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18 ABSTRACT

19 Marine biodiversity can be surveyed using underwater visual censuses and recently, with eDNA 

20 metabarcoding. Although a promising tool, eDNA studies have shown contrasting results related 

21 to its detection scale and the number of species identified compared to other survey methods. 

22 Also, its accuracy relies on complete reference databases used for taxonomic assignment and, as 

23 with most surveying methods, species detection may show false-negative and false-positive 

24 errors. Here, we compared results from underwater visual censuses and simultaneous eDNA 

25 metabarcoding fish surveys in terms of observed species and community composition. We also 

26 assess the effect of a custom reference database in the taxonomic assignment and evaluate 

27 occupancy, capture, and detection probabilities, as well as error rates of eDNA survey data. We 

28 amplified a 12S rRNA fish barcode from 24 sampling sites in the gulf of California. More 

29 species were detected with eDNA metabarcoding than with UVC. Because each survey method 

30 largely detected different sets of species, the combined approach doubled the number of species 

31 registered. Both survey methods recovered a known biodiversity gradient and a biogeographic 

32 break, but eDNA captured diversity over a broader geographic and bathymetric scale. 

33 Furthermore, the use of a modest-sized custom reference database significantly increased 

34 taxonomic assignment. In a subset of species, occupancy models revealed eDNA surveys 

35 provided similar or higher detection probabilities compared to UVC. The occupancy value of 

36 each species had a large influence on eDNA detectability and in the false positive and negative 

37 error. Overall, these results highlight the potential of eDNA metabarcoding in complementing 

38 other established ecological methods for studies of marine fishes.
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43

44 INTRODUCTION

45 Understanding spatial patterns and drivers of species presence is a primary task in ecological and 

46 evolutionary applications (Guillera-Arroita, Lahoz-Monfort, van Rooyen, Weeks, & Tingley, 

47 2017). However, identifying the complete species components in a particular ecosystem is 

48 arduous, especially in hotspots of biodiversity in the marine realm, where fish species represent 

49 one of the best-studied groups.

50 Significant advances in the study of fish communities have been achieved through 

51 underwater visual censuses (UVC) and, more recently, with environmental DNA (eDNA) 

52 metabarcoding (MacNeil et al., 2008; West et al., 2020). UVC relies on multiple trained 

53 observers for recording the presence of individual fish within a fixed area. It is a survey method 

54 biased against wary, highly mobile organisms or small or cryptic species, and the detection may 

55 be adversely affected by local conditions (e.g., currents, visibility, depth, among others) (Bozec, 

56 Kulbicki, Laloë, Mou-Tham, & Gascuel, 2011; MacNeil et al., 2008). Alternatively, eDNA 

57 metabarcoding has emerged as a powerful technique for fish surveys (Thomsen et al., 2012), as it 

58 takes advantage of high-throughput sequencing of a conserved standard genomic region 

59 (barcode) (Hebert, Cywinska, Ball, & DeWaard, 2003) which is PCR-amplified from a complex 

60 environmental sample, to detect one or several species (Taberlet, Coissac, Pompanon, 

61 Brochmann, & Willerslev, 2012).
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62 Research has demonstrated that in some instances eDNA metabarcoding provides higher 

63 detection probabilities than conventional approaches (Boussarie et al., 2018; Günther, 

64 Knebelsberger, Neumann, Laakmann, & Martínez Arbizu, 2018; Stat et al., 2019; Thomsen et 

65 al., 2012). However, the performance of eDNA metabarcoding in comparative studies has 

66 brought inconclusive results, particularly in terms of its detection scale and in the number of 

67 detected and undetected species; e.g., studies in coastal habitats have suggested scales going 

68 from dozen meters (Jeunen et al., 2019; Port et al., 2016) to a few kilometers (O’Donnell, Kelly, 

69 Shelton, Samhouri, Lowell, & Williams, 2017a). Detection scale is a relevant aspect because it 

70 determines the type of process that can be studied, from local reef dynamics within different 

71 habitats (Lafferty et al., 2020; West et al., 2020) to broader diversity gradients (Closek et al., 

72 2019) and potentially even larger biogeographic patterns (K. West et al., 2021). In marine 

73 metabarcoding studies local oceanographic features influence this detection scale (Hansen, 

74 Bekkevold, Clausen, & Nielsen, 2018; Thomsen et al., 2012) and can lead to larger diversity 

75 estimates than those captured by established monitoring approaches (Calderón-Sanou, 

76 Münkemüller, Boyer, Zinger, & Thuiller, 2019), because of the transport of the molecules from 

77 distant sources.

78 A key element in eDNA reference-based metabarcoding is that the taxonomic 

79 determination of amplicons is established by comparison with a taxonomically annotated 

80 reference database (Mendoza-Zepeda, Sicheritz-Pontén, & Thomas Gilbert, 2014). Thorough and 

81 accurate detection of species from DNA amplicons requires a taxonomically comprehensive 

82 coverage of known taxa in reference databases (Andersen et al., 2019; Weigand et al., 2019). 

83 However, such reference databases are often missing for local faunas (Juhel et al., 2020) and 

84 their completeness varies for different regions. Thus, the impact of the taxonomic gaps in the 
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85 reference database on the final taxonomic assignment and on the ecological inferences derived 

86 from eDNA data (Chen, Zobel, & Verspoor, 2017), and the extent of improvement gained with 

87 the development and use of a local database, are relevant aspects needing evaluation in eDNA 

88 studies.

89 Both UVC and eDNA have different sources of bias (Bacheler, Geraldi, Burton, Muñoz, & 

90 Kellison, 2017), leading to imperfect species detection. Some species present could go 

91 undetected in eDNA surveys due to their low abundance, primer bias, under-sampling, among 

92 other causes (i.e., false-negative errors) (Griffin, Matechou, Buxton, Bormpoudakis, & Griffiths, 

93 2020). DNA metabarcoding data are also susceptible to false positive-errors (Ficetola et al., 

94 2014; Lahoz-Monfort, Guillera-Arroita, & Tingley, 2016), which may originate from technical 

95 aspects of the analysis, such as the use of an imperfect reference database for taxonomic 

96 assignment, sample contamination in the field or in the laboratory, or due to eDNA transport 

97 (Calderón-Sanou et al., 2019; Deiner et al., 2017; Evans & Lamberti, 2018; Goldberg et al., 

98 2016; McClenaghan, Compson, & Hajibabaei, 2020). Previous results have demonstrated that 

99 although steps can be undertaken to curtail sources of bias (e.g., via the use of negative controls 

100 and mock communities), error rates remain high even with the most stringent molecular 

101 protocols (Bálint et al., 2016; Taberlet, Bonin, Zinger, & Coissac, 2018).

