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Supplementary Figures 

 
 

 

 

Supplementary Figure S1. Rarefaction curves  

Rarefaction curves showing the number of DL1 and DL2 haplotypes expected in a certain number of 

whale shark tissue samples, and eDNA sequence reads from water samples, respectively, based on the 

results from this study. DL1 tissue (black); DL1 water (green); DL2 tissue (pink) and DL2 water 

(blue).   
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Supplementary Figure S2. Haplotype frequencies in water samples 

Bar diagrams showing mean and standard error of haplotype frequencies across PCR replicates for 

each sequenced individual water samples and shown separately for each haplotype. Haplotypes in very 

low counts (DL1-E-G and DL2-K-R) are collapsed. A) DL1 and B) DL2.  
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Supplementary Figure S3. Examples of sequencing error plots 

Sequencing error plots for four DL1 haplotypes showing eDNA sequencing read counts as a function 

of similarity to the reference haplotype (from 99% to 100% similarity). DL1-H represents a haplotype, 

which was flagged as “dubious” and was later removed from the dataset as a likely result of PCR error.  
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Supplementary Figure S4. Mock positive control 

The number of reads obtained for the haplotypes added to the mock sample (positive control), as a 

function of their initial relative concentration. Data is shown for the original mock sample (green), re-

sequencing of the original mock sample (blue), as well as a newly prepared mock sample (red). A) DL1 

and B) DL2. 
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Supplementary Figure S5. Sequencing error modeling 

Results of sequencing error modeling using a uniform error rate of 0.3% per nucleotide. Boxplots show 

the percentage of sequences wrongly identified to a given haplotype (false positives) as a result of 

errors, across five model iterations. Red boxes show known haplotypes not found in the water samples. 

A) DL2 and B) DL1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE ECOLOGY & EVOLUTION | DOI: 10.1038/s41559-016-0004 | www.nature.com/natecolevol	 6

SUPPLEMENTARY INFORMATION

http://dx.doi.org/10.1038/s41559-016-0004


	 	

 

 

Supplementary Figure S6. Neighbour-joining tree of DL1 haplotypes 

Phylogenetic tree of all DL1 haplotypes found in eDNA (before cleaning) and tissue samples from 

Qatar. The tree was constructed using the Tamura-Nei distance model and the neighbour-joining 

method in Geneious v. 7.1.9 (Biomatters Ltd.). Distances between haplotypes represent genetic 

distances in terms of the number of substitutions per site. 
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Supplementary Figure S7. Neighbour-joining tree of DL2 haplotypes 

Phylogenetic tree of all DL2 haplotypes found in eDNA (before cleaning) and tissue samples from 

Qatar. The tree was constructed using the Tamura-Nei distance model and the neighbour-joining 

method in Geneious v. 7.1.9 (Biomatters Ltd.). Distances between haplotypes represent genetic 

distances in terms of the number of substitutions per site. 
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Supplementary Figure S8. DL1 haplotype frequencies in eDNA with and without use of a 

reference database 

Frequencies of mitochondrial control region DL1 haplotypes obtained from seawater eDNA sequence 

reads (boxplots, n=7*3 water samples) identified with (black) and without (green) use of a reference 

sequence database. Boxplot whiskers: most extreme data point ≤ 1.5 times the inter-quartile range from 

the box.  
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Supplementary Figure S9. DL2 haplotype frequencies in eDNA with and without use of a 

reference database  

Frequencies of mitochondrial control region DL2 haplotypes obtained from seawater eDNA sequence 

reads (boxplots, n=5*3 water samples) identified with (black) and without (green) use of a reference 

sequence database. Boxplot whiskers: most extreme data point ≤ 1.5 times the inter-quartile range from 

the box.  
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Supplementary Figure S10. Phylogenetic tree 

