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Abstract
Wrack accumulations are a source of nutrients on sandy beaches and host invertebrate species, increasing local biodiversity. 
The distribution of these important accumulations varies in space and time depending on the environmental conditions and 
the composition of species that are in the wrack. Species composition and spatiotemporal variability in wrack accumulations 
remain poorly understood in some regions. In this study, we evaluated the spatiotemporal variability in wrack biomass and 
diversity on four sandy beaches in northern Portugal over the course of 1 year. The results revealed that both the diversity 
and biomass of wrack varied temporally depending on the beach and tidal level where it was collected. Wrack biomass was 
about 20 to 35 times greater at higher than at the low tide level and was more abundant (87%) and twice as diverse at the two 
northernmost beaches of the study, probably due to a greater proximity to rocky shores. Large brown temperate and boreal 
macroalgae species such as fucoids (Fucus spp., Cystoseira spp., and Ascophyllum nodosum) and the kelp Saccorhiza poly-
schides were the most abundant taxa in the wrack. Fucoids were in the wrack throughout the year, while kelps predominated 
in the warmer months, generating 8% more biomass than that produced by fucoids throughout the year. However, since 
large brown macroalgae species are reducing their size and recruitment due to global warming in the north of the Iberian 
Peninsula, the biomass and diversity of wrack in northern Portugal could be limited in the future, compromising crucial 
functions of wrack in ecosystems.
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Introduction

Sandy beaches occupy dynamic interfaces between marine 
and terrestrial ecosystems. In contrast to sheltered coastal 
habitats, exposed sandy beaches lack large primary pro-
ducers such as macroalgae or seagrasses. Instead, benthic 

microflora and, in certain cases, surf-zone phytoplankton are 
the only primary producers that can inhabit exposed sandy 
beaches, resulting in a low primary production ecosystem 
(McLachlan and Brown 2006). Nevertheless, large amounts 
of detached macroalgae and seagrass from other systems 
are washed away by waves and currents and accumulated 
on exposed sandy beaches. These accumulations, known as 
wrack, are an important source of nutrients and natural fer-
tilizer for sandy beaches and nearby ecosystems (Cardona 
and García 2008; Joyce et al. 2021).

Wrack breaks up over time into small fragments due to 
waves and climatic conditions, or by the action of detriti-
vores. These small fragments are remineralized by bacteria-
producing organic carbon and nutrients that, over time, can 
accumulate within the beach, dissolve in the water column, 
or be transported to the atmosphere or nearshore terrestrial 
ecosystems (Hanisak 1993; Piriz et al. 2003). The trans-
port of wrack to terrestrial ecosystems involves a significant 
marine subsidy of material, energy, and organisms (Polis 
and Hurd 1996) and could have a fertilization effect in the 
environment, increasing herbivory of terrestrial macrophytes 
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and causing cascade effects along the food chain in the 
structure of the ecological communities (Piovia-Scott et al. 
2013). Wrack is also an important hotspot of biodiversity 
because many organisms use wrack as a refuge from preda-
tors or feed directly on it (Lenanton et al. 1982; Robertson 
and Lenanton 1984; Rossi and Underwood 2002; Lastra 
et al. 2014). These organisms attract secondary consum-
ers as arthropods, polychaetes, birds, or fishes, forming a 
bottom-up food web largely based on the wrack (Dugan et al. 
2003; Hubbard and Dugan 2003; McLachlan and Brown 
2006; Schlacher et al. 2017). In turn, important vectors to 
nearshore terrestrial ecosystems such as dipterans and spi-
ders use the wrack as a habitat and refuge (Olabarria et al. 
2007), which can be captured by omnivores such as mice or 
shorebirds (Obrist et al. 2020; Davidson et al. 2021). This 
fact affects the dynamics of the food web and is especially 
important when terrestrial productivity is low, for example 
during drought years (Anderson and Polis 1998). Despite the 
importance of wrack accumulations for marine biodiversity 
and ecosystem functioning, wrack dynamics is currently 
poorly studied. Moreover, wrack is often considered a social 
problem for local authorities, which remove it from touristic 
areas, limiting the well performance of coastal ecosystems 
(Mossbauer et al. 2012).