102 The need to examine and quantify the imperfect detection in eDNA metabarcoding studies 

103 within a statistical framework, led to the application of occupancy models providing information 

104 about species occurrence and occupancy dynamics, and also allowing the estimation of detection 

105 probabilities (Mackenzie et al., 2002). Various extensions of the original model have been 

106 proposed based on detection/non-detection data across time and space, e.g., using multiple 

107 detection methods (Nichols et al., 2008) or hierarchical sampling schemes i.e., two detection 
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108 stages in eDNA metabarcoding studies (Guillera-Arroita et al., 2017; Lahoz-Monfort et al., 

109 2016), among others (Bailey, Mackenzie, & Nichols, 2014; Dorazio & Erickson, 2017). These 

110 models allow understanding and quantifying differences in detection probabilities when 

111 comparing survey methods (Castañeda, Nynatten, Crookes, & Weyl, 2020; Schmelzle & 

112 Kinziger, 2016) or hierarchical sampling stages (Martel, Sutter, Dorazio, & Kinziger, 2020; 

113 McClenaghan et al., 2020). Results have shown that incorporating these models improves 

114 ecological inferences and facilitates the assessment of the possible bias present in marine 

115 metabarcoding studies (Doi et al., 2019; McClenaghan et al., 2020; Schmidt, Kéry, Ursenbacher, 

116 Hyman, & Collins, 2013).

117 Here we evaluated and compared bony fish (Actinopterygii) community data 

118 simultaneously obtained from UVC and eDNA metabarcoding surveys at rocky reefs from the 

119 gulf of California, Mexico. Specifically, our goals were 1) Contrasting the number and identity 

120 of observed species in both survey methods; 2) Comparing spatial patterns of community 

121 composition and similarity obtained from UVC and eDNA; 3) Assessing the effect of the use of 

122 a complimentary custom reference database in the taxonomic assignment of eDNA reads, in 

123 contrast to only using a public database; and 4) Evaluating the detection probabilities of each 

124 survey method, as well as the occupancy, capture, detection and error probabilities in the eDNA 

125 metabarcoding data. Our study provides critical information to evaluate the performance of 

126 eDNA in species-rich ecosystems and investigates potential sources of bias contributing to the 

127 proof-of-concept in the application of eDNA as a standardized high-throughput method for 

128 marine biodiversity monitoring.

129

130 MATERIALS AND METHODS
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131 Study area: gulf of California

132 The gulf of California is among the world´s most productive marine regions (Roberts et al., 

133 2002). In this semi-closed sea, rocky reefs are the main habitats supporting biodiversity 

134 (Munguia-Vega et al., 2018), sheltering ~333 species of bony fish species (Actinopterygii: 

135 Teleostei), corresponding to 40% of the total teleost fauna of the gulf of California (Brusca et al., 

136 2005; Thomson, Findley, & Kerstitch, 2000a). Geographically, it lies at the intersection of the 

137 temperate and tropical faunal regions of the Eastern Pacific, featuring a gradient of 

138 environmental and topographical characteristics as well as highly dynamic oceanographic 

139 features (Lavín & Marinone, 2003) that have been identified as factors responsible for the high 

140 biological diversity (Munguia-Vega et al., 2017; Peguero-Icaza, Sánchez-Velasco, Lavín, 

141 Marinone, & Beier, 2011). Studies on community ecology of fishes have evidenced three 

142 faunistic zones in the gulf of California: North, Central and South (Figure 1; Brusca et al., 2005; 

143 Hastings, Findley, & Van Der Heiden, 2010; Thomson, Findley, & Kerstitch, 2000) and a 

144 latitudinal gradient in species composition (Fernández-Rivera Melo, Reyes-Bonilla, Ramírez-

145 Ortiz, & Alvarez-Filip, 2018; Olivier et al., 2018).

146

147 Underwater visual censuses and seawater sampling for eDNA metabarcoding analysis

148 A scientific expedition was conducted from October 23 to November 15, 2016, on board a 90-

149 foot vessel to perform UVC and to collect seawater samples for eDNA metabarcoding in rocky 

150 reefs across the gulf of California. Our sampling approach was designed to maximize the 

151 biological signal while minimizing the sampling effort. To this end, we divided our study area 

152 into two non-overlapping strata based on known regions (North and Central regions, hereafter) to 

153 sample 24 independent sites (Figure 1 and Supplementary Material S1). 
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154 At each site, immersions were organized into two groups. The first group was composed of 

155 six divers that used SCUBA gear and extensive fish identification expertise to survey 

156 conspicuous fishes (adults > 5 cm total length) inside of 25 m-long transects, 4 m wide and 2 m 

157 high (i.e., 200 m3 surveyed for each transect). Transects were placed at different depths ranging 

158 from 3 to 25 m, parallel to the coastline, or following the contour of the reefs (over seamounts), 

159 to cover as much habitat area as possible. The second group, composed of 2-3 divers, navigated 

160 underwater ~10 m away from the first group and sampled 1-L seawater using clean Nalgene™ 

161 Wide-Mouth HDPE Bottles (Thermo Scientific™). After the seawater collection, bottles were 

162 closed underwater and remained sealed until water filtration on board. In all cases, water was 

163 filtered < 4 h after collection, using 0.44 μm hydrophilic nitrocellulose Millipore® filters placed 

164 in a Millipore® Sterifil® filtration system connected to a manual vacuum pump. Each filter was 

165 removed from the filtration system, folded inwards, stored in 1.6 mL tubes (Neptune ®) with 

166 STE sterile buffer (100 mM NaCl, 1 mM EDTA, 5 mM Tris/HCl pH 7.5) and preserved at room 

167 temperature until the end of the scientific expedition. Cross-contamination from diving 

168 equipment was prevented by handling eDNA samples in a dedicated area ~20 m away (on 

169 different decks of the research vessel) from where all the diving equipment and diving operations 

170 occurred. In addition, the water filtering step was performed in a decontaminated area using 

171 sterile material, cleaned properly between sampling sites, and between each water filtering step. 

172 Cleaning was accomplished by submerging the filtration systems and bottles in a 1% sodium 

173 hypochlorite solution for 2 hours and thoroughly rinsing with filtered fresh water.

174

175 Custom reference database construction: primer design, PCR amplification, and sequencing
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176 We constructed a local reference database for the “teleo” 12S rRNA barcode (custom reference 

177 database, hereafter) (Valentini et al., 2016). Methodological details are described in 

178 Supplementary Material S2 and S3. The Custom reference database included sequences from 67 

179 morphologically identified fish species (1-8 specimens/species) from the gulf of California 

180 (Supplementary Material S4), which were collected over the last decade as part of the 

181 ecosystem-based project PANGAS (Munguía-Vega et al., 2015).

182

183 Mock community

184 To test the detection sensitivity of metabarcoding in a sample of known composition, we 

185 included a mock community in which equal amounts (200 ng) of purified DNA from 22 reef 

186 fishes of the gulf of California (Supplementary Material S5) were pooled and subsequently 

187 used as a positive control. This sample was incorporated into the library construction process, 

188 and sequenced parallel to eDNA samples.

189

190 Environmental DNA extraction

191 eDNA extractions were completed with the Qiagen Blood and Tissue Kit (Qiagen, USA) with 

192 some modifications (Supplementary Material S6). All eDNA extractions were performed in a 

193 hood dedicated solely for this purpose. The hood and pipettes were cleaned with 1% sodium 

194 hypochlorite solution and treated with UV light for 20 min before starting extractions. Filter tips 

195 were used in all pipetting to reduce the risk of cross-contamination. DNA concentrations were 

196 measured using a Qubit 3.0 Fluorometer (Invitrogen, CA, USA).

197

198 Library preparation and high-throughput sequencing
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199 We amplified via PCR ~ 65 bp from the “teleo” 12S rRNA barcode (Valentini et al., 2016). 

200 Library preparation involved two PCR steps and followed minor modifications from similar 

201 methods (Miya et al., 2015). Primer sequences, PCR methods, and reaction conditions are shown 

202 in Supplementary Material S7 and S8. In addition to the environmental samples, a positive 

203 control (mock community described above) and negative control (1 pooled negative control 

204 consisting of 4 negative controls processed along the other eDNA samples during the two steps 

205 of PCR, including replicates) were incorporated during library preparation. A total of 26 samples 

206 (including positive and negative controls) were pooled into one 4 nM equimolar sample and sent 

207 to Genomic Services at Langebio-CINVESTAV. A single flow cell Illumina NextSeq 500 MID 

208 (35 Gb) v2 chemistry (2 × 150 bp paired-end) was used for sequencing.

