influencing
such ecological patterns.
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