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A B S T R A C T

The suitability of the ‘artificial substrate’ method, i.e. standardized surfaces of fiberglass screens, for the
quantification of four benthic harmful algal bloom (BHAB) dinoflagellates (Gambierdiscus, Ostreopsis,
Prorocentrum and Coolia) was tested relative to estimates from natural macroalgal substrates. Sampling took
place in a variety of intertidal and subtidal coastal habitats under different water motion conditions, at depths
from 1 to 7m, in two archipelagos of the Macaronesia region: The Canary Islands and Cape Verde. An immersion
time of 24 h was sufficient to adequately estimate dinoflagellate abundances. Seven replicates were established
as the ideal replication level, considering both reproducibility and sampling effort. In most cases, cell abun-
dances of the four dinoflagellate genera showed lower variability on artificial substrates than on macroalgae,
leading to more reliable estimates of abundances. The ratio of mean cell abundances on artificial substrates to
mean cell abundances on macroalgae highly varied among sampling sites for each genus. This was especially
true for Ostreopsis and Coolia. Thus, given the potentially harmful nature of benthic dinoflagellates, the trans-
formation of abundances expressed as cells g−1 of macroalgae to abundances expressed as cells cm-2 is risky, and
it should not be attempted in monitoring and management programs of harmful microalgae. In summary, results
of this study support the use of artificial substrates in monitoring programs of BHAB dinoflagellates, while the
risks of using macroalgae are stressed.

1. Introduction

Blooms of benthic harmful dinoflagellates (BHABs) represent im-
portant public health and environmental risks (Hallegraeff, 1993). In
particular, species of the genera Gambierdiscus, Ostreopsis, Prorocentrum
and Coolia can produce potent toxins that affect marine organisms, the
environment and human health (GEOHAB, 2012; Hoppenrath et al.,
2013; Wakeman et al., 2015). In the last decade, BHABs have become a
major concern because of their expansion to areas outside their known
endemic distribution, attracting the interest of the scientific community
and policy-makers (GEOHAB, 2012). One of the major constraints to
the understanding of the dynamics of BHABs has been the lack of a
standardized sampling method for a precise estimation of cell abun-
dances, which are crucial to establish alarm concentration levels for
potential BHAB events and their associated risks worldwide. The oc-
currence of BHABs in structurally complex environments, which usually
are formed by different substrates such as algae, seagrass, sand, rocks or

corals, complicates the design of quantitative sampling strategies both
for monitoring and research purposes (Yasumoto et al., 1980; GEOHAB,
2012; Yong et al., 2018). The most common collection method for
BHAB species uses macroalgae, from which the epiphyte community is
detached and BHAB cells enumerated. Results are then expressed as
cells g−1 of algal wet weight or dry weight (Reguera et al., 2011).
Macroalgae have the advantage of being common in many marine ha-
bitats, where they can be easily collected. In general, researchers collect
multiple species of macroalgae at the same sampling site (Lobel et al.,
1988). However, the collection of different species has some important
disadvantages. Macroalgae have different surfaces, morphologies and
production of secondary metabolites that influence the BHAB pre-
ferences (Lobel et al., 1988; Parsons et al., 2011; Rains and Parsons,
2015). While these preferences are not well understood (Selina et al.,
2014), in general, macroalgae with high surface to mass ratios are
considered preferred hosts, as they have the capacity to support high
densities of epiphytic dinoflagellates (Lobel et al., 1988; Bomber and
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Aikman, 1989; Reguera et al., 2011). The problem of using different
species is that comparisons of BHAB abundances may not be realistic
(Lobel et al., 1988; Richlen and Lobel, 2011). Some authors considered
that the selection of a single macroalgae species is more apropiate to
avoid errors (Lobel et al., 1988). Unfortunately, intensive sampling of
the same species is not always possible due to the spatial and temporal
(life cycles) variability in macroalgal distribution (Tuya and Haroun,
2006; Tester et al., 2014; Mehdipour et al., 2015). In turn, such local
differences in macrophyte communities across space and times (sea-
sons) affect BHAB abundances (Lobel et al., 1988; Tester et al., 2014).

Recently, new methods have been proposed to circumvent these
problems, through the use of ꞌartificial substratesꞌ (Faust, 2009; Tester
et al., 2014; Jauzein et al., 2016; Mangialajo et al., 2017; Parsons et al.,
2017). These methods are based on the assumption that benthic dino-
flagellates are capable of colonizing new substrates after a period of
time in a similar proportion relative to their abundances in the en-
vironment (Nakahara et al., 1996; Tester et al., 2014). One of the major
advantages of these methods is the normalization of cell abundance to
surface area of the artificial substrate, with the establishment of a
standard unit of measurement (cells cm−2). This strategy allows for
reliable comparisons at different scales of spatial and temporal varia-
tion. Of the several artificial substrates that have been proposed, fi-
berglass screens of a known surface area have recently been tested with
promising results for different BHAB genera in a range of marine ha-
bitats, including the Caribbean Sea, the Indo-Pacific Ocean (Tester
et al., 2014) and the Mediterranean Sea (Jauzein et al., 2016, 2018).
Aiming at the selection of a standard method for BHAB cell monitoring,
these studies have addressed several questions, such as ideal incubation
time, screen surface area and mesh size and the number of replicates;
correlations between BHAB abundances in screen surfaces and natural
substrates also have helped to unravel the reliability of these proce-
dures (Tester et al., 2014; Jauzein et al., 2016, 2018). Results so far
have suggested that BHAB abundances can be assessed adequately
using fewer than nine replicated fiberglass screens, where they reach
equilibrium with the surrounding environment after 24 h of incubation.
These studies also indicated that cell abundances of dinoflagellates, on
screens and the surrounding macrophytes, are well correlated, with no
significant differences on the variability of cell concentration estima-
tions between both methods.