Phylogenetic tree (maximum likelihood) based on the DL2 region of 40 species of Carcharhiniformes 

and Orectolobiformes, including the whale shark (red). Estimated mutation rates in the region are 

shown for each branch, and posterior probabilities are indicated on the nodes (probabilities of 1 not 

shown). Calibrated nodes are indicated by a triangle, and a time scale is provided. NCBI accession 

numbers for each taxon are shown on the right. 
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Supplementary Figure S11. Degradation model 

Degradation of whale shark eDNA over time in two 90 L seawater samples collected in the study area, 

and placed in direct sunlight (red circles) or shade (black circles), respectively. Based on qPCR using a 

whale shark specific TaqMan assay targeting a 105 bp cytochrome b (CYTB) gene product. Regression 

lines show the fit of an exponential decay model to the data from each treatment.  
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Supplementary Experimental Procedures  

 

Study site 

Seawater samples were collected in the central Arabian Gulf off the coast of Qatar (Figure 1B, 

Supplementary Table S1). With an average depth of 30 m, the central Gulf is a eutrophic, warm (up to 

35°C), high-saline (up to 40 ppt) sea1–3, with low fish diversity for a tropical area, but with a high 

abundance of many of the fish species present4.  

 

Whale shark aggregation at Al Shaheen 

The presence of whale sharks in the Arabian Gulf has been known for many years5. However, it was 

not until 2010 that large whale shark aggregations were observed in May to September in the Al 

Shaheen area off Qatar. It is believed that the sharks are gathering near the Al Shaheen oil field to feed 

on fish spawn, as has been described for aggregations in Belize6 and Yucatan, Mexico7. Robinson et al. 

(2013) suggested that at least one of the spawning fish species is the mackerel tuna Euthynnus affinis. 

This species is closely related to one of the main prey species of whale sharks in the Yucatan area, little 

tunny Euthynnus alletteratus7.    

 

Seawater eDNA sampling 

On the 27th-28th of May, 2013, and 19th-20th of May, 2014, PRM, IBN, EES, PFT, SSB and staff from 

Qatar Ministry of Environment collected water samples from the Ministry of Environment’s boat R/V 

Saqt Al Khaleej, at 15 locations, most of which are located in the Al Shaheen oil field, 90 km north east 

of Qatar (Figure 1B, Supplementary Table S1). In addition, SSB collected water samples on the 28th of 

May and 27th of June, 2014, at one of the previously sampled locations (Loc. 4, Supplementary Table 

S1). Two locations were sampled both years (Loc. 4 and Loc. 5, see Supplementary Table S1). Three 

samples of 500 mL were taken at each site, except at locations 9 and 10, where two 500 mL samples 

were collected. Samples were taken approximately 10 cm below the surface and were filtered on the 

same day, either immediately after sampling (all samples from 2014), or upon return to Doha (all 

samples from 2013. Samples were kept on ice until filtering). Filtering was done through sterile 0.22 

µm SterivexTM-GP filters (Merck Millipore, Germany) using 60 mL syringes (Soft-Ject®, HSW, 

Tuttlingen, Germany). We have good experience with the SterivexTM filters, which are enclosed and 
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therefore much less exposed to contamination in the field or in the lab than other filters. In addition to 

the 500 mL samples, a large water sample of 6*30 L was collected in 2014 at Loc. 13 (Supplementary 

Table S1) for an eDNA degradation experiment (described below). The water temperature was 30 ºC 

during sampling in May 2014. Filters were stored on ice during transport from the study site to Doha 

and then kept frozen at -18 ºC until processing at the laboratory in Copenhagen (Supplementary Table 

S1). 

 

DNA extraction from seawater samples 

Extraction was performed using the Qiagen DNeasy® Blood and Tissue kit (modified spin column 

protocol). After cleaning the outside of each filter with bleach, 720 µL ATL-buffer and 80 µL 

proteinase K was added through the inlet, and the filters were incubated for two hours at 56 ºC with 

agitation. The buffer mix was transferred to 2 mL Eppendorf tubes using 3 mL disposable Luer-LockTM 

Syringes and 600 µL of each sample was then pipetted to new 2 mL tubes to obtain equal volumes for 

all samples. A volume of 600 µL AL-buffer and 600 µL 96% ethanol was then added to each tube, and 

the mixture was centrifuged 600 µL at a time in DNeasy Mini spin columns for 1 minute at 7900 rpm. 