209

210 Bioinformatic analyses

211 Bioinformatic analyses were implemented with a UNIX shell script. The complete pipeline is 

212 described in Supplementary Material S9. In the first step of the analysis, bcl2fastq v2.19 

213 (Illumina) was used to de-multiplex indexed sequences. Then, Obitools v1.2.11 (Boyer, Mercier, 

214 Bonin, Taberlet, & Coissac, 2014) was employed for applying robust primary filtering and 

215 selecting for high-quality, full-length sequences. Next, vsearch v2.7.0 was used (Rognes, Flouri, 

216 Nichols, Quince, & Mahé, 2016) for chimera detection de novo, using the uchime_de novo 

217 algorithm. A step-by-step aggregation analysis was implemented in Swarm v2.2.2 (Mahé, 

218 Rognes, Quince, de Vargas, & Dunthorn, 2015) to cluster reads with a resolution d = 2 (~3% 

219 genetic distance). This value was selected according to our results of genetic distances among 

220 species of the local ichthyofauna in our custom reference database, in which we found that all 

221 variation observed below the species level (i.e., intra-species) was d < 2, while most variation 
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222 observed above species level (e.g., 82 % at intra-genus and 86% at intra-family) was d > 2 

223 (Supplementary Material S10 and S11). Finally, singletons were removed, and OTUs/site table 

224 conversion was performed using the owi_recount_swarm R script (Wangensteen, 2019).

225

226 OTUs taxonomic assignment

227 Taxonomic assignment of OTUs was performed using three approaches: 1) using NCBI-

228 GenBank; 2) using our custom reference database, and 3) combining both (NCBI + custom 

229 reference database). Basic Local Alignment Search Tool (BLAST) implemented in CLC 

230 Genomics Workbench v9 (Qiagen) was used with a word count value of 30, expected score of 

231 10, and e-value of 1 e-20. In any case, OTUs without hits in the Blast search were excluded from 

232 the taxonomic assignment. Conversely, in the resulting alignments, we established conservative 

233 thresholds of the percent identity of the hits to assign taxonomy as follows: 100-97% of identity 

234 were assigned to species; 97-94% to genus; 94-91% to family; 91-88% to order and < 88% to 

235 class. When OTUs could not be assigned to species or genus level, we named the OTU with a 

236 consecutive number, followed by the taxonomic level achieved, e.g., OTU_01 (Acanthuridae). 

237 Since we were not interested in intra-specific variation and focused our analyses at the species 

238 level, we collapsed (grouped) OTUs taxonomically assigned to the same species or genus. 

239 Finally, a subsequent secondary filtering step was performed to avoid potential tag switching or 

240 false positives in which we excluded singletons within each sample.

241 Lists of species/OTUs, genus, families, orders, and class detected with UVC and eDNA 

242 metabarcoding were generated, and species/OTUs per site matrices were obtained to perform 

243 community-level ecological analyses.

244
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245 Community-level ecological analyses

246 All the analyses were performed in R v4.0.0 and RStudio v1.2.1335 (RStudio Team, 2020) using 

247 vegan v2.5-6 (Oksanen et al., 2020). Individual rarefaction curves (rarecurve) and species 

248 accumulation curves per site (speccacum) were computed for each survey method. Observed 

249 (Sobs) and extrapolated species number (Sexp, Chao) were also estimated (specpool). To check for 

250 significant differences in Sobs values between methods, we first tested for normality with a 

251 Shapiro-Wilk test and then used a Wilcoxon test to evaluate if the median of Sobs differed 

252 between methods. We also computed the Spearman correlation between the Sobs from each 

253 method to evaluate the relationship of this parameter between survey methods. For further 

254 community analyses, we used a Jaccard distance matrix based on species’ presence/absence.

255 To assess the overall community structure, we calculated multivariate homogeneity 

256 within-group (North and Central) covariance matrices with (betadisper), and then we evaluate 

257 differences in the dispersion between groups with ANOVA (anova) for both survey methods 

258 (UVC and eDNA metabarcoding). Differences in species composition of communities between 

259 regions (North and Central) were tested statistically by permutational analysis of similarities 

260 (ANOSIM, anosim) and permutational multivariate analysis of variance (PERMANOVA, 

261 adonis). Dissimilarity values were ordinated using a non-metric Multidimensional Scaling 

262 (nMDS, metaMDS) to visualize the group discrimination of each survey method. A Shepard´s 

263 curve was calculated (stressplot) to establish the k number of the ordination analysis. To 

264 investigate if there is a relationship between community dissimilarity and the geographic 

265 distance between sites, we performed a Mantel test (mantel) among community data distance 

266 matrices from UVC and eDNA and a geographic distance matrix between pairs of sampling 

267 sites.
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268

269 eDNA metabarcoding occupancy, detection at sampling stages and error estimation: 

270 Hierarchical occupancy analysis

271 We used the single-species, single-season occupancy model proposed by Griffin et al. (2020) 

272 using the freely available eDNA Shiny app (https://seak.shinyapps.io/eDNA/) (Diana, Matechou, 

273 Griffin, Buxtron, & Griffiths, 2020). This model allows estimating multiple parameters, 

274 including the probability that a site is occupied by a species (occupancy, ѱ), the probability of 

275 eDNA capture in the environmental samples (capture, θ), and the probability of detection of a 

276 species in PCR assays (detectability, p) (Ficetola et al., 2014; Griffin et al., 2020; Guillera-

277 Arroita et al., 2017; Lahoz-Monfort et al., 2016; Schmidt et al., 2013). The model assumes that 

278 eDNA metabarcoding surveys occur at two-stages (field and laboratory, respectively). In stage 1 

279 (field) eDNA data is collected from S independent sites and M independent water samples from 

280 each site. Then, each SM water sample is subsequently analyzed in K independent PCR assays 

281 (stage 2: laboratory), with each replicate (from the field or laboratory) leading to either negative 

282 or positive detection (Griffin et al., 2020; Guillera-Arroita et al., 2017; Lahoz-Monfort et al., 

283 2016). The multi-stage model estimates species occupancy probabilities that account for 

284 potential false positive and false negative errors at the two sampling stages (Guillera-Arroita et 

285 al., 2017). The recent Bayesian formulation of this single-species model was used to estimate 

286 parameters and error probabilities (Griffin et al., 2020). This approach allows the use of data 

287 from a secondary survey method (i.e., UVC) that produces unambiguous detections.

288 We estimated the posterior mean and 95% credible interval for all model parameters (ѱ, 

289 θ11, θ10, p11 and p10) for 24 species (Supplementary Material S12) that were jointly detected 

290 with eDNA metabarcoding and UVC. Briefly, ѱ refers to the probability that the species 

Page 13 of 54

https://seak.shinyapps.io/eDNA/


14

291 occupies/uses the site. Where present, there is a probability θ11 that the eDNA of the species is 

292 captured in a water sample. There is also a chance (θ10) that eDNA ends up in water samples 

293 from sites where the species is absent, due to contamination (in the field or in the laboratory) or 

294 transport from elsewhere. When the species is available for detection (i.e., eDNA in the water 

295 sample), there is a probability p11 of detecting it on a secondary survey occasion (e.g., PCR 

296 assays), and a probability p10 of falsely detecting DNA of the species. Also, we estimated the 

297 posterior conditional probability of species absence given x positive PCR replicates, (1-(ψ(x)), 

298 and the posterior conditional probability of x positive PCR replicates given species presence, 

299 q(x). We used the species detection history obtained from eDNA metabarcoding surveys for each 

300 species, and used the information from the UVC as confirmation of the species presence, to 

301 reflect our prior knowledge about the reliability of each eDNA survey stage (Lahoz-Monfort et 

302 al., 2016). We used M = 24 water samples, S = 24 sites, K = 3 with a baseline prior probability of 

303 species site occupancy of 0.85. The prior variance of the intercept (site occupancy) = 4, and the 

304 prior variance of the regression coefficients = 0.25. Priors for the hyperparameters in stage 1 

305 were θ11 = 0.9 and θ10= 0.1; and in stage 2, p11 = 0.9 and p10 = 0.1. Prior distributions for all 

306 probabilities were maintained by default as suggested by the authors, except for the probability 

307 of species site occupancy which default value is 0.5 (Griffin et al., 2020).