Since 2004, several outbreaks of Ciguatera Fish Poisoning (CFP), a
syndrome caused by toxins produced by dinoflagellates of the genus
Gambierdiscus (GEOHAB, 2012), have been reported from the North
Atlantic archipelagos of Macaronesia: the Canary Islands (Pérez-
Arellano et al., 2005), Madeira (Otero et al., 2010) and Cape Verde
(local newspapers documenting symptoms in agreement with CFP after
consumption of fish). In 2016, a bloom of Gambierdiscus caribaeus was
documented from El Hierro Island, Canary Islands, suggesting that CFP
in the region may results from locally sourced toxic fish and not from
long distance fish migration (Soler-Onís et al., 2016). Until 2016, most
work on Gambierdiscus in the Canaries has resulted mainly from op-
portunistic samples and short sampling expeditions (Rodríguez et al.,
2017), from which cells have been isolated and cultured under la-
boratory conditions for further taxonomic and toxicological studies
(Fraga et al., 2004; Fraga et al., 2011; Fraga and Rodríguez, 2014). In
other archipelagos within this region, for instance Madeira and Cape
Verde Islands, the presence of Gambierdiscus spp. has been also docu-
mented (Kaufmann and Böhm-Beck, 2013; Soler-Onís pers. comm.), but
very little is known on species diversity and distribution.

Regarding the genus Ostreopsis, another potentially toxic benthic
dinoflagellate present in this region that has been observed forming
dense blooms at different locations (Soler-Onís and co-workers, work in
progress), much less is known. There are only a few reports of its pre-
sence (Fraga et al., 2005; Penna et al., 2010; Kaufmann and Böhm-Beck,
2013), while the abundance, diversity and distribution still remain to-
tally unknown. These events raise serious public health concerns and
argue for efficient standardized monitoring programs.

Aiming for a precise quantification of these potentially harmful
species in the Macaronesian region, the main objective of this study was
to assess the applicability of the ꞌartificial samplingꞌ method, developed
by Tester et al., 2014. To achieve this, several experiments were de-
signed in the Canary Islands and Cape Verde to (1) to determine the
optimal number of replicates, (2) to determine the ideal incubation
time of artificial substrates, (3) to compare the efficiency of both
methods to make accurate cell estimations and (4) to investigate the
relation between BHAB abundances on macroalgae and artificial sub-
strates. The implications of this study are relevant in terms of both
research and monitoring purposes within the study region and add
supporting evidence for the artificial substrate method, as a standard
method for sampling benthic harmful dinoflagellates worldwide.

2. Material and Methods

2.1. Study area

This study was conducted from March 2017 to August 2018 at two
archipelagos of the Macaronesian region: The Canary Islands and Cape
Verde. Samples were collected at 7 sites from The Canary Islands and
two Sites from Cape Verde (Table 1; Fig. 1) by snorkeling and SCUBA
diving. At all sites, Pendant® Temperature and HOBO Pendant® G HOBO
data loggers (Onset®) were set up to describe patterns of seawater
temperature (ºC) and water acceleration (m s−2) as a proxy to water
motion. Sampling sites encompassed a variety of intertidal and subtidal
coastal habitats, including sandy bottoms, macroalgal beds or rocky
bottoms (Table 1). Samples were collected between 0.5 to 7m depth.
Water temperature and water motion ranged between 18 to 26 °C, and
4.62 to 41.51m s−2, respectively.

2.2. Artificial substrate development

To develop a BHABs sampling strategy in the Macaronesian region,
an artificial substrate device was recreated (Fig. 2A), based on the
prototype developed by Tester et al. (2014). In the model used in the
present study, the screen (a rectangle of 10.2 cm×15.2 cm, area of 170
cm2; mesh size of 1.6mm) was directly attached to a fishing line using
two mooring points by the use of a rigid plastic frame stuck to the
screen (10.2 cm×15.2 cm; 0.4 cm wide). The screen was then sus-
pended in the water column, at a distance of approximately 15 cm from
the sea bottom; a 15ml centrifuge plastic tube was used as a float
(Fig. 2A). The individual fiberglass screens were then attached to a
plastic bar of 210 cm long, using plastic flanges through the bar, se-
parated from each other by a distance of 30 cm (Fig. 2B). In order to
allow the device to move freely, fishing swivels were used to attach the
monofilament fishing line to the float and to the plastic flange. The
whole structure was fixed to the sea bottom using two stones tied to the
extremes of the bar (Fig. 2B). The sampling structure was deployed
randomly at each sampling site. At the end of the experiment, each
fiberglass screen was collected with minimum manipulation and placed
in plastic zip bags (1 L) with surrounding water. To position the screen
correctly, the float was held with one hand to keep the device erect.
Once the screen was introduced into the bag, the monofilament was cut
using scissors and the bag closed.

