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 29 

ABSTRACT 30 

The red seaweed Agarophyton vermiculophyllum is an invasive species native to the 31 

north-west Pacific, which has proliferated in temperate estuaries of Europe, North 32 

America and Africa. Combining molecular identification tools, historical satellite 33 

imagery and one-year seasonal monitoring of biomass and environmental conditions, 34 

the presence of A. vermiculophyllum was confirmed, and the invasion was assessed 35 

and reconstructed. The analysis of satellite imagery identified the first bloom in 2014 36 

and revealed that A. vermiculophyllum is capable of thriving in areas, where native 37 

bloom-forming species cannot, increasing the size of blooms (ca. 10%). The high 38 

biomass found during the peak bloom (>2 kg m-2) and the observation of anoxic events 39 

indicated deleterious effects. The monitoring of environmental conditions and biomass 40 

variability suggests an essential role of light, temperature and phosphorous in bloom 41 

development. The introduction of this species could be considered a threat for local 42 

biodiversity and ecosystem functioning in a global change context. 43 
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1. Introduction 60 

 61 

Estuarine environments harbour a great variety of habitats (e.g., seagrass 62 

meadows, salt marshes, oyster beds, mudflats) and are highly productive, providing 63 

valuable ecosystem goods and services (Costanza et al. 1997). Despite this variety of 64 

habitats and high biological productivity, species richness is relatively low due to the 65 

environmental fluctuations occurring over short spatial and temporal scales, which 66 

present a physiological challenge for the organisms inhabiting these areas (Jaspers et 67 

al. 2011; Cardoso et al. 2012; Bermejo et al. 2019b). In the case of macroalgae, the 68 

scarcity of hard substrates for the settlement of its propagules poses an additional 69 

constraint precluding the development of diverse seaweed assemblages. This absence 70 

of a suitable substratum is one of the main reasons why these environments have 71 

been traditionally less studied by phycologists (Krueger-Hadfield et al. 2017b, 2018).  72 

Coastal ecosystems have been under strong and diverse anthropogenic pressures 73 

(e.g., nutrient enrichment, introduction of alien species, inputs of organic or inorganic 74 

contaminants), as human populations have historically been concentrated in these 75 

areas (Lotze et al. 2006; Airoldi and Beck 2007). These pressures can change the 76 

aquatic conditions producing different forms of pollution (e.g., dystrophy caused by an 77 

excess of eutrophication, biological invasions, and pollution by organic compounds and 78 

organic matter) that degrade the environment. Estuarine environments are more 79 

susceptible to over-enrichment of nutrients and other pollutants derived from human 80 

activity as a consequence of their hydrological and geomorphological characteristics 81 

(i.e., relatively small water bodies with low rates of water renewal). The combination of 82 

strong anthropogenic pressures and low species richness make these areas prone to 83 

successful biological invasions (Occhipinti-Ambrogi 2001). 84 

One of the most evident signs of nutrient enrichment in estuaries is the development 85 

of opportunistic macroalgal blooms (Teichberg et al. 2010). These blooms are not toxic 86 

in and of themselves, but the accumulation and subsequent degradation of large 87 

amounts of seaweed biomass can produce deleterious consequences for the 88 

ecosystem and shore-based human activities (Sfriso et al. 2003; Smetacek and 89 

Zingone 2013). The development of macroalgal blooms has been traditionally 90 

attributed to nutrient over-enrichment of affected areas (Valiela et al. 1997; Smetacek 91 

and Zingone 2013). Although nutrient over-enrichment is a necessary requisite for the 92 

occurrence of seaweed blooms, other factors, such as temperature, light and salinity, 93 

are also crucial in explaining the development of these blooms (e.g., Malta and 94 

Verschuure 1997; Valiela et al. 1997; Gao et al. 2016). Previous studies suggested that 95 

the number of bloom-forming species in a particular area can also stimulate or prolong 96 
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the intensity, spatial extension and duration of the bloom, since temporal and spatial 97 

successions can occur (Lavery et al. 1991; Nelson et al. 2008; Bermejo et al. 2019a). 98 

The arrival of alien species with differing ecophysiological requirements can increase 99 

the potential for bloom occurrences in areas or periods of the year unfavourable for the 100 

blooming of native species. For instance, the arrival of non-native cryptic Ulva species 101 

has explained the development of seaweed blooms in two Japanese estuaries, where 102 

nutrients conditions have remained more or less constant (Yabe et al. 2009; Yoshida et 103 

al. 2015).  104 

Due to difficulties in the identification of bloom-forming seaweeds (Steentoft et al. 105 

1995; Malta et al. 1999; Rueness 2005) and the scarcity of phycological research in 106 

estuarine environments (Krueger-Hadfield et al. 2017b, 2018), species composition of 107 

macroalgal blooms and its importance for their development have been frequently 108 

overlooked. The development of new molecular identification tools allows researchers 109 

to overcome these taxonomic challenges, confirming the presence of seaweed blooms 110 

formed by cryptic alien species (e.g., Rueness 2005; Baamonde-López et al. 2007; 111 

Yoshida et al. 2015). In estuarine environments of North America, Europe and North 112 

Africa, such tools have verified the extensive spreading of the Asian red seaweed 113 

Agarophyton vermiculophyllum (Ohmi) Gurgel, J.N.Norris et Federicq (previously 114 

known as Gracilaria vermiculophylla (Ohmi) Papenfuss) (Kim et al. 2010; Krueger-115 

Hadfield et al. 2017a). This gracilarioid can thrive in mudflats, as it remains anchored to 116 

the substrate by the burial of its basal parts, or attached to small pebbles or the shells 117 

of calcareous organisms. This species is also very resistant to different environmental 118 

stresses, such as low salinities, low light conditions or high grazing pressures (Nejrud 119 

and Pedersen 2010; Nylund et al., 2011), and it can bloom in areas, where native 120 

seaweeds cannot, modifying native biological assemblages and biogeochemical cycles 121 

in soft-sediment habitats (Byers et al. 2012; Cacabelos et al. 2012; Ramus et al. 2017). 122 

The use of free, open-access satellite imagery has become a useful tool in the 123 

monitoring and assessment of macroalgal blooms (Hu et al. 2019; Zhang et al. 2019). 124 

Landsat-7 Enhanced Thematic Mapper Plus (L7-ETM+) provides satellite data from 125 

1999 to the present, and this has been successfully used in identifying changes in 126 

marine environments (Andréfouët et al. 2001) and in mapping cyanobacterial bloom 127 

events (Vincent et al. 2004; Kutser et al. 2006). In comparison to L7-ETM+, the more 128 

recent Sentinel-2 Multispectral Instrument (S2-MSI) launched in June 2015 by the 129 

European Space Agency (ESA), delivers higher spectral (12 bands vs. 8 bands), 130 

spatial (10m vs. 30m) and temporal resolution data (2-day vs. 16-day revisit). These 131 

improvements have allowed the study of environmental processes occurring at smaller 132 
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temporal and spatial scales and have already been successfully used in the study of 133 

seaweed blooms (Xing et al. 2017, Dogliotti et al. 2018). 134 

The identification of the most relevant temporal and spatial scales of variability is 135 

useful for understanding the factors controlling the abundance, distribution and 136 

composition of benthic assemblages (Burrows et al. 2009; Bermejo et al. 2015, 2019a). 137 

The assessment of the most relevant scales of variability is considered a necessary 138 

prerequisite before explanatory models are proposed (Andrew and Mapstone 1987). 139 

Furthermore, the use of exploratory correlational approaches can provide a general 140 

insight to help identify the primary environmental drivers controlling biomass 141 

development in the field (e.g., Malta and Verschuure 1997; Mac Nally 2002; Yoshida et 142 

al. 2015). The combination of both approaches improves the interpretation of the data 143 

collected.   144 

The three objectives of this study were: to confirm the presence of A. 145 

vermiculophyllum in the Republic of Ireland using molecular identification tools, 146 

following a previous confirmation from Northern Ireland based on genetic identification 147 

