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Abstract 28 

The use of genomic approaches to assist with biodiversity estimations is an alternative to 29 

traditional biomonitoring, which is very time-consuming and costly. In response to the 30 

high demand for quick community descriptions, DNA metabarcoding can simultaneously 31 

assign taxonomy to hundreds of samples rapidly and at low. However, the technique has 32 

not routinely been incorporated into biomonitoring network programs yet. Here, we apply 33 

DNA metabarcoding methodologies at stations within the monitoring network of the 34 

Basque Water Agency, the competent authority for the application of the European Water 35 

Framework Directive in this region. We characterized the benthic macroinvertebrate 36 

communities from 18 estuarine and coastal sediment samples using morphology and 37 

metabarcoding-based taxonomic identification and evaluated the performance of several 38 

versions of the AZTI’s Marine Biotic Index (AMBI). Although metabarcoding detected 39 

112 taxa against the 206 taxa identified through morphology, we show that 40 

metabarcoding leads to similar biomonitoring conclusions compared with traditional 41 

techniques. Using the abundance and biomass of those taxa detected from morphological 42 

methodologies, we found a significant positive correlation with the number of reads 43 

obtained with metabarcoding approaches. The metabarcoding-based index derived from 44 

read counts, gAMBI, and the morphology-based index derived from individuals’ biomass 45 

(B)AMBI showed the best correlation and revealed excellent agreement at determining 46 

the ecological status of the stations analyzed. We calculated that, for the analysis of the 47 

51 stations included in the Basque monitoring network, metabarcoding was 55% less 48 

costly and 72% less time consuming. The results of our study are relevant to policy 49 

makers and researchers in the field of ecological assessment and will contribute to the 50 

quick implementation of DNA metabarcoding to intensive monitoring programs. 51 

 52 

Keywords: biotic indices; monitoring network programs; metabarcoding; marine status 53 

assessment; environmental management; eDNA 54 

  55 
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1. Introduction 56 

Molecular taxonomy offers novel perspectives for environmental monitoring (Keck et al., 57 

2017) and can improve the assessment of the marine environment (Bik et al., 2012; 58 

Dafforn et al., 2014; Goldberg et al., 2015). Since Taberlet et al. (2012) introduced the 59 

term ‘DNA metabarcoding’, this technique has been evaluated to assess biodiversity for 60 

ecosystem conservation purposes (Ji et al., 2013; Thomsen and Willerslev, 2015; Deiner 61 

et al., 2017). DNA metabarcoding results in the high-throughput identification of species 62 

by amplifying a short fragment of total DNA extracted from an environmental sample 63 

(i.e. soil, water, sediment). This technique has been proven to be effective for assessing 64 

changes in community structure along a disturbance gradient (Chariton et al., 2015; 65 

Keeley et al., 2018; Stoeck et al., 2018), for early detection of invasive species (Pochon 66 

et al., 2015; Zaiko et al., 2015), or for accurately assessing the marine benthic and 67 

planktonic diversity (Leray and Knowlton, 2015; Pearman and Irigoien, 2015; Chain et 68 

al., 2016; Wangensteen and Turon, 2016), among others. Yet, despite the documented 69 

potential of metabarcoding for monitoring, the gap between the scientific literature and 70 

management plans suggests that these applications need to be more effectively translated 71 

for policy making. 72 

 73 

Monitoring programs evaluating environmental quality changes over time usually rely on 74 

the assessment of biological indicators using morphological taxonomy. However, these 75 

evaluations are time-consuming, expensive, and demand high-level taxonomic expertise 76 

(Yu et al., 2012). Therefore, depending on the number of sites and samples analyzed, 77 

evaluating environmental quality could require months until biomonitoring conclusions 78 

are obtained. The European Water Framework Directive (WFD, 2000/60/EC) and Marine 79 

Strategy Framework Directive (MSFD, 2008/56/EC) have highlighted the need to 80 

develop faster, more cost-efficient and reliable tools for the assessment of the marine 81 

environmental status (Heiskanen et al., 2016). Metabarcoding can improve such 82 

assessments through simultaneously assessing taxonomic composition of hundreds of 83 

samples at relatively low cost (Stein et al., 2014; van Dijk et al., 2014) and, in just a few 84 

weeks (Ji et al., 2013). Thus, the technique can greatly increase the number of sites or 85 

samples that can be monitored and the frequency of the assessments.  86 

 87 

During the past decade, significant efforts have been made to test, validate and review the 88 

potential of metabarcoding to accurately monitor marine biological communities 89 
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(Bucklin et al., 2016; Danovaro et al., 2016; Goldberg et al., 2016). Some downsides that 90 

could prevent the successful application of metabarcoding in environmental 91 

biomonitoring have been highlighted. For example, PCR biases can prevent the detection 92 

of all taxa within a sample (Deagle et al., 2014), and the lack of standardized sample 93 

processing strategies can strongly affect species detection success (Creer et al., 2016). 94 