2.3. Colonization time of artificial substrates

In order to estimate the time required for benthic dinoflagellates to
colonize the artificial substrates, groups of fiberglass screens (n=3)
were deployed and subsequently retrieved at 3 different time intervals:
24, 48 and 72 h, at Melenara Bay (Site 5). Two-way ANOVA was used to
test for significant differences in cell abundances between genera and
time of exposure; pairwise tests (Holm-Sidak) resolved pairwise dif-
ferences between time of exposure for each genus, as a result of a sig-
nificant interaction between “Time” and “Genus”. The homogeneity of
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variances was assessed through the Levene’s test; in all cases, homo-
geneity of variances excluded the need to transform the raw data. These
analyses were implemented using the R.3.4.3. statistical package.

2.4. Determination of artificial substrate replication

To determine the minimum number of replicates required to ade-
quately estimate the abundances of benthic dinoflagellates, 12 fi-
berglass screens were attached to plastic tubes arranged in a square
(150× 150 cm). The squares were deployed at three different habitats:
a sandy bottom at Taliarte Harbour (Site 3), a macroalgal-covered rocky
habitat at Taliarte Bay (Site 4), and a mixed macroalgal and coral ha-
bitat at Salamansa Bay (Site 8). To work out the number of replicates,
the (log-transformed) Standard Error (SE) of abundances versus the
number of replicates were plotted for each genus (Kingsford and
Battershill, 1998). The number of required replicates was determined
when the SE of abundances stabilized when adding more replicates.
Subsequently, the coefficients of variation (CVs), a measure of sample
variation standardized by the sample mean, versus the number of re-
plicates were plotted to ensure the stabilization of the variability ob-
tained with the optimum number of replicates. Complementary to these
analyses, a power analysis was carried out by means of the freeware
Gpower (http://www.gpower.hhu.de/), using dinoflagellate abundance
data from a random subset of four sites to obtain a range of 'effect sizes'
(f), which varied from f=0.7 to f= 1.3. For a standard alpha value of
0.05 and a statistical power of 0.95, we calculated the level of re-
plication, using an F-test family of statistical tests.

2.5. Abundances, sample variability and relationship between methods

To compare abundances on macroalgae and fiberglass screens, an
equal number of replicates of each substrate were collected at Caletón
Blanco (site 1), Salinas del Carmen (site 2), Taliarte Bay (site 4),
Melenara Bay (site 5), Las Galletas (site 6), La Restinga Harbour (site 7),
Salamansa Bay (site 8), and Baia das Gatas (site 9). The macrophytes
were selected based on previous knowledge on their diversity and oc-
currence in Macaronesia and known affinity for benthic dinoflagellates.
Macrophytes included members of Rhodophyta: Asparagopsis taxiformis
(Delile) Trevisan, Galaxaura rugosa (Ellis & Solander) Lamouroux and
Jania rubens (Linnaeus) Lamouroux), as well as Chlorophyta: Caulerpa
sertularioides (Gmelin) Howe and Halimeda tuna (Ellis & Solander)
Lamouroux) and Ochrophyta: Cystoseira humilis Schousboe ex Kützing,
Colpomenia sinuosa (Mertens ex Roth) Derbès & Solier, Dictyota spp.,
Halopteris scoparia (Linnaeus) Sauvageau, Lobophora variegata
(Lamouroux) Womersley ex Oliveira, Padina pavonica (Linnaeus) Thivy,
Sargassum filipendula Agardh and Zonaria tournefortii (Lamouroux)
Montagne). Around 25 g of the available species were collected using
plastic containers (100ml). Once the container was placed at a short
distance from the sample, the macrophyte was carefully removed and
placed inside the container with surrounding water. In all cases, each
replicate consisted of a single species.

For each sampling method (macroalgae and artificial substrates) the
coefficient of variation (CV) was calculated; a higher CV indicates
greater level of dispersion around the mean. Because the CV is unitless,
comparisons between non-comparable metrics, i.e. abundances on ar-
tificial substrates (cells 100 cm−2) and macrophytes (cells g-1), are
possible. The R package cvequality test (Version 0.1.3; Marwick and
Krishnamoorthy, 2018) tested for significant differences in the CV be-
tween both methods at each site. Log-transformed data was plotted for
each sampled locality to better compare the variability on the abun-
dances obtained using both methods.

To compare the abundances found for each genus using both
methods at each sampling site, the ratio of mean cell abundances on
artificial substrates to mean cell abundances on macroalgae was cal-
culated. In addition, linear regression analyses were carried out from
log-transformed pooled data from all the sampling sites to assess theTa
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relationships between mean abundances found on macroalgae and
those found on artificial substrates of each genus.

2.6. Sample processing, dinoflagellate species identification and cell
counting

Samples collected from either macroalgae or artificial substrates
were immediately fixed with 4% formaldehyde in seawater.
Dinoflagellates were detached from the substrates by vigorous shaking
for 1min. To separate macroalgae from the seawater containing dino-
flagellate cells, samples were filtered using a 150 μm sieve. Macroalgae
were dry blotted and immediately weighed to determine their fresh
weight (FW). Samples containing detached dinoflagellates were con-
centrated onto a 20 μm sieve. The original empty containers were re-
filled with about 50–100ml of pre-filtered seawater and shaking and
filtering procedures repeated. This procedure was especially intended
to recover cells from the plastic bags that contained the screens, as

these bags present many folds that can retain dinoflagellates. All the
material collected on the sieve was backwashed into a 100ml plastic
container, which was filled up to 100ml with filtered seawater.
Formaldehyde was added once again to a final concentration of 4% and
samples were stored in darkness until the analyses.