The flow-through was discarded. Columns were then washed with 500 µL AW1-buffer and centrifuged 

as above, followed by washing with 500 µL AW2- buffer and centrifugation at 11,600 rpm for 2 

minutes. Lastly, DNA was eluted using 110 µL ddH2O, with incubation for 5 minutes at 37 ºC and 

centrifugation for 1 minute at 11,600 rpm. The flow-through was transferred back to the spin column, 

and incubation and centrifugation was repeated. Extraction controls were included throughout the 

extraction process and these were tested for amplification in all further analyses. 

 

Whale shark DNA reference database  

A reference database of whale shark sequences for comparison with obtained eDNA sequences was 

built using whale shark tissue samples from Qatar, provided by The Ministry of Environment, State of 

Qatar, DPR and Jennifer V. Schmidt (Dept. of Biological Sciences, University of Illinois, Chicago, 

USA). Samples were obtained from live sharks using a biopsy spear. 3 g of tissue was retrieved and 

fixed in 96% ethanol. Each shark was photographed for subsequent identification and included in the 

WildBook database (www.whaleshark.org) (Table 2). Individuals without photo were identified using 

microsatellite data (available upon request from DPR). When possible, the sex of the shark was 
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determined based on the presence (males) or absence (females) of claspers, and the length of the shark 

was estimated by eye, comparing the shark to other snorkelers or to the boat. 

A total of 110 tissue samples (Supplementary Table S1) where initially extracted using the Qiagen 

DNeasy® Blood and Tissue kit, using the manufacturer’s protocol with the following modifications: i) 

samples were incubated in lysis buffer for 3 hours and ii) elution was done in ddH2O, after incubation 

in the spin-column for 5 minutes at 37 °C. PCR amplification of the mitochondrial control region was 

performed using the WSCR1-F and WSCR1-R primers designed by Castro et al. (2007) set up in 25 µL 

reactions using 18.4 µL ddH2O, 2.5 µL GeneAmp® 10X PCR Buffer I, 1 µL of each primer (10 µM), 1 

µL dNTPs (2.5 mM), 1 µL purified DNA and 0.1 µL AmpliTaq Gold® polymerase. Cycling 

parameters were 95 °C for 5 minutes, 35 cycles of 94 °C for 2 minutes, 54 °C for 2 minutes, and 72 °C 

for 2 minutes, and a final elongation step of 72 °C for 7 minutes. PCR products were visualized on a 

2% agarose gel stained with GelRedTM (Biotium Inc.). Extraction blanks showed no bands on the gels. 

PCR amplicons were sent to Macrogen Europe and Sanger sequenced using the WSCR1-F and 

WSCR1-R primers, as well as the primers WSCR2-F and WSCR2-R8, generating four sequences. The 

four sequences obtained from each sample were carefully checked for quality and aligned in Geneious 

v. 7.1.7 (Biomatters Ltd.), and further trimmed manually. The consensus sequences were aligned and 

checked for bases that occurred only once or twice at a certain position in the alignment. These base 

calls were inspected in the raw sequences to determine whether they appeared to be errors or true single 

nucleotide polymorphisms (SNPs). After trimming and careful inspection, sequences for both targeted 

mitochondrial d-loop fragments, hereafter referred to as DL1 (d-loop fragment 1) and DL2 (d-loop 

fragment 2) (see “PCR amplification of d-loop fragments from eDNA”) were obtained from 49 

individuals. For a further eight individuals the DL1 alone was obtained, and for a further four cases 

only the DL2 sequence was obtained (Supplementary Table S1). In addition to the sequences from 