Also, metabarcoding presents certain limitations in providing accurate estimations of 95 

organism abundance or biomass (Elbrecht and Leese, 2015). Despite the recognized 96 

limitations of the technique, several studies have demonstrated that metabarcoding is able 97 

to reliably characterize indicators of marine environmental status such as phytoplankton 98 

(Visco et al., 2015) or benthic macroinvertebrates (Lejzerowicz et al., 2015; Aylagas et 99 

al., 2016a). Further, metabarcoding has permitted the identification of new indicators of 100 

stress that are being neglected by international directives due to difficulties in their 101 

identification using morphological characters, such as bacteria or microbial eukaryotes 102 

(Aylagas et al., 2017; Keeley et al., 2018). Moreover, in the past ten years the cost of 103 

metabarcoding has greatly reduced (van Dijk et al., 2014) and it is anticipated that its 104 

contribution to a faster evaluation of the marine environment will be significant (Darling 105 

et al., 2017). For instance, an increasing number of published studies have emphasized 106 

the potential of metabarcoding to improve resolution and cost-effectiveness for marine 107 

environmental management (Borja et al., 2016b; Darling et al., 2017). However, the 108 

application of metabarcoding in long-term marine monitoring programs is currently 109 

lacking. 110 

 111 

This paper aims to test the potential of metabarcoding to determine marine ecological 112 

status using the Basque estuarine and coastal monitoring network program (Borja et al., 113 

2016a) as a case study. First, we performed morphological and metabarcoding-based 114 

characterization of the macrobenthic community and then compared the morphology-115 

based biotic index AMBI (AZTI's Marine Biotic Index; Borja et al., 2000) and the 116 

metabarcoding-based biotic index gAMBI (genomic AMBI; Aylagas et al., 2014). The 117 

aim is to evaluate the accuracy of gAMBI in providing environmental status assessments 118 

compared to those provided by AMBI. Further, through an exhaustive budget analysis 119 

using this particular case of study, we analyzed the capacity of metabarcoding to increase 120 

the speed and reduce costs of determining the environmental status of the locations under 121 

study in comparison to traditional monitoring techniques. 122 

 123 
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2. Materials and methods 124 

2.1. Sampling and morphology-based taxonomic assignment 125 

Samples were collected from 18 locations included in the Basque coastal monitoring 126 

network (Borja et al., 2016) (Figure 1 and Table S1). These stations were selected as part 127 

of the sampling efforts done on a regular basis within the monitoring network of the 128 

Basque Water Agency in order to cover all type of sediments and the potential 129 

anthropogenic pressures present along the Basque coast (details of sediment type and 130 

depth are provided in Table S1). Sublittoral stations were sampled using a van-Veen grab 131 

(0.07 – 0.1 m2), whereas the intertidal stations were sampled using a spade covering an 132 

area of 0.25 m2. Four sediment samples were collected from each location and sieved on 133 

site using a sieve with a 1 mm mesh. Three of the samples were stored in formalin at room 134 

temperature and one in 96% ethanol (5∶1 v/v) at 4 ºC. From the formalin stored samples 135 

macroinvertebrate specimens were counted and identified to the lowest possible 136 

taxonomic level, and biomass of each taxa was determined as ash-free dry weight, 137 

obtained by drying in an oven at 80 °C for 48 h and incinerating at 450 °C for 4 h in a 138 

muffle furnace. The ethanol stored samples were processed for metabarcoding-based 139 

taxonomic assignment as detailed below. 140 

 141 

2.2. Metabarcoding-based taxonomic assignment 142 

Sample processing and genomic DNA extraction from the ethanol preserved sediment 143 

samples were performed following the procedure detailed in Aylagas et al. (2016b). From 144 

the total extracted DNA, a 313 bp fragment of the mitochondrial cytochrome oxidase I 145 

(COI) gene was amplified using the degenerated metazoan universal primer pair 146 

mlCOIintF-dgHCO2198 (Leray et al., 2013) with overhang Illumina adapters as in 147 

Bourlat et al. (2016). The PCR profile consisted of an initial 3 min denaturation step at 148 