308

309 Comparing detection probabilities between survey methods: Multimethod occupancy analysis

310 We used multi-scale, single-season occupancy models to calculate the detection probabilities of 

311 UVC and eDNA metabarcoding using the multimethod model variant (Nichols et al., 2008) in 

312 PRESENCE v2.13.1 (Hines, 2006). This approach allows for the simultaneous use of data 

313 derived from spatially replicated paired surveys to quantify and compare detection probabilities 
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314 (peDNA and pUVC), given the available detection histories for a set of species (Nichols et al., 2008; 

315 Schmelzle & Kinziger, 2016). Two parameters, ψ and θ, model occupancy at two spatial scales. 

316 Species occurrence (ψ) corresponds to the larger scale, where member(s) of the species have 

317 some non-negligible probability of being present at the sample unit and hence exposed to both 

318 detection methods. The probability that the species is present during sampling (θ) is the 

319 occupancy parameter for the smaller scale. Although occupancy models can incorporate 

320 covariates that explain both parameters, we opted to run a null model without them.

321 We collapsed the information about species detection from eDNA metabarcoding of 

322 seawater samples and UVC transects to 1 or 0 (detection or non-detection, respectively) in order 

323 to construct the detection histories for 24 species jointly detected with both survey methods in 24 

324 sampling sites. Two models were used a priori to determine if there was a difference in detection 

325 between the two survey methods while holding constant the occupancy parameter (θ = 0.85). We 

326 modelled detection probabilities as 1) constant over methods (psi, theta(.), p(.)); and 2) different 

327 over methods (psi, theta(.), p(method)). These models were implemented for each species to 

328 calculate maximum likelihoods, and the results were ranked according to AIC values to 

329 determine the best model. Graphs included fish silhouettes obtained from the fishualize 

330 (Schietteaktte, Brandl, & Casey, 2019).

331

332 RESULTS

333 Underwater visual censuses (UVC) species detection

334 UVC covered 295 transects (mean/site = 12, SD = 4.5) in 24 sites from the gulf of California 

335 (Supplementary Material S1). In total, 43,647 individual teleost fishes were observed, 

336 representing 97 observed species, 66 genera, 32 families and eight orders (Supplementary 
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337 Material S13). We obtained a community data matrix of individual teleost fishes to estimate the 

338 mean species abundance per site.

339

340 Custom reference database for the ichthyofauna of the gulf of California

341 The custom reference database included 112 12S rRNA gene sequences from 67 species and 32 

342 families with a mean length of 552 bp (SD = 65 bp) (NCBI-GenBank accession numbers in 

343 Supplementary Material S4). When analyzing the genetic variation among these species, we 

344 found high genetic variability at different taxonomic levels. Intra-family variation ranged from 

345 low genetic distance (dmax) in Istiophoridae (0 – 2%), to high in Pomacentridae (42.9%) and 

346 Serranidae (42.7%). At intra-genus level, dmax went from low values in Thunnus (0 – 1.4%), to 

347 high in Lutjanidae (14.5%). Intra-specific variation was found in the species Kyphosus elegans 

348 (dmax 2.8%), Lutjanus peru (dmax 1.4%), Mycteroperca rosacea (dmax 1.4%), Thunnus albacares 

349 (dmax 1.4%) and Scomberomorus sierra (dmax 1.3%) (Supplementary Material S10 and S11)

350

351 eDNA metabarcoding sequencing statistics, OTUs identification in environmental samples 

352 and taxonomic assignment

353 We obtained 5,429,682 raw paired-end reads in the 26 sequenced samples (mean = 208,833 

354 reads/sample, SD = 43,538) from which we kept 2,897,810 (mean = 111,454 reads/sample, SD = 

355 45,472) after quality filtering (Supplementary Material S14). OTU clustering returned 542 

356 OTUs that were used in the different taxonomic assignment approaches. The success and 

357 resolution of each of the taxonomic assignment methods varied depending on the reference 

358 database used (NCBI-GenBank, custom reference database, NCBI + custom reference database, 

359 Table 1). Separately, the NCBI database and the custom reference database produced similar 
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360 results in terms of the number of assigned OTUs (48% and 49% of 542 OTUs, respectively). On 

361 the other hand, the combined use of both databases outperformed their individual contributions 

362 in terms of the taxonomic resolution at species and genus levels and increased the identification 

363 success by ~12% (60% of 542 OTUs) (Table 1). Thus, we used the NCBI + custom reference 

364 database for final taxonomic assignment of the OTUs obtaining 119 unique Actinopterygii 

365 OTUs, of which 57 were taxonomically assigned above family level. The remaining 64 OTUs 

366 represent 64 species, 44 genera, 26 families and seven orders (Supplementary Material S15).

367

368 List of species/OTUs detected with both survey methods

369 A total of 191 species/OTUs were detected with both survey methods. Of these, 13% were 

370 shared, 49% were identified only by eDNA and 38% were observed only with UVC (Figure 

371 2A). The proportion of shared taxa between methods increased when higher taxonomic levels 

372 were considered: 39% for genus (31/79), 53% for family (20/38), and 36% for order (4/11)

373 (Supplementary Material S16 - S20 for complete lists). 

374 Even though UVC targeted only the class Actinopterygii, eDNA also recorded the class 

375 Chondrichthyes (Carcharhinus leucas 3 reads), Mammalia (Homo sapiens 4 reads), and Aves 

376 (Gallus sonneratii 9 reads), which were removed for the ecological analyses. Furthermore, while 

377 all fishes registered in the UVC were reef-associated, eDNA metabarcoding detected additional 

378 taxa from surrounding pelagic, demersal and estuarine habitats. From the 38 families jointly 

379 detected with both methods, 6 families were identified only with eDNA and include pelagic 

380 (Istiophoridae, Scombridae, Clupeidae), demersal (Paralichthydae, Nomeidae), and estuarine 

381 (Mugilidae) taxa. Conversely, twelve reef-associated families were observed in UVC but were 

382 not recovered by the eDNA methods (Figure 3). Interestingly, although they were also detected 
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383 with UVC, eDNA metabarcoding detected 3 species of cryptic reef-fish: Apogon retrosella, 

384 Cirrhitichthys oxycephalus, and Coryphopterus urospilus.

385

386 Mock community and negative control

387 Evaluation of the taxonomic identities in the mock community indicates that 20 of the 22 species 

388 included (90.9%) were identified in the sample (Supplementary Material S5). Two species, 

389 Hoplopagrus guentheri and Kyphosus elegans produced no sequencing reads in the mock 

390 community results despite having been included in the custom reference database. Nevertheless 

391 K. elegans was detected in eDNA field samples. We detected one species that was excluded from

392 the mock community sample (6 reads Mycteroperca rosacea). For the negative control (which 

393 contained 4 pooled PCR negative controls), only 4 reads were detected after filtering (2 from 

394 Mycteroperca rosacea and 2 reads from Thunnus albacares). These results indicate negligible 

395 levels of foreign DNA contamination during PCR and library preparation.

