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SUMMARY: Invasion of alien species poses serious threats to many ecosystems. Despite the potential of Sargassum mu
ticum to spread and invade new areas, no attention has been given to the study of variability of structural or morphological 
features across different spatial scales. We employed a hierarchical sampling design to examine patterns of spatial variability 
of fertility and morphological variables of S. muticum over different spatial scales (quadrats, sites, locations, lias) ranging 
from metres to tens of kilometres. We repeated the sampling in March, April and July to test for the consistency of patterns 
through time. There was no variability between lias (tens of kilometres apart), but substantial differences occurred at the oth
er scales examined. Fertility and percent cover varied between locations (1.5-3 km apart), whereas morphological variables 
varied between sites (tens of metres apart) and quadrats (metres apart). Furthermore, patterns of variation were not consistent 
over time. The study demonstrated the importance of a multi-scale sampling programme for monitoring seaweed invasion.

Keywords: spatial scale, morphology, fertility, distribution, invasion success, Galician coast. Sargassum muticum.

RESUMEN: Uso d e  d i s e ñ o s  j e r á r q u i c o s  e n  l a  d e t e c c i ó n  d e  e s c a l a s  d e  h e t e r o g e n e i d a d  e n  l a  e s p e c i e  i n v a s o r a  
S a r g a s s u m  m u t i c u m .  -  Las especies invasoras representan una seria amenaza para muchos ecosistemas. A pesar del potencial 
de Sargassum muticum para extenderse e invadir nuevas áreas, no se ha dedicado ninguna atención al estudio de la variabi
lidad de las características estructurales o morfológicas a diferentes escalas espaciales. Hemos usado un diseño de muestreo 
jerárquico para examinar patrones de variabilidad espacial de las variables fenológicas y morfológicas de S. muticum a 
diferentes escalas espaciales (cuadrantes, sitios, localidades, rías) que van desde unos pocos metros a decenas de kilómetros. 
Repetimos el muestreo en marzo, abril y julio para comprobar la consistencia de Ios patrones a lo largo del tiempo. No hubo 
variabilidad entre rías (decenas de kilómetros de separación), pero se encontraron diferencias sustanciales a otras escalas. 
La fertilidad y el porcentaje de cobertura variaron entre localidades (1.5-3 km) y tiempo, mientras que las variables morfo
lógicas variaron entre sitios (decenas de metros) y cuadrantes (metros). Asimismo, Ios patrones de variabilidad no fueron 
consistentes en el tiempo. El estudio demostró la importancia de Ios programas de muestreo utilizando múltiples escalas 
espaciales para el seguimiento de algas invasoras.

Palabras clave: escala espacial, morfología, fertilidad, distribución, éxito de invasión, costa de Galicia, Sargassum 
muticum.

INTRODUCTION 

Alien seaweeds and plants have increasingly ar
rived in new areas during the last few decades (Ver-

laque, 2001). Alien species are widely recognised as 
important agents of global change, and can colonise 
new habitats and even cause local extinction of na
tive species (Vitousek et al, 1997). Such invasions
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have serious effects not only on biodiversity per se, 
but also on the management and restoration of natu
ral ecosystems.

A primary recommendation for designing moni
toring programmes for effective habitat protection 
and restoration is that they should be based on sam
pling schemes at the spatial and temporal scales that 
characterise population and community dynamics of 
the species of interest. Therefore, we first need to 
identify the spatial and temporal scale! s) at which 
there is consistent and predictable variation in the 
variable(s) of interest. Hierarchical sampling pro
grammes can identify these patterns of variability 
and provide the necessary information for effective 
monitoring programmes (e.g. Underwood and Chap
man, 1998).

In the context of alien seaweeds, hierarchical 
sampling programmes may be used to identify pat
terns of species distribution and to develop better 
management strategies (Pauchard et al, 2003). In 
particular, we need to identify temporal fluctuations 
and spatial distribution of variables related to popu
lation dynamics and morphological characteristics 
of these species, as these patterns may be linked to 
invasion success.