(Krueger-Hadfield et al. 2017b); test the capability of free satellite imagery for the 148 

reconstruction of the invasion of this red alien species and its interaction with native 149 

species; elucidate the most important factors determining the development of the 150 

Agarophyton bloom in the Clonakilty estuary using an assessment of the spatial and 151 

temporal scales of variation combined with a correlational analysis of abiotic variables 152 

and biotic bloom conditions. 153 

 154 

2. Material and Methods 155 

 156 

 157 

2.1. Study site and Agarophyton identification based on molecular tools 158 

 159 

The Clonakilty estuary is located on the southwestern coast of Ireland (Fig. 1) and 160 

has been historically affected by large intertidal macroalgal blooms formed by native 161 

Ulva spp. (Wan et al. 2017; Fort et al. 2020). This estuary is shallow, sheltered, and 162 

nutrient-enriched due to diverse human activities occurring in the surrounding area 163 

(i.e., intensive dairy farming and agriculture, the presence of a wastewater treatment 164 

facility). The Clonakilty estuary covers a surface area of 2.15 km2 and has a length of 165 

3.5 km. The residence time is between 6 and 9 days, the median depth is 2.5 m, and 166 

the estuary has a tidal range of 3.7 m. The studied areas affected by the Agarophyton 167 

vermiculophyllum bloom were muddy (percentage of fine sand and clay between 65 168 

and 97%; Lewis et al. 2002) and enriched in organic matter (between 2.5 and 7%; 169 
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nitrogen content between 0.05 and 0.25%). The bay is sheltered and protected from 170 

wave exposure. 171 

 172 

2.2. Environmental conditions 173 

 174 

Daily climatological data for Clonakilty (i.e., rainfall, maximum and minimum air 175 

temperature) were obtained from the Irish meteorological service (Met Éireann; 176 

http://www.met.ie/). Rainfall data were sourced from the closest pluviometric station in 177 

Rosscarberry (20 km). The maximum and minimum air temperature levels were linearly 178 

interpolated considering the distance from the sampling site to the two closest 179 

meteorological stations of Sherkin Island and Roche's Point, which were located 40 180 

and 48 kms respectively from the study site. Each parameter (i.e., accumulated rainfall, 181 

solar radiation and maximum and minimum air temperatures) was calculated 182 

considering data from the week previous to each sampling occasion.  183 

Seawater sampling for physicochemical variables (i.e., salinity and dissolved inorganic 184 

nutrients) was conducted during the previous or subsequent high-tide following the 185 

biomass sampling over six occasions (i.e., data from July 2016 were not collected due 186 

to logistical reasons). Seawater samples were collected from each sampling site at a 187 

depth of 20 cm (Fig. 1). Salinity was determined in situ using a hand refractometer 188 

(ATAGO S-20E, Tokyo, Japan). Three replicate samples of water were collected for 189 

the determination of dissolved inorganic nutrients (nitrate, nitrite, ammonium and 190 

phosphate). Replicates were filtered in situ using a syringe and a nylon disposable filter 191 

(pore size 0.45 µm; Sarstedt, Germany) and samples were stored at -20ºC prior to 192 

analysis. Seawater samples analysed for total oxidised N (TON) concentrations were 193 

determined on a Thermo Aquakem discrete analyser (Thermo Scientific, Vantaa, 194 

Finland), with a detection limit of 0.25 mg L-1 for total oxidised N. Samples were also 195 

analysed for NO2−N, NH4+-N, and dissolved reactive phosphorus (DRP) on the same 196 

instrument and Nitrate-N (NO3-N) was calculated by subtracting NO2−N from TON.  197 

 198 

2.3. Agarophyton identification based on molecular tools 199 

 200 

The red alga thriving on the intertidal mudflats of the Clonakilty estuary was 201 

identified at species level using a plastid-encoded marker, the large subunit of the 202 

Ribulose Bisphosphate Carboxylase-Oxygenase (RuBisCO) (rbcL). This marker is 203 

widely used to unravel taxonomical issues within the phylum Rhodophyta, providing 204 

sufficient variation for species delimitation in conflicting taxa (Freshwater and Rueness 205 

1994; Rueness 2005; Guillemin et al. 2008), and it confirmed the first record of 206 
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Agarophyton vermiculophyllum for Europe (Rueness 2005). Algal tissue was dried with 207 

desiccated silica (see section 2.5 for details), and whole genomic DNA was extracted 208 

with a commercial kit [NucleoSpin® Plant II, Macherey-Nagel, Düren, Germany]. 209 

Amplifications of the rbcL gene region in Polymerase Chain Reactions (PCRs) 210 

employed primers F8 or F57, and R1150 (Mineur et al. 2010; Freshwater and Rueness 211 

1994) at an annealing temperature of 50ºC (Heesch et al. 2009). Protocols for PCR 212 

amplification, purification of the products and sequencing followed Heesch et al. 213 

(2016).  214 

Six sequences from Clonakilty specimens were aligned with 57 published 215 

Gracilariacean sequences from all over the world (including A. vermiculophyllum 216 

sequences from Asia and USA, e.g., JQ407698, JQ768761, DQ095821, EU600293), 217 

using sequences of the genus Hydropuntia (JQ843362 and EF434914) as an outgroup. 218 

Methods for the treatment of sequences (i.e., quality control and alignment) and the 219 

analyses of data under the Maximum Likelihood (ML) criterion are given in  Heesch et 220 

al. (2016). The algal nomenclature followed AlgaeBase (Guiry and Guiry 2019). 221 

Representative herbarium specimens were deposited at GALW under accession 222 

numbers GALW01650-GALW01652.  223 

 224 

2.4. Reconstruction of Agarophyton invasion and assessment of the biotic 225 

interaction with native species using satellite imagery 226 

 227 

In order to reconstruct the arrival of A. vermiculophyllum and assess the potential 228 

spatial overlapping of this invasive red alga with the native bloom-forming species Ulva 229 

spp. in Clonakilty Bay, two sources of free satellite data were used, namely the 230 

MultiSpectral Instrument onboard Sentinel-2 (S2-MSI) and the Landsat-7 Enhanced 231 

Thematic Mapper Plus (L7-ETM+). Suitable data scenes from 2010-2018 captured 232 

during bloom proliferation (April-September), at low tide and on cloud-free days, were 233 

initially identified using Google Earth Engine (GEE; Gorelick et al. 2017). The earliest 234 

S2-MSI scenes available of the study area were from July 2015, and prior to this date, 235 

L7-ETM+ data were used. Both Level-2A and Level-1C S2-MSI scenes from 2015-236 

2018 were downloaded from the Copernicus DataHub website 237 

(https://scihub.copernicus.eu/), and L7-ETM+ data from 2010 – 2014 from the United 238 

States Geological Survey (USGS) website (https://earthexplorer.usgs.gov/). From 2015 239 

– 2018, S2-MSI was used instead of L7-ETM+ because of the improved revisit time 240 

and spectral resolution, which allowed for improved classification of Ulva spp. and A. 241 

vermiculophyllum. To avoid any bias in spatial resolution and allow comparison 242 
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between the datasets, both downloaded L7-ETM+ and S2-MSI scenes were resampled 243 

to 30 m spatial resolution.  244 

Initial processing of both satellite products was carried out using the European 245 

Space Agency (ESA) Sentinel Application Platform (SNAP) toolbox (v. 6.0). Both 246 

datasets were geometrically rectified to Universal Transverse Mercator (UTM) zone 247 

29N projection and WGS 84 datum. True colour composite images of the study area 248 

were created by combining, in the case of S2-MSI, the B2: blue (490 nm), B3: green 249 

