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Beach sand can harbour pathogenic and opportunistic microorganisms, as well as faecal indicator bacteria that
influence directly the bathing water quality. Pathogenic and opportunistic microorganisms often raise concern
of exposure during beach related recreational activities. In this work, three different types of sandy beaches (nat-
ural basaltic, natural calcareous and artificial calcareous) of the Archipelago of Madeira (Portugal) were sampled
for bacterial and fungal contaminants and grain size distribution, during four years (2010 —2013). Following an
extreme weather event in 2010, the faecal indicator bacteria levels spiked, returning to base levels shortly there-
after. The same phenomenon occurred with fungi, where potentially pathogenic fungi were the dominant group.
Yeast-like fungi and dermatophytes were, however, mainly associated to months of higher usage by recreational
users. Statistical analysis showed higher contamination of sediment in artificial beaches compared to natural
beaches and granulometry and chemical composition of sand did not influence in the microbial loads. Instead,
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Bacteriological contamination
Sand granulometry

bather density and the influence of coastal protection structures needed to maintain the volume of artificial beach
sand regarding the removal potential of wave induced currents are obvious influencing factors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bathers have long enjoyed the physical and psychological benefits,
of bathing in sandy beaches. This has generated, in many places, a con-
siderable touristic revenue that has become important for the local
economy. User perception of beach cleanliness is one of the main as-
pects that influence beach selection. Nevertheless, a clean beach does
not always correlate with reduced health hazards, and microbiological
quality of sand and water should be evaluated as a quality indicator
(Botero et al., 2014; Elmir et al., 2007; Mansilha et al., 2009; Pereira et
al, 2013).

At present Portuguese regulations and beach management practices
focus essentially on microbial levels in water, this being the only indica-
tor made available to users with regard to the quality of the beach. Sand
is not incorporated within the regulatory analytical and informative
framework in force (Pereira et al., 2013). Nevertheless, beach sand can
create a suitable habitat for microorganisms and even provide the
ideal conditions for them to prosper (Sabino et al., 2014; Whitman et
al., 2014). Several studies demonstrate that harmful pathogens can be
found in beach sand, which can also act as a reservoir (Abdelzaher et
al., 2010; Fleisher et al.,, 2010; Goodwin et al.,, 2012; Sinigalliano et al.,
2010; Yamahara et al., 2012). Whitman et al. (2014) compiles several
studies where worldwide distributed pathogenic taxa in beach sands
are identified. The prediction of which pathogens are present in a
beach at a given time is, however difficult due to a high variety of
sources (Shibata and Solo-Gabriele, 2012). The presence of indicator
bacteria and potential pathogens is not limited to marine environments
but also to freshwater beach sands (Abdelzaher et al., 2010; Hartz et al.,
2008; Vogel et al., 2007). Examples of pathogenic bacteria in beach sand
are Campylobacter (Khan et al., 2013), Salmonella (Yamahara et al.,
2012), Vibrio vulnificus (Abdelzaher et al., 2010; Shah et al., 2011),
Staphylococcus aureus (Plano et al., 2011) and faecal indicator bacteria
(FBI) such as enterococci (Zhu et al., 2011). The source of faecal indica-
tor bacteria in beach sand is uncertain, but exogenous sources (e.g.,
urban and/or agricultural runoff, sewage, warm-blooded domestic ani-
mals, and bathers) and/or indigenous sources (regrowth inside the sed-
iments) can be considered as probable sources (Ferguson et al., 2005;
Wright et al., 2009).

The highest concentration of faecal indicator bacteria can be found in
the moister and cooler sands of foreshore or intertidal zones (Whitman
et al, 2014). This is of particular importance as these are also the areas
where bathers remain for the most time, especially infants, children
and seniors, which comprise the most susceptible groups to infection
(Pond, 2005). Regardless the source of contamination, the incidence of
infection is higher in beachgoers relative to non-bathers (Fleisher et
al.,, 2010; Sinigalliano et al., 2010), and higher between bathers who
normally play in the sand, compared with those who do not (Heaney
etal., 2012). Infants and children have a more active and frequent inter-
action with the sand, showing higher hand-to-mouth activity, which
makes them more vulnerable to pathogen exposure. Digging in the
sand is linked with a higher risk of diarrhoea and gastrointestinal disor-
ders, and the risk for these illnesses is higher for children compared
with adults (Heaney et al., 2009, 2012).

The growth and proliferation of microbes in beach sand is not re-
stricted to bacteria. Several studies have detected different groups of
fungi (yeasts, potentially pathogenic and allergenic fungi, and dermato-
phytes) in beach sands. As an example, Shah et al. (2011) reported Can-
dida sp. in subtropical Miami Beach sand samples, and Vogel et al.
(2007) detected the same species in South Florida (USA) beaches.