Qatar, all whale shark control region sequences from National Center for Biotechnology Information 

(NCBI) (GenBank: EU182401 through EU182444, GU289922, KC633221, KF679782), as well as 

sequences from Vignaud et al. (2014) (available at doi:10.5061/dryad.489s0) were included in the 

reference library (Supplementary Table S1-S2). The Vignaud et al. (2014) sequences cover the DL2 

region, but not DL1. As an approximate test of whether the genetic diversity of the Qatar aggregation 

had been sampled exhaustively, rarefaction plots were made for the DL1 and DL2 haplotypes obtained 

from the local tissue samples (Supplementary Figure S1). This was done using the “vegan” library 
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function “rarecurve” in R v. 3.2.3. For eDNA, the read frequencies were scaled to a total of 100 

individuals. Haplotypes that appeared in less than 1% of the total reads in the final sequences were 

scaled to represent one individual (meaning that the total number of individuals can be above 100). 

 

Haplotype designation 

DnaSP v. 5.10.19 was used to designate haplotypes based on separate alignments of DL1 and DL2 

sequences from the whale shark reference library. In several of the sequences from Vignaud et al. 

(2014), the first 38 base pairs of sequence are unknown. These sequences were left out of further 

analyses, as potentially important variation in this first part of the DL2 region would otherwise have to 

be ignored. In the following haplotype designation, positions with an unknown base in one or more 

sequences were removed from the analysis (these positions were all invariable when excluding the 

“Ns”), while gaps representing insertions/deletions were included.  

 

PCR amplification of d-loop fragments from eDNA 

Two primer sets, RhitypDL1 (RhitypDLR1 (forward primer): 5’-CCACATTTCTATAACATATTA-3’ 

and RhitypDLL1 (reverse primer): 5’-TATTGACGGCAGATGTCGAG-3’), and RhitypDL2 

(RhitypDLR2: 5’-TGCATGGTTTTATGTACGTCAGT-3’ and RhitypDLL2:  5’-

TGGATTAATGCAGGTTTTTACAAAC-3’), targeting a ca. 412 and a 476-493 bp region of the d-

loop region in the whale shark mitochondrial genome, respectively, were developed to investigate 

genetic diversity in the water samples. The region targeted by the DL2 primers varies in length due to 

several insertions/deletions, and is the most variable of the two target regions.  

The eight extracted and pooled water samples that were taken where whale sharks were visibly present 

(samples Qat.01, 04, 06, 13, 14, 16, 19, and 20, see Supplementary	Table S1) were PCR amplified in 

six replicates with each of the primer sets (Supplementary	Figure S2). Both forward and reverse 

primers were tagged using eight nucleotide long oligos all differing by a minimum of three 

nucleotides10 to enable tracking of sequences to individual samples and PCR reactions after 

sequencing. Primers were synthesized by Biomers (Ulm, Germany) and were High Performance Liquid 

Chromatography (HPLC) purified. A unique combination of tags was used for each PCR reaction 

making it possible to track PCR products to the individual PCRs. Before the final PCR, a subset of 

these tag combinations was tested on whale shark tissue derived DNA, and subsequently on a small 
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scale (one PCR replicate per sample) on the extracted water samples. For the DL1 primer set, reactions 

were prepared in 25 µL volumes of 10 µL TaqMan Environmental MasterMix 2.0, 10 µL ddH2O, 1 µL 

of each primer (10 µM) and 3 µL sample of extracted eDNA from filtered water. The same mix was 

used for the DL2 primer set except that 4 µL was added of each primer, and only 4 µL of ddH2O was 

used. TaqMan Environmental MasterMix 2.0 is developed for qPCR analysis, and therefore contains 

among other things ROX dye. Furthermore, the mix contains dUTPs, to enable removal of carryover 

contamination with the enzyme Uracil-N-Glycosylase (UNG). However, this mix works very well for 