Dinoflagellate species identifications, from both artificial and nat-
ural samples, were carried out from at least one sample of each method
at each location. Preserved cells were examined under scanning elec-
tron microscopy (SEM) (JEOL JSM-6380 LV) and/or under light mi-
croscopy/fluorescence microscopy (LEICA DM6000 B) equipped with a
LEICA DFC495 camera. Cells were stained with fluorescent stain cal-
cofluor for the examination of the plate tabulation.

For the quantification of benthic dinoflagellates, specimens were
only identified at the genus level. Counting was carried out in
Sedgewick-Rafter chambers (Edler and Elbrächter, 2010), using an in-
verted light microscope (LEICA DMI3000 B) at 10X, 20X and 40X
magnifications. When samples were at low cell concentrations, 10ml

Fig. 1. Maps showing sampling locations in two archipelagos of the Macaronesian region: (A) Canary Islands and (B) Cape Verde.
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Utermöhl chambers (Edler and Elbrächter, 2010) were used. In some
cases, more than one Sedgewick-Rafter chamber was necessary to count
a sufficient number of cells. In any case, a maximum of 3 chambers or
400 cells were counted for each sample. For samples with higher cell
numbers, counting was carried out on random transects of the Sedge-
wick-Rafter until reaching ca. 400 cells. Cell abundances were ex-
pressed either as cells g−1 wet weight of macroalgae or cells 100 cm-2,
for samples from macroalgae and artificial substrates, respectively.

3. Results

3.1. Colonization time

During the colonization experiment, the abundance of the different
genera showed marked differences. Ostreopsis was always the dominant
genus with cell abundances several orders of magnitude higher than the
other genera (Fig. 3). The second most abundant genus was Pro-
rocentrum, followed by Coolia. Gambierdiscus always showed the lowest
cell densities. The abundances of benthic dinoflagellates significantly
varied through time after deployment of artificial substrates ("Time"
and "Genus x Time", p < 0.001, Table 3). Ostreopsis and Gambierdiscus
showed maximum cell abundances at 24 h, while Prorocentrum and
Coolia abundances were higher at 48 h. Still, pairwise tests indicated
that abundances of the different genera did not significantly differ

between 24 and 48 h. After 48 h, Ostreopsis, Coolia and Gambierdiscus
decreased, while Prorocentrum abundances continued to increase slowly
(Fig. 3). Significant differences between 48 and 72 h were only found
for Ostreopsis abundances (Table 3).

3.2. Determination of required replication

Ostreopsis and Prorocentrum were present at all sites (Fig. 4), while
Coolia was only present at one site (Fig. 4G). The number of required
replicates to sample Gambierdiscus could not be assessed, as this genus
was absent from all sites. In all the cases, Ostreopsis was the most
abundant genus. For all genera, the number of replicated fiberglass
screens (n) needed to adequately estimate the abundances of benthic
dinoflagellates was less than 9 (Fig. 4). For Ostreopsis, the minimum
level of replication varied between n=5 (Fig. 4A) and n=7 replicates
(Fig. 4C and E). The variability of Coolia abundances stabilized at n=8
replicates (Fig. 4G). A larger number of replicates, between 7 and 9,
were needed to adequately sample Prorocentrum abundances (Fig. 4B, D
and F). The analysis of the CVs also suggested the stabilization of the
variability using the number of replicates previously indicated (see
appendix, Fig. S1).

The power analysis showed that for an 'effect size' of f= 1.3, four
replicated screens (n=4) are enough to reach a statistical power of
0.95. For a f= 1.0, the level of replication would increase to n=6,
while for a f= 0.7, the level of replication would have to be increased
to n=10.

3.3. Abundances, sample variability and relationship between methods

At most sites, Ostreopsis was the dominant genus both on macro-
phytes and artificial substrates, while Gambierdiscus showed the lowest
mean cell abundances (Table 2). The species identified within the genus
Ostreopsis included: O. fattorussoi Accoroni, Romagnoli & Totti, O. cf.
ovata Fukuyo and O. siamensis Schmidt in the Canary Islands and O.
lenticularis Fukuyo and O. cf. ovata in Cape Verde. Among the five
Gambierdiscus species already reported for these archipelagos, four were
recorded in this study: G. australes Chinain & Faust, G. caribaeus Van-
dersea, Litaker, Faust, Kibler, Holland & Tester, G. carolinianus Van-
dersea, Litaker, Faust, Kibler, Holland & Tester, G. excentricus Fraga in
the Canary Islands and G. excentricus in Cape Verde. Among the 13
benthic Prorocentrum species identified in these archipelagos, P. hoff-
manianum Faust, P. lima (Ehrenberg) Stein, P. maculosum Faust and P.
panamense Grzebyk, Sako & Berland were identified in the Canary Is-
lands and P. hoffmanianum and P. lima in Cape Verde. Finally, Coolia
species identified in this study included C. canariensis Fraga, C. ma-
layensis Leaw, Lim & Usup, C. monotis Meunier and C. tropicalis Faust in
the Canary Islands and C. monotis in Cape Verde. The benthic

Fig. 2. (A) Modified artificial substrate, based on the Tester et al. (2014) ori-
ginal design. The arrows show all the movements to which the device can be
subjected during time of exposure. (B) Artificial substrate units arranged on a
210 cm long plastic bar. Each unit was separated from the adjoining by a dis-
tance of 30 cm, which allowed moving freely without intervening in the
movement of others. (C) Deployment of artificial substrates at 20m depth in Los
Saltos, El Hierro, Canary Islands.