Also, fungi that can infect skin and nails (Microsporum sp. and
Trichophyton sp.), among other less prevalent, yet still keratinophilic,
fungal species such as Aspergillus sp., Fusarium sp., Scytalidium sp. and
Scopulariopsis sp. for example, were found on the beaches of the Portu-
guese coast (Sabino et al., 2011). The presence of black mould, that may
be responsible for allergies and subcutaneous and neurotropic infec-
tions, has also been reported (Efstratiou and Velegraki, 2010).

Granulometric parameters such as grain size distribution, (including
symmetry of the grain size distribution curve) and composition, namely
calcium carbonate (CaCOs) content, which are influenced by sediment
source processes involved in beach sediment transport, are expected
to affect beach sand microbial numbers and establishment (Dale,
1974; Moreno et al., 2006). It has been documented that the presence
and density of several FIB such as E. coli (Haller et al., 2009; Skalbeck
et al,, 2010), and enterococci (Gast et al., 2011; Phillips et al., 2011) in
beach sand can be influenced by grain size parameters, and that the
binding properties between sand particles and bacteria, are greatly de-
pendent on the composition and on the size of the sand particles
(Craig et al., 2002).

Microbiological communities in sand are increasingly getting more
attention, both as a non-point source of water contamination
(Yamahara et al.,, 2007), and as a stand-alone means of microbial con-
tamination. Recently, a study from Honolulu, Hawaii, confirmed that
faecal indicator bacteria survive longer in sand than in water, due to
sunlight sheltering (Zhang et al., 2015). Overall, studies that address
the issue of beach sand quality and monitoring are becoming more im-
portant, as public awareness rises and tourists increasingly value this as
an important factor when choosing a holiday destination (Sabino et al.,
2014). Recently, Solo-Gabriele et al. (2015), laid the foundations for
standardized analytical methods, procedures and indicators of interest.
Epidemiological studies to infer the actual influence of sand microbial
flora on the health of beach users were also recommended.

Madeira archipelago has the particularity of having, within a small
coastline, different types of beaches which contrast in the composition
and texture of the sands. As such, it can be used as a case-study provid-
ing a basis for application in other beach destinations throughout the
world (Pereira et al., 2013). In recent decades, tourism increased signif-
icantly in Madeira, and currently it provides 40% of Madeira's total in-
come, with 5.9 million night stays in 2014 (Turismo de Portugal,
2015). As a region whose economy relies heavily on tourism, the con-
servation and quality of its beaches is crucial. Pereira et al. (2013) pro-
vides an important study regarding the microbiological and
mycological quality of three different types of beach sand - natural ba-
saltic, natural calcareous, artificial calcareous - occurring at the Portu-
guese volcanic islands of Madeira and Porto Santo. Despite the
valuable contribution of that study in filling a gap in this scientific
area, the time-span covered was seen by the authors as not sufficiently
long to conclude on the significance of differences in bacterial and my-
cological indicator colony numbers found in sands from natural and ar-
tificial beaches. They explicitly refer the need for a larger set of data
spanning a wider period of time.

This work intends to close that gap and provide an integrated anal-
ysis on the microbiological and mycological quality of three different
types of beach sand of the Madeira region over a four year time window
(2010-2013), as well as to investigate the relations between microor-
ganisms and the nature of the sand. The objectives are to: 1) Quantify
the microbial contamination of different beach sands in nearby beaches
sharing a similar environment; 2) Relate microbial contamination with
composition, grain size and sorting of beach sand, and with the
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environmental setting of the beach; 3) Analyse probable sources of sand
pollution and the possible impact of inland-sourced extreme events,
such as heavy rainfalls or flash floods, in sand contamination. These ob-
jectives were selected to provide a case-study on beach sand contami-
nation, which could be of interest to the authorities responsible for
the management of the beaches, not only in Madeira, but also
worldwide.

1.1. Madeira Archipelago

The Madeira Archipelago is located in the North Atlantic Ocean,
850 km southwest of the Iberian Peninsula. It includes the main islands
of Madeira and Porto Santo, as well as the Desertas and the Selvagens,
two small groups of islands (Fig. 1).

Madeira is the largest, with 737 km?, and a maximum altitude of
1861 m above sea level (a.s.l.). Sandy beaches are rare in Madeira Island,
and the most important example can be found in the Eastern sector of
the island (Ponta de Sdo Lourenco). The sediment of this small beach,
only 100 m long, consists of a mixture of basaltic and biocalcarenite par-
ticles (Brum da Silveira et al., 2010). Apart from this, there are also a few
natural black basaltic sand beaches (Praia Formosa, Praia da Laje and
Porto da Cruz). This sand is essentially composed by basaltic lithoclasts
mixed with some small shell fragments. As a way to increase the num-
ber of sand beaches on the island and to meet touristic and local de-
mand, three artificial beaches have been built in the south coast of
Madeira island - Calheta east and Calheta west in 2005, and Machico
(Praia da Banda D'Além) in 2008 - using carbonate rich imported yel-
low sand.