PCR amplification of environmental samples in our experience, and we have no reason to believe that 

the presence of ROX dye or of uracil in the amplicons should negatively affect downstream 

sequencing. Thermocycling parameters for the DL1 primer set were: 95 °C for 5 minutes, 40 cycles of 

94 °C for 30 s, 55 °C for 30 s, 72 °C for 60 s, and a final elongation of 2 minutes at 72 °C, while for 

DL2 the following settings were used: 95 °C for 5 minutes, 45 cycles of 94 °C for 30 s, 50 °C for 30 s, 

72 °C for 60 s, and then 2 minutes at 72 °C. In the final setup, each tagged primer was used only once, 

and a negative control was included for every tag combination. Extraction controls were run in six 

replicates with each primer set, using a tag combination that had not been used for the samples. After 

PCR, DNA presence was determined on 2% agarose gel stained with GelRedTM (Biotium Inc.). As 

some PCR reactions were unsuccessful, amplification of the samples in question was repeated using 

new tag combinations. For DL1, six positive replicates were obtained for seven of the tested samples 

(all samples except for Qat.16). These seven samples were processed further for sequencing. For DL2, 

amplification success was lower and a final set of three replicates of each of five samples (Qat.01, 04, 

13, 15, and 19. Supplementary	Table S1) was obtained.  

The final amplicons were pooled for library building such that replicate number one of each sample 

was added to one pool, replicate number two to another pool and so on, resulting in six pools for DL1 

and three pools for DL2. Each pool thus contained only one PCR replicate of each of the seven (DL1) 

or five (DL2) included samples. This was done so that; i) each replicate of a sample would receive a 

different library index, providing a way of double-checking identifications of individual PCRs based on 

primer tags, and ii) samples were spread evenly across libraries, as sequencing success and depth can 

vary from library to library. Pooling was done using equal volumes, as band strengths of positive 

replicates were similar. From each pool, 30 µL was run on a 2% agarose gel stained with GelRedTM 

(Biotium Inc.), and the band corresponding to the expected fragment length of was cut out using a 
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sterile scalpel blade. DNA extraction of the gel cuts was done using the QIAQuick Gel Extraction Kit 

(Qiagen) following the manufacturer’s protocol, except that elution was done with 40 µL EB buffer 

which was incubated in the spin-column for 10 minutes at 37 °C. Importantly, while the DL2 primers 

offer a high resolution and were useful for the current study, we recommend that new markers are 

developed for future population level eDNA studies of the whale shark, due to the relatively low 

amplification success and difficulties with sequencing, including incomplete sequences and a low 

output. However, we cannot conclude that these issues are related to the DL2 primers. 

 

Library building and Illumina sequencing 

Sequencing libraries were prepared using the NEBNext® DNA Library Prep Master Mix Set for 454® 

(New England Biolabs Inc.), with the following modifications of the protocol. For the end-repair 

reaction, samples were incubated at 12 °C for 20 minutes, and 15 minutes at 37 °C. Elution was done in 

17 µL EB buffer during purification after end-repair, and in 23 µL after adaptor ligation, and samples 

were incubated with the elution buffer for 15 minutes at 37 °C. The concentration of adaptors was 

adjusted to the concentration of target PCR product, which was determined on an Agilent 2100 

Bioanalyzer (Agilent Technologies). After fill-in, samples were incubated at 65 °C for 20 minutes, and 

at 80 °C for 20 minutes. 

Index PCR was performed using 30 µL ddH2O, 10 µL DNA, 5 µL 10X High Fidelity buffer, 1.5 µL 

MgSO4 (50 mM), 1 µL dNTPs (2.5 mM), 1 µL of each primer (10 µM), and 0.5 µL InvitrogenTM 

PlatinumTM Taq DNA polymerase High Fidelity (5 U/µL) (ThermoFisher Scientific). Thermocycling 

was set to 94 °C for 1 minutes, 10 cycles (DL1) or 15 cycles (DL2) of; 94 °C for 30 s, 55 °C for 30 s, 

and 68 °C for 30 s, and finally 5 minutes at 68 °C. Libraries were sent to Macrogen Europe for 

sequencing in multiplex (250 bp paired-end for DL1 and 300 bp paired-end for DL2) on the Illumina 

MiSeq platform. A spike-in of PhiX was used to increase complexity in the runs. 