Wrack is generally deposited in a strip or patches that 
run parallel to the shoreline, marking the high and low tide 
lines. This deposition is also capable of trapping drifting 
sand and forming dunal coastal ecosystems (Hemminga 
and Nieuwenhuize 1990; Kirkman and Kendrick 1997). 
The frequency of wrack accumulation on the beaches var-
ies temporally depending on several environmental and 
biological factors. For example, the senescence and detach-
ment of some marine macroalgae and seagrasses may occur 
when they reach their maximum size in summer or in the 
first strong winter storms (Mann 1973; Seymour et  al. 
1989). Other factors such as wind or tide (Krumhansl and 
Scheibling 2012; Jiménez et al. 2017), the morphological 
characteristics of species (i.e., buoyancy) (Ochieng and 
Erftemeijer 1999; Gómez et al. 2013), and the structure 
of the shoreline (i.e., proximity to donor habitat, slope, 
substrate or wave exposure) (Orr et al. 2005; Barreiro et al. 
2011; Wickham et al. 2020) can also influence the amount 
of biomass and the species composition of the wrack. 
Therefore, studying the spatiotemporal variability of the 
wrack is essential to know which species and what amount 
of biomass are expected to reach a region.

Species composition in the wrack is determined by the 
structure of nearby ecosystem assemblages. On the north-
western coast of Portugal, cold and nutrient-rich seawater 
allows the coexistence of boreal and temperate macroalgae 
species (Rubal et al. 2011; Veiga et al. 2013; Gaspar et al. 
2019). The summer upwelling of this area is responsible 
for the reemergence of cold and nutrient-rich deep water 

to the surface, reducing coastal water temperatures (Lemos 
and Pires 2004). Consequently, the north coast of Portugal 
is the southern limit of distribution of several species of 
boreal macroalgae (e.g., Ascophyllum nodosum and Him-
anthalia elongata) (Araújo et al. 2009). However, climate 
change is causing the reduction or disappearance of boreal 
and temperate macroalgae on the Atlantic coasts of the 
Iberian Peninsula, while subtropical species are increas-
ing (Lima et al. 2007; Piñeiro-Corbeira et al. 2016; Gaspar 
et al. 2019). Anthropogenic activities are also favoring the 
expansion of non-native macroalga species such as Sargas-
sum muticum in northern Portugal, which is less sensitive to 
disturbance than indigenous canopy-forming species (Rubal 
et al. 2020).

Guerrero-Meseguer et  al. 2020 provided a baseline 
study on the species composition and abundance of wrack 
in northern Portugal on two different dates. Other studies in 
Portugal have reflected the species composition of wrack in 
estuaries affected by eutrophication (Marques et al. 2003) 
or have estimated spatiotemporal variability of wrack bio-
mass to assess its influence on macrofauna communities 
(Gonçalves et al. 2009; Gonçalves and Marques 2011; Bessa 
et al. 2014). However, none of these studies has described 
the taxa which composed the wrack or the differences in 
wrack composition between tidal levels. Due to the wide 
tidal amplitude in northern Portugal, wrack can accumu-
late at different tidal levels, resulting in different fates and 
ecological functions. The wrack that accumulates at a high 
tide level could serve as a refuge for wildlife, as well as a 
source of food and nutrients for many animals and adjacent 
terrestrial habitats. Instead, the wrack that accumulates 
at low tide level could be washed away by the waves and 
returned to the sea, providing these ecosystem properties 
in the subtidal. Thus, knowing the annual spatiotemporal 
variability of the species that compose the wrack at dif-
ferent tidal levels on sandy beaches of northern Portugal 
is essential to understand the role of these beaches in the 
remineralization of nutrients for nearby ecosystems (marine 
and terrestrial) or which areas and seasons could be more 
productive and richer in associated biodiversity. This study 
aims to describe the spatiotemporal variability of the bio-
mass and diversity of wrack at two different tidal levels on 
four sandy beaches in northern Portugal. This information 
is key to exploring changes in the biomass and composition 
of wrack under future global warming scenarios.

Methods

To study the spatiotemporal variability of the northern Por-
tuguese wrack, the wrack was collected from four sandy 
beaches in northern Portugal (Âncora, Cabedelo, Paramos, 
and São Pedro de Maceda; Fig. 1) on twelve randomly 
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chosen dates from May 2019 to May 2020 (Supplementary 
Table S1). These beaches were selected because they were 
longer than 100 m and had the same orientation (west), 
slope (with a drop of between −300 and −500 cm from the 
backshore to the seashore), and granulometry (medium and 
coarse sand; Guerrero-Meseguer et al. 2020). In addition, 
the beaches had similar tidal characteristics (semidiurnal and 
mesotidal, with tidal ranges between 2 and 3.5 m) and expo-
sure to the open sea (Dias et al. 2002), were free of perma-
nent human constructions, and, to the best of our knowledge, 
were not subjected to algae removal activities.