98 °C; 27 cycles of 10 sec at 98 °C, 30 sec at 46 °C and 45 sec at 72 °C; and a final 5 min 149 

extension at 72 °C. Equimolar concentrations of each dual-indexed PCR product were 150 

pooled and sequenced on the Illumina MiSeq platform with 2 × 300 bp paired-end v3 151 

chemistry. Sequences were demultiplexed using the Miseq Reporter version 2.4.60.8. 152 

Sequence analysis and taxonomic assignments were performed following the pipeline 153 

described in Aylagas and Rodríguez-Ezpeleta (2016). 154 

 155 

2.3. Biotic indices comparisons using morphology and metabarcoding-based 156 

taxonomic assignments 157 
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The lists of taxa obtained at each station using morphology and metabarcoding-based 158 

marine benthic macroinvertebrate taxonomic assignments were compared using an in-159 

house script (see details in Aylagas et al., 2016a). Significant differences were tested 160 

using the Analysis of Molecular Variance (amova) implemented in mothur (Schloss, 161 

2009) The amova used distance matrix constructed using Jacard (presence/absence) and 162 

Bray-Curtis (abundance) indices, which were obtained from both morphology and 163 

metabarcoding community tables. AMBI was calculated based on pollution tolerances of 164 

the species present, with tolerance being expressed categorically as one of five ecological 165 

groups (I: sensitive to pressure, II: indifferent, III: tolerant, IV: second order opportunist 166 

and V: first order opportunist) using the AMBI 5.0 software (http://ambi.azti.es). 167 

Different versions of this biotic index were calculated: AMBI, (B)AMBI and (pa)AMBI 168 

(Warwick et al., 2010; Muxika et al., 2012) based on abundance, biomass and 169 

presence/absence of the morphologically identified specimens, respectively. 170 

Alternatively, the genetic versions of the index, gAMBI and (pa)gAMBI were calculated 171 

using metabarcoding derived read counts and presence/absence for each identified taxon. 172 

The agreement between the disturbance classifications assigned to each site using 173 

traditional taxonomy (i.e. different versions of AMBI) and molecular taxonomy (i.e. 174 

different versions of gAMBI) was analyzed using a Kappa analysis (Cohen, 1960). The 175 

level of agreement is described using the ranges suggested by Monserud and Leemans 176 

(1992) for each value of Kappa: < 0.05, no agreement; 0.05-0.20, very poor; 0.20-0.40, 177 

poor; 0.40-0.55, fair; 0.55-0.70, good; 0.70-0.85, very good; 0.85-0.99, excellent and 1, 178 

perfect. The multivariate extension of AMBI, M-AMBI, which includes a combination 179 

of AMBI, richness and diversity (Muxika et al., 2007), was calculated at each site. This 180 

index uses reference conditions, which were set using historical data and modelling 181 

(Muxika et al., 2007). The boundaries between the different quality classes were 182 

established by intercalibration with other European indices (Borja et al., 2007). A 183 

genomic version of M-AMBI (named here M-gAMBI) was inferred using gAMBI and 184 

metabarcoding derived richness and diversity. The calculations were undertaken using 185 

the AMBI 5.0 software and the boundaries used were the same in the morphological and 186 

genomic indices. Further, the relationship between morphological identification derived 187 

abundances or biomass and metabarcoding identification derived read counts were 188 

assessed through a Spearman`s correlation coefficient. 189 

 190 

http://ambi.azti.es)/
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2.4. Relative cost of morphology vs. metabarcoding-based environmental status 191 

assessment 192 

The comparison between the effort necessary for environmental biomonitoring using 193 

morphology and metabarcoding was evaluated through the analysis of: (i) the time 194 

required to obtain the final results (referred as “waiting time”); and (ii) the economic cost 195 

including reagents, sequencing and personnel (referred as “economical cost”) to process 196 

samples to an endpoint where all versions of AMBI and gAMBI are obtained (see Table 197 

S2 for details regarding the budget and time required for each part of the process. This 198 

table can be adapted by other researchers according to their specific investigations and 199 

used to estimate their budgets). Comparisons were made based on the information 200 

gathered from the taxonomic experts identifying the species for this research, based on 201 

morphology (cultural society INSUB, Spain) and from AZTI for the costs associated to 202 

metabarcoding-based taxonomic identification. In the case of the traditionally used 203 