Fig. 3. Colonization of artificial substrates by Gambierdiscus, Ostreopsis,
Prorocentrum and Coolia after 24, 48 and 72 h at Melenara Bay (site 5, Gran
Canaria, Canary Islands) in July 2018 (n= 3). Error bars are SE of means.

J. Fernández-Zabala, et al. Harmful Algae 87 (2019) 101634

5



dinoflagellates genera that were present on macroalgae were also de-
tected on artificial substrates in all the experiments after 24 h (Table 2).
In general, benthic dinoflagellate abundances found on macrophytes
where highly variable compared with the abundances on artificial
substrates. Among macroalgal replicates from the same site, minimum
and maximum cell abundances differed, in most cases, by 1–2 orders of
magnitude, and even 3, while the minimum and maximum cell abun-
dances recorded on artificial substrates were, in general, of the same
order of magnitude (Table 2; Fig. 5).

The use of artificial substrates provided more precise cell abundance
estimates (i.e. lower CVs) (Fig. 4). In this way, when 7 replicates were
used, CVs on artificial substrates ranged between 9–36 % (Ostreopsis),
18–128 % (Gambierdiscus), 18–74 % (Prorocentrum) and 22–87 %
(Coolia). On the contrary, when macrophytes were used, CVs ranged
between 33–214 % (Ostreopsis), 79–177 % (Gambierdiscus), 21–101 %
(Prorocentrum) and 38–164 % (Coolia) (Table 2, Fig. 5).

The comparison of the CVs obtained for each genus, using the
cvequality test, showed significant differences (p < 0.05) in CVs be-
tween methods in many cases. Ostreopsis showed significant differences
in the CVs between macroalgal and artificial substrates in 5 out of the 8
sites; Gambierdiscus showed significant differences in 3 out of 7 sites;
Coolia showed significant differences in 3 out of 9 sites, while
Prorocentrum showed significant differences in 2 out of 10 sites
(Table 2).

Mean cell abundances on artificial substrates to mean cell abun-
dances on macroalgae ratios of each genus (X̄s/X̄m, Table 2) varied
among different sampling sites. Ratio ranges were particularly wide for
Ostreopsis (1 to 69) and Coolia (1 to 25). Gambierdiscus showed a slightly
narrower ratio range (1 to 17). Finally, Prorocentrum ratios were more
constant among sampling sites, as they ranged from 1 to 6. In relation to
these observations, linear regressions analyses, using pooled data from

all the sampling sites, showed different relationships between cell
abundances on artificial substrates and macroalgal substrates (Fig. 5).
Gambierdiscus showed the strongest relationship between abundances
on artificial substrates and macroalgae (r2= 0.853, p= 0.003)
(Fig. 6A). Prorocentrum similarly presented a strong relationship
(r2= 0.807, p= 0.001) (Fig. 6C). On the contrary, Ostreopsis presented
a weaker relationship (r2 = 0.620, p= 0.020) (Fig. 6B) and Coolia
showed the weakest relationship (r2= 0.440, p= 0.051) (Fig. 6D).

4. Discussion

Collection of macrophytes has been a reference method for the
quantification of dinoflagellate abundances, in terms of both research
and monitoring (GEOHAB, 2012). However, this method has important
limitations to provide reliable cell abundance estimations, e.g. physical
and chemical differences among macroalgae affecting substrate pre-
ferences by dinoflagellates (Lobel et al., 1988; Bomber and Aikman,
1989; Morton and Faust, 1997; Villareal and Morton, 2002; Cruz-Rivera
and Villareal, 2006; Rains and Parsons, 2015; Catania, 2018) and
variability in macrophyte communities across spatial and temporal
(seasonal) scales (Lobel et al., 1988; Tester et al., 2014). In brief, a lack
of standardized substrate has led to inconsistent cell abundance results
(Richlen and Lobel, 2011). Thus, in order to test the validity of an al-
ternative method, i.e. the artificial substrate method, to estimate den-
sities of harmful and potentially harmful dinoflagellates, a series of
experiments was designed in the Macaronesian region.