Wrack collections were made at low tide at two tidal lev-
els (high tide level and low tide level). The high tide level 
corresponded to the area that extended from the high tide 
line to the end of the backshore and the low tide level com-
prised the area from the high tide line to the seashore. Wrack 
samples were randomly collected at each tidal level, beach, 
and date by using a 100 × 100 cm quadrat (n = 10) along a 
100 m transect parallel to the shoreline. The wrack from 
each quadrat was collected in labelled plastic bags and trans-
ported to the laboratory, where it was cleaned and identified. 
When macrophytes were degraded, they were identified at 
the lowest possible taxonomic level (mainly genus). In the 

cases in which it was not possible to separate the taxa on 
the same day of the sampling, the collected samples were 
frozen until their identification. Once each taxon was iden-
tified, it was immediately dried at 60 °C until reaching a 
constant weight to quantify the biomass and diversity of taxa 
per quadrat. Depending on the taxon and the amount of each 
taxon per sample, the drying time varied from 1 to 3 days.

Data Analyses

Wrack data was analyzed using univariate and multivariate 
techniques to test whether the response variables examined 
differed between tidal levels and beaches at different sam-
pling dates. Univariate analyses of variance (ANOVA) were 
used to explore significant differences in wrack biomass and 
diversity. These analyses were based on a three-way model 
with Beach as an orthogonal fixed factor with four levels 
(i.e., Âncora, Cabedelo, Paramos, and São Pedro de Mac-
eda), Tidal level as an orthogonal fixed factor with two levels 
(high and low), and Date as an orthogonal random factor 
with twelve levels (May 2019, June, July, July, August, Sep-
tember, October, November, December, January, February, 
March, and May 2020) and ten replicates (i.e., each quadrat). 
Cochran’s C tests were previously done to test for homoge-
neity of variances and, when tests were significant (p < 0.05), 
data were transformed to remove heterogeneity. When the 
transformation was not possible, the untransformed data was 
analyzed and the results were considered robust with signifi-
cant p < 0.01, to compensate for the increased probability of 
type I error (Underwood 1997). Whenever ANOVA showed 
significant differences, a Student–Newman–Keuls (SNK) 
post hoc test was done to explore the differences between 
all pairs of levels of the factor of interest.

Permutational multivariate analyses of variance (PER-
MANOVA) (Anderson 2001) based on Bray–Curtis untrans-
formed dissimilarities were used to explore differences in 
the multivariate data from the wrack assemblage. The PER-
MANOVA design was as mentioned for the ANOVA. When 
PERMANOVA showed significant differences (p < 0.05), a 
pairwise comparison was done to explore significant differ-
ences between all pairs of levels of the selected factor. To 
test whether the differences among tidal levels, beaches, and 
dates were due to different multivariate dispersion among 
groups rather than centroid location, the PERMDISP pro-
cedure was done (Anderson 2006). The multivariate pat-
tern was illustrated by non-metric multidimensional scaling 
(nMDS) ordination based on the centroids of the tidal level-
beach interaction. The SIMPER procedure (Clarke 1993) 
was used to determine the percentage contribution (δi%) of 
the different taxa from the wrack to the Bray–Curtis dissimi-
larity among tidal level, beaches, and dates (δi). A wrack 
taxon was considered important if its contribution to the 
total percentage of dissimilarity was ≥ 1%.

Fig. 1  Map of the northern Portuguese coast showing the location of 
the studied beaches
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Results

Wrack Diversity

The results of the ANOVA analyses showed a triple interac-
tion for the beach, tidal level, and date factors, indicating a 
high temporal variability in wrack diversity depending on 
the tidal level and beach (Table 1).

Temporal Variability in Wrack Diversity Between 
Tidal Levels

Wrack diversity at the high tide level was significantly 
higher than at the low tide level on most dates and beaches, 
especially in summer (Fig. 2). In contrast, wrack at the low 
tide level showed low taxon diversity and varied slightly 
among beaches over time (Fig. 2). Only in Paramos and 
São Pedro de Maceda, the wrack diversity at the low tide 
level exceeded that of the high tide level on some dates 
(Fig. 2C, D).