AMBI, the estimated time to calculate the index for one sample is about 6.5 h (assuming 204 

experts in the classification of the specimens). For both methodologies, labor costs were 205 

set to 44 € per person per hour. Costs associated to field sampling were excluded as they 206 

are the same for both methodologies. The sequencing cost was calculated assuming 207 

multiplexing up to 384 samples on an Illumina MiSeq run and assuming that no samples 208 

from other projects could be used to complete the run. 209 

 210 

3. Results and Discussion 211 

3.1. Morphology and metabarcoding-based benthic macroinvertebrate taxonomic 212 

assignments differ 213 

From the total high-quality reads obtained using metabarcoding, 31% were assigned to 214 

macroinvertebrates (see Table 1) accounting for a total of 112 different taxa. Of the 215 

remaining reads 29% could not be assigned to any metazoan phylum using the customized 216 

BOLD database (Aylagas and Rodríguez-Ezpeleta, 2016), whilst 36% were assigned to 217 

non-metazoans, and 4% remained unclassified (Figure S1). From the 206 218 

morphologically identified macroinvertebrate taxa, about 20% (range across stations from 219 

0 to 66.6%) were detected using metabarcoding (see Tables S3 and S4 for the list of taxa 220 

detected by each method). Whilst the community composition of each sample was 221 

significantly different (p < 0.001) when using morphology or metabarcoding-based 222 

species identification (Figure 2), the same comparison between morphological replicates 223 

did not reveal significant differences (p > 0.05). The discrepancies detected between 224 
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morphology and metabarcoding-based taxonomy are the result of several factors inherent 225 

to the metabarcoding approach that influence detection/non-detection of certain species 226 

(Cowart et al., 2015; Lejzerowicz et al., 2015; Zimmermann et al., 2015) .  227 

 228 

For example, environmental DNA extraction procedure can amplify the differences 229 

between morphology and metabarcoding-based taxonomic compositions. Here, we 230 

followed a protocol that extracts DNA from a subsample of homogenized material thus 231 

avoiding the animal sorting step. This procedure requires certain sample manipulation, 232 

such as decanting (see details in Aylagas et al., 2016b), but reduces the processing time 233 

and allows for the technique to be standardized, which is a crucial requisite for the 234 

adoption of metabarcoding into routine monitoring network programs (Creer et al., 2016; 235 

Goodwin et al., 2017). However, this strategy can favor the detection of larger specimens, 236 

while smaller organisms can remain undetected (Elbrecht and Leese, 2015). Furthermore, 237 

when using homogenized samples amplification of non-targeted taxa is likely to occur. 238 

This can explain the high percentage of quality filtered reads assigned to non-targeted 239 

taxa such as other metazoans (non macroinvertebrates), fungi or protists. This pattern has 240 

previously been observed (Lejzerowicz et al., 2015), but its consequences were not 241 

discussed. Thus, the different sample processing used here for morphology and 242 

metabarcoding-based taxonomic identification could have intensified the discrepancies 243 

in the taxonomic composition between both techniques. 244 

 245 

Also, the marker gene and the primers used for its amplification can affect the taxonomic 246 

description of the environmental sample (Elbrecht and Leese, 2017). Here, we used a 247 

universal primer targeting a short COI DNA barcode (Leray et al., 2013) that has been 248 

applied to biodiversity assessments in different marine environments (Leray and 249 

Knowlton, 2015; Zaiko et al., 2015). Previous studies targeting the COI gene (Dowle et 250 

al., 2015; Elbrecht and Leese, 2015; Aylagas et al., 2016a) showed that metabarcoding 251 

typically recovers about 80% or even less of the taxa present in the sample. Lejzerowicz 252 

et al. (2015) targeted the V4 region of the 18S rRNA gene and found important 253 

differences between morphological and metabarcoding-based analyses at low taxonomic 254 

levels but reported a high congruence between morphology and metabarcoding for the 255 

most abundant taxa. Therefore, PCR bias caused by variable primer-template mismatches 256 

of individual species (Piñol et al., 2015) together with the taxonomic resolution of the 257 
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targeted marker gene can compromise the comprehensive biological characterization of 258 

environmental samples using metabarcoding. 259 

 260 

Another weakness of metabarcoding-based taxonomy is the dependence upon a reference 261 

database to translate the DNA reads into species names (Taberlet et al., 2012). The 262 

accuracy of the taxonomic assignments relies on the quality of the information contained 263 

in such database (Keck et al., 2017). In order to ensure the deposition of good quality 264 

barcode sequences, the collaboration between molecular ecologists and taxonomists is 265 

essential. The investment required for the generation of DNA barcodes accounts to about 266 