396

397 Community-level ecological analyses

398 Individual read rarefaction curves (eDNA) reached an asymptote in all sampling sites showing 

399 that sequencing depth was sufficient to capture species richness. Conversely, individual fish 

400 rarefaction curves (UVC) did not show this pattern, indicating that the mean number of transects 

401 per site was insufficient to capture the complete species components (Supplementary Material 

402 S21). Species accumulation curves per site showed an incomplete asymptote in both methods, 

403 suggesting the need to increase sampling effort (Figure 2B) in terms of the number of sites 

404 visited. 
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405 The total number of observed species or OTUs per site were Sobs eDNA = 45 ± 6 (range 35 

406 – 52) and Sobs UVC 35 ± 9 (range 18 – 50) (Figure 2C). These values showed significant

407 differences between their medians (p = 0.0004) and were not normally distributed (eDNA p = 

408 0.49, UVC p = 0.60). The total number of extrapolated species (Sexp) estimated with Chao non-

409 parametric estimator was higher in eDNA metabarcoding, than in UVC (172 and 135, 

410 respectively) (Figure 2B). Spearman´s correlation of Sobs between methods was statistically 

411 significant (S = 1351, rho = 0.41, p = 0.04). When comparing mean Sobs between North and 

412 Central biogeographic regions, we found significant differences with both methods (eDNA: F = 

413 11.28, df = 1, p = 0.002; UVC F = 13.18, df = 1, p = 0.001) (Figure 2D).

414 Community data showed multivariate heterogeneity within-groups (eDNA: F = 5.55, Df = 

415 1, p = 0.02; UVC: F = 6.77, Df = 1, p = 0.02). Also, the evaluation of multivariate differences 

416 between groups with ANOSIM (eDNA: R = 0.202, p = 0.035; UVC: R = 0.605, p = 0.0009) and 

417 PERMANOVA (eDNA: F = 2.31, Df = 1, p = 0.003; UVC: F = 7.54, Df = 1, p = 0.0001) 

418 revealed significant differences in fish assemblages between the North and Central areas of the 

419 gulf of California for both survey methods. This distinction was also discriminated by nMDS 

420 ordination analysis (k = 2) (Figure 4) (eDNA: nMDS Stress = 0.217; UVC: nMDS Stress = 

421 0.109). The Mantel tests between ecological (Jaccard) and geographic distances among sampling 

422 sites revealed a significant correlation for UVC (r = 0.62, p = 0.0001) but not for eDNA (r = 

423 0.06, p = 0.18).

424

425 eDNA occupancy, detection at sampling stages and error estimation: Hierarchical occupancy 

426 analysis 
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427 We outline results of the analyses in terms of the posterior probabilities for the occupancy (ѱ), 

428 eDNA capture (θ), and detectability (p) parameters at sampling stages 1 and 2.

429 The posterior probabilities of occupancy ѱ ranged from 0.09 to 0.96 (median = 0.71), 

430 highlighting two groups centered at both extremes of the observed values. The first group (group 

431 1) with 10 species (Species ID 1-10 in Supplementary Material S22) showed low to medium

432 occupancy values (ѱ ranging from 0.09 to 0.58) and included (in increasing order of occupancy) 

433 Fistularia commersonii, Mulloidichthys dentatus, Stegastes flavilatus, Cirrhitichthys 

434 oxycephalus, Microspathodon dorsalis, Thalassoma lucasanum, Apogon retrosella, Stegastes 

435 rectifraenum, Kyphosus elegans and Coryphopterus urospilus). The second group (group 2) with 

436 14 species (Species ID 11-24 in Supplementary Material S22) showing medium to large 

437 occupancy values (ѱ ranging from 0.68 to 0.96) included Seriola lalandi, Acanthurus 

438 xanthopterus, Semicossyphus pulcher, Scarus perrico, Bodianus diplotaenia, Lutjanus 

439 novemfasciatus, Lutjanus viridis, Rypticus bicolor, Haemulon sexfasciatum, Lutjanus 

440 argentiventris, Prionurus punctatus, Abudefduf troschelii, Balistes polylepis and Mycteroperca 

441 rosacea.

442 For stage 1 of the sampling process (field), the range observed in posterior probability of 

443 eDNA detection given species presence (i.e., true positives) was θ11 = 0.48 – 0.93 (median = 

444 0.77, Supplementary Material S22). This revealed a high probability of capturing eDNA 

445 molecules during water sampling if the species were present. The posterior probability of eDNA 

446 detection given species absence (i.e., false positive) varied between θ10 = 0.05 - 0.30 (median = 

447 0.22), indicating a lower probability that samples contained eDNA from the species when they 

448 did not occur on-site. For stage 2 (laboratory), the detection probability of the species in the PCR 

449 replicates given eDNA presence (i.e., true positive) ranged between p11 = 0.21 – 0.71 (median = 
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450 0.34), indicating that if eDNA was present in the water sample, there was a moderate probability 

451 of getting a positive PCR amplification from it, given the replication levels on the laboratory 

452 stage. Alternatively, the detection probability of the species in the PCR given eDNA absence 

453 (i.e., false positive) varied between p10 = 0.02 – 0.29 (median = 0.13). In both stages, the analysis 

454 indicated that species from group l showing lower occupancy values, consistently presented 

455 lower capture (θ10) and detection (p10) probabilities when the species or its DNA were absent, 

456 compared to species from the second group showing higher occupancy values.

457 Our results of modeling the posterior conditional probability of species absence (1-p(x)) 

458 and presence (q(x)) is in relation to the number of positive amplified PCR replicates, and 

459 indicated contrasting results depending on the occupancy values from each species. The 

460 probability of species absence given zero positive PCR replicates (i.e. true negatives) was higher 

461 for species showing lower occupancy values (group 1 above, observed range 45% – 85%), 

462 compared to 7% – 42% in species showing higher occupancy values (group 2 above). However, 

463 species with low occupancy values showed a higher probability of species absence given one 

464 positive PCR replicate (20% – 86%, false positives), but it significantly decreased below 29% 

465 when three positive PCR replicates were obtained (except for Fistularia commersonii). In 

466 contrast, species showing larger occupancy values showed a lower probability of species absence 

467 given one positive PCR replicate (1%– 9%, false positives), and additional PCR replicates did 

468 not reduce this probability any further (Supplementary Material S23). On the other hand, 

469 species showing the lowest occupancy values (0.09 – 0.13, Fistularia commersonii, 

470 Mulloidichthys dentatus, Stegastes flavilatus) showed a low probability of zero positive PCR 

471 replicates (28% – 30%, false negatives) given species presence. For this rare species, the 

472 probability of obtaining one positive PCR replicate given species presence was low (11% – 20%, 
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473 true positives), but increased to 25% – 44% when three positive PCR replicates were obtained. 

474 However, most species (occupancy 0.14 –0.96) had a moderate to high probability of false 

475 negatives (29% to 75%, false negatives). 

476

477 Comparing detection probabilities between survey methods: Multimethod occupancy analysis

478 Multi-scale, single season occupancy models allowed the comparison of the method-specific 

479 detection probabilities for eDNA metabarcoding surveys (peDNA) and UVC (pUVC). Results 

480 evidenced that from the 24 species compared simultaneously, the most supported model (AIC 

481 weight 76% - 100%, Supplementary Material S24) incorporates differences in detection 

482 probabilities between survey methods. The median detection probability for each survey method 

483 were: peDNA = 0.59 (range 0.029 - 1) and pUVC = 0.263 (range 0.029 - 1). Twelve species, 

484 including most species from group 2 showing higher occupancy values mentioned above, 

485 showed detection probabilities that were higher for eDNA metabarcoding compared to UVC 

486 (Figure 6, Supplementary Material S25). In contrast, detection probabilities in both survey 

487 methods were equivalent for nine species, most of them from the group that showed lower 

488 occupancy values (group 1 above). A few exceptions to these general patterns were observed, 

489 including Kyphosus elegans and Scarus perico. Additionally, three species showed detection 

490 probabilities that were higher for UVC than for eDNA (Bodianus diplotaenia, Cirrhitichys 

491 oxycephalus and Prionurus punctatus). 