4.1. Artificial substrates development

The artificial substrate method used in this study was based on the
strategy proposed by Tester et al. (2014). However, several

Fig. 4. Changes in Log- transformed SE with increasing replication at three habitats: (A–B) sandy bottom at Taliarte (site 3, Gran Canaria, Canary Islands); (C–D)
mixed macroalgal bed at Taliarte Bay (site 4, Gran Canaria, Canary Islands) and (E–G) mixed macroalgal and coral bed at Salamansa Bay (site 8, São Vicente, Cape
Verde Archipelago) for Ostreopsis (A,C,E), Prorocentrum (B, D, F) and Coolia (G).
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modifications were introduced to improve its operation during ex-
posure and retrieval. An external plastic frame was added to the fi-
berglass screen, which allowed anchoring the structure to the sup-
porting vertical line through two lateral points (Fig. 2A). This layout
minimizes the risk of friction with other nearby structures, including
the vertical line of the device, during exposure. It also significantly
reduces in situ manipulation during retrieval, i.e. the substrate is in-
troduced in the collecting plastic bag with no direct contact with human
hands. Similarly, Jauzein et al. (2016) also modified the original design
from Tester et al. (2014) using two anchorage points to lessen friction
during exposure. However, the retrieval process needs substrate ma-
nipulation, as the substrate needs to be cut on one side before being put

into a container, which may cause detachment of cells.
In this study, the mooring of artificial substrates to the seabed was

also modified. The mooring system was designed such that several re-
plicate fiberglass screens could be deployed simultaneously on the
bottom, while keeping replicates apart from each other (Fig. 2B). This
allowed reducing the time necessary to both deploy and retrieve the
replicated artificial substrates, particularly under adverse conditions
(strong currents, waves, etc.). Jauzein et al. (2016) also included sev-
eral replicated artificial substrates in their study, but these were at-
tached to the same frame, making difficult the retrieval of one replicate
without affecting adjacent replicates.

Table 2
Mean, maximum, minimum, standard deviation and variation coefficient (% CV) in the abundances of Gambierdiscus, Ostreopsis, Prorocentrum and Coolia found on
macroalgae (cells g−1) and screens (cells 100 cm-2). The ratio of artificial substrates to macroalgae abundances X̄s/X̄m and the results of the D′AD test for each genus,
at each sampling site, are also included (right column). Numbers in brackets indicate sites where experiments were conducted in two different periods: (1) first
sampling and (2) second sampling.

Site Screen (cells 100 cm−2) Macroalgae (cells g−1)

X̄s SD Min Max CV(%) n X̄m SD Min Max CV(%) n X̄s/X̄m CV Equality Test

Gambierdiscus
1 252 44 176 294 18 7 46 64 0 177 139 7 5 D′AD=6.69 p=0.009
2 59 102 0 176 173 3 13 12 0 21 86 3 4.5 – –
4 (2) 51 41 0 118 81 7 3 6 0 14 177 7 17 D′AD=0.77 p=0.37
5 67 86 0 235 128 7 20 16 7 53 79 7 3 – –
6 59 0 59 59 0 3 102 51 54 155 49 3 1 D′AD=7.12 p=0.007
7 (1) 42,192 9711 28,166 59,706 23 7 17,961 19,523 1539 47,687 109 7 2 D′AD=5.44 p=0.019
7 (2) 445 258 235 1000 58 7 413 504 68 1496 122 7 1 D′AD=1.16 p=0.28

Ostreopsis
1 434,216 60,263 384,118 556,471 14 7 6300 9255 450 25,059 147 7 69 D′AD=7.29 p=0.006
4 (1) 1088 397 558 1076 36 7 132 199 0 569 150 7 8 D′AD=3.25 p=0.07
4 (2) 19,218 1698 17,353 21,824 9 7 380 127 165 554 33 7 51 D′AD=7.47 p=0.006
5 434,313 81,925 298,823 549,412 19 7 14,772 8183 2935 23,167 55 7 29 D′AD=5.39 p=0.020
7 (1) 235 68 176 353 29 7 215 122 45 387 57 7 1 D′AD=2.13 p=0.14
7 (2) 40,175 4208 34,118 46,353 10 7 50,413 36,130 6011 122,818 72 7 1 D′AD=9.96 p=0.002
8 27,765 3571 21182 31,882 13 7 4810 10,277 22 29,922 214 7 6 D′AD=4.72 p=0.029
9 247,759 70,409 152,941 351,176 28 7 153,082 55,320 84,507 220,079 36 7 2 D′AD=0.28 p=0.59

Prorocentrum
1 1980 591 1000 2647 30 7 312 179 88 532 57 7 6 D′AD=1.70 p=0.19
2 823 256 647 1118 31 3 226 149 70 367 65 3 4 D′AD=070 p=0.40
4 (1) 157 116 59 412 74 7 116 106 0 314 91 7 1 D′AD=0.12 p=0.73
4 (2) 344 211 176 765 61 7 121 99 45 328 82 7 3 D′AD=0.24 p=0.62
5 1176 297 765 1706 25 7 562 117 424 793 21 7 2 – –
6 98 68 59 176 69 3 53 2 51 54 4 3 2 – –
7 (1) 971 608 412 2176 63 7 359 362 45 1144 101 7 3 D′AD=0.69 p=0.4
7 (2) 1782 393 1235 2176 22 7 670 515 91 1247 77 7 3 D′AD=4.95 p=0.026
8 2681 494 1647 3235 18 7 461 435 41 1381 94 7 6 D′AD=6.24 p=0.012
9 1518 557 947 2382 37 7 889 541 319 1616 61 7 2 D′AD=099 p=0.65