5 € per specimen (see Stein et al., 2014), which together with the time required to identify 267 

each specimen and the high species diversity, makes it virtually impossible to build the 268 

perfect DNA reference database (Ji et al., 2013). We have previously suggested that at 269 

least for the most frequent and abundant species in monitoring networks, barcodes must 270 

be present in the repository to obtain accurate taxonomic inferences suitable for 271 

ecological status assessments (Aylagas et al., 2014). In an effort to increase the DNA 272 

barcode repository of the macroinvertebrate species within the Basque estuarine and 273 

coastal monitoring network, we have deposited 129 COI sequences available in “BCAS 274 

project” at BOLD (http://www.boldsystems.org). 275 

 276 

The abovementioned drawbacks could hamper the application of metabarcoding in 277 

routine biomonitoring. Yet, accurate taxonomic inferences could be achievable by 278 

addressing the following procedures. For example, extracting DNA from bulk samples of 279 

previously isolated organisms (e.g. Chariton et al., 2010; Creer et al., 2010; Shokralla et 280 

al., 2015; Aylagas et al., 2016a) may ensure that DNA from all specimens in a sample is 281 

extracted. Doing in silico analysis to develop the best primers for the target community 282 

(Elbrecht and Leese, 2017) would enhance the performance of the primers used and, 283 

including different marker genes in the same study could improve the taxa detection 284 

success (Bucklin et al., 2016). Also, increasing the coverage of the reference databases is 285 

expected to enhance the taxonomic assignment of a great number of sequences (Beng et 286 

al., 2016). Although these practices will likely enable metabarcoding to be more reliably 287 

used in biodiversity taxonomic assignments they will require a significant economical 288 

and time investment, which contrasts with the current limited budgets existing for 289 

biomonitoring (Bourlat et al., 2013).  290 

 291 

http://www.boldsystems.org/
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3.2. Morphology and metabarcoding-derived biotic indices provide comparable 292 

marine benthic quality assessment 293 

The different taxonomic composition obtained with morphology and metabarcoding 294 

could suggest that molecular approaches provide unreliable management conclusions. 295 

However, metabarcoding can detect changes in community composition across a 296 

disturbance gradient (Dafforn et al., 2014; Chariton et al., 2015; Stoeck et al., 2018), 297 

suggesting the potential of the technique to be applied to environmental quality 298 

assessment. Here, we found good correlations (r2 > 0.5) between the metabarcoding-299 

derived biotic indices (gAMBI and (pa)gAMBI) and the different versions of the 300 

morphology-based biotic index (AMBI) inferred from the same stations (Figure 3). The 301 

Kappa analysis revealed “good” agreement between (pa)AMBI and (pa)gAMBI and, 302 

between AMBI and gAMBI and, “excellent” agreement between (B)AMBI and gAMBI 303 

where 14 out of the 18 stations were classified under the same ecological status category. 304 

Similar comparisons performed between all versions of AMBI calculated from the three 305 

replicate samples resulted in very good correlations (r2 > 0.75), although some 306 

discrepancies in the ecological status categories were observed (Figure S2).  The findings 307 

of this study suggest that metabarcoding provides accurate management conclusions 308 

within the current monitoring programs. However, adapting the boundaries to the 309 

different indices, the agreement between the morphology and metabarcoding-based biotic 310 

indices could be improved (Borja et al., 2007). 311 

 312 

The metabarcoding derived read count version, gAMBI, could provide a more 313 

comprehensive evaluation of the ecological status than using (pa)gAMBI (based on 314 

presence/absence). However, due to the difficulties in the estimation of species 315 

abundances or biomass using PCR-based approaches (Piñol et al., 2015), the inclusion of 316 

metabarcoding in biomonitoring relying only on presence/absence metrics has been 317 

suggested (Yu et al., 2012; Dowle et al., 2015). The recently developed multi-trophic 318 

Metabarcoding Biotic Index (mt-MBI, Keeley et al., 2018) characterized key molecular 319 

ecological groups of three taxonomic groups (foraminifera, bacteria, and general 320 

eukaryotes) based on presence/absence. Also for gAMBI, only the presence/absence 321 

version has been validated (Aylagas et al., 2014; Heiskanen et al., 2016) but it reduces 322 

the importance of dominant taxa to the overall community (Warwick et al., 2010; Muxika 323 

et al., 2012) and might produce erroneous monitoring conclusions. Thus, finding 324 

correlation between sequence data and species abundance has been the focus of a number 325 
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of studies (Thomsen et al., 2012; Goldberg et al., 2013; Evans et al., 2016). In general, 326 

low associations between macroinvertebrate species abundance or biomass and read 327 

number have been obtained (Dowle et al., 2015; Elbrecht and Leese, 2015). Here, using 328 

the abundance and biomass of those taxa detected from both morphology and 329 

metabarcoding methodologies, we found a significant positive correlation with number 330 

of reads using metabarcoding (Pearson´s r = 0.84, p < 0.0001 for abundance and 331 