Temporal Variability in Wrack Diversity Among Beaches

Due to the low wrack diversity which showed the beaches 
at the low tide level (Fig. 2), post hoc analyses were focused 
on the results obtained at the high tide level to assess the 
temporal variability among the beaches.

Âncora was the beach that reached the highest values of 
wrack diversity over the study period (3.1 ± 0.4 taxa  m2), 
followed by Cabedelo (2.0 ± 0.1 taxa  m2), São Pedro de 

Maceda (1.6 ± 0.2 taxa  m2), and Paramos (1.5 ± 0.1 taxa 
 m2). Wrack diversity from Âncora was similar to or greater 
than that at Cabedelo on most dates (Fig. 2A, B; Supple-
mentary Fig. S1). In addition, the wrack from the south-
ernmost beaches of the study area (Paramos and São Pedro 
de Maceda) was generally less diverse than that from the 
northernmost beaches (Âncora and Cabedelo; Fig. 2; Sup-
plementary Fig. S1).

Wrack Biomass

The ANOVA analyses showed a triple interaction for the 
beach, tidal level, and date factors, which indicated a high 
spatiotemporal variability in the biomass of the wrack 
depending on the tidal level and beach (Table 1).

Temporal Variability in Wrack Biomass Between 
Tidal Levels

Differences in wrack biomass between tidal levels followed 
different patterns depending on the beach. In summer, the 
wrack biomass at the high tide level of Âncora was greater 
than at the low tide level, but it was similar in the rest of 
the year (Fig. 3A). The wrack biomass at the high tide level 
of Cabedelo was greater than at the low tide level for most 
of the year (Fig. 3B). However, Paramos and São Pedro de 
Maceda showed similar wrack biomass at both tidal levels 
on most dates, with the exception of Paramos in February 
(Fig. 3C, D).

Temporal Variability in Wrack Biomass Among Beaches

Wrack biomass at the high tide level was greater than or 
equal to that obtained at the low tide level on most beaches 
and dates (Fig. 3). Consequently, only the results of post 
hoc analyses obtained at the high tide level were considered 
to study temporal variability of wrack biomass among the 
beaches.

Total wrack biomass increased from south to north 
on the studied beaches, varying from 49.94 g DW  m2 in  
São Pedro de Maceda to 980.7 g DW  m2 in Âncora. On 
most dates, the wrack biomass of Âncora was similar to  
that obtained at the other beaches, but in August, this  
beach reached four times more biomass than the oth-
ers (Fig. 3A; Supplementary Fig. S1). Cabedelo reached 
greater or similar values of wrack biomass than Paramos  
and São Pedro de Maceda on most dates. Paramos and 
São Pedro de Maceda had very similar wrack biomass  
throughout the study period (Fig. 3B–D; Supplementary 
Fig. S1).

Table 1  Summary of three-way ANOVA results testing for the effects 
of the factors Beach, Tidal level, and Date on the wrack biomass and 
diversity. Bold p-value indicates significant differences. Data were 
transformed to Ln (× + 4)

Response 
variable

Factors DF MS F p-value

Wrack diversity Beach (B) 3 0.572 0.940 0.431
Tidal level (T) 1 11.14 19.64 0.001
Date (D) 11 0.861 34.58  < 0.001
B x T 3 0.506 2.750 0.058
B x D 33 0.606 24.33  < 0.001
T x D 11 0.567 22.78  < 0.001
B × T × D 33 0.184 7.390  < 0.001

Wrack biomass Beach (B) 3 3.927 4.770 0.007
Tidal level (T) 1 19.19 21.65  < 0.001
Date (D) 11 0.966 10.07  < 0.001
B x T 3 3.359 5.110 0.005
B x D 33 0.823 8.580  < 0.001
T x D 11 0.887 9.240  < 0.001
B x T x D 33 0.657 6.850  < 0.001
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Spatio‑Temporal Variability in the Wrack 
Assemblage

 The results of the PERMANOVA analysis showed a signifi-
cant interaction among the beach, tidal level, and date factors 
for the wrack assemblage structure (Table 2). PERMDISP 
analysis indicated that data dispersion could contribute to 
these differences  (F95, 864 = 14.24; p = 0.001).

Temporal Variability in the Wrack Assemblage 
Between Tidal Levels

All the beaches, except São Pedro de Maceda, showed sig-
nificant differences in the structure of wrack assemblage 
between tidal levels (Table 3). This fact was especially 

notorious on the beaches further north of the study area 
(Âncora and Cabedelo, Fig. 4).