(560 nm) and B4: red (665 nm), and for L7-ETM+ the B1: blue (450 nm), B2: green 250 

(520 nm) and B3: red (630 nm). Further processing, including atmospheric and 251 

radiometric corrections using SNAP Desktop and ENVI software (v. 5.3.1; Research 252 

Systems, Boulder, CO, US). Sentinel-2 Level-1C and L7-ETM+ radiance data recorded 253 

at the top of atmosphere (TOA) were scaled to surface reflectance by applying the dark 254 

object subtraction (DOS) technique (Gilmore et al. 2015), before atmospheric 255 

correction to Level-2A bottom of atmosphere (BOA) data using Sen2Cor (Louis et al. 256 

2016). 257 

A pixel-based maximum likelihood classifier (MLC) was applied to individual 258 

corrected scenes to produce both Ulva spp. and A. vermiculophyllum masks. The MLC 259 

function is available in the ENVI software and calculates the average variance of the 260 

spectral training data to estimate the likelihood of a pixel belonging to each class 261 

(Foody 1992). The MLC was based on pixel training with >200 pixels per class used to 262 

train the data. Superfluous classes (water, terrestrial and saltmarsh vegetation, sand) 263 

were masked from each scene and later removed before images were refined and 264 

smoothed to improve image sharpness. The total accuracy and the kappa coefficient 265 

(Cohen 1960) of the classification were also calculated.  266 

The annual cover, potential extension and overlapping between native and invasive 267 

bloom-forming species were estimated using QGIS (Quantum GIS Development Team 268 

2014, Quantum GIS Geographic Information System, Open Source Geospatial 269 

Foundation Project, http://qgis.osgeo.org). In this study, the potential extension of both 270 

A. vermiculophyllum or Ulva spp. was defined as the entire area covered by these 271 

species at least once during the study period. A workflow showing the overall 272 

processing of the satellite imagery is shown in Figure S1.  273 

 274 

2.5. Biomass sampling and processing 275 

 276 

To infer the most important factors influencing the development of A. 277 

vermiculophyllum blooms, the estuary was sampled on seven sampling occasions 278 

between July 2016 and August 2017. Biomass sampling was conducted during low 279 
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water conditions of the spring tides. On each sampling occasion, a hierarchical design 280 

was followed to identify the most relevant scales of spatial variation in Agarophyton 281 

biomass. Two sections ("inner" and "outer") covered by large Agarophyton patches and 282 

separated by two kilometres were sampled (Fig. 1 a and b). In each section, two sites 283 

separated by one hundred meters were selected. In one site per section, two random 284 

transects perpendicular to the main channel and separated by 10 meters were 285 

sampled. In the second site, only one random transect was sampled. Along each 286 

transect, three sampling stations were positioned in the upper (between 2.4 and 2.1 m 287 

above Mean Lower-Low Water -MLLW-), middle (between 2.0 and 1.8 m above MLLW) 288 

and lower (between 1.7 and 1.4 m above MLLW) part of the intertidal covered by the 289 

bloom during their maximum extension. The maximum extension usually occurs in 290 

June or July in cold-temperate North Atlantic estuaries (e.g., Thomsen et al. 2006; 291 

Weinberger et al. 2008; Sfriso et al. 2012; Surget et al. 2017). The sampling stations 292 

were pre-determined using Sentinel-2 images of bloom events from 2015. The pre-293 

defined sampling stations were located in the field using a Geographical Position 294 

System (GPS; Magellan Triton 400, Santa Clara, USA). Sampling stations differed in 295 

locations between sampling occasions to avoid the confounding effect of destructive 296 

resampling. At each sampling station (eighteen sampling stations per occasion), three 297 

quadrats (25 x 25 cm) were used to assess the abundance of seaweed. All living 298 

material present in each quadrat was collected, placed in labelled plastic bags and 299 

transported to the laboratory.  300 

Once in the lab, the seaweed biomass was rinsed with fresh water to remove 301 

adherent sedimentary and particulate material, debris and other organisms. Seaweed 302 

species were sorted, and their mass was recorded after the removal of excess water 303 

using a manually operated low-speed centrifuge (i.e., salad spinner). Three 304 

subsamples of seaweed biomass per section and sampling occasion were rinsed with 305 

deionised water, freeze-dried and stored in a desiccator until further elemental analysis 306 

(i.e., tissue N and P content). Furthermore, some specimens were washed with 307 

deionised water and stored in dry silica gel for taxonomic identification. 308 

 309 

2.6. Tissue nutrient (N and P) analyses 310 

 311 

Nitrogen and phosphorus are considered the main nutrients limiting primary 312 

production in aquatic environments. Overall, nitrogen has been traditionally considered 313 

to play a more important role in controlling maximum bloom development in coastal 314 

systems (Valiela et al. 1997). Nevertheless, phosphorus has also been identified as a 315 

limiting nutrient in cold temperate estuaries during periods of the year (Pedersen and 316 
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Borum, 1996; Lyngby et al. 1999), and even different species can be limited by 317 

nitrogen or phosphorous in the same estuary (Lavery et al. 1991; Villares and 318 

Carballeira 2004). In order to identify nitrogen or phosphorus limitation, it is necessary 319 

to estimate the tissue nitrogen and phosphorus contents and compare with the critical 320 

quota, which provides a direct measure of the nutrient status of seaweed. The critical 321 

quota is the minimum tissue nutrient content necessary to support unrestrained growth 322 

by the lack of nutrients. In the case of A. vermiculophyllum, the critical quota for 323 

nitrogen (2.14 % DW) and phosphorous (0.14% DW) have been previously determined 324 

by Pedersen and Johnsen (2017).  325 

Seaweed tissue, previously freeze-dried, was ground into a homogeneous powder 326 

using a TissueLyser II (QIAGEN) and tungsten balls. The homogenised sample was 327 

divided into two subsamples; one was used for N and the other for P determination. To 328 

determine tissue N content, aliquots of the homogenised material were weighed into tin 329 

capsules that were combusted in an elemental analyser Vario ISOTOPE Cube 330 

(Elementar Analysensysteme GmbH, Hanau) connected to an isotope ratio mass 331 

spectrometer Isoprime 100 (Isoprime Ltd, Cheadle Hulm). The analytical precision was 332 

0.15%. Analyses were carried out in duplicates. Tissue P content was determined on 333 

the same dried and ground seaweed tissue after oxidation with boiling H2SO4 followed 334 

by spectrophotometric analysis (Strickland and Parsons, 1968). 335 

 336 

2.7. Statistical analyses 337 

 338 

Statistical analyses were performed using the R free software environment (R Core 339 

Development Team, 2017) and PERMANOVA+ add-on PRIMER 6 (Plymouth Routines 340 

in Multivariate Ecological Research) software. In all statistical analyses, significance 341 

was set at 5% risk error, and when necessary were based on 5999 permutations.  342 

 343 

2.7.1. Spatial and temporal patterns of variation 344 

 345 

To identify the relevant spatial and temporal scales of biomass distribution of A. 346 

vermiculophyllum, a univariate five-way permutational analysis of variance 347 

(PERMANOVA; Anderson et al. 2008) was performed based on the Euclidean 348 

distances. The five factors considered (three fixed and two random) were: Sampling 349 

occasion (fixed; seven levels: "July 16", "August 16", "October 16", "February 17", 350 

"April 17", "June 17", and "August 17"), Position in the bloom (fixed; three levels: 351 

"upper", "middle" and "lower"), Section (fixed: "Inner" and "Outer"), Site (random; two 352 

levels nested in the interaction between "Section" and "Sampling occasion"), and 353 
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Sampling station (random; two levels nested in the interaction between "Site" and 354 