Pearsons´s r = 0.8, p < 0.0001 for biomass, Figure 4). These findings should be strongly 332 

considered for biomonitoring as they show the potential of metabarcoding to provide 333 

species quantification and represent a step forward in the implementation of 334 

metabarcoding in management. 335 

 336 

3.3. A cost efficient high-throughput biomonitoring in practice 337 

The morphology and metabarcoding-based biotic indices calculated in the present study 338 

yielded similar biomonitoring conclusions indicating that both methodologies could assist 339 

in detecting changes in the ecological status of the community analyzed. The differences 340 

come from the economic costs and time required to process the samples (see Table S2). 341 

Metabarcoding-based biomonitoring showed reduced costs when several samples are 342 

simultaneously analyzed for calculating the genomic AMBI (Figure 5). These gains in 343 

cost-efficiency made possible by metabarcoding can greatly benefit large-scale 344 

biomonitoring programs (Ji et al., 2013). DNA methodologies for species detection have 345 

previously been proven to be a cheaper alternative for a single targeted taxa (e.g. Biggs 346 

et al., 2015; Sigsgaard et al., 2015; Smart et al., 2016). Here, we have extended the 347 

analysis to a community level and integrated it into a monitoring program. 348 

 349 

We estimated that the Basque monitoring network (Borja et al., 2016a) spends 44,000 € 350 

annually evaluating the macroinvertebrate ecological status of 51 estuarine and coastal 351 

locations in triplicate (a total of 153 samples) (see Figure 1). Providing biomonitoring 352 

results using morphological identification requires about 1,000 hours for all locations 353 

(excluding field sampling time), which in practice represents 6 months. Based on current 354 

cost estimates, metabarcoding permits processing of the same number of samples in less 355 

time (about 280 hours) and at lower costs (20,000 €) (Figure 5). According to these 356 

calculations, in the current case of study, the use of metabarcoding represents a cost-357 

saving of 55% and a time-saving of 72% compared to the traditional approach. Due to 358 

limited conservation budgets, monitoring programs are decreasing sampling frequency, 359 
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reducing resolution and impeding comprehensive evaluations of the ecosystem integrity 360 

(Keck et al., 2017). The cheaper and faster alternative of metabarcoding offers an 361 

opportunity to increase the spatial and temporal resolution of biomonitoring programs.  362 

 363 

3.4. Moving towards the inclusion of metabarcoding in routine marine monitoring 364 

The WFD and MSFD directives, and the US EPA currently consider multivariate AMBI 365 

(M-AMBI) as a common approach to assess benthic conditions (Borja et al., 2009; 366 

Pelletier et al., 2018). The validation of a genomic-based M-AMBI (M-gAMBI) will 367 

favor the implementation of a common metabarcoding tool for such assessments 368 

worldwide. Here, we found non-significant correlations between M-AMBI and M-369 

gAMBI (Pearson´s r = 0.19, p > 0.05, Figure 6). Although comparable metabarcoding 370 

and morphology-based diversity metrics were obtained (no significant differences 371 

between genomic and morphology-based macroinvertebrate richness (p > 0.05) and, 372 

between genomic and morphology-based diversity (p > 0.05)), at some stations 373 

morphology detected more species than metabarcoding. This could explain the difficulty 374 

in the calculation of a reliable M-gAMBI. On the other hand, the assessment of the 375 

ecological quality status using M-gAMBI would require previous classification of water 376 

bodies and typologies, together with the definition of their associated reference 377 

conditions, as done for M-AMBI (Borja et al., 2012). To establish such parameters, 378 

historical data, expert judgement and multivariate analysis is required. Therefore, further 379 

improvements in the multivariate version of gAMBI needs to be undertaken before its 380 

implementation in routine monitoring programs worldwide. 381 

 382 

While further improvements are being implemented, we encourage the prompt inclusion 383 

of metabarcoding into environmental directives to make a productive use of the technique. 384 