Scales of spatial and temporal variations in the 
reproduction mode or growth rate of alien seaweeds 
may vary according to environmental heterogene
ity, including the distribution of intra- and interspe
cific competitors (e.g. Mooney and Drake, 1986; 
Rejmanek and Richardson, 1996). Environmental 
heterogeneity (spatial, temporal and invader-driven) 
may increase the probability of coexistence between 
alien and native species, thereby reducing the nega
tive impact on native populations and assemblages 
(Spector and Putz, 2006). Furthermore, phenotypic 
plasticity of physiological traits can modify the abil
ity of some species to invade (Horton and Neufeld, 
1998; Spector and Putz, 2006). This is typical of sea
weeds which have the potential to adjust their form 
and function to the immediate environment (e.g. 
Viejo et al, 1995; Fernández, 1999; Engelen et al,
2005). For example, Engelen et a l  (2005) showed 
that size and biomass of Sargassum polyceratium 
Collins (Taylor) individuals varied depending on 
wave exposure and depth. Moreover, Fernández 
(1999) reported different cycles of growth and re
production of S. muticum depending on the vertical 
position on the shore.

Sargassum muticum (Yendo) Fensholt is native to 
SE Asia, but its present distribution includes Europe,

the Mediterranean Sea and the west coast of North 
America (Britton-Simmons, 2004). This species 
invaded northern Spain in the 1980s (Pérez-Cirera 
et al, 1989); it was first observed on the Galician 
coast in 1986 (see Pérez-Cirera et al, 1989) and has 
since successfully colonised most of the Galician 
rias (sensu Vilas et al, 2005). The capacity of this 
species to spread and invade new areas seems to rely 
on a high reproductive potential and its ability to 
drift. The alga is monoecious, self-fertile and highly 
fecund (Norton, 1977), and possesses vesicles that 
allow the annually produced fronds to continue to 
float if detached. These fronds are able to survive 
and become fertile as they drift, thus increasing 
the potential for long-range dispersal. Viejo et al. 
(1995) reported different growth rates in exposed 
and sheltered areas. As environmental conditions 
and biological and/or physical processes vary within 
and between intertidal shores at different scales (e.g. 
Dayton and Tegner, 1984; Menge, 1995), it may be 
expected that percent cover and some S. muticum 
traits (such as branching frequency, length of pri
mary lateral and fertility) will vary according to the 
spatial scale of heterogeneity.

Despite the ability of Sargassum muticum to 
spread and invade new areas, very few studies 
have focused on the description of spatial patterns 
of distribution of this species (but see Stæhr et a l, 
2000; Harries et a l, 2007). Furthermore, no at
tention has been given to variability in structural, 
or morphological features (e.g. biomass, diameter 
of holdfast, density and number of laterals, length 
of primary lateral) across different spatial scales. 
So far, most studies have focused on physiology, 
autoecology or effects of S. muticum on the inter
tidal and subtidal assemblages (e.g. Andrew and 
Viejo, 1998; Arenas et a l, 2002; Britton-Sim
mons, 2004). Not many studies have examined the 
existence of patchiness in distribution and phenol
ogy of S. muticum within invaded areas (but see 
Fernández, 1999).

In this paper, we used a hierarchical sampling 
design to identify scales of spatial variation of phe- 
nological and morphological traits of the fucoid 
alga Sargassum muticum (Yendo) Fensholt on the 
Galician coast. We specifically examined patterns of 
variability of percent cover, fertility, size of primary 
lateral and total number of laterals of S. muticum 
over a variety of spatial scales, ranging from metres 
to tens of kilometres, and the consistency of these 
patterns over time.
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MATERIAL AND METHODS 

Study area and sampling design

The study was carried out on the south region 
of the Galician coast, at the low-shore (0.4-0.8 nr 
above the lowest astronomical tide) of the intertidal 
areas sited at the left side of two rías, Ría de Aldán 
(42°20’N; 8°51”W) and Ría de Vigo (42°10’N; 
8°51”W), located 18 km apart (Fig. 1). In this re
gion, the intertidal zone is dominated by the invasive 
seaweed Sargassum muticum and the native algae 
Bifurcaria bifurcata Ross, Corallina officinalis Lin
naeus, Saccorhiza polyschides (Lightfoot) Batters 
and diverse encrusting and turf-forming seaweeds 
(personal observation).