"Position"). In the case of significant effects of a fixed factor, a pairwise PERMANOVA 355 

test (Anderson et al. 2008) was performed in order to interpret the patterns. Biomass 356 

data complied with homoscedasticity in accordance with the Levene test, but not with 357 

normality according to the Shapiro-Wilks test. 358 

A two-way factorial ANOVA design was considered to assess the effects of 359 

"Sampling occasion" (seven levels) and "Section" (two levels) on tissue N and P 360 

content of A. vermiculophyllum. Tissue N and P content data can be considered normal 361 

and homoscedastic in acordance with Shapiro-Wilks and Levenes tests. A Tukey's test 362 

was used to compare levels of factors when an effect was significant.  363 

 364 

2.7.2. Correlations between biotic and environmental variables  365 

 366 

To interpret and visualise the relationships between environmental variables and the 367 

Agarophyton bloom in Clonakilty, correlations between environmental variables (i.e., 368 

dissolved inorganic nutrients, salinity, radiation, rainfall, and maximum and minimum 369 

air temperatures) and biotic variables (i.e., mean Agarophyton biomass, mean tissue N 370 

and P content, and mean N:P ratio) were assessed using Spearman correlations 371 

(Rho), and a principal component analysis. The principal component analysis (PCA) 372 

was based on biotic variables, and environmental variables were fitted later using the 373 

"envfit" function of the "Vegan" package in R (R Core Development Team, 2017). To 374 

perform these analyses, data from the four sampling sites and six of the seven 375 

sampling occasions were considered (n=24), as water physicochemical attributes from 376 

June 2016 were absent.  377 

 378 

3. Results 379 

 380 

3.1. Environmental conditions 381 

  382 

Climatological conditions are shown in Table 1. Solar radiation and maximum and 383 

minimum air temperatures were highest in June and August as expected for a 384 

temperate estuary in the Northern Hemisphere. The maximum air temperature during 385 

the week before the sampling varied from 12.3ºC (April 2017) to 26.0 (June 2017), and 386 

the minimum air temperature from 2.0ºC (April 2017) to 12.6 (August 2016). Mean daily 387 

radiation ranged from 401.2 (February 2017) to 1587.0 (June 2017) J cm-2. The 388 

accumulated rainfall during the week previous to the sampling occasion was minimum 389 

in October 2016 and April 2017, and maximum in July 2016 and August 2017. 390 
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The physicochemical water characteristics are presented in Table 2. Nitrate was the 391 

main source of DIN, followed by ammonium. Total DIN concentrations ranged from 10 392 

(Site "Outer 2"; April 2017) to 285.71 µM DIN (Site "Inner 1"; February 2017). Overall, 393 

the maximum DIN concentrations were observed in October 2016, with the exception 394 

of Site 1. The DIP (dissolved inorganic phosphate) concentration varied between 0.16 395 

(Site "Outer 1"; April 2017) and 1.99 µM DIP (Site "Inner 1"; August 2017). Inner sites 396 

exhibited higher nutrient concentrations than sites located in the outer part of the 397 

estuary. Regarding salinity, the value ranged between 5.0 (Site "Inner 1"; June 2017) to 398 

33.2 (Site "Outer 2"; October 2016). 399 

 400 

3.2. Taxonomical confirmation based on molecular tools 401 

 402 

The rbcL marker was amplified in six specimens of gracilarioids from the Clonakilty 403 

estuary. Sequences were included in an alignment of 1419 bases length, containing 67 404 

sequences in total, with Hydropuntia Montagne species serving as outgroup. The Irish 405 

specimens (GenBank/ENA accession numbers LR740737-LR740742) were identified 406 

as belonging to the species Agarophyton vermiculophyllum (order Gracilariales; Fig 407 

S1). Additionally, three other red algal species were observed in the estuary, albeit as 408 

drift material with low biomass, which were identified based only on morphological 409 

traits: Gracilariopsis longissima (S.G.Gmelin) Steentoft et al., Gracilaria gracilis 410 

(Stackhouse) Steentoft et al. and Cystoclonium purpureum (Hudson) Batters.  411 

 412 

3.3. Reconstructing the invasion and assessing the overlap with native bloom-413 

forming species. 414 

 415 

The pixel-based MLC resulted in satisfactory overall accuracy with the kappa 416 

coefficient ranging from 0.7317 to 0.9617 when compared with manual classification 417 

(Table 3). A time-series of images (2010-2018) plotting the extension of both blooms 418 

during peak proliferation are presented in Figure S3.  In the case of Ulva, the total 419 

extension of the bloom ranged from 19.6 (2013) to 50.8 (2015) ha between 2010 and 420 

2018, although some caution should be exercised when comparing among years due 421 

to data acquisition in different months of the year (Table 3). The analysis of the satellite 422 

imagery identified 2014 as the year when the A. vermiculophyllum bloom first appeared 423 

in Clonakilty Bay. The encroaching A. vermiculophyllum canopy is evident from 2014 to 424 

2018 when the area colonised increased from 3.9 to 8.1 ha (Table 3; Fig. S2). The 425 

spatial comparison between the potential extensions of Ulva spp. (63.1 ha) and A. 426 

vermiculophyllum (9.9 ha) revealed an increased overlapping from 2015 to 2018 427 
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between the native green algae and the invasive red alga due to the colonisation of 428 

Agarophyton in areas potentially covered by Ulva (Table 3). The results showed that A. 429 

vermiculophyllum colonised the northern shore, which had remained relatively bloom-430 

free prior to 2014 (Fig. 2). The total extension of the estuary potentially covered by 431 

bloom-forming species of both A. vermiculophyllum and Ulva spp., increased by 6.7 ha 432 

after the arrival of A. vermiculophyllum. In this sense, the average size of macroalgal 433 

blooms during peak bloom conditions was 1.21 times larger during the period 2014-434 

2018 (39.6 ha) than for the period from 2010-2013 (32.7 ha).  435 

 436 

3.4. Spatial and temporal patterns of variation 437 

 438 

The PERMANOVA results regarding the biomass of A. vermiculophyllum revealed 439 

significant differences among sampling occasions, sections and positions (Table 4). A 440 

common seasonal dynamic in the biomass of Agarophyton was observed in both inner 441 

and outer sections, with annual peaks of biomass during summer, between June and 442 

August (Fig. 3a), and minimum levels detected in winter (i.e., February 2017). Overall, 443 

higher biomasses of A. vermiculophyllum were observed in the inner section than in 444 

the outer, except during April 2017, when the opposite trend was recorded. The annual 445 

peaks of biomass occurred in July 2016 and in August 2017 for both sections. The 446 

mean values observed in the inner section during July 2016, and August 2017 were 447 

2.41 and 1.88 kg FW m-2
, respectively, reaching abundances higher than 5.00 kg FW 448 

m-2 at some sampling stations. In the outer section, the mean values observed during 449 

the peak bloom were 1.15 and 1.52 kg FW m-2 for July 2016 and August 2017, 450 

reaching abundances greater than 2.50 kg FW m-2 during this period. In contrast, 451 

during February 2017, the mean values of biomass were 229.8 g FW m-2 and 229.0 g 452 

FW m-2 for the inner and outer sections. 453 

Regarding the shore position of the A. vermiculophyllum bloom, the middle position 454 

reached higher biomass abundances than the lower position (Fig. 3b). This pattern is 455 

dependent on the "Section" and "Site", as revealed by the significant interaction 456 

between "Position" and "Section", and also "Position" and "Site" (Table 4). However, 457 

this pattern was evident in the inner section, but not in the outer, as shown in Figure 458 