Porto Santo is a smaller, and older volcanic island, with 43 km? and
maximum altitude of 517 m a.s.l. According to Johnson et al. (2011),
and based on existing bathymetry, this deeply eroded island, has cur-
rently about one third of its original area. The presence of an extensive
submerged insular platform that became exposed during glacial periods
is in the origin of the abundant calcareous-rich organogenic sand de-
posits that form its famous 9 km-long golden sand beach along the
island's southern coast (Czajkowski, 2002). The sand of Porto Santo
beach is essentially biogenic and calcareous, over 80% of sand particles

consisting of CaCOs. The sand grains indicate a primary marine and or-
ganic source: they consist essentially of fragments of calcareous algae,
echinoderms, bryozoans, molluscs, and marine gastropods fossils to-
gether with volcanic lithoclasts and mineroclasts (5-20%), and a residu-
al fraction of recent shell fragments (Andrade et al., 2008). The sand is
considered fine to medium grained, moderately well sorted (Andrade
et al., 2008).

2. Methodology
2.1. Sand sampling

Eight beaches were sampled in Madeira Island, among which 5 are
natural and made of basaltic sand, and 3 are artificial and made of
imported calcareous sand. The Praia da Laje (northwest) and Praia do
Porto da Cruz (northeast) beaches are the only ones located in the
northern coast of the island (Fig. 1).

In Porto Santo, seven beaches were sampled. Although in geological
and geomorphological terms, the Porto Santo beach is a 9 km-long con-
tinuous natural beach made of yellow calcareous sand, it is administra-
tively divided into seven sections/bathing beaches for management
purposes and all of them were sampled (Fig. 1).

Samples for sedimentological characterization were obtained in Au-
gust 2008 (Porto Santo beaches) and October 2013 (Madeira beaches).
Three samples of superficial sand (<10 cm depth) was retrieved from
the beach face, at mid-tide level, and then mixed together in order to
obtain a composite sample.

Samples for microbiological analyses were taken on the area of the
beach where beachgoers presence is higher (the beach berm), which
also corresponds to the areas where the sand is drier and less influenced
by tides and waves (reduced sand washing effect). In order to obtain a
representative sample of the entire length of the beach, three sand sam-
ples were collected at a depth of 5-15 cm, in three equidistant points
aligned parallel to the tideline, so as to obtain a single 200 g composite
sample. The sampling depth was considered adequate to maintain the
moisture content, and guarantee sufficient microorganism protection
from surface temperature and sunlight irradiation. Field sampling was
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Fig. 1. Madeira archipelago geographical framework and location of the analysed beaches in the islands of Madeira and Porto Santo.
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executed monthly throughout the bathing season- June to September
in 2010, 2011, 2012 and 2013 (4 months in each year). July 2013 sam-
ples collected for fungi were not considered due to technical complica-
tions. Samples were taken using sterilized and thermal bags and gloves,
labelled and transported in a cold environment and with light restric-
tions. Samples were analysed instantly after arriving at the laboratory,
and then further split for bacteriological and mycological analysis.

2.2. Sedimentological analysis

In the laboratory, each sample was washed with tap water and oven-
dried at 100 °C. At least 100 g of material were processed for grain size
using a series of standard sieves (—5 to 4 ¢; 32.0 to 0.0625 mm, at 0.5 ©
intervals). The software GRANGRAF (Carvalho, 1998) was used for com-
puting statistical parameters on central tendency, sorting, symmetry
and kurtosis, following the graphic method (Folk and Ward, 1957).
The dimensional and sorting classification followed Friedman and
Sanders (1978) and the symmetry and kurtosis classification followed
Folk and Ward (1957). The 1¢ fraction of each sample was analysed
under the binocular microscope in order to qualitatively characterize
its composition.

2.3. Microbial analysis

A small sample (50 g) of each bulk sample was moved to a Pyrex
glass flask which contained 500 mL of sterilized distilled water. A mag-
netic stirrer was added to the sample and then the sample was strongly
stirred (500 rpm) for 30 min, in order to maximize the transfer of the
bacteria existing in the sand into the suspension.

A small portion of the suspended material (10 mL was then extract-
ed and added to a 120 mL sterilized PET container (IDEXX), and filled
with sterilized distilled water until it reached 100 mL. Subsequently,
two dehydrated culture media were added to the solution: Colilert
(IDEXX) for coliforms and E. coli detection, Enterolert (IDEXX) for en-
terococci, and, before being properly homogenized, they were left rest-
ing for 5 min. The solution was then moved and sealed in a Quantitray
(IDEXX), and then placed in the incubator at 37 + 0.2 °C for 18-22 h,
for coliform and E. coli detection, and at 41 + 0.5 °C for 24-28 h for in-
testinal enterococci detection. The bacteria quantification was per-
formed using a MPN table for total bacteria, and the results articulated
are given in colony forming units per gram of sand (cfu/g). E. coli and co-
liforms detection was performed through positive well's counting,
under ultraviolet light (\ = 360 nm).