492

493 DISCUSSION

494 We compared simultaneous UVC and eDNA metabarcoding to study diverse rocky reef fish 

495 communities. We detected significantly more species (Sobs) with eDNA than with UVC. Overall, 
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496 our results confirmed other recent studies (McElroy et al., 2020; Shin-ichiro Oka et al., 2020; 

497 West et al., 2020) suggesting eDNA methods are complementary in detecting different sets of 

498 marine species with little overlap to visual surveys, since the combined approach doubled the 

499 number of species/OTUs detected only with UVC. Although both methods identified reef-

500 associated species, eDNA also uncovered species inhabiting other pelagic, demersal and 

501 estuarine habitats beyond the reef itself. We found that generating a local reference database of 

502 modest size (67 species) increased 3X the number of OTUs assigned taxonomically. Despite that 

503 eDNA surveys captured a larger spatio-temporal scale compared to UVC, it successfully 

504 recovered a known biodiversity gradient and a biogeographic break in the study region, which 

505 was also reflected in the UVC data. In a subset of species, the eDNA surveys provided similar or 

506 higher detection probabilities compared to UVC. These results highlight the large potential of 

507 eDNA metabarcoding in ecological studies of marine fishes. Below, we discuss the main results 

508 regarding the strengths and limitations of the approach where eDNA complements UVC to 

509 survey complex marine communities.

510

511 Community patterns in the gulf of California

512 Both methods recovered significant differences in fish community composition between North 

513 and Central regions, although eDNA data showed greater multivariate heterogeneity and 

514 comparatively lower discrimination among the two gulf of California faunistic zones. The fact 

515 that Mantel tests between the Jaccard community distance matrix and the geographic distance 

516 among sites were significant for UVC, but not for eDNA, also agrees with the view that eDNA 

517 metabarcoding represents biodiversity over a broader spatial scale. The larger scale of detection 

518 of eDNA depends on physical conditions responsible for its transport across the ecosystem, such 
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519 as ocean currents (Yamamoto et al., 2017) and mesoscale eddies, typical of the deep basins of 

520 the gulf of California (Reguera-Rouzaud et al., 2020). The geographic distribution of adult 

521 populations of reef fishes defines the accepted regionalization of the gulf of California. In 

522 contrast, the species assemblages detected with eDNA integrate additional species inhabiting 

523 adjacent marine habitats (e.g., pelagic, demersal, soft bottom), which may be sampled at any 

524 stage of their life cycle (i.e., larvae, juveniles, and adults). This mixing of ecotones and 

525 communities caused by oceanographic features in marine eDNA surveys is well documented 

526 (Jeunen et al., 2019; O’Donnell, Kelly, Shelton, Samhouri, Lowell, & Williams, 2017b). 

527 Nevertheless, both the mean values and geographical patterns of observed species of both UVC 

528 and eDNA corroborated that the Central region between Loreto and La Paz is a hotspot of 

529 species richness in contrast to the lower diversity observed in the Northern gulf of California 

530 (Morzaria-Luna et al., 2018; Olivier et al., 2018). 

531

532 Custom Reference Database

533 Perhaps our primary source of bias in species detection is attributable to the reference database 

534 incompleteness, which highly restricts species taxonomic identification to available taxa, e.g., 

535 species with missing DNA sequences in reference database can only be determined at best at 

536 higher taxonomic units (Brown, Chain, Crease, Macisaac, & Cristescu, 2015; Cilleros et al., 

537 2018). In this sense, 40% of the 542 OTUs detected were not assigned taxonomically, and from 

538 the other 60% that were assigned and represented 119 species/OTUs, nearly half were assigned 

539 at or above family level. This incomplete taxonomic assignment interfered with the direct 

540 comparison of the species detected with UVC causing sub estimation of the potentially shared 

541 detections and increasing false negative and false positive error probabilities, referring to the 
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542 misidentification of queries without conspecifics in the database (Virgilio, Backeljau, Nevado, & 

543 De Meyer, 2010).

544 Before our study, only 5% of the ~800 teleost species from the gulf of California possessed 

545 reference 12S rRNA gene DNA sequences in NCBI-GenBank. Considering this insufficient 

546 taxonomic coverage of the barcode used for the species of interest, we developed a custom 

547 reference database for 67 additional species, increasing the taxonomic coverage to 13%. Despite 

548 the modest size of this reference database, the use of both NCBI + custom reference database 

549 almost tripled the fraction of taxonomically identifiable OTUs at the species and genus levels, 

550 compared to NCBI alone. Hence, we emphasize that to fully exploit the potential in the detection 

551 power of eDNA metabarcoding, a vast effort is needed to improve the taxonomic coverage of 

552 reference databases.

553 In addition to improving the taxonomic assignment of reads, the custom reference database 

554 gave us a glimpse of the level of intra and interspecific divergence found in the “teleo” barcode 

555 for fishes in the gulf of California and the potential bias of the 3% threshold used for taxonomic 

556 assignment. The ichthyofauna of this region represents a mixture of evolutionary histories that 

557 converge in a single region (Hastings et al., 2010), and thus, it is difficult to capture this broad 

558 phylogenetic variation using a fixed value of sequence divergence at a single locus. For example, 

559 the 3% threshold used overestimated the number of species/OTUs in highly divergent and 

560 specious genus like Lutjanus, thereby inflating biodiversity estimates (Brown et al., 2015), while 

561 underestimating the diversity of taxa from highly conserved taxa like Scarus or Thunnus. Thus, 

562 group-specific thresholds could be applied when analyzing a complex community. We also 

563 observed that some species within the same family were indistinguishable from each other using 

564 the short 12S barcode used, including Rypticus bicolor, Epinephelus labriformis, and Paranthias 
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565 colonus (Serranidae); and Scarus ghobban and S. perrico. This lack of variation in some closely 

566 related taxa for the “teleo” barcode has been previously reported (Cilleros et al., 2018; Valentini 

567 et al., 2016), and conflicts with the paradigm of a barcoding gap (Collins et al., 2019; Cristescu 

568 & Hebert, 2018). These results highlight that without empirical data, there is no straightforward 

569 way to establish a threshold that best recovers actual species boundaries (Brown et al., 2015). 

570 Therefore, this step needs to be performed prospectively when developing a metabarcoding 

571 study. Additional options include the use of an alternative barcode targeting the same taxonomic 

572 group to increase the precision in the taxonomic assignment (Alberdi, Aizpurua, Gilbert, & 

573 Bohmann, 2017; Lecaudey, Schletterer, Kuzovlev, Hahn, & Weiss, 2019), and the 

574 implementation of taxonomy-free studies (Callahan, McMurdie, & Holmes, 2017; Cordier et al., 

575 2018; Juhel et al., 2020; Pawlowski et al., 2018).

576

577 Complementarity of UVC and eDNA and potential sources of bias 

578 We demonstrated that complementing established UVC with eDNA metabarcoding surveys 

579 doubled the number of species detected in a complex fish community. However our results 

580 evidenced that only 13% of the total species observed were jointly detected by both survey 

581 methods, stressing the importance of understanding the probabilities of false negative and false 

582 positive detections of eDNA surveys. Each of the two survey methods had distinct detection 

583 probabilities that were influenced by the occupancy value that characterized each species. In a 

584 subset of 24 species analyzed, eDNA metabarcoding showed similar detection probabilities than 

585 UVC for species showing low occupancy values (below 0.58). In contrast, eDNA provided 

586 significantly higher detection probabilities for common species showing occupancy values above 

587 0.68. The influence of the species occupancy, abundance, and DNA release rates to the 

Page 26 of 54



27

588 environment on its detection probability with eDNA metabarcoding methods is still little 

589 understood, and these topics are on the frontier of knowledge in the molecular ecology research 

590 areas. However, its understanding is essential to fully exploit the potential of eDNA 

591 metabarcoding for species surveys.