3b. Finally, at smaller spatial scales of variation, significant differences were observed 459 

between sites, but not between sampling stations (Table 4). The low data dispersion 460 

within sampling stations indicates homogeneity in biomass distribution at small spatial 461 

scales (Fig. S3). 462 

In relation to the tissue N content, the ANOVA revealed significant differences 463 

between sampling occasions, but not between sections (Table 5). No significant 464 
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interactions between "Sampling Occasion" and "Section" were found. The tissue N 465 

content followed a seasonal pattern, opposite to the one observed for biomass 466 

abundance (Fig. 4a). The maximum percentage of tissue N occurred in February 467 

(4.68±0.31%; mean±SD, n =6), coinciding with minimum biomass abundance, and the 468 

minimum percentage of tissue N content was found during the summer (July 2016; 469 

2.27±0.36%; n =6), coinciding with maximum biomass. In the case of the tissue P 470 

content, the ANOVA revealed significant differences between sampling occasions, and 471 

a significant interaction between "Sampling Occasion" and "Section" (Table 5). Both 472 

sections displayed a relatively similar seasonal trend with maximum tissue P contents 473 

during February 2017 and minimum levels in April and June 2017 (Fig. 4b). In the inner 474 

section, the lowest tissue P content was observed in June 2017 (0.093±0.009 %; n=3), 475 

and the highest contents in August 2016 (0.173±0.037 %; n=3) and February 2017 476 

(0.178±0.041 %; n=3). In the outer section, the lowest tissue P contents were observed 477 

in April (0.082±0.005 %; n=3) and June 2017 (0.087±0.006 %; n=3), and the highest 478 

contents in October 2016 (0.203±0.039 %; n=3) and February 2017 (0.193±0.026 %; 479 

n=3).  480 

 481 

3.5. Correlations between biomass and environmental variables 482 

 483 

The first two components of the PCA based on biotic variables explained over 484 

94.2% of the total variation (Fig. 5). The score plot showed three main clusters, one 485 

grouping data from October 2016 and February 2017 characterised by high tissue 486 

nutrient contents and low biomasses, a second cluster including April and June 2017 487 

with relatively high biomasses and tissue N:P ratios due to low tissue P contents, and a 488 

third cluster with samples from August 2016 and 2017, which displayed high biomass 489 

and low N:P ratios as a consequence of an increase in tissue P contents. 490 

The "envfit" function and Spearman correlations between biotic and environmental 491 

variables suggested an important effect of light (i.e., solar radiation) and temperature 492 

(i.e., maximum and minimum air temperatures) on the biological performance of A. 493 

vermiculophyllum (i.e., tissue N and P contents, N:P ratio and Biomass) (Table 6 and 494 

Fig. 5). The "envfit" found significant correlations with biotic variables for DIN (r2 
495 

=0.283; p-value <0.05), radiation (r2=0.727; p-value<0.001), maximum (r2=0.517; p-496 

value<0.01) and minimum (r2=0.639; p-value<0.001) temperatures, and marginal 497 

correlations for Salinity (r2=0.225; p-value<0.10). The Spearman correlations (Table 6) 498 

indicated that biomass was significantly and positively correlated with radiation, and 499 

maximum and minimum temperatures, and negatively correlated with salinity and DIN 500 

concentration (Rho=-0.39; p-value <0.10). Tissue N content was positively correlated 501 
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with DIN concentration, and exhibited negative and significant correlations with 502 

temperatures and solar radiation. In the case of tissue P content, only radiation showed 503 

a negative and significant correlation (Rho =-0.61; p-value <0.01). The tissue N:P ratio 504 

was significantly and negatively correlated with maximum and minimum temperatures. 505 

Biomass was significantly and negatively correlated with tissue N content (Rho =- 0.76; 506 

p-value <0.001), and tissue N:P ratio (Rho=-0.50: p-value <0.01), but did not show any 507 

correlation with tissue P content (Rho=-0.18; p-value >0.10). 508 

 509 

4. Discussion 510 

 511 

Molecular genetic identification confirmed the presence of A. vermiculophyllum in 512 

the Republic of Ireland for the first time, which had previously been recorded from 513 

Northern Ireland (UK) (Krueger-Hadfield et al. 2017b). In the Clonakilty estuary, the 514 

use of satellite data identified 2014 as the first year, when A. vermiculophyllum 515 

produced a bloom, and confirmed, that this species can bloom in areas of the estuary 516 

devoid of native macrophytes. The assessment of the most relevant scales of 517 

variability revealed a clear seasonal pattern, with maximum biomass abundance during 518 

summer and minimum levels in winter. Similar seasonal trends were observed in other 519 

cold-temperate estuaries (e.g., Weinberger et al. 2008; Muangmai et al. 2014; Surget 520 

et al. 2017). Regarding the most relevant scales of spatial variability, the analysis 521 

revealed significant variability between sections, sites and positions within the bloom, 522 

but not between sampling stations, suggesting homogeneity at small spatial scales. 523 

The high tissue N contents observed (>2%) suggests that A. vermiculophyllum is not 524 

limited by nitrogen at any time of the year since these values were higher than the 525 

critical quota (2.14%) proposed for this species by Pedersen and Johnsen (2017). The 526 

positive correlation of DIP with biomass (Rho =0.33; p-value=0.11), and the fact that 527 

tissue P contents were below the critical quota (0.14%) during the period of active 528 

growth (from February to June) indicated that Agarophyton could be limited by P. The 529 

correlations and PCA analyses indicated that temperature and photoperiod are 530 

essential factors controlling the potential development of A. vermiculophyllum biomass 531 

in Irish estuaries.  532 

 533 

4.1. Presence of A. vermiculophyllum confirmed in the Republic of Ireland 534 

 535 

In this study, the presence of A. vermiculophyllum in the Republic of Ireland is 536 

confirmed based on molecular evidence. Evidence has suggested oyster cultures as 537 

the main vector for the introduction and spread of this species in European and 538 
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American estuaries (Krueger-Hadfield et al. 2017a). Although no oyster aquaculture 539 

facilities occur in Clonakilty Bay, oyster farming is present in other nearby estuaries, 540 

such as Oysterhaven (approx. 30 kilometres East following the coastline) and 541 

Roaringwater Bay (approx. 50 kilometres West). This species was also recorded from 542 

the adjacent Argideen estuary based on morphological identification, where this 543 

species might be present in relatively low abundance (Bermejo et al. 2019a). 544 

Considering the geographical location of this record from the southernmost Irish coast 545 

(i.e., Clonakilty), along with the ubiquity of oyster cultivation throughout Ireland 546 

(https://www.agriculture.gov.ie/), it is very likely that this species is more wide spread 547 

along the Irish coast than currently known. The secondary spreading of this species 548 

from estuaries, where oyster cultures are established, could explain the presence of A. 549 

vermiculophyllum in Clonakilty. As this red alga can survive under harsh environmental 550 

conditions (Nyberg and Wallentinus 2009) and possesses a high vegetative dispersal 551 

potential (Krueger-Hadfield et al., 2016; Surget et al. 2017), it can be easily transported 552 

from one estuary to another entangled in fishing nets, boat anchors, by migrating birds 553 

or by coastal currents as drift material (Nyberg and Wallentinus 2009; Martínez-Garrido 554 

et al. 2017). 555 

 556 

4.2. A new opportunistic species blooming in areas where native opportunistic 557 

species cannot 558 

 559 

The red seaweed Agarophyton vermiculophyllum is known to be more tolerant to 560 

different stresses (e.g., desiccation, extreme temperatures and salinities) and to thrive 561 

in a wide range of environmental conditions, displaying relatively fast growth rates 562 