2.4. Mycological analysis

Fungi presence was determined by the spread plate method using a
selective culture media (Branddo et al., 2002). A sample of 40 g was
weighted on a precision scale and transferred to a sterile flask container
(Pyrex) to which had been previously added 40 mL of sterilized distilled
water. The stirring was performed in a Titramax 100 stirrer at 70 rpm for
30 min, in order to prevent damage to the fungi hyphae reproductive
structures and consequent loss of viability as well as to guarantee an ef-
fective washing of the sand. Table 1 shows the fungi that were analysed
in our study.

A small portion of the solution (0.5 mL for each duplicate) was then
selected and applied in:

Table 1

Fungi subject to laboratory analysis.
Yeasts Candida sp.
Dermatophytes Tricophyton sp.

Potentially pathogenic
and/or allergenic fungi

Penicillium sp.; Aspergillus fumigatus; Aspergillus
niger; Aspergillus sp.; Cladosporium sp.; Paecylomices
sp.; Curvularia sp.; Fusarium sp.; Mucor sp.;
Geotrichum sp.; Acremonium sp.; sterile mycelia

1. Two Petri dishes containing malt extract agar with a selective medi-
um (Chloramphenicol) for potentially pathogenic and/or allergenic
fungi detection, and then incubated at 27.5 + 2 °C for 5-7 days;

2. Two agar plates with a selective dermatophyte medium (Dermasol),
then incubated at 27.5 4 2 °C for 15-20 days.

Subsequently, a colony count was executed on both samples. Yeasts
were accounted in both culture media. Fungi growing in malt agar
media were considered to be potentially pathogenic and/or allergenic
fungi. Dermatophytes were identified as white coloured colonies
against a yellowish background, in Dermasol media. Fungi identification
was performed by observing the fungi reproductive and vegetative
(mycelia) structures with lactophenol blue solution prepared in
mounted slides under the microscope. These laboratory procedures
were performed in a certified laboratory (NP EN ISO/IEC 17025:2005)
by proficient and qualified technicians. In both replicas, the number of
identical taxa/species colonies was summed, so that 1 mL of the suspen-
sion could be matched with 1 g of sampled sand with the final results
expressed in colony forming units per gram of sand (cfu/g).

2.5. Data analysis

All statistical analyses were performed with IBM® SPSS ® Statistics
22, Inc. The microbiological data collected during the 4 sampling periods
(June, July, August and September of 2010-13) in the 3 types of sand
beaches (artificial, basaltic and calcareous) were analysed by Kruskal-
Wallis Independent Samples test. The level of significance (p) was calcu-
lated and p < 0.05 was regarded as significant. These tests were conduct-
ed considering month, sand type and year, separately, for bacteriological
and mycological data, followed by an overview of all the collected data
considering the same parameters. The same statistical analysis was
done in order to assess the possible differences between different sedi-
mentology factors (kurtosis, sorting, skewness and mean diameter).
Table 2 summarizes the statistical analysis performed.

Graphs describing sedimentology parameters were designed taking
into account the data collected and identified from the three sand types,
and not from each beach individually. Mean and standard deviation
were performed to demonstrate the mineral percentage of each sand

type.
3. Results and discussion
3.1. Bacteriological analysis

July 2010 is the month with the highest values for coliforms and en-
terococci. In this same year, and after the first summer months (June
and July), these microorganisms reduced their presence and maintained
alow incidence. After the 2010 peak, E. coli was not detected in our sam-
ples until August 2012, after which it experienced a reduction over the
following months. Although with a continuous, but discrete presence

Table 2
Statistical analysis.

Comparison Analyses description

parameters

Monthly Comparison between the microbial load found in each month,
variation independent of year of sampling or sand type.

Annual variation Comparison between the microbial load found in each year,
independent of month of sampling or sand type.

Comparison between the microbial load found in each sand
type, independent of month or year of sampling.

Comparison between the three main grain characteristics
(mean diameter, sorting, skewness and kurtosis) considering
the three types of sand, independent of month or year of
sampling.

Sand type
variation
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Fig. 2. Monthly bacteria average variation in the 2010-2013 time frame.

throughout the years, faecal coliforms and enterococci showed similar
variations (Fig. 2).

Kruskal-Wallis independent sample test showed no significant dif-
ferences in the distribution of the bacteria over the monthly averages
(p = 0.98), even though the data values from July displayed a deviation
from the average, visible when considering the deviation from the mean
(Fig. 3). This is most probably, due to the high values from the samples
collected during July 2010. In spite of this deviation, there are no indica-
tions that the month factor has an impact on the distribution of bacterial
load.