For instance, gAMBI has been recently considered as a promising indicator for the MSFD 385 

by achieving a high score in the evaluation of the indicator fitness based on a series of 386 

quality criteria (Heiskanen et al., 2016). These criteria include scientific basis, ecosystem 387 

relevance, responsiveness to pressures, possibility to set targets, early warning capacity, 388 

concreteness, cost-efficiency, and existing and on-going data. Thus, to make an accurate 389 

and efficient biomonitoring routine, we suggest the use of metabarcoding in extensive 390 

monitoring programs and the sporadic coexistence of morphology and metabarcoding-391 

based biodiversity assessments, as recently advocated by Hering et al. (2018). Performing 392 

periodic simultaneous large-scale traditional and metabarcoding-based monitoring will 393 
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increase the number of comparisons between all versions of AMBI and gAMBI. 394 

Subsequently, these comparisons will allow the degree of incongruence between the two 395 

approaches to be confidently assigned. For future applications of gAMBI we advocate 396 

the analysis of metabarcoding samples in triplicate as recommended by previous studies 397 

for measuring benthic impacts associated with marine activities such as aquaculture or oil 398 

and gas extraction platforms (Pawlowski et al., 2016; Laroche et al., 2018; Stoeck et al., 399 

2018). 400 

 401 

The process can be optimized through the collaboration of laboratories that routinely use 402 

this indicator in their local or national assessments. We propose the performance of the 403 

laboratory work at each institution following standardized procedures (i.e. applying the 404 

same DNA extraction protocol and consistency in the choice of primers). The samples 405 

could subsequently be combined in the same sequencing pool, followed by the 406 

simultaneous analysis of the raw data. In this scenario, even processing one individual 407 

sample following the present protocol and combining it on a flow cell in addition to other 408 

projects will represent a more cost-efficient practice than using the morphology-based 409 

approach. Due to some limitations regarding the total number of samples that can be 410 

multiplexed in a single MiSeq run, this number must be taken into consideration when 411 

designing the experiments. Once laboratories agree to combine efforts for sequencing and 412 

for the simultaneous analysis of data, results will be comparable over time and space, and 413 

costs will be reduced and speed increased. To further improve the cost efficiency of 414 

gAMBI, future studies should test the viability of calculating gAMBI from environmental 415 

DNA extracted from low amounts of sediment (e.g. 2-5 gr) using DNA extraction 416 

protocols applied in other studies (Pawlowski et al. 2016; Stoeck et al. 2018; Laroche et 417 

al. 2018). If suitable, this procedure will significantly reduce the cost and time in large-418 

scale marine monitoring programs.  419 

 420 

Metabarcoding-based monitoring could also provide a more comprehensive 421 

characterization of the biological community than conventional approaches through the 422 

description of different trophic levels, from microbial assemblages to macro-organism 423 

communities (Drummond et al., 2015). Collection of data on this taxonomic scale offers 424 

a new opportunity to incorporate different trophic levels into biomonitoring so that results 425 

can capture very recent short-term changes in sediment condition (Caruso et al., 2015) as 426 

well as longer-term pressures (Deiner et al., 2017). In order to adapt multi-trophic 427 
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biodiversity assessments in marine monitoring, Keeley et al. (2018) combined the 428 

response of bacteria and eukaryotes to stressors into a single biotic index, which 429 

correlated very well with a morphology-based Enrichment Stage index. The recently 430 

developed bacterial community-based biotic index (microgAMBI, Aylagas et al., 2017) 431 

was shown to be sensitive to different level of pressures in coastal and estuarine 432 

environments at different locations (Borja, 2018). Moving in this direction, we encourage 433 

the investigation of a multi-gene biotic index to be incorporated in marine monitoring as 434 

a future version of gAMBI. Finally, we also favor the improvement of the biotic indices 435 

based on the reads clustered regardless the taxonomy assigned to each read,  as suggested 436 

by Steele et al. (2011). Thus, the development of new indicators for environmental 437 

monitoring based on a total biodiversity metabarcoding profile could provide a more 438 

comprehensive DNA-based marine benthic quality assessment which is not dependent on 439 

the classification of a defined set of species.  440 

 441 

4. Conclusion 442 

In this study, we applied a metabarcoding approach to samples within a marine 443 

monitoring network program. This was accomplished through the parallel comparison of 444 

morphology-based biotic indices (all versions of AMBI) and metabarcoding-based biotic 445 

indices (all versions of gAMBI) calculated from samples collected within the Basque 446 

estuarine and coastal monitoring network program. The calculation of the metabarcoding-447 

based biotic indices required the application of recently developed protocols for 448 

laboratory sample processing, sequence analysis and taxonomic assignments of the 449 

benthic macroinvertebrate community. For the calculation of the traditional biotic indices, 450 

the taxonomic classification of species was performed based on morphological 451 

characteristics. We show that biomonitoring conclusions obtained via metabarcoding-452 

based approaches were comparable to those drawn by traditional methodologies. In 453 

particular, the best performance was obtained between gAMBI and the biomass derived 454 

index (B)AMBI. By performing an exhaustive budget analysis, we suggest that 455 

metabarcoding-derived biotic indices are a more cost-efficient (two times cheaper and 456 

three times faster) marine biomonitoring method than the traditional approaches. 457 