Depending on the date and the beach, different taxa were 
largely responsible for the differences found between tidal lev-
els. Differences between tidal levels on the structure of wrack 
assemblage of Âncora and Cabedelo were due to a greater 
biomass at the high tide level than at the low tide level of the  
taxa Saccorhiza polyschides, Ulva spp., Ceramium spp., Fucus 
spp., and Ascophyllum nodosum (Supplementary Table S1). 
In Paramos, the differences between both tidal levels on the 
structure of wrack assemblage were mainly due to a greater 
biomass of Sargassum muticum at the high tide level than at 
the low tide level in the warmer months, while in the colder 
months, the differences were due to a greater biomass of 
Fucus spp. at the high tide level than at the low tide level 
(Supplementary Table S1).

Fig. 2  Temporal variability in wrack diversity (mean + SE; n = 10) in the northern Portugal sandy beaches: Âncora A, Cabedelo B, Paramos C, 
and São Pedro de Maceda D. The asterisk above the error bars indicates significant differences between high and low tide levels
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Fig. 3  Temporal variability in the wrack biomass (mean + SE; n = 10) in the northern Portugal sandy beaches: Âncora A, Cabedelo B, Para-
mos C and São Pedro de Maceda D. The asterisk above the error bars indicates significant differences between high and low tide levels

Table 2  PERMANOVA results of the effects of the beach, tidal level, 
and date on the multivariate data of wrack assemblages based on taxa 
biomass. Significant differences are highlighted in bold (p < 0.05)

Source of variation DF MS F p

Beach (B) 3 15,112 5.832 0.001
Tidal level (T) 1 38,995 17.20 0.002
Date (D) 11 3828.9 8.078 0.001
B × T 3 9437.4 5.798 0.001
B × D 33 2591.3 5.467 0.001
T × D 11 2267.7 4.784 0.001
B × T × D 33 1627.9 3.434 0.001

Table 3  Results obtained in the pair-wise test for the interaction 
between the factors Tidal level and Beach for the wrack assemblage 
based on taxa biomass. Significant differences are highlighted in bold 
(p < 0.05)

Beach t p

Âncora 1.982 0.021
Cabedelo 4.011 0.001
Paramos 1.999 0.021
São Pedro de Maceda 1.580 0.097
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Temporal Variability in the Wrack Assemblage 
Among Beaches

To study the differences in the structure of the wrack assem-
blage among the beaches, the results have been focused on 
the high tide level, due to its greater biomass. The wrack 
assemblage structure was very variable among beaches and 

dates but showed a certain seasonal pattern, revealing the 
main differences among beaches from May to August, from 
September to October, and from November to May (Sup-
plementary Table S2).

From May to August, the wrack assemblage of the 
beaches further the north of the study area was different 
from that of the beaches further the south due to a greater  

Fig. 4  Non-metric multidi-
mensional scaling ordination 
(nMDS) of the natural wrack 
assemblage on the basis of 
Bray–Curtis dissimilarity meas-
ure of centroids calculated for 
each date, tidal level, and beach

Fig. 5  Temporal variability of the structure of wrack assemblage based on taxa biomass of the most abundant taxa at the high tide level in 
Âncora A, Cabedelo B, Paramos C, and São Pedro de Maceda D 
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biomass of Saccorhiza polychides in Âncora and of Fucus 
spp. in Cabedelo (Fig. 5A, B, Supplementary Table S2). 
Beaches further south showed similar structure of wrack 
assemblage from May to July, but, in August, the wrack 
assemblage of Paramos showed a significantly greater bio- 
mass of Sargassum muticum than that of São Pedro de  
Maceda (Fig. 5C, D, Supplementary Table S2).

From September to October, the structure of the wrack 
assemblage of the beaches further the north of the study 
area also was significantly different from that of the beaches 
further the south. These differences were mainly due to a 
greater biomass of the taxa Saccorhiza polychides and 
Fucus spp. in Âncora and Cabedelo (Fig. 5, Supplemen-
tary Table S2). In addition, in September, the wrack assem-
blage structure of Âncora showed a higher biomass of the 
taxa Ascophyllum nodosum than Paramos and São Pedro de 
Maceda (Fig. 5A, Supplementary Table S2) and Cabedelo 
showed the greatest values of biomass of Cystoseira spp. 
(Fig. 5B, Supplementary Table S2). The wrack assemblage 
structure of Paramos and São Pedro de Maceda was signifi-
cantly variable during this time interval, showing a greater 
biomass of Fucus spp. in Paramos and of the taxa Saccor-
rhiza polychides and Polysiphonia spp. in São Pedro de Mac-
eda (Fig. 5C, D, Supplementary Table S2).