Annual trends showed high values in 2010, and a gradual decrease
throughout the years, with a small occurrence for bacteria in the follow-
ing years. The exception was E. coli, whose values were higher in 2012.
(Fig. 4). The Kruskal-Wallis test shows significant differences in the dis-
tribution of the different bacteria groups during the study time frame
(p = 0.00) (Fig. 5). It is possible to observe that each year had fluctua-
tions that separated them from the year before, especially when consid-
ering 2010 and, although in a more subtle way, 2012 (Fig. 4). Even so,
values collected during 2010 showed a higher amount of variation
(Fig. 2), thus reinforcing the idea that this might have been an unusual
year. This had been previously observed by Pereira et al. (2013), but
this study emphasizes its exceptionality since in the subsequent years
such high values of microbiological sand contamination did not occur.
The 2010 values were originally explained by an extreme flash flood

80,00
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20,00

-20,00-

T T T T
Aug July June Sept

Month

Fig. 3. Statistical output of Bacteria vs. month.

event occurred on February 20 of that year, but, as the authors stated,
this could only be confirmed through more data gathering. According
to Pereira et al. (2013), Madeira's geographic features, namely beach
characteristics, outflows from damaged sewer lines, and stranded
wreckages that resulted from the flash-flood event were responsible
for high levels of FIB in 2010. Furthermore, the perceived sharp decline
on bacteriological figures throughout the 2010 summer months (July
and August), and in the following years seem to have been the result
of infrastructure rebuilding and debris removal. This seems to support
the fact that it was the 2010 extreme rainfall and flash flood event
that skewed the statistical data.

In most cases, and reinforcing Pereira et al. (2013) findings, our fig-
ures confirm enterococci levels to be higher than E. coli throughout the
study time frame (Fig. 2). This dominance/presence may be related to
the fact that enterococci appear to be more resilient to environmental
factors when compared to E. coli (Whitman et al., 2014). The higher en-
terococci resistance is related with several abiotic factors such as mois-
ture and rainfall (Byappanahalli and Fujioka, 2004), solar radiation and
temperature (Mika et al., 2009), pH, detergents and salinity (Pereira et
al., 2013). The monthly analysis of E. coli and enterococci show higher
values during the hottest summer months (July and August), with a de-
crease in cooler months (Fig. 2), which suggests that temperature may
influence microbiological presence/persistence in Madeira's beach
sand, in accordance with what is also documented by Whitman and
Nevers (2003) and Whitman et al. (2014). Other studies also suggest
that higher temperatures could stimulate an increase in E. coli and en-
terococci concentrations in summer months, (Ishii et al., 2007; Zehms
et al,, 2008; Zhang et al., 2015). Other non-point sources of faecal con-
tamination such as wildlife should not be dismissed, due to their signif-
icant contribution of faecal bacteria on beach sand (Elmir et al., 2007). In
a relevant study, dog faeces far exceed enterococci contribution when
compared to human and bird inputs in sand (Wright et al., 2009). Nev-
ertheless, empirical observations of the sampled beaches of Madeira
show that dogs have a minor presence in beaches due to stringent
regulations.

3.2. Mycological analysis

Potentially pathogenic fungi were the better represented group
throughout the study time frame. Dermatophytes were only detected
in June 2010, August 2010 and 2011, and September 2012. Yeasts
showed higher presence in July and September 2010, and June 2012
(Fig. 6).

The independent sample test showed that there are no significant
differences in the monthly distribution of the fungi (p = 0.87). The
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mycological load had fewer fluctuations over the months when com-
pared with the bacterial load. The deviation from the mean values is
very similar throughout the different months (Fig. 7).

Differences between years show a regular presence of potential
pathogenic fungi along the study time frame. Also, and after experienc-
ing high values in 2010, yeasts and dermatophytes experienced a de-
cline over the years, with the exception of yeasts that saw a slight
increase from 2011 to 2012 (Fig. 8). Kruskal-Wallis independent sample
test, with the sampling data grouped by year, revealed significant differ-
ences between years and the distribution of different fungi in those
years (p = 0.00) (Fig. 9). The reason why this occurs is, most likely,
due to the data fluctuations being high for each year and not necessarily
because there's one particular year that stands out from the other, as ob-
served in the bacterial samples.

An overall statistical monthly analysis indicated lack of significance
(p = 0.87) between the fungal loads found in the sampled months.
However, from the visual analysis of the complete dataset, July was
the month with highest deviations when related to the average. Despite
this fact, the deviation observed was not sufficient to reject the hypoth-
esis that the distribution of fungi load is similar between months. Annu-
al analysis showed a significant difference (p = 0.00) in fungi
distribution in the different years. Besides, the annual analysis shows,
empirically, that the fungi load differs greatly between the different
sampling years, even if we ignore the year 2010. Taking this into
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Fig. 5. Statistical output of Bacteria vs. year.

account, the year 2010 seems to be much more atypical when consider-
ing bacterial load than when considering fungi load.