The sampling design included three scales of spa
tial variability, ranging from metres within a shore to 
tens of kilometres between rias. Within each ria we 
chose three locations 1.5-3 km apart. Locations were 
characterised by well-developed Sargassum muticum 
beds and a similar type of substrate, i.e. gently slop
ing granitic rocky shores. Locations varied slightly in 
terms of wave exposure, ranging from semi-exposed 
to sheltered locations (Alvarez-Salgado et al., 1993). 
Within each location, we selected two sites 10-40 nr 
apart. At each site, we randomly sampled six 0.25 m2 
quadrats at least 1.5 nr apart along a marked transect 
running parallel to the coastline.

Each site was sampled in March, April and July 
2006, the period of greatest cover of Sargassum mu
ticum. Sampling was not carried out in autumn and 
winter, as the over-wintering structure consists only 
of a holdfast with a main axis (3-9 mm).

Sampling methods

Estimates of percent cover were carried out with 
a 50 X 50 cm quadrat divided into 5 x 5 cm sub
quadrats. Percent cover was estimated by registering 
the presence/absence of Sargassum muticum indi
viduals at each of the 81 intersections of the 5 x 5 
cm sub-quadrats of a 50 x 50 cm quadrat. Within 
each quadrat the number of laterals per thallus and 
the length, i.e. size, of the longest primary lateral 
of 6 haphazardly selected S. muticum thalli was re
corded. Fertility in each quadrat was estimated as the 
percentage of thalli bearing receptacles.

Visual observations are less precise than more 
quantitative methods, but are often preferred when 
large areas must be surveyed at relatively low cost.

42.37

42.28

42.23

42.17

42.12
1 km

- 8.91  - 8.86  - 8.81  - 8.75  - 8.69
Fig. 1. -  The study area and position of the locations within the two 
rias. Location 1: Cánido; location 2: Cabo Estai; location 3: Monte 
Lourido; location 4: Cabo Udra; location 5: Areas de Bon; location 

6: Menduiña.

Subjective methods have the potential problem that 
variability among samplers may be a significant 
source of variation. A comparison among different 
samplers investigating the same quadrat showed that 
estimates of algal cover diverged by ± 5 to 10% de
pending on the abundance. Potential error in the data 
was minimal, as the same two persons performed all 
surveys.

Statistical analysis

All variables were analysed separately at each 
sampling time, using nested analyses of variance 
(ANOVA). Phenological variables (percent cover, 
fertility) were analysed with ria (2 levels), location
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T a b l e  1. -  Summary of comparisons between rias (E), locations (L), sites (S) and quadrats for all variables using nested ANOVAs. All factors
were random.

(a) Phenology 

Source of variation Df
March

F P

Percent cover 
April 

F P
July

F P
March 

F P

Fertility
April

F P
July

F P

Rias 1 1.51 >0.05 1.69 >0.05 0.19 >0.05 0.02 >0.05 0.38 >0.05 1.08 >0.05
Locations (E) 4 4.61 <0.05 *3.09 <0.05 6.78 <0.05 77.28 <0.001 2.87 >0.05 9.96 <0.01
Sites (L(E)) 6 2.99 <0.01 0.6 >0.05 0.05 >0.05 2.7 <0.05 1.08 >0.05
Residual 108
Transformation None None None Log (x+1) None None

(b) Morphology Length of primary lateral Number of laterals
March April July March April July

Source of variation Df F P F P F P F P F P F P

Rias 1 0.01 >0.05 0.03 >0.05 1.35 >0.05 0.38 >0.05 0.59 >0.05 0.46 >0.05
Location (E) 4 5.15 <0.05 3.54 >0.05 0.54 >0.05 0.74 >0.05 2.53 >0.05 3.65 >0.05
Sites (L(E)) 6 2.47 <0.05 5.01 <0.001 2.42 <0.05 6.04 <0.001 5.02 <0.001 2.76 <0.05
Quadrats (S(L(E))) 60 2.54 <0.001 4.34 <0.001 4.92 <0.001 1.61 <0.01 1.61 <0.01 3.56 <0.001
Residual 360

Transformation Sqrt (x+1) Sqrt (x+1) Sqrt (x+1) Log (x+1) Log (x+1) Log (x+1)

* Sites (L(E)) was eliminated and its sums of squares pooled with Residual (i.e. non-significant at P = 0.25) (Underwood, 1997).