From November to May, the wrack assemblage struc-
ture was highly variable among beaches. These differences 
were mainly due to a greater biomass of the taxa Fucus spp., 
Ascophyllum nodosum, and Cystoseira spp. in Cabedelo than 
on the other beaches (Fig. 5B, Supplementary Table S2).

Discussion

Wrack accumulations from the sandy beaches of northern 
Portugal showed high spatiotemporal variability in terms of 
biomass and diversity. The diversity, biomass, and assem-
blage structure of the wrack of northern Portugal varied 
throughout the year, depending on the tidal level and the 
beach where it was collected. However, in general, wrack 
showed greater biomass at the higher than at the low tide 
level, especially on the beaches that were located further 
north of the study area and during the summer months. 
These differences were mainly due to a greater biomass of 
the taxa Saccorhiza polyschides in Âncora and Fucus spp. 
in Cabedelo. The results of this study imply that, in northern 
Portugal, wrack accumulation is highly variable over time 
and large fucoid species are the main contributors in terms 
of wrack biomass.

Wrack data obtained in this study shared the high spa-
tiotemporal variability found in other studies focused on 
wrack accumulation (e.g., Dugan et al. 2003; Orr et al. 2005; 
Barreiro et al. 2011; Gómez et al. 2013). However, it should 
be noted that, within this variability, certain spatial and 

seasonal patterns emerged in the diversity and biomass of the 
wrack of northern Portugal. Coinciding with other studies 
carried out in this area (Gonçalves et al. 2009; Bessa et al. 
2014), the beaches located further north showed a greater 
biomass of wrack (87%) than the beaches located further 
south. The wrack taxa that contributed the most to these 
differences in biomass were Saccorhiza polyschides in the 
warmer months and Fucus spp. throughout the year. In addi-
tion, other boreal and temperate fucoids such as Ascophyl-
lum nodosum, Halidrys siliquosa, Himanthalia elongata, 
and Cystoseira spp. were also abundant in the wrack of the 
beaches located further north of the study area, especially 
after summer. These beaches (i.e., Âncora and Cabedelo) 
were closer to rocky platforms than the beaches located fur-
ther the south in the study area (i.e., Paramos and São Pedro 
de Maceda), which could explain their greater abundance 
of canopy-forming algae such as Fucus spp., Cystoseira 
spp. and the kelp Saccorhiza polyschides. The differences 
in wrack biomass found here among beaches could mean a 
lower supply of nutrients in the beaches that were located 
further south in northern Portugal. Therefore, future studies 
should determine the consequences of lower wrack accumu-
lation on the southernmost beaches of northern Portugal to 
assess possible effects on the functioning of the food chain 
on sandy beaches and nearby ecosystems.

The upwelling of cold, nutrient-rich seawater that occurs 
in the northern Iberian Peninsula in the summer provides 
favorable conditions for the settlement of boreal species 
such as Ascophyllum nodosum, Halidrys siliquosa, and Him-
anthalia elongata (Hoarau et al. 2007; Maggs et al. 2008; 
Araújo et al. 2009; Assis et al. 2018). Thus, the composi-
tion of wrack assemblages in this study coincides with the 
most common macroalgae existing on the rocky coast of 
northern Portugal (Araújo et al. 2009; Rubal et al. 2011; 
Veiga et al. 2013). Other studies carried out near estuarine 
areas in the northwest of the Iberian Peninsula also found 
a large amount of fucoid macroalgae taxa such as Fucus 
spp., Ascophyllum nosodum, Cystoseira spp., and Sargassum 
muticum but showed a greater biomass of the taxa Ulva spp. 
and Gracilaria gracilis than on the sandy beaches (Barreiro 
et al. 2011; Gómez et al. 2013). These data confirm that the 
diversity of taxa in the wrack depends on the environment 
and the types of species that surround the ecosystems where 
they are deposited.