The annual distribution of fungi demonstrates elevated figures in
2010 and a slight decline in the following years for yeasts and dermato-
phytes (Fig. 8). Again, the extreme rainfall and flash flood event can be
invoked to support this pattern of variation. Potential pathogenic fungi,
such as saprophytic ones, were the most common fungi detected in
Madeira and Porto Santo beaches and their values were rather con-
stant throughout the study time-frame (Fig. 6). This seems to indi-
cate that they are part of the natural biological communities of
these beaches. Identical outcomes were also obtained in several
other works. Sharaf (2005) found high rates of the genus Aspergillus
spp., Fusarium sp., and Cladosporium sp. in Egyptian black sand. In
Portuguese beaches, despite the presence of a high percentage of un-
identified sterile mycelia, Penicillium sp. and Cladosporium sp. were
the most common fungi detected in the samples (Azevedo et al.,
2010). This predominance was, also, detected in Brazilian beaches
(Gomes et al., 2008; De Moura Sarquis and De Oliveira, 1996)
where Aspergillus sp., Penicillium sp., and Fusarium sp. the dominant
fungi in sand. In Italian beaches, in addition to the above mentioned
species, Salvo and Fabiano (2007) study showed the dominance of
also Cladosporium sp. and Acremonium sp. in beach sand. Because of
its involvement in several human diseases (KaStelan et al., 2014),
some of these ubiquitous fungal genera are considered clinically rel-
evant (Velonakis et al., 2014; Wang et al., 2014).

The presence of yeasts in Madeira and Porto Santo beaches (Fig. 6)
can be also linked to bather's presence, which is supported by several
works (Brandao et al., 2002; Whitman et al., 2014). In fact, due to Ma-
deira warm climate, which provides a consistent presence of bathers
during the summer months, yeast presence was, with some variations,
constant, while in 2013 there was the exception with no records in
the sampled months. Our study only acknowledged the Candida sp.
genus, an opportunistic pathogen commonly associated with cutane-
ous, oral, and vaginal infections in humans (Ferreira et al., 2000;
Velonakis et al., 2014). When associated with a variety of terrestrial
and aquatic substrates, can be regarded as indicators of pollution
(Vogel et al., 2007).

Dermatophytes are detected in our study only in the months when
beachgoers presence/attendance is normally high (June and August
2010, August 2011, and September 2012 - Fig. 6). This reinforces
Pereira et al. (2013) conclusions of a strong correlation between beach-
goers and dermatophytes presence. Our data also support Pereira et al.
(2013) remarks about the absence of variability on the number of
bathers through the sampled years. Several authors suggest that the
identified dermatophyte genus Trichophyton sp. (Fig. 6) known as an
agent of human and animal contamination (Salvo and Fabiano, 2007;



R. Abreu et al. / Science of the Total Environment 573 (2016) 627-638 633

100
10
E
8
o 1
z
s
0,1
0,01 X Srcrrreevenes " . = i S L
o) = = = ) = = = > = = = o) = =
: % ¢ 2|f % E 2|5 % E 2|: 3§ 3
- = £ e = £ = S £ =] £
< 2 < i<} < 9 < 2
(=% o Qo o
] Q Q (Y
[%2] v 1%} wv
2010 2011 2012 2013
----- Yeasts Potencially Pathogenic Fungi «eeeeeeee Dermatophytes

Fig. 6. Monthly fungi average variation in the 2010-2013 time frame.

Ulfig et al., 1997), is correlated with anthropogenic and animal presence
(Arvanitidou et al., 2002; Resell and Taplin, 1970, Sabino et al., 2011.

3.3. Beach sand grain size analysis

3.3.1. Sand characteristics

Grain size and morphoscopic results, as well as CaCO3 content are
presented in Fig. 10, Fig. 11, Fig. 12, and Fig. 13, respectively.

Madeira natural basaltic beaches are made of medium to coarse
sand, moderately to very well sorted, showing a size gradient between
Praia Nova and Prainha (west to east in both coasts) from coarser and
less sorted to finer and better sorted. The grain size curves show
mesokurtic distributions (0.9 < Kg < 1.11), and only Praia do Porto da
Cruz yielded a leptokurtic distribution (1.1 < Kg < 1.5). Fragments of vol-
canic rocks are the main components of these sediments. Prainha is the
only beach exhibiting CaCO5; content (9%), which reflects the presence
of bioclasts inherited from the nearby Plio-Pleistocene Ponta de S.
Lourenco calcareous sand dunes (Galopim De Carvalho and Brandado,
1991).