(3 levels, nested in ria) and site (2 levels, nested in 
location) as random factors. Morphological variables 
(length of primary lateral, number of laterals) were 
analysed including quadrat (6 levels nested in site) as 
an additional random factor. Data were also analysed 
including time of sampling (3 levels, random) as an 
orthogonal factor to test for spatio-temporal interac
tions. The homogeneity of variance was examined 
using Cochran’s C-test before running the analysis. 
Data were log (x+1) or square-root transformed 
when necessary to normalise their distribution and 
to remove heteroscedasticity (Underwood, 1997). 
To determine which scales were associated with 
the greatest variability, the components of variation 
on each spatial scale were independently calculated 
from the mean square estimates (Underwood, 1997). 
Where a component of variation was estimated to 
be negative, it was removed from the model and the 
mean square estimates were re-calculated for the 
remaining factors (Fletcher and Underwood, 2002). 
The terms eliminated from the model are presented 
as zero variance in the results section.

RESULTS

Both phenological (percent cover and fertility) 
and morphological (length of primary lateral and 
number of laterals) variables showed significant dif
ferences in their mean values for at least one of the 
spatial scales analysed (Table la). Overall, percent

cover and fertility varied among locations (e.g. 1.5-3 
km apart), except for fertility in April, which varied 
at the scale of sites (Table la). In addition, there were
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F i g . 2. -  Temporal variation of phenological variables at ‘location’ 
scale (n = 20). Mean (± S.E.) of (a) percent cover and (b) fertility at 
each of the 3 locations (L1-L6) within the two rias (Ría de Vigo and 
Ría de Aldán). Black, grey and white bars represent March, April 

and July, respectively.
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F ig . 3. -  Variation of morphological variables at quadrat scale 
(n= 6). Mean (± S.E.) of (a) length of primary lateral (cm) and (b) 
number of laterals in each of the 6 quadrats (Q) within the 2 sites 
(S1-S6) in the 3 locations at Ría de Vigo (Ria 1). Only March is 

represented.

significant interactions between locations and times 
of sampling (percent cover: F812: 5.31, PcO.Ol, SNK 
tests, P<0.05, Fig. 2a; Fertility: F8 12: 8.96; PcO.OOl, 
SNK tests, P<0.05, Fig. 2b), due to the different tem
poral pattern found at Location 1 within the Ría de 
Vigo (LÍ in Fig. 2). This location showed the great
est early percent cover in March and it was the only 
location where this percent cover decreased in July 
(SNK tests, P<0.05, Fig. 2a). At the same location, 
fertility of S. muticum decreased until the absence of 
reproductive plants in July, though July represented 
the time with the highest percentage of reproductive 
thalli at all the other locations (Fig. 2b).

Morphological variables varied among sites and 
quadrats (Table lb). Variability at the scale of location 
was only significant in March, when primary laterals 
were longer in specimens from Location 1 within the 
Ría de Vigo (Location 1 in Fig. 3a). Location 1 also 
had the largest variability in the number of laterals 
between quadrats and sites (Fig. 3b). There were

significant interactions between times of sampling 
and the spatial scales, from locations to quadrats. For 
length of primary lateral, the spatio-temporal interac
tion was both at the quadrat (F120 1080: 3.44, PcO.OOl, 
SNK tests, P<0.05) and the location scale (Fg 12: 3.07, 
P<0.05; SNK tests, P<0.05, Fig. 4a), whereas for the 
number of laterals, the interaction was at the quadrat 
( F i 2 o  108o : 2-26, PcO.OOl, SNK tests, P<0.05) and the 
site scale (F12 120: 5.03, PcO.OOl; SNK tests, P<0.05, 
Fig. 4b).