(Abreu et al. 2011; Pedersen and Johnsen 2017). This species is considered a 563 

euryhaline species, performing best under mesohaline conditions (optimal salinity 564 

between 10 and 20; Rueness, 2005; Weinberger et al., 2008), being more competitive 565 

than Ulva in areas under variable salinity conditions (Sfriso et al., 2012). Moreover, A. 566 

vermiculophyllum also exhibits chemical defences that make it less affected by grazing 567 

and subsequently being less consumed in invaded areas than native species (Nylund 568 

et al. 2011; Rempt et al. 2012). As a consequence of the relatively fast growth of A. 569 

vermiculophyllum combined with its ecological performance, and probably linked to 570 

concurrent eutrophication processes, this species has outcompeted native 571 

macrophytes in some invaded estuaries (e.g., Nejrup and Pedersen 2010; Cacabelos 572 

et al. 2012; Sfriso et al. 2012; Thomsen et al. 2013), or has bloomed in areas 573 

previously devoid of other macrophytes (Byers et al. 2012; Ramus et al. 2017; Surget 574 

et al. 2017). In this case, the analysis of the satellite images pre- (from 2010 to 2013) 575 
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and post- (from 2014 to date) the Agarophyton bloom occurrence revealed some 576 

overlapping between Ulva spp. and A. vermiculophyllum blooms in the four years 577 

following the appearance of the first bloom (Figs. 2 and S2), but this invasive species 578 

has also proliferated in areas of the Clonakilty estuary devoid of native macrophytes, 579 

where salinity is usually lower and more variable as consequence of freshwater inflows 580 

(Yokoya et al. 1999; Sotka et al., 2018). This leads to an overall larger area of the 581 

estuary affected by macroalgal blooms and to subsequent problems (e.g., summer 582 

anoxic events, odours), but also in a greater area capable of retaining large amounts of 583 

nutrients during late spring and summer, when temperature and light conditions are 584 

favourable for the development of even more potentially harmful microalgal blooms 585 

(Sverdrup 1953).  586 

These results have also revealed that the analysis of free open-access satellite 587 

imagery can be a useful and powerful tool to track recent biological invasions of 588 

conspicuous species in intertidal environments. The L7-ETM+ provided an interesting 589 

data record from 1999 to date and allowed the assessment of the potential area 590 

affected by macroalgal blooms and the identification of the first Agarophyton bloom 591 

event in 2014. This first bloom observation was supported by data from the Irish 592 

Environmental Protection Agency from annual monitoring survey of this estuary in the 593 

context of the EU Water Framework Directive (R. Wilkes, pers. com.; Fig. S5). 594 

However, considerable limitations exist in the use of L7-ETM+ data as a result of the 595 

long revisit time (16-days) and excessive cloud coverage. The combination of these 596 

factors prevented any data acquisition from 2011 and precluded the comparison 597 

between years as imagery was not always available during the peak bloom period 598 

(June-August). The enhanced spatio-temporal resolution of the S2-MSI reduces these 599 

constraints. The higher revisit time of Sentinel-2 (2-days) improves the likelihood of 600 

detecting bloom events on cloud-free days. Furthermore, the higher spatial resolution 601 

of S2-MSI will improve the accuracy when studying estuarine bloom events similar in 602 

size to that found in Clonakilty.  603 

 604 

4.3. Temporal variability 605 

 606 

Biomass of A. vermiculophyllum was present throughout the year, showing clear 607 

seasonal dynamics, with annual peaks of biomass during the summer (July-August) 608 

and minimum biomass in winter (February), as observed in other cold-temperate 609 

regions (e.g., Thomsen et al. 2006; Weinberger et al. 2008; Muangmai et al. 2014). 610 

The highest values of biomass were observed in the inner section during July 2016 611 

(mean±SD =1.78±1.11 kg FW m -2; maximum =5.44 kg FW m-2) and August 2017 612 
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(mean±SD =1.70±1.08 kg FW m -2; maximum  =5.21 kg FW m-2). These maximum 613 

values were similar to those observed in other areas affected by A. vermiculophyllum 614 

blooms such as the Le Faou and Penfoul estuaries (France; 1.64 - 2.22 kg FW m-2 615 

considering a 0.17 ratio dry: fresh weight; Surget et al. 2017), Mockhorn mudflat 616 

(northeast coast of USA; 1.67-2.28 kg FW m-2; Gulbransen and Mcglathery 2013), 617 

Aveiro lagoon (Portugal, 2.37 kg FW m-2; Abreu et al. 2011), or Holckenhavn Fjord 618 

(Denmark; 2.73 kg FW m-2; Nejrup and Pedersen 2010), but lower than those observed 619 

in the Venice Lagoon (Italy) during conditions of peak biomass (6.53 kg FW m-2; Sfriso 620 

et al. 2012).  621 

The observed seasonal biomass dynamics was mainly explained by photoperiod 622 

and temperature, and the bloom size might be constrained by P rather than N 623 

limitation, as supported by the high tissue N contents observed throughout the year 624 

and the low tissue P contents observed during the season of active growth (from 625 

February to August; Figs. 3 and 4). The negative correlation between tissue N content 626 

and biomass (Rho =- 0.71; p-value <0.001) suggest a biomass dilution effect due to 627 

intensive growth during bloom development (Bermejo et al. 2019b). On the other hand, 628 

the positive correlation between DIP and biomass, and with tissue P contents below 629 

the critical quota (Pedersen and Johnsen 2017) supports the occurrence of P limitation 630 

during the period of intensive growth. Tissue P content seems to increase during the 631 

peak bloom (July 2016, and August 2016 and 2017; Figs. 3 and 5), likely a 632 

consequence of slower growth and a higher nutrient availability associated to an 633 

enhanced biomass degradation. The relative variation in biomass is positive and high 634 

from February to June (Fig. 3) as increasing temperatures and longer photoperiods 635 

promote the development of A. vermiculophyllum. After July, the higher temperatures 636 

might increase the stress during the desiccation period and enhance biomass 637 

degradation. In this sense, during August 2016 an anoxic event which was caused by 638 

the degradation of Agarophyton biomass was evident in the inner section of the 639 

Clonakilty estuary. In the outer section, the overgrowth of the bacterial community 640 

(observed as a milky liquid in the surface of the sediment or seaweeds) was not as 641 

evident or extensive. The hypoxic conditions and the release of toxic compounds (e.g., 642 

H2S, NH4
+, NO2

-) associated with these events can cause stress (e.g., Vermaat and 643 

Sand-Jensen 1987; Grazia-Corradi et al. 2006) and result in the rapid decline of the 644 

Agarophyton biomass (Thomsen et al. 2006; Sfriso et al. 2012). The high 645 

concentrations of ammonium observed during peak biomass in the inner section, 646 

where summer anoxic events were evident, and the positive correlations between 647 

minimum air temperature, and NO2
- (rho =0.4; p-value <0.1) and NH4

+ (Rho =0.53; p-648 

value <0.01), support this hypothesis (Table 2). 649 
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 650 

4.4. Spatial variability 651 

 652 

Unattached specimens entrained in mudflat sediments mainly comprised the A. 653 

vermiculophyllum bloom in the Clonakilty estuary. Nevertheless, sporophytes and 654 

gametophytes were observed, and some specimens attached to small pebbles or 655 

cockleshells were found in the outer section of the estuary, suggesting the existence of 656 

non-vegetative reproduction (Krueger-Hadfield et al. 2016). The assessment of the 657 

most relevant scales of variability (Table 4) indicated a homogeneous distribution at 658 

scales of meters or tens of meters, with no differences between, and little data 659 

dispersion within sampling stations. This can be explained by the low environmental 660 

heterogeneity in these mudflats at small spatial scales, and because Agarophyton 661 

remains somewhat anchored to the substrate by the burial of the basal part of the 662 

thallus. This has relevant implications for the biomass distribution and transport of 663 

macrophytes, determining biomass and nutrient balances in the estuary (Schories and 664 

Reise 1993; Bermejo et al. 2019a). This entrainment in the sediment could also provide 665 

access to nutrients from porewaters, as demonstrated in the case of A. chilense 666 