Madeira artificial calcareous beaches were constructed with sand
imported from Morocco and are composed by moderately sorted medi-
um to fine sands, positively and negatively skewed, with platikurtic
curves (0.67 < Kg < 0.90). The exception is Praia da Banda D'Além,
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Fig. 7. Statistical output of Fungi vs. month.

with mesokurtic distribution (0.9 < Kg < 1.11). The CaCO5 content in
these sands correspond to 40 to 50% of the total sample, essentially
due to the presence of bioclasts most probably from Plio-Pleistocenic
source rocks, contemporary shell fragments, and different species of fo-
raminifera. The Praia da Banda D'Além shows a lower content in volca-
nic rock fragments relatively to Calheta (east and west) and this is
interpreted as the latter beach sand having been placed more recently.
These lithic fragments represent the solid contribution supplied by
Madeira's rivulets to the exotic sand after their placement and, as
such, it is expected that the most recent beaches have the lowest pro-
portion of local sediments. This beach sand displays very negative skew-
ness values indicating a particle size distribution with excess of coarse
elements in relation to a normal distribution, which is typical in natural
beach environments. In Calheta (east side) the proportion of hyaline
quartz grains (with and without iron coating) is higher than in the
other two artificial beaches.

Porto Santo natural calcareous beaches are very similar to each other
and are characterized by well sorted medium to fine sands, mainly sym-
metrical. The exception is Praia da Calheta, in the west tip of Porto Santo
bay, which is coarser, poorly sorted and very negatively skewed. The
CaCOs content is around 90%, except in Praia da Calheta where it
drops to 75%, indicating relevance of terrigenous sources. Within the
0-1¢ size fraction modern bioclasts, and bioclasts inherited from the
quaternary beach rock/aeolianite outcrops typical of Porto Santo, are
present in similar proportions, however, the latter predominate in
smaller size fraction. Praia da Calheta is the only beach where the pro-
portion of volcanic rocks fragments exceeds the bioclasts content. Kur-
tosis analysis shows mesokurtic dominance (0.9 < K¢ < 1.11) among
these beach sands, with the exception of Praia da Calheta and Praia da
Fontinha that show leptokurtic distributions (1.1 < Kg < 1.5).

3.3.2. Relationship between beach, beach sand and microbial contamination

Kruskal-Wallis independent sample tests, when analysing the micro-
biological loads with the type of beaches, revealed significant differ-
ences (p = 0.00) among the fungi load present in the different types
of sand. The same test was performed for bacterial load, and it was ob-
served that the type of sand had no impact in the existence and distribu-
tion of bacterial amount (p = 0.058). Even so, the p value obtained for
the bacterial load analysis is close to the limit value, and when consider-
ing the distribution around the mean values, it is clear that the artificial
sand shows a higher deviation when compared to the natural beach
sand. Therefore, the distribution of values around the average suggests
that artificial beaches have a higher potential to shelter a larger micro-
biological load.
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Fig. 8. - Annual fungi average variation in the 2010-2013 time frame.

Identical statistical analysis was performed to investigate possible
differences between grain size distributions (measured using distribu-
tion parameters - mean diameter, sorting, skewness and kurtosis) with-
in the different sand types. The results revealed similarities in terms of
mean diameter (p = 0.09), sorting (p = 0.06), and skewness (p =
0.18) between sand from the different beaches. Kurtosis was the only
sedimentological indicator yielding significant differences (p = 0.024)
among the sampled beaches. Regarding this parameter, artificial
beaches were the ones that showed higher deviations from the average.
This was expected since only three beaches have artificial sand and all of
them scored below 0.96 in the kurtosis parameter, in comparison with
natural beach sands that scored above this value, the only exception
being Praia Nova. Artificial beaches have a stronger mineralogical simi-
larity with natural calcareous beaches. On the opposite side, natural ba-
saltic beaches are the most different from every other sand types (Fig.
12).

All other sedimentological parameters, shows that they are very
similar to each other, despite the sand origin. The only parameter chal-
lenging this statement is kurtosis, which is a descriptor of the shape of
the probability distribution. Higher kurtosis values (leptokurtic curves)
indicate that most of the size variance is the result of infrequent extreme
deviations, as opposed to frequent modestly sized deviations
(platikurtic curves). This factor affects the distribution and dispersion
of value curves, and does not seem to affect the bioburden.
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Fig. 9. Statistical output of Fungi vs. year.

Since there seems to be no textual pattern distinguishing natural and
artificial beach sands, there are no reasons to believe that grain size dis-
tribution is effective in modulating the differences found in the microbi-
al load found between the two major sand type groups: natural and
artificial. These results show that there is no robust correlation between
the sedimentological characteristics and microbial loads in the beaches
sampled in Madeira and Porto Santo. Even though there are differences
in contamination between different beaches, the physical characteris-
tics of sand grains do not show important differences between each
other.