The largest contribution to the total variation al
ways originated from the smallest scale analysed. For 
fertility and percent cover, the largest variation was 
found at the scale of quadrats within sites, whereas 
morphological variables showed the largest variation 
at the scale of thalli within quadrats. These averaged 
(± SE) 76 ± 11% for percent cover, 75 ± 6% for fertil
ity, 49 ± 7% for length of primary lateral and 69 ± 7% 
for number of laterals (averaged across the 3 times of 
sampling). An important result was that some of the
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F ig . 4 . -  Temporal variation of morphological variables at location 
and site scales, respectively. Mean (± S.E.) of (a) length of primary 
lateral (cm) at each of the 3 locations within the 2 rias (n = 72) and 
(b) number of laterals at each of the 2 sites, at the 3 locations within 
the 2 rias (n = 36). Black, grey and white bars represent March, April 

and July, respectively. Ria 1: Ría de Vigo; Ria 2: Ría de Aldán.
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F ig . 5. -  Components of variation at 4  (phenological variables) and 5 (morphological variables) spatial scales show variation in different 
variables, (a) Percent cover, (b) fertility, (c) length of primary lateral and (d) number of laterals. Overall variation is partitioned among scales 
and expressed as a percentage of the total. Negative variance components were converted to 0. Black, grey and white bars represent March,

April and July, respectively.

estimates were negative, indicating that the spatial 
variability at the largest scales was underestimated 
(Fig. 5). For percent cover and fertility, 3 of the 24 
comparisons (averaged across the 3 times of sampling) 
gave negative values for the variances between rias 
and 3 gave negative values for the variances between 
sites (Figs. 5a, b), whereas for morphological variables 
6 of 30 comparisons gave negative values for the vari
ances between rias and 2 gave negative values for the 
variances between locations (Figs. 5c, d).

DISCUSSION

When the scales at which variation occurs are not 
known in advance, sampling using nested designs 
can identify the relevant scales of variability to be 
incorporated into further research (Underwood, 
1997; Underwood and Chapman, 1998). Using a 
hierarchical sampling programme we identified the 
scales of greatest spatial variability and tested their 
consistency through time, which is also fundamental 
to make hypotheses on the possible processes regu
lating invasiveness of Sargassum muticum. We also 
demonstrated the importance of multi-scale sam

pling schemes when S. muticum invades new habi
tats. This is the first study to consider multiple scales 
of variability in the morphological and phenological 
patterns of S. muticum.

We found evidence that substantial differences in 
all variables analysed occurred at a variety of spa
tial scales. Simple sampling procedures are thus not 
informative enough on the real ecological status of 
the species, because Sargassum muticum spreads in 
patches of different size, depending on the variables 
of interest (e.g. Fernández, 1999). The phenological 
state of this species (e.g. percent cover and fertil
ity) varied at relatively large scales (km), whereas 
morphological parameters were consistently vari
able among sites. Phenology and morphology also 
showed patchiness at the smallest scales analysed 
(i.e. between quadrats, metres apart), indicating that 
an array of both large-scale and very local processes 
may affect its reproduction and morphology.