C.J.Bird et al. (=Gracilaria chilensis (C.J.Bird et al.) Gurgel et al.), which is also 667 

entrained in mudflat sediments from South Pacific estuarine environments (Robertson 668 

and Savage 2018).  669 

At larger spatial scales, significant differences were observed in Agarophyton 670 

biomass distribution. Overall, higher seaweed biomass was found in the inner section, 671 

where both higher dissolved nutrient concentrations (DIN and DIP) and lower salinities 672 

were observed. This could favour the biological performance of A. vermiculophyllum, 673 

according to previous ecological and physiological studies (Yokoya et al. 1999; 674 

Rueness 2005; Weinberger et al. 2008). Considering the similar tissue N content found 675 

in the inner and outer sections, and the high values observed during the peak bloom, 676 

both lateral transport and export from the estuary by wind and tidal currents might 677 

explain this biomass differences. Differences between positions within the bloom were 678 

also observed. However, distribution patterns were not homogeneous between 679 

sections and sites, suggesting different mechanisms may influence abundances in a 680 

perpendicular gradient to the main channel (Figs. 3b and S3).  681 

In rocky intertidal habitats, seaweed attachment combined with critical physical 682 

factors, such as emersion time and wave exposure, results in clear zonation patterns 683 

(Mangialajo et al. 2012; Chappuis et al. 2014). In mudflats, the lower slope, reduced 684 

wave exposure and weaker attachment of macrophytes to the substrate result in less 685 

evident and less consistent zonation patterns. In these areas, the distribution of 686 
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macrophytes weakly anchored to the sediment such as Ulva spp. or Agarophyton 687 

might be the result of the effects of local environmental conditions on their biological 688 

performance, but also the biomass transport due to winds, wave action and tidal 689 

currents. 690 

 691 

4.5. Relevance for environmental management 692 

 693 

The arrival of A. vermiculophyllum to American and European estuaries has relevant 694 

impacts on the ecological functioning of mudflats. Overall, this alga acts as a habitat-695 

forming species in areas previously devoid of vegetation for some organisms, thereby 696 

increasing habitat complexity, enhancing epibenthic diversity and altering 697 

environmental conditions (Wright et al., 2014; Davoult et al. 2017; Ramus et al. 2017). 698 

In the context of eutrophication, the decay rate is slightly lower than alternative bloom-699 

forming Ulva spp., slowing down remineralisation cycling and acting as a temporal sink 700 

for nutrients (Thomsen et al. 2007; Pedersen and Johnsen 2017). The presence of 701 

Agarophyton increases net denitrification rates in comparison with bare sediments, 702 

thus favouring the removal of nitrogen from the estuary (Gonzalez et al. 2013). 703 

However, this species occupies mudflats, which are protected by the European Habitat 704 

Directive (92/43/EEC; Habitat 1140). These mudflat habitats harbour their own unique 705 

and diverse biota and play a key role in the life cycle of some specialised organisms, 706 

such as shorebirds (Haram et al., 2018). Depending on the biomass density of this 707 

habitat-forming species, some of the aspects observed by previous authors may have 708 

ambiguous or deleterious effects on the environment. For instance, Gonzalez et al. 709 

(2013) pointed out, that at high densities (approx. 700 gr FW m-2 A. vermiculophyllum) 710 

denitrification rates dropped, suggesting a potential biomass threshold for macroalgal 711 

enhancement of denitrification. Although the nutrient cycling may be slowed down 712 

when fast-growing species like Ulva spp. are replaced by Agarophyton, the opposite is 713 

expected when A. vermiculophyllum is replacing slow-growing species such as Fucus 714 

spp., Ascophyllum nodosum or seagrasses (Pedersen and Johnsen 2017). The 715 

occurrence of summer anoxic events and associated massive mortalities of epifauna 716 

and infauna should also be considered (Mineur et al., 2015; Ramus et al., 2017; Keller 717 

et al. 2019). Such anoxic events due to excessive input of organic matter by 718 

decomposing Agarophyton biomass has been described before (e.g., Thomsen et al. 719 

2006; Weinberger et al. 2008; Sfriso et al. 2012; this study). Thus, considering: i) this 720 

species can bloom in areas previously devoid of native macrophytes, reaching high 721 

biomass densities that can lead to the occurrence of summer anoxic events; ii) the 722 

future predicted temperatures for Ireland may enhance the growth of A. 723 
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vermiculophyllum in Irish estuaries; and iii) the expected increase in the number of 724 

estuaries affected by nutrient over-enrichment as consequence of intensification of 725 

agriculture in Ireland (Food Wise 2025; https://www.agriculture.gov.ie/2025strategy/); 726 

the addition of this species to Irish flora in a global change context could be considered 727 

a threat for biodiversity and ecosystem functioning, rather than an opportunity for the 728 

recovery of ecosystem functioning.   729 

 730 
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 1026 
Fig. 1.- Geographical location of the Clonakilty estuary in Ireland (a). Map of the Clonakilty showing the location of the 1027 

wastewater treatment plant (black triangle) inner and outer sections (black squares) (b). Detailed maps outlining a 1028 

schematic representation of the spatial sampling design in the inner (c) and outer sections (d). Black dots represent 1029 

seaweed sampling station, and black "x" seawater sampling stations in subfigures c and d.  1030 

 1031 

Fig. 2. Potential extension for Agarophyton and Ulva, and the overlapping between both, in the Clonakilty estuary based 1032 

on satellite imagery collected from 2010 to 2018. 1033 

 1034 

Fig. 3.- Biomass (wet wt.) (n =54) of A. vermiculophyllum for each section over seven different sampling occasions (a). 1035 

Biomass (wet wt.) of A. vermiculophyllum for each site (Sites 1 and 3, n =126; Sites 2 and 4, n =63) and position in the 1036 

seaweed bloom (b). Box plots indicate the mean (bold +), the median (bold line inside the box), the first and third 1037 

quartile (upper and lower lines defining the box), the extreme values whose distance from the box is at most 1.5 times 1038 

the interquartile range (whiskers), and remaining outliers (dark dots). Box plots marked by the same letter are not 1039 

significantly different according to post hoc analyses. In figure b, the different colours of the letters over the bars indicate 1040 

that post hoc comparisons between positions were performed within each one of the four sites. 1041 

 1042 

Fig. 4.- Mean tissue N (above) and P (below) content of A. vermiculophyllum for each sampling occasion. Lower and 1043 

Upper error bars represent standard deviation (n = 6). Bars marked by the same letter are not significantly different 1044 

according to post hoc analyses. In figure b, the different colours of the letters over the bars indicate that post hoc 1045 

comparisons between sampling occasions were performed within each one of the two sections. 1046 

 1047 

Fig. 5.- Score biplot of the first and second principal component based on biomass (Bio), tissue N (%N) and P (%P) 1048 

contents, and tissue N:P (N:P) ratio (red arrows) of Agarophyton bloom for the four sampling sites studied and six of the 1049 

seven sampling occasions (August 2016 - light red dots; October 2016 - grey dots; February 2017 - white dots; April 1050 

2017 - green dots; June 2017 - yellow dots; August 2017 - dark red dots). Blue arrows represent environmental 1051 

variables fitted using "envfit" function of the Vegan package in R (accumulated rainfall - Rain; dissolved inorganic 1052 

nitrogen - DIN; dissolved inorganic phosphorous - DIP; maximum temperature - Max; minimum temperature - Min; 1053 

salinity - Sal; solar radiation - Rad). 1054 

 1055 

 1056 



 

Sampling Rain (mm) Max (ºC) Min (ºC) Rad (J cm
-2

) 

Jul 16 

Aug 16 

Oct 16 

Feb 17 

Apr 17 

Jun 17 

Aug 17 

40.3 

25.7 

5.3 

24.0 

6.9 

16.3 

35.6 

18.2 

24.6 

16.3 

12.5 

12.3 

26.0 

17.8 

10.2 

12.6 

4.3 

5.6 

2.0 

5.4 

10.1 

1587.0 

1274.7 

999.1 

401.2 

1093.6 

1821.9 

1487.4 

 

Table 1- Meteorological parameters for the Clonakilty estuary: Accumulated rainfall (Rain); Maximum (Max) and Minimum (Min) 

air temperatures during the week previous to the sampling occasion; and mean global radiation (Rad).  