The high tide level accumulated 20 to 35 times more 
wrack biomass than the low tide level during the study 
period. Wrack taxa, which have buoyant structures are more 
likely to be resuspended by the tide than other sheetlike 
and thin macroalgae (Orr et al. 2005; Gómez et al. 2013). 
Considering that buoyant wrack taxa such as Fucus spp., 
Ascophylum nodosum and Sargassum muticum were very 
frequent at the high tide level, we could assume that the 
individuals that remained at the low tide level were dragged 
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out to sea due to the high tidal force of the study area, which 
could explain its lower accumulation at the low tide level. 
Moreover, at the low tide level, a greater quantity of laminar 
fragments of macroalgae such as Ulva spp. and seagrasses 
such as Zostera noltei was found, which are more likely to 
accumulate at the low tide level of sandy beaches due to the 
lack of buoyant structures. These results suggest that the 
buoyancy ability of the macroalgae may be responsible of 
their deposition at different tidal levels, but more research 
is needed to verify the influence of species morphology and 
tidal force on the structure of the wrack assemblage of north-
ern Portugal.

Life history can also influence the detachment of some 
seaweed species, such as the case of the kelp Saccorhiza pol-
yschides in this study. Kelps tend to senesce in mass during 
the summer, when they reach their maximum biomass and 
are dislodged by the force of waves (Fernández 2011). This 
fact explains that the greatest contribution of Saccorhiza 
polyschides biomass to the total wrack biomass in this study 
occurred during the warmer months. Saccorhiza polyschides 
reaches very large sizes compared to the other macroalgae 
that formed the wrack accumulations in northern Portugal 
and, consequently, had more influence than other wrack taxa 
on the spatiotemporal patterns detected in wrack biomass in 
this study. In fact, the biomass contribution of Saccorhiza 
polyschides in northern Portugal during the warmer months 
was greater (47%) than the reached by Fucus spp. throughout 
the year (39%). Since the taxa Fucus spp. and Saccorhiza 
polyschides dominated the wrack collected in this study, the 
conservation of macroalgae canopy species and kelp forests 
in northern Portugal is crucial to prevent limitations on the 
entry of organic matter into the sandy beaches and to main-
tain the coastal biodiversity of the area and therefore, the 
trophic chain of nearby ecosystems.

The European Atlantic coast is a global warming hotspot, 
as sea surface temperatures have risen between 0.3 and 0.8 °C 
per decade since mid-century, especially in the southernmost 
region (OSPAR 2010). This increase in temperature seems 
to be weakening the magnitude and frequency of summer 
upwelling in the north of the Iberian Peninsula (Lemos and 
Pires 2004). Upwelling weakness is expected to increase in 
the long term (Sydeman et al. 2014) and, therefore, lower 
nutrient availability could be accompanied by increased 
seawater temperatures. Since the cold and nutrient enrich-
ment derived from upwelling is responsible for the survival 
of boreal species in northern Portugal, the performance of 
these species will be negatively affected in a global warming 
scenario, decreasing their abundance in the wrack. Kelps and 
canopy-forming macroalgae species on the Iberian Penin-
sula coasts are in regression due to climate change and other 
environmental stressors (Casado-Amezúa et al. 2019). In the 
northern Iberian Peninsula, the kelp Saccorhiza polychisdes 
have been reduced to small patches and isolated individuals 

due to low recruitment after long warm summer periods 
(Fernández 2011). On the other hand, although fucoids can 
inhabit warm areas, a decrease in the percentage of repro-
ductive structures and in the size of the species has been 
observed for Fucus serratus in marginal localities in the south 
of the Iberian Peninsula (Viejo et al. 2011) and for Fucus 
spiralis on the Moroccan coast (Gayral 1958). Kelps and 
fucoids were the main contributors to wrack accumulation 
on the studied sandy beaches but, in a future global warm-
ing scenario, their contribution to wrack biomass in northern 
Portugal could be severely limited.

This study is an example of the large spatial and temporal 
variability of wrack accumulations in terms of biomass and 
species composition on sandy beaches. This study shows 
for the first time the temporal and spatial variability of the 
different taxa that make up the wrack of northern Portugal 
over a year. Wrack is responsible for maintaining the flow 
of nutrients and is a biodiversity hotspot on sandy beaches. 
Therefore, special attention is required for the conservation 
of kelp and large brown macroalgae species in northern Por-
tugal in order to maintain the ecosystem services provided 
by the wrack on sandy beaches in the future. The data used 
for this study are available in the database of the Global Bio-
diversity Information Facility (GBIF) (Guerrero-Meseguer 
et al., 2022).
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