Coolia
1 2735 624 1882 3412 23 7 110 179 9 502 164 7 25 D′AD=4.84 p = 0.027
4 (1) 8329 2828 4412 11059 34 7 3126 1262 1860 5513 40 7 3 D′AD=0.15 p=0.69
4 (2) 2647 593 1882 3529 22 7 1446 1727 447 5255 119 7 2 D′AD=5.60 p=0.017
5 676 183 412 100 27 7 273 104 113 389 38 7 2 D′AD=0.89 p=0.34
6 50,653 8408 56,209 40,980 17 3 2803 973 1812 3756 35 3 18 D′AD=0.88 p=0.35
7 (1) 402 350 59 882 87 7 171 143 38 444 84 7 2 – –
7 (2) 487 121 294 647 25 7 555 368 2015 1214 66 7 1 D′AD=3.51 p=0.061
8 5126 1133 2824 6765 22 7 357 351 7 922 98 7 14 D′AD=5.20 p=0.022
9 289 133 125 471 46 7 312 167 96 534 54 7 1 D′AD=0.09 p=0.75

Table 3
Two-way ANOVA testing for significant differences in dinoflagellates abundances through colonization times. Pairwise tests denote significant differences between
times for each genus.

Source of Variation DF MS F P Holm - Sidak test

Genus 3 190272573977.957 165.32 <0.001 Gambierdiscus 24 h=48 h=72 h
Time 2 17636053152.634 15.323 <0.001 Ostreopsis 24 h=48 h≠72 h
Time x Genus 6 17628860021.786 15.317 <0.001 Prorocentrum 24 h=48 h=72 h
Residual 24 1150937524.029 Coolia 24 h=48 h=72 h
Total 35 21128156827.045
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4.2. Colonization time and required replication

Deployment time of artificial substrates must be enough to allow
colonization by dinoflagellates, so cell concentrations are re-
presentative of what is found on natural habitats (Kibler et al., 2008;
Fraga et al., 2012). Short deployment times can underestimate cell
abundances, whereas large deployment times can unnecessarily in-
crease sampling time. Our results demonstrated that there is no dif-
ference in cell abundances between 24 and 48 h for Ostreopsis, Gam-
bierdiscus, Prorocentrum and Coolia (Table 3). Tester et al. (2014) also
demonstrated that cell abundances of Ostreopsis, Gambierdiscus and
Prorocentrum did not differ between 24 and 48 h at a Caribbean site, and

Jauzein et al. (2016) did not find differences for Ostreopsis cf. ovata
from the Mediterranean. After 48 h, cell abundances of Gambierdiscus,
Prorocentrum and Coolia remained stable, while concentrations of Os-
treopsis significantly decreased from 48 to 72 h, so abundances of this
genus can be underestimated if colonization times are over 48 h. In
summary, as for other regions, 24 h seems to be the ideal deployment
time for artificial substrates in the Macaronesian region.

The larger the number of replicates, the lower the variation around
the mean, which increases the confidence of inferences (Lobel et al.,
1988). For Ostreopsis, Prorocentrum and Coolia, our results indicated
that a number of replicates between 5 and 9 provides accurate esti-
mations of cell concentrations. Thus, the use of 7 replicates seems a

Fig. 5. Log-transformed abundances of Gambierdiscus (A–B, C–D, E–F), Ostreopsis (A–B, C–D, E–F, G–H), Prorocentrum (A–B,C–D, E–F,G–H) and Coolia (A–B, C–D, E–F,
G–H) on macroalgae (cells g−1) (A, C, E and G) and artificial substrates (cells 100 cm-2) (B, D, E and F) at (A–B) Caletón Blanco (site 1), Lanzarote, Canary Islands;
(C–D) Taliarte Bay (site 4), Gran Canaria, Canary Islands; (E–F) La Restinga Harbour (site 7), El Hierro, Canary Islands and (G–H) Salamansa Bay (site 8), São Vicente,
Cape Verde (n=7).
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good compromise between accuracy and sampling effort in the Ma-
caronesian region.

4.3. Abundances, sample variability and relationship between methods

In all the experiments, the dinoflagellate genera found in natural
substrates were the same that colonized the artificial substrates. The
artificial substrates, however, had the advantage of providing higher
cellular abundances (Table 2), supplying cleaner samples, and so de-
creasing the subsequent counting effort. This is also an advantage when
isolating cells, or using molecular methods such as qPCR. Probably,
more epiphytic cells from natural substrates could be detached carrying
out a second washing step. However, because this work aimed at as-
sessing differences between replicates and methods, this potential error
was always consistent among replicates and should not suppose a re-
levant source of variability. The most important finding of this study
was that estimates of cell abundances of Gambierdiscus, Ostreopsis,
Prorocentrum and Coolia, in most cases, were less variable (i.e. lower
CVs) from artificial substrates than those from macroalgae. In many
cases these differences in variability were significant (Table 2), de-
monstrating that estimations of cell abundances from artificial sub-
strates are more accurate and reliable than those derived from macro-
algal hosts. Thus, in this study, variation in cell abundances among
replicates, here typified by the CVs, was the "indicator" to consider that
both methods were different regarding their precision to obtain accu-
rate estimations of dinoflagellate abundances. These results contrast
with those obtained by Tester et al. (2014) for Ostreopsis, Gambierdiscus
and Prorocentrum, who did not find differences in variation between
methods. The discrepancy may result from the fact that this study
sampled more than one macroalgal species at each site, which defini-
tively supposes a source of variability. However, sampling the most
frequent and abundant macroalgae species is a commonly strategy in
many studies, where the selection of a single species becomes difficult
(e.g. Mangialajo et al., 2011; Cohu et Lemée, 2012). On the other hand,
this strategy is the best way to evaluate the natural benthic dino-
flagellate assemblages, given that different macroalgal species support
different benthic dinoflagellates (Lobel et al., 1988; Parsons et al.,