  



Site Sampling 
NO2

- 

(μM) 

NO3
- 

(μM)
 

NH4
+ 

(μM)
 

DIN 

(μM) 

DIP 

(μM) 

Sal 

(PSU) 

Inner 

1 

Aug 16 

Oct 16 

Feb 17 

Apr 17 

Jun 17 

Aug 17 

2.02 

2.00 

2.29 

0.55 

0.55 

3.86 

52.14 

140.00 

273.57 

112.86 

135.71 

61.43 

29.29 

7.14 

10.00 

3.57 

3.57 

17.14 

82.86 

148.57 

285.71 

117.14 

140.00 

82.14 

0.84 

0.76 

0.60 

0.65 

1.02 

1.99 

18.2 

33.0 

12.8 

32.3 

5.0 

12.0 

Inner 

2 

Aug 16 

Oct 16 

Feb 17 

Apr 17 

Jun 17 

Aug 17 

1.79 

2.14 

2.00 

0.52 

1.07 

0.74 

40.00 

187.14 

147.86 

98.57 

92.14 

17.14 

15.71 

10.00 

7.14 

6.43 

11.43 

8.57 

57.86 

199.29 

157.14 

105.00 

104.29 

26.43 

0.55 

1.12 

0.37 

0.64 

1.14 

1.63 

11.5 

30.0 

19.0 

31.0 

6.1 

29.0 

Outer 

1 

Aug 16 

Oct 16 

Feb 17 

Apr 17 

Jun 17 

Aug 17 

1.55 

1.60 

1.64 

0.00 

1.00 

0.91 

18.57 

138.57 

61.43 

26.43 

77.86 

96.43 

4.29 

2.86 

4.29 

1.43 

6.43 

1.43 

24.29 

142.86 

67.14 

28.57 

85.00 

99.29 

0.32 

0.37 

0.28 

0.16 

0.89 

0.97 

24.5 

25.8 

29.0 

32.0 

10.2 

8.0 

Outer 

2 

Aug 16 

Oct 16 

Feb 17 

Apr 17 

Jun 17 

Aug 17 

1.64 

1.74 

2.17 

0.00 

0.88 

1.29 

75.00 

102.86 

39.29 

10.00 

62.14 

43.57 

5.71 

5.00 

7.14 

0.00 

7.86 

10.00 

82.14 

110.00 

48.57 

10.00 

70.71 

55.00 

0.33 

0.31 

1.54 

0.23 

1.13 

0.75 

14.1 

33.2 

30.1 

33.0 

19.6 

20.0 

 

Table 2- Mean values of nutrient concentrations (NO2
-
 - Nitrite; NO3

- 
- Nitrate; NH4

+
 - ammonia; DIN - Dissolved Inorganic Nitrogen; 

DIP - Dissolved inorganic phosphorus) and salinity (Sal) for each Site and Sampling occasion. 

 

 

 

  



Sensor Year Month Accuracy Kappa 
Ulva 

(ha) 

Agarophyton  

(ha) 

Overlapping 

(ha) 

Landsat-7 ETM+ 2010 June 99.29% 0.9329 46.1 0 0 

Landsat-7 ETM+ 2011 - - - - - - 

Landsat-7 ETM+ 2012 September 98.97% 0.9524 32.5 0 0 

Landsat-7 ETM+ 2013 April 98.41% 0.8643 19.6 0 0 

Landsat-7 ETM+ 2014 July 98.45% 0.8304 31.5 3.9 2.4 

Sentinel-2 2015 August 97.42% 0.8908 50.8 3.7 0.6 

Sentinel-2 2016 August 97.48% 0.8375 27.7 4.5 1.2 

Sentinel-2 2017 July 87.26% 0.7317 26.7 5.5 2.4 

Sentinel-2 2018 July 98.05% 0.9617 35.6 8.1 2.7 

Potential extension 
    

63.1 9.9 3.2 
 

Table 3- Classification accuracy, Kappa coefficient, Ulva and Agarophyton extension from 2010 to 2018, potential extension of 

both Ulva and Agarophyton considering this 8-year period, and overlapping between Agarophyton and the potential extension of 

Ulva. 

  



 

Source df MS(x10
5
) Ps-F 

Sampling occasion (SO) 

Area (A) 

Position (Po) 

SOxA 

SOxPo 

AxPo 

Site (Si(SOxA)) 

SOxAxPo 

PoxSi(SOxA) 

Station(PoxSi(SOxA)) 

Residual 

Total 

6 

1 

2 

6 

12 

2 

14 

12 

28 

42 

252 

377 

204.50 

112.99 

61.78 

28.59 

12.20 

55.24 

10.44 

16.76 

8.81 

4.14 

2.91 

 

19.59*** 

10.83** 

7.01** 

2.74 

1.38 

6.27** 

2.52* 

1.90 

2.13* 

1.42 

 

 

 

Table 4- Results of five-way PERMANOVA analysis testing the effects of the factors "Sampling Occasion" (SO - fixed, 7 levels), 

"Position in the bloom" (Po - fixed, 3 levels), "Area" (A - fixe, 2 levels), "Site" (Si - Random nested in "AxSO"), and "Sampling 

Station" (Station- Random nested in "SixPo") on the biomass of A. vermiculophyllum in the Clonakilty estuary. * p-value < 0.05; ** 

p-value < 0.01; *** p-value < 0.001. 

 

  



 

 
 

%N  %P 

 

df MS F  MS F 

Area (A) 

Sampling occasion (SO) 

AxSO 

Residuals 

1 

6 

6 

28 

0.003 

4.753 

0.101 

0.195 

0.02 

24.42*** 

0.52 

 

 0.0002 

0.0086 

0.0021 

0.0006 

0.43 

13.15*** 

3.18* 

 

Table 5- Results of two-way ANOVA analyses testing the effects of the factors "Sampling Occasion" (SO - fixed, 7 levels) and "Area" 

(A - fixe, 2 levels) on the tissue N and P content of A. vermiculophyllum. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. 

  



 
Bio %N %P N:P 

DIN 

DIP 

Sal 

Rain 

Max 

Min 

Rad
 

-0.39 

0.33 

-0.55** 

0.24 

0.75*** 

0.86*** 

0.74*** 

0.44* 

-0.37 

0.37 

-0.03 

-0.59** 

-0.74*** 

-0.86*** 

0.30 

-0.04 

0.09 

0.09 

0.04 

-0.16 

-0.61** 

0.12 

-0.09 

0.27 

-0.10 

-0.51* 

-0.44* 

-0.01 

 

Table 6- Spearman correlations (Rho) between environmental and biotic variables. DIN - Dissolved Inorganic Nitrogen; DIP - 

Dissolved Inorganic Phosphorous; Sal - Salinity; Rain - Accumulated rainfall; Max - Maximum Air Temperature; Min - Minimum Air 

Temperature; Rad - Global radiation; Bio - Biomass; %N - tissue N content; %P - tissue P content; N:P - tissue N:P ratio. * p-value < 

0.05; ** p-value < 0.01; *** p-value < 0.001. 

 













Highlights: 

 

• The presence of A. vermiculophyllum is confirmed for the Republic of 

Ireland. 

• Bloom development is constrained by P, not N limitation. 

• This alien species can bloom in areas where native bloom forming species 

cannot. 

• Free satellite imagery can be used to reconstruct A. vermiculophyllum 

invasion. 

• Biomass followed a seasonal pattern, with peak bloom occurring in 

summer.  
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