 

Bioinformatic analysis of Illumina data 

Sequences were analyzed using OBITools11. For DL1, paired reads were assembled with the 

“illuminapairedend” command using a minimum alignment score of 40. DL2 sequences were found to 

drop significantly in quality after the first ~200 bp and were therefore joined end to end, as they could 

not be aligned correctly. In order to remove the low quality sequence in the middle part of joined reads, 
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two conserved motifs; “TTTCGT” (position 216-221 in DL2) and “ACTCATTAAT” (position 630-

639 in DL2), at either end of the problematic middle stretch were used to remove this region from the 

sequences using a custom python script (written by Emil Vissing. See “Bioinformatic code”). For both 

DL1 and DL2, only sequences with a count of at least 10 were retained. The number of initial paired-

end raw reads was 12,787,089 for DL1 and 47,034,448 for DL2, and the number of final reads after all 

trimming was 3,325,512 for DL1 and 445,866 for DL2. Final reads after trimming were 371 bp (DL1) 

and 313-347 bp (DL2). The sequences were assigned in OBITools by searching against a local ecoPCR 

database containing the reference whale shark DNA sequences of DL1 and DL2 (see “Whale shark 

DNA reference database”). Of these, 2,007,666 reads of DL1 and 381,797 reads of DL2 had a 100% 

match to a known haplotype in the ecoPCR database. Final sequences that did not display a 

characteristic error pattern of a pronounced relationship between read count and match (99%-100%) to 

the given haplotype (Supplementary Figure S3) were flagged as “doubtful”. This included one doubtful 

haplotype for DL1 (DL1-H) and eight doubtful haplotypes for DL2 (DL2-P to DL2-X) from the final 

data. The authenticity of these doubtful haplotypes was finally evaluated through comprehensive error 

modelling over a range of possible error rates (see “False positive estimation and final data cleaning: 

Dealing with sequencing and PCR errors”).  

 

Mock sequencing control 

A mock sample (positive control) of DNA from six known whale shark individuals in varying relative 

concentrations (ws_105: 1, ws_26: 1:2, ws_29: 1:4, ws_24: 1:10, ws_89: 1:100, ws_93: 1:1000. 

Supplementary Table S1) was amplified and prepared as above and sequenced along with the water 

samples. DNA concentrations in the tissue extractions were estimated with qPCR using the RhitypCB 

qPCR assay described under “Quantitative PCR (qPCR): Whale shark vs. mackerel tuna eDNA” (data 

not shown). We obtained few reads from the mock sample, but the relationship between haplotypes 

was retained overall (Supplementary Figure S4), except for a single haplotype (DL2-F) appearing at 

high frequency, which was not added to the mock. This unexpected haplotype could stem from i) PCR 

and sequencing errors in an authentic added haplotype, or ii) contamination of the tissue extractions 

used for the mock sample, originating anywhere from the field to stages of the laboratory workflow 

preceding the tagged PCR. To investigate this further, and in an attempt to obtain a larger data set for 

the mock sample, the sample was resequenced (in a new library containing only this sample) together 
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with a new mock sample, prepared in the same way as the first one. The unexpected haplotype, DL2-F, 

also appeared in the resequenced mock sample and in the newly prepared mock sample, again at a high 

frequency. Based on i) negative PCR and extraction blanks (see “Sequencing of negative controls”), ii) 

the consistent appearance of the unexpected haplotype in the mocks, and iii) the high frequencies of the 

unexpected haplotype, which exceeds any frequency expected from errors (see “False positive 

estimation and final data cleaning: Dealing with sequencing and PCR errors”), we conclude that the 

most plausible source of this sequence is a cross-contamination between tissue samples in the field. 