592 Although imperfect detection is an unavoidable feature of any monitoring method 

593 (Deiner et al., 2017; Ficetola et al., 2014), an increasing number of studies estimate the biases at 

594 distinct stages of  eDNA surveys using occupancy models (Doi et al., 2019; McClenaghan et al., 

595 2020; Tingley, Nadeau, & Sandor, 2020). Using the subset of 24 species that were jointly 

596 detected with both UVC and eDNA we estimated that the overall probability of false positives 

597 during stage 1 (field) and stage 2 (laboratory) increased with the probability of occupancy of the 

598 species, suggesting some fraction of common species detected with the eDNA survey could 

599 actually represent false positive detections. The probability of eDNA capture in the field (stage 

600 1) when the species were present varied widely among species (48 – 93%) and the probability of

601 detection given eDNA presence significantly dropped during stage 2 in the laboratory (21 – 

602 71%). In both stages the probabilities of false positives were always lower (1 – 30%) compared 

603 to true positives within each species. These results indicate that although the majority of the 

604 detections made with eDNA metabarcoding are likely true observations, a significant portion of 

605 false positives could be present in our dataset. False positives can originate from various sources 

606 such as contamination during stage 1 or 2 (during filtering, eDNA extraction in the laboratory or 

607 PCR assays), but also during long-range eDNA transport in the ocean (Ficetola, Taberlet, & 

608 Coissac, 2016; Guillera-Arroita et al., 2017; Lahoz-Monfort et al., 2016). We followed strict 

609 protocols during sampling, filtering, and laboratory steps to avoid cross-contamination. In turn, 

610 the negative control from the laboratory showed a negligible number of reads for a couple of 
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611 species. We also excluded singletons to avoid false positives arising from contamination in the 

612 laboratory. Nevertheless, it has been reported that some field steps are more prone to 

613 contaminations such as the use of filters, funnels, and peristaltic pumps, compared with the use 

614 of closed filters, leading to an increased probability of contamination and false positives 

615 (Tingley, Coleman, Gecse, van Rooyen, & Weeks, 2020). Including negative controls at each 

616 step of the sample processing (i.e., during filtering in the field, DNA extraction, PCR 

617 amplification, etc.) and sequencing each control as an independent sample can help detect 

618 sources of external contamination. Additionally, cleaning of diving equipment could help avoid 

619 carry-over of contamination between distinct diving sites and during eDNA sampling 

620 underwater.

621 The transport of eDNA molecules can also explain false positives in complex oceanic 

622 environments (Barnes & Turner, 2016). Our results evidenced the eDNA registered some species 

623 that are atypically found on the shallow rocky reefs surveyed with UVC. These included open-

624 water pelagic genera (e.g., Cubiceps, Istiophorus, Katsuwomis, Sardinops, Sectator, Thunnus), 

625 demersal fishes that are found at depths greater than 30 m beyond the limits of the UVC (e.g., 

626 Paralichthys, Hyporthodus), and taxa associated with adjacent soft bottoms and estuaries (e.g., 

627 Cynoscion, Mugil, Atractosion). These observations demonstrate that eDNA has a larger spatial 

628 and potentially temporal scale of detection in contrast with UVC, making it an efficient method 

629 to assess regional biodiversity (Cilleros et al., 2018).

630 The fluid nature of marine eDNA represents a challenge in our understanding of complex 

631 communities in the ocean. eDNA is influenced by the organism physiology, their use of the 

632 three-dimensional space and by transport driven by oceanographic conditions (Goldberg et al., 

633 2016; O’Donnell, Kelly, Shelton, Samhouri, Lowell, & Williams, 2017a). Oceanographic 
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634 connectivity during field sampling could inform the sources from which sampled eDNA 

635 molecules derived. For the gulf of California, three-dimensional oceanographic models have 

636 shown that passive particles like eDNA could be transported an average of 21 to 74 km in seven 

637 days in the northern part of the gulf, with large variation observed depending on the actual site 

638 where particles are released (Soria et al., 2012). The strong asymmetric seasonal currents of the 

639 gulf could transport eDNA from distant upstream sources and these currents shift directions 

640 between warm and cold periods of the year (Munguia-Vega et al. 2018). The integration of 

641 oceanographic models into eDNA metabarcoding studies has been little explored 

642 (Andruszkiewicz et al., 2019), but represents a useful tool forward to understand the ecology of 

643 marine eDNA.

644 Our modeling analyses in 24 species also showed that during stage 2 in the laboratory the 

645 probability of false negatives in our eDNA survey varied considerably among species (ranging 

646 from 28 to 75%), given our level of PCR replication. This suggests a portion of species observed 

647 in UVC could have been missed from eDNA due to a high false negative rate. Other studies have 

648 demonstrated that the proportion of false negatives can be minimized by increasing biological 

649 and technical replicates (Cantera et al., 2019). Willoughby et al. (2016) suggested that when both 

650 the probability of capturing and amplifying via PCR the target eDNA is high, only a modest 

651 number of replicate field samples are required (e.g. 3-5) (Willoughby, Wijayawardena, 

652 Sundaram, Swihart, & DeWoody, 2016). Considering that we filtered a smaller volume of 

653 seawater and had a lower number of biological replicates compared to other studies (Shu, 

654 Ludwig, & Peng, 2020), we infer that the entire fish community was under-sampled via eDNA. 

655 This observation agrees with the incomplete saturation of the species accumulation curve from 

656 all eDNA samples. Rocky-reefs from the gulf of California are home to at least 333 known fish 
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657 species, so to fully characterize this complex community via eDNA (e.g., including cryptic and 

658 rare species), a larger effort is needed in terms of seawater volume, as well as biological and 

659 technical replicates. We showed the eDNA survey detected some of the less abundant species in 

660 rocky reefs of the gulf of California (abundance below 1 - 5%; Fernández-Rivera Melo et al., 

661 2018), including Fistularia comersonii, Stegastes flavilatus, Mulloidichthys dentatus, and the 

662 cryptic reef-fishes Apogon retrosella, Cirrhitichthys oxycephalus and Coryphopterus urospilus. 

663 Our results suggested that rare species showing low occupancy values were the most prone to 

664 false positives in stage 2 when the number of PCR replicates was low, and thus required more 

665 PCR replicates to decrease the probability of false positives and increase the probability of true 

666 positives compared to more common species showing higher occupancy. Given our criteria used 

667 to filter out low abundance sequences in the bioinformatic pipeline could have excluded species 

668 found at low frequencies in the UVC (Evans, Olds, Turner, et al., 2016), finding a balance 

669 between maximizing eDNA detection and minimizing errors for rare species  is a controversial 

670 topic that clearly needs further investigation (Alberdi et al., 2017). If the detection of particular 

671 species is the priority, other targeted methods as quantitative PCR (qPCR) or droplet-digital PCR 

672 (ddPCR) provide much higher probability for detecting individual species with customized 

673 probes than eDNA metabarcoding (Hunter et al., 2017; Wood et al., 2019).

674 Currently, there are few standards for sampling volumes that need to be filtered for the 

675 study of marine rocky reefs (Shu et al., 2020). The volume/replicates required to adequately 

676 represent an entire biological community depends on taxon abundance, biomass, and the overall 

677 diversity of the community (Beentjes, Speksnijder, Schilthuizen, Hoogeveen, & van der Hoorn, 

678 2019; Guardiola et al., 2016; O’Donnell, Kelly, Shelton, Samhouri, Lowell, Williams, et al., 

679 2017). Thus, detection probability of species increases, and false negative error decreases, when 
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680 adding replicated samples (Ficetola et al., 2014; Guillera-Arroita et al., 2017). The volume of 

681 water filtered strongly influences estimates of biodiversity, therefore maximizing water volumes 

682 as much as logistically possible to detect the highest number of taxa is recommended (Bessey et 

683 al., 2020). This aspect is especially relevant in environmental samples taken from highly 

684 heterogeneous marine ecosystems, which contain DNA from diverse species at different 

685 concentrations. 