This suggests, contrary to other works (Sessisch et al., 2001;
Velonakis et al., 2014), that the nature of the sand is not a relevant factor
regulating microbiological quality/quantity, at least in Madeira Archipel-
ago. This seems to further support that, in Madeira, high contamination
levels are most probably related with geographical and morphological
features, wind regime and/or bather's density in the artificial beaches,
rather than with sedimentological features.

Sea water also cannot be ruled out as a potential source of sand con-
tamination. Phillips et al. (2011) stated the relevant relationship be-
tween average beach sand quality and sea water, linking levels of
enterococci in sand with sea water.

Statistical analysis suggests higher microbial contamination trends
in artificial sand beaches when compared with natural ones, especially
when focusing on the fungal load, since no statistical significance was
found for bacterial load. Nevertheless when analysing the graphs
representing mean and standard deviation (Fig. 14) it is clear that the
higher deviations from central values characterize the artificial sand
type beaches.

This may be explained by several factors. Sea birds could be viewed
as promoting sand contamination (Hernandez et al., 2014; Whitman et
al., 2014) as they are responsible for high E. coli concentrations on fore-
shore sand (Whitman and Nevers, 2003), and elevated enterococci
values in beach sand (Bonilla et al., 2007; Piggot et al., 2012). Although
bird faecal droppings are known as one of the main causes of high faecal
indicator levels in beach sand, bird presence, in our sampled beaches, is
occasional, and normally only by isolated individuals. The imported
sand (from Laayoune, Western Sahara) could have acted as a source of
exotic contaminants with invasive potential. However, this introduction
was done several years ago, and contaminant levels would have already
diminished and should not be any different from local conditions (Defeo
et al., 2009). A more plausible cause for this situation is the impact that
artificial structures built to protect artificial beaches from erosion have
on coastal currents and dynamics (Lee et al., 2006). The beaches had
to be protected by groins and submarine breakwaters to avoid removal
of the artificially placed sand by both longshore and cross-shore wave-
induced currents. This lead to reduced turbulence and decreased cur-
rents intensities, resulting in small renewal rates of both water and
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sediments inside the semi-open pools bounded by the hard defence
structures. The protection works decreased the natural dynamics of
the coastal environment, providing conditions that favour microbial
contamination of the sand to levels not allowed for in natural condi-
tions. Even though hard protection structures do not influence the
tidal levels, they markedly change the reach of the wave swash land-
ward of the water line. This minimizes the “washing effect” associated
with the tides, decreases sand remobilization, and, consequently, pro-
motes lack of sand renovation that leads to higher sand contamination
(Pereira et al., 2013). Bather's attendance in Madeira's artificial beaches
can also be one vital reason for the higher sand contamination levels on
these beaches. Indeed, the number of visitors of artificial beaches, signif-
icantly increased after completion of the placement works. The number
of beachgoers in artificial beaches is also much higher when compared
to natural ones, due to the attractiveness of the sand and sense of secu-
rity (Pereira et al., 2013). This will create different kinds of impacts di-
rectly linked to sand microbiological contamination, such as
production/accumulation of litter, direct human contact with sand,
and the simple fact of feeding animals near the beach.

4. Conclusions

Specific management frameworks are required for beaches that
have natural or artificial singularities (both due to their location and
users), and especially for beaches located in high demanding touristic
areas such as the Madeira Archipelago.

An atypical extreme precipitation event that occurred in 2010 was
responsible for higher values of biological and mycological contami-
nants in Madeira sand beaches, when compared with the following
years, due to the damages that occurred in sewer lines, and debris
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transported to the ocean shores. In the following years, the contamina-
tion levels decreased, most probably due to coastal cleaning and the re-
pair of damaged infrastructure. This result reveals the impact that flash-
floods can have on beach sand quality and that efforts to repair the dam-
ages are not only important for the improvement of water quality, but
also to enhance sand quality. Along the study time frame, our results
showed higher contaminant levels in artificial beaches when compared
to natural ones. Taking into account several potential microbiological
contamination sources, bather's attendance and the disruption of nor-
mal shore dynamics by hard protection structures in artificial beaches,
were considered to be the main influencing agents of microbial contam-
ination in Madeira and Porto Santo.

Statistical data outputs revealed no relevant links between sedimen-
tological indicators and sand microbiological contamination, concluding
that sand nature/characteristics are not relevant for sand microbiologi-
cal contamination in Madeira.

The overall findings of this study deliver a valuable baseline for as-
sessment of sand beach mycological and bacterial contaminants, and
are a warning to the occurrence of potential harmful bacteria and
fungi in beach sand environments. Furthermore, it gives information
to beach managers on the importance of implementing a system that
acknowledges beach sand as a crucial component of beach quality
management.
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