Some level of cross-contamination is inevitable when dealing with a large number of tissue samples. 

However, we believe that contamination between tissue samples is unlikely to have impacted the 

conclusions of the study, as a sample containing high levels of non-target DNA would have displayed 

overlapping peaks in the Sanger sequencing data, and should therefore have been detected during 

trimming and quality checking of the sequences. The resequenced as well as the new mock sample both 

displayed a positive relationship between the relative amount of DNA added of a haplotype and the 

number of reads obtained matching that haplotype (Supplementary Figure S4). The DL2 haplotype 

corresponding to the tissue extraction that had been diluted the most (1,000 times) was not retrieved 

from any of the mock samples.  

 

Sequencing of negative controls 

Negative PCR controls (one for each tag combination used for the water samples) and extraction blanks 

were pooled and built into two libraries (DL1 and DL2) as described above, and were sequenced along 

with the new mock sample and the new library built on the original mock sample (see “Mock 

sequencing control”). Sequencing was done on the Illumina MiSeq platform (250 bp paired-end) at the 

National High-throughput DNA Sequencing Center. The original PCR blanks for DL1 were 

unfortunately lost, and new blanks were therefore prepared in the same way and using the same primer 

aliquots as when the original PCRs were set up. To increase sequence complexity, a library built on 

DNA amplified with generic metazoan primers12 was added to the sequencing pool. 2,513,933 aligned 

sequences (from 5,045,684 raw paired-end reads) were obtained for the DL1 PCR and extraction 

blanks. Of these 2,128,147 sequences were correctly tagged, but none were a 100% match to the whale 

shark reference database (in fact all sequences were less than 50% similar to a known whale shark 

haplotype). For the DL2 negative controls, 9,586,552 raw reads corresponding to 4,793,276 joined 
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reads were obtained, of which 3,585,780 were correctly tagged. Similarly to DL1, none of the DL2 

sequences matched a haplotype in the database (maximum 70% identity).  

 

False positive estimation and final data cleaning: Dealing with sequencing and PCR errors 

Sequencing errors can potentially lead to false positives13 especially in studies where the variable 

distance in the genomic barcode can be as short as one mutation. However, the actual proportion of 

false positives is often neglected and false positives are instead accounted for by setting a certain 

number of reads as the minimum needed for a sequence to be accepted as a true positive. To investigate 

the proportion of false positives generated by sequencing errors we performed an in silico simulation 

inferring sequencing errors to the whale shark haplotypes from the true dataset. Firstly, using bowtie2 

14, we aligned all PhiX reads from the spike-in to our libraries to the complete genome of 

Enterobacteria phage PhiX174 (downloaded from NCBI: gi|9626372|ref|NC_001422.1|). The 

alignment was parsed to Tablet15 for visual exploration and calculation of the mismatch percentage 

(0.3%), which we define as the sequencing error rate. The distribution of the sequencing error rate per 

position over the read for both mate1 and mate2 was computed, visualized, and used to determine the 

closest ‘relative abundance model’ setting for the modelled dataset in Grinder16. We generated a fasta 

file for each haplotype from the true dataset containing 100,000 copies of the haplotype sequence, 

roughly equivalent to the highest read counts found in a single library (DL1: 61,351 reads of DL1-A 

and DL2: 135,309 reads of DL2-A). The fasta files were parsed to Grinder for sequencing simulation 

inferring a ‘uniform’ relative abundance model, limiting the error type to ‘substitutions’, and randomly 

inferring a sequencing ‘error rate of 0.3%’. The simulation was set up with 5 iterations for all 

haplotypes.  Each sequence in the simulated fasta files was then aligned to the complete whale shark 

reference database and taxonomically assigned using the method applied to the true dataset, but 

skipping initial trimming and quality filtering (thus starting with the obiuniq step. See “Bioinformatic 

analysis of Illumina data”). From this we calculated for each DL1 and DL2 haplotype the likelihood of 

false positives (see Supplementary Figure S5), which we define as the number of sequences falsely 

assigned to that haplotype. Interestingly, the results showed an increased likelihood for certain 

haplotypes to arise as false positives (up to fourfold), including DL1-A, DL2-A, DL2-B, and DL2-C. 