686 Multiple technical aspects result in bias in detection related to PCR (amplification 

687 preferences, PCR conditions, PCR replicates, Doi et al., 2019). According to the results from the 

688 mock community, we observed a taxonomic bias during the PCR amplification with "teleo" 

689 universal primers that could have increased the rate of false negatives, as one of the 22 species 

690 included (4.5% from total) was not detected (Hoplopagrus guenterii). To avoid this issue, a 

691 prospective evaluation of the taxonomic biases of the primers used in the context of the local 

692 fauna of interest, both in-silico and in-vitro, can help to experimentally assess possible primer 

693 mismatches (Kelly, Shelton, & Gallego, 2019; Lecaudey et al., 2019). Additionally, a second 

694 barcode (e.g., 16S) analyzed in parallel can support species identification and therefore, detection 

695 (Alberdi et al., 2017; Evans, Olds, Renshaw, et al., 2016; Miya et al., 2015). Previous studies 

696 have also shown that the use of blocking primers can hinder the amplification of some target 

697 species (Piñol, Mir, Gomez-Polo, & Agustí, 2015; Port et al., 2016), highlighting the need to also 

698 evaluate co-blocking effects.

699 Another source of potential bias in the laboratory is the number of PCR replicates per 

700 sample and the number of PCR cycles during library preparation. We used an additive strategy, 

701 in which we pooled three independent PCR replicates per sample and used a moderate number of 

702 PCR cycles (35 and 8 in PCR1 and PCR2, respectively), based on the original PCR protocol for 
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703 the “teleo” primers (Valentini et al., 2016). Pooling multiple replicates offsets the variability in 

704 individual PCR replicates and thereby maximizes diversity detection (Alberdi et al., 2017), 

705 nevertheless, there are no hard guidelines. For example, Cilleros et al. (2018) in their study on 

706 high-biodiversity freshwater environments using “teleo” primers, conducted 12 PCR replicates 

707 and 50 PCR cycles during PCR1. Recently, Juhel et al. (2020) also performed 12 PCR replicates 

708 with the same primers in a species-rich environment. Including a larger number of PCR 

709 replicates seems justified, particularly for communities with a large proportion of rare species. 

710 However, increasing the number of PCR cycles can also introduce PCR artifacts, and limiting 

711 cycles (particularly during PCR2) can improve the quality of the data (Kelly et al., 2019). 

712 Therefore, a balance in these parameters, as to not substantially increase PCR amplification 

713 errors during this step, is recommended (Ficetola et al., 2014). For example, researchers could 

714 aim for a total of 35 total cycles (or less) between PCR 1 and 2. Alternatively, it is also possible 

715 to adopt a capture-based PCR-free library preparation protocol (Wilcox et al., 2018).

716 In light of our simultaneous eDNA and UVC survey results, our study provided critical 

717 information to evaluate the applicability of eDNA and occupancy models in species-rich 

718 ecosystems and to identify potential sources of detection bias, thereby contributing to the proof-

719 of-concept in the application of eDNA as a standardized high-throughput method for marine 

720 biodiversity monitoring.
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1089 TABLES AND FIGURES
1090
1091 Table 1. Summary of the taxonomic assignments for 542 OTUs identified from the eDNA metabarcoding analysis employing three
1092 different reference databases (see methods for details). GOC: gulf of California. We show the number (%) of unassigned/assigned OTUs, 
1093 then the number of those OTUs that are present in the GOC and the final OTUs count after taxonomic collapse and minimal abundance filter. The 
1094 last 5 columns describe the final taxonomic resolution of the OTUs based on thresholds of sequence identity percentage.
1095

Unassigned
OTUs

Assigned
OTUs

Present 
in GOC

Final 
number 

of 
OTUs

Species
(100-97%)

Genus
(97-94%)

Family
(94-91%)

Order
(91-88%)

Class
(< 88%)

1. NCBI-Genebank 281 (52%) 261(48%) 91 45 24 7 8 4 2
2. Custom reference database 275 (51%) 267 (49%) 267 122 30 15 37 29 11
3. NCBI+ Custom reference database 216 (40%) 326 (60%) 326 119 38 26 28 13 16

1096
1097
1098
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1099 Figure 1. Sampling sites for UVC and seawater collection for eDNA metabarcoding across the 
1100 gulf of California, Mexico (see Table 1 for site-specific details). Northern and Central regions 
1101 are labeled and delimited with dashed lines. Principal cities shown include BA: Bahia de los 
1102 Angeles, SR: Santa Rosalia, L: Loreto, LP: La Paz, BK: Bahia de Kino.
1103

1104
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1106 Figure 2. (A) Number of observations per taxonomic level. (B) Species accumulation curves 
1107 with confidence intervals (95%), Sexp is showed in dashed lines for each monitoring method. (C) 
1108 Boxplot of the mean observed number of species (Sobs) per site in each survey method. (D) Mean 
1109 Sobs per method and per region of the gulf of California. In all graphs, UVC is shown in yellow; 
1110 eDNA is shown in blue, and both methods are shown in white.

1111
1112
1113
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1114 Figure 3. Families detected with each monitoring method. UVC: 1. Sparidae; 2. Zanclidae; 3. 
1115 Scorpaenidae; 4.Labrisomidae; 5. Tetraodontidae; 6. Muraenidae; 7. Chaetodontidae; 8. 
1116 Synodontidae; 9. Bleniidae; 10. Chaenopsidae; 11. Tripterygiidae; 12. Holocentridae. Both: 13. 
1117 Carangidae; 14. Scaridae; 15. Lutjanidae; 16. Gobiidae; 17. Serranidae; 18. Fistulariidae; 19. 
1118 Balistidae; 20. Kyphosidae; 21. Elopidae; 22. Sphyraenidae; 23. Mullidae; 24. Pomacanthidae; 
1119 25. Haemulidae; 26. Sciaenidae; 27. Acanthuridae; 28. Pomacentridae; 29. Diodontidae; 30.
1120 Cirrhitidae; 31. Labridae; 32. Apogonidae. eDNA: 33. Istiophoridae; 34. Scombridae; 35. 
1121 Paralichthydae; 36. Nomeidae; 37. Mugilidae; 38. Clupeidae (drawings by Juan Chuy).
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46

1126 Figure 4. Non-metric multidimensional scaling (nMDS) ordinations of community data using 
1127 the Jaccard similarity index and k=2 for (A) underwater visual census (UVC) and (B) marine 
1128 environmental DNA (eDNA) Red and Black dots indicate Northern and Central groups, 
1129 respectively. Sites are labeled according to three-letter codes shown in Supplementary Material 
1130 S1.
1131
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1133
1134
1135
1136
1137
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1139

1140 Figure 5. Geographical distribution of the number of species (Sobs) detected at each site with 
1141 each survey method: UVC (left) and eDNA metabarcoding (right). Northern and Central regions 
1142 are labeled and delimited with dashed lines. Principal cities shown include BA: Bahia de los 
1143 Angeles, SR: Santa Rosalia, L: Loreto, LP: La Paz, BK: Bahia de Kino.

1144
1145
1146
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48

1148 Figure 6. Results of multimethod occupancy models including detection probabilities of each 
1149 survey method: pUVC (yellow) and peDNA (blue) for 24 species jointly detected. (A) species in 
1150 which there were no differences in the detection probabilities obtained from each method; (B) 
1151 species in which UVC showed higher detection probabilities; (C) species in which eDNA 
1152 metabarcoding showed higher detection probabilities. Standard error bars are shown. Figures 
1153 from R package fishualize v0.2.0.
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