Processes that facilitate or inhibit invasion are 
likely to operate at different spatial scales (Stohl- 
gren et al, 1999). Information on the patterns of 
variability may provide indications on the processes 
responsible for the invasion. The meso-scale vari
ability (among locations) in the phenology was very
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likely related to differences in the environmental 
conditions of locations such as wave exposure, sedi
ment rates or other processes correlated to sedimen
tation such as nutrient concentration (Schaffelke and 
Klump, 1997). Location 1 within Ría de Vigo was 
indeed characterised by less wave exposure, and a 
probable consequent increase in sedimentation and 
particulate organic deposition (see Josenfson and 
Conley, 1997). At this location, Sargassum muticum 
had the highest percent cover and fertility, but the 
fertile period reached its maximum earlier and was 
shorter (all plants returned to a vegetative state by 
early July). Although the effect of nutrient concen
trations on seaweed reproduction is complex (Hoff
mann and Santelices, 1991; Lüning, 1993; Sánchez 
and Fernández, 2006), studies on the Spanish coast 
showed that establishment, spread and fertility of S. 
muticum are enhanced by increased nutrient concen
trations (Arenas etal., 1995; Arenas and Fernández, 
1998). Furthermore, sedimentation can kill other sea
weeds, especially those characterised by short thalli, 
inhibit recruitment of certain macroalgae (Isaeus et 
al, 2004), and thus liberate the space available for 
growth and reproduction of S. muticum. Similarly, 
sediment deposition can inhibit feeding behaviour 
of herbivorous species such as fishes, sea urchins or 
limpets (e.g. Airoldi and Hawkins, 2007), thereby 
changing the strength of grazing pressure on S. mu
ticum. In addition, the shortened period of fertility at 
Location 1 may be related to a local increase in tem
perature due to the minor exchange of water related 
to decreased hydrodynamism, which might have a 
negative effect on both growth and reproduction 
of S. muticum during summer (Plouguerné et al,
2006). Here, temperature increase in summer can 
overlap the effect of nutrient enrichment and reduce 
the length of the reproduction period.

Variability among sites and at the lowest scales in 
the morphological response variables might reflect 
local differences due to topography complexity, that 
can operate at the small scales of metres and even 
centimetres (e.g. sites or quadrats). For example, in
creased complexity can either create more numerous 
or different microhabitats available for the develop
ment of those species that can adapt to environmental 
changes or simply increase the availability of space 
and reduce competition with other species (Fernán
dez, 1999; Piazzi e ta l, 2004).

Intraspecific competition and other density- 
dependent processes may also induce changes in 
morphology and reproduction at a small scale, i.e.<2

m (Andrew and Viejo, 1998; Arenas et al, 2002). 
Furthermore, the significance of this density-de
pendent regulation in the dynamics of Sargassum 
muticum populations might vary between different 
places according to other environmental factors such 
as hydrodynamism (Norton et al, 1981 ; Viejo et al, 
1995). We found that S. muticum had the largest pri
mary laterals and the greatest percent cover at the 
most sheltered location (Location 1 within the Ría de 
Vigo). At this location S. muticum also showed the 
largest variability at a small scale in morphological 
variables. Such variability may be the indirect result 
of less wave exposure, affecting percent cover and 
length of plants and thereby increasing the signifi
cance of density-dependent processes. Small-scale 
variability (metres to tens of metres), however, is 
never completely explained by ecological processes 
and stochastic variation is often called in to explain 
the residual variability that is not explained by the 
heterogeneity of the substratum (e.g. Underwood 
and Chapman, 1998).

The variation in both morphology and phenology 
at a small scale, i.e. between sites, can sometimes in
dicate that Sargassum muticum can have phenotypic 
adaptation to local environmental heterogeneity due 
to phenotypic plasticity and/or genetic differentia
tion. If different phenotypes are favoured in differ
ent environments, selection may either preserve 
genetic variation, assuming an insignificant gene 
flow, or lead to evolution plasticity (Jormalainen and 
Honkanen, 2004). This is an interesting considera
tion that should be further explored with reciprocal 
transplants of adult plants and zygotes, in order to 
determine whether genetic differentiation or phe
notypic plasticity are the mechanisms driving such 
spatial variability.

In conclusion, it is highly likely that the scales of 
spatial variation that we have identified were due to 
a real difference in the ecological processes and/or 
synergism among processes operating at different 
spatial scales, but they might also indicate stochastic 
variations or variations that cannot be explained with 
the present ecological knowledge. This leads us to 
conclude that the development of Sargassum muti
cum in new habitats cannot be monitored using sim
plistic experimental designs, but will need a strategy 
that takes into account numerous scales of variabil
ity and both morphological and reproductive indices 
at the same time. Information on the repeatability 
of the patterns and their variation according to the 
reproductive and growing period of the alien species
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is the first step towards identifying the mechanisms 
that account for a successful invasion and proposing 
testable hypotheses that attempt to account for the 
observed patterns.
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