Consequently, we favor the prompt inclusion of genomic biotic indices into routine 458 

marine monitoring network programs. Our results indicate that further improvements 459 

need to be addressed to establish a common genomic biotic index to assess benthic 460 

conditions worldwide. Thus, whilst gAMBI can be immediately applied in routine 461 
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monitoring programs, we encourage the focusing of efforts in the development of a 462 

multivariate genomic biotic index (M-gAMBI) to be implemented in the different marine 463 

directives. The findings presented in this study will contribute to the acceleration of the 464 

decision-making process in marine environmental management. This will allow more 465 

intensive monitoring programs (in time or regarding number of samples) to be 466 

undertaken, which will improve the quality of the assessments. 467 
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FIGURES 747 

  748 

 749 

Figure 1. Location of the 51 stations within the monitoring program network sampled in the Basque coast. Grey shaded locations were 750 

sampled within this study for morphology and metabarcoding-based macroinvertebrate taxonomic assignments and derived biotic indices. All 751 

locations were included to perform the analysis of cost and time required to calculate morphology and metabarcoding-based biotic indices within 752 

the monitoring program.  753 
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 757 

Figure 2. Proportions of taxa identified using morphology (A, B, C) and metabarcoding (D) for each station. The taxonomy is presented at 758 

the order level for Annelida, and at the phylum level for remaining groups. Metabarcoding replicates performed on two of the samples are shown 759 

as D1, D2 and D3. 760 
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   763 

 764 

Figure 3. Correspondence between (pa)AMBI and (pa)gAMBI (A), AMBI and gAMBI (B), and (B)AMBI and gAMBI (C). Vertical and 765 

horizontal lines are depicted using threshold values to discriminate disturbance classes: undisturbed [AMBI≤1.2], slightly disturbed 766 

[1.2<AMBI≤3.3], moderately disturbed [3.3<AMBI≤5], heavily disturbed [5<AMBI≤6] and extremely disturbed [AMBI>6]. The agreement 767 

between the morphology and metabarcoding-based biotic indices inferred from the Kappa analysis is shown. 768 
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 770 

 771 

Figure 4. Relationships between the abundance and biomass of each taxon at each 772 

site determined using morphology, and the number of reads generated for each 773 

taxon by metabarcoding. 774 
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 780 

Figure 5. Economical cost and waiting time associated to morphology and metabarcoding-based biotic indices calculation. The figure shows 781 

how the cost and time required to obtain metabarcoding-based biotic indices decrease with the number of samples analyzed. In contrast, regardless 782 

the number of processed samples, the cost and time required to obtain traditional biotic indices remain constant. (*) Costs and time estimates to the 783 

annual effort of the entire Basque network program (153 samples).784 
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 787 

Figure 6. Relationship between M-AMBI and M-gAMBI. 788 
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Tables 790 

Table 1. Number of quality-filtered reads, percentage of reads corresponding to 791 

macroinvertebrates and number of macroinvertebrate taxa identified per station using 792 

metabarcoding. (*) Samples processed in triplicate. 793 

Sample 

Number of 

quality filtered 

reads 

Percentage of quality 

filtered reads that 

matched to 

macroinvertebrates  

Number of 

macroinvertebrate 

taxa 

E-A5 85 627 40.98 37 

E-B5 74 326 61.54 3 

E-B7 84 417 50.75 10 

E-BI5 34 048 5.49 13 

E-M5 75 409 21.86 14 

E-N10 72 198 0.57 6 

E-N17 51 535 55.22 10 

E-O10 80 335 8.02 13 

E-O5 57 912 58.72 11 

E-OI15 60 319 0.85 4 

E-OI15R* 70 053 0.72 5 

E-OI15R2* 50 191 0.70 3 

E-UR10 74 123 66.46 3 

E-UR10R* 69 737 66.19 3 

E-UR10R2* 68 360 66.00 3 

L-A10 50 933 1.41 15 

L-L10 83 842 0 0 

L-L20 62 595 3.34 8 

L-O10 85 539 12.25 5 

L-OI10 59 260 18.10 10 

L-OI20 73 589 0.20 2 

L-REF20 88 878 62.55 21 
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