2012; Rains and Parsons, 2015; Yong et al., 2018) and that a single
species of macroalgae may not support all benthic HAB dinoflagellates.
As a result, selection of a preferred macroalgal species is rather com-
promised. Furthermore, this discrepancy may also result from the fact
that Tester et al. (2014) pooled all samples coming from different sites,
while our analysis addressed potential differences from site to site.

The level of correspondence between cell abundances in artificial
and natural (macroalgal) substrates varied with the dinoflagellate
genus. Gambierdiscus and Prorocentrum displayed strong linear re-
lationships, while Ostreopsis and Coolia showed a weaker relation.
Tester et al. (2014) found a similar relationship for Gambierdiscus
(r2= 0.974, p < 0.001) and Ostreopsis (r2= 0.709, p < 0.001), but a
weaker relationship for Prorocentrum (r2= 0.660, p < 0.001). The
reason for the observed differences in this study is most likely related to
substrate preferences of each genus and colonization strategies. For
those genera mostly living on macroalgae as epiphytes, e.g. Gambier-
discus (Parsons et al., 2012), colonization of artificial substrates would
be from adjacent macroalgae, so a strong relationship between abun-
dances in both natural and artificial substrates is expected. Other
genera, however, can inhabit a range of substrates, e.g. rock surfaces or
sand. Such is the case of Ostreopsis (Parsons et al., 2012; Totti et al.,
2010), which is known to live in the water column (tychoplanktonic)
(Vila et al., 2001; Aligizaki and Nikolaidis, 2006; Mangialajo et al.,
2011). As a result, colonization of artificial substrates may originate
from populations occurring in different substrates, leading to a weaker
connection between abundances on macroalgae and artificial sub-
strates. As a consequence of the common presence of Ostreopsis and
Coolia cells in the water column, artificial substrates were only de-
ployed during calm to moderate sea conditions to allow the natural
colonization by these tychoplanktonic genera. These genera are easily
resuspended in the water column during high water motion conditions,
being unnaturally recruited by artificial substrates (authors personal
observations), which can lead to erroneous estimates of cellular abun-
dances. Differences on how cells arrive to the artificial substrates may
also be important. Certain species of Ostreopsis, for example, can reach
new substrates as “clumps” (Mangialajo et al., 2011), leading to large
differences between adjoining substrates. Moreover, the production of

Fig. 6. Relationships between abundances of
(A) Gambierdiscus, (B) Ostreopsis, (C)
Prorocentrum and (D) Coolia on macroalgae
(Mac) and artificial substrates (Art) using
pooled log-transformed data. Adjusted linear
regressions are denoted; the quality of linear
adjustments is indicated by means of the r2; p-
values tested whether relationships were sig-
nificant.
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allelopathic compounds by certain macroalgae, in order to deter epi-
phytes, may result in a genus-specific effect on dinoflagellate cell
abundances (Accoroni et al., 2015; Rains and Parsons, 2015) relative to
artificial substrates, where cell concentrations would not be selectively
affected as a consequence of its inert nature.

In this study, the strong relationships (r2> 0.8) between abun-
dances found on both substrates for Gambierdiscus and Prorocentrum
allow the use of linear regressions to convert abundances obtained in
macroalgae from previous studies into abundances expressed as cells
100 cm−2 or vice versa, thus allowing the comparison of results until a
uniform methodology is adopted. On the contrary, the weaker re-
lationships between abundances found on both substrates for Ostreopsis
and Coolia prevent the use of linear regressions for this purpose. From a
management perspective, however, linear regression models should be
used carefully, since important differences of X̄s/X̄m ratios were ob-
served among sampling sites, e.g. for Gambierdiscus the ratio varied
from 1:1 to 1:17 (Table 2). This is particularly important to consider
given that some species within these genera are highly toxic and re-
sponsible for serious human syndromes, such as Ciguatera Fish Poi-
soning. In this way, the next step would be to establish cell con-
centration levels, for alert and risk quantification, directly from the use
of artificial substrates. This will contribute for timely and correct
management decisions, contributing to guarantee public safety.

5. Conclusions

This study has demonstrated the usefulness of artificial substrates
for the study of benthic dinoflagellates in Macaronesia. The artificial
substrates are rapidly colonized by benthic dinoflagellates, reaching an
equilibrium with the natural habitats after 24 h, using an optimal re-
plication of n=7. The use of standardized sampling units provides
more accurate cell abundances than sampling macroalgae specimens,
making possible the comparison of results obtained at different spatio-
temporal scales and thus allowing for a better risk assessment of po-
tentially toxic BHABs events. The demand for a second field trip to
retrieve the screens is largely overcome by the increase in accuracy and
the possibility of implementing a standard method for BHABs. In
summary, artificial substrates are an ideal strategy and reference
method in Macaronesia to study and monitor abundances of BHABs.
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