These differences in likelihood can be explained by the genetic distances between the haplotypes and 

the fact that multiple closely related haplotypes can have a high affinity for becoming the same 
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phylogenetically more basal haplotype (see Supplementary Figures S6 and S7). The large differences 

in false positive rates observed between haplotypes underline the importance for analyses of these rates 

when interpreting eDNA metabarcoding data.  

To explore the effect of increasing sequencing error rates we repeated the above iterations using a 

range of error rates (0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4 and 1.6%), and found that rates above 

0.3% yield fewer false positives.  

The cut-off generated by the 0.3% sequencing error model for each haplotype was used to remove 

haplotype sequences within each PCR replicate. This resulted in the cleaning and exclusion of  three of 

the “flagged” haplotypes (see “Bioinformatic analysis of Illumina data”), namely  DL2-S, DL2-V, and 

DL2-X.  

An additional cleaning was performed to remove errors generated during PCR amplification. In the 

mock sample (see “Mock sequencing control”), a number of known haplotypes that had not been added 

to the sample, but were closely related to the added haplotypes (1 or 2 nucleotide differences) appeared 

at a low count. While these spurious sequences could stem from low-level contamination, it is also 

quite possible that they originated from PCR errors. The most abundant of these low count sequences 

appeared at a frequency of 1.3% compared to the total count of all added haplotypes differing by 1 or 2 

nucleotides from the spurious sequence. This frequency was comparable to the average frequency of 

sequences that were unknown (no 100% matches to the reference database) but differed by one 

nucleotide from an added haplotype (range and median for added haplotypes in: original DL2 mock: 

0.03-3.41 (0.36); new DL2 mock: 0.68-10.51 (2.68); and new DL1 mock: 0.03-0.69 (0.63)). Based on 

this, any haplotype in the sample PCRs occurring at a frequency of less than 1.3% of the total count of 

closely related (1-2 nucleotide differences) haplotypes were removed. This cleaning removed three 

additional haplotypes from the data compared to the sequencing error cutoff, namely DL1-H, DL2-U 

and DL2-T.  

The total amount of sequences removed from the final data set, based on both PCR and sequencing 

error rates, made up 8,753 (0.44%) and 12,715 (3.33%) reads for DL1 and DL2, respectively. 

The final number of haplotypes retained in the data for all analyses were thus 7 for DL1 (A-G) and 18 

for DL2 (A-R) (Figures 1C-D, Supplementary Figure S2). 

We also performed a data analysis and cleaning using only the  sequences of the six individuals in the 

mock sample. Cleaning was done based on the error rate observed in the mock sample (1.3%), 
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assuming only that the most abundant sequence from a PCR was authentic, and requiring presence in at 

least two PCRs (Supplementary Figures S8 and S9). All seven DL1 haplotypes were retained, while 10 

of the 18 DL2 haplotypes identified using the reference database were retained. Several unknown 

putative haplotypes were retained (nine for DL1; DL1xa-DL1xi and six for DL2; DL2xa-DL2xf). Nf 

was estimated at 63,400 females (95% CI: 38,525-162,899) based on 100 individuals. 

 

Population comparisons, mutation rate and effective population size 

The mean read frequencies of each DL1 and DL2 haplotype in the water samples were compared to the 

corresponding haplotype frequencies in local tissue samples, and to samples collected by Castro et al. 

(2012) and Vignaud et al. (2014) in the Western Indian, Eastern Indian, Northwest Pacific, Northeast 

Pacific and Atlantic Oceans. These comparisons were done via boxplots (Figures 1C and 1D) and a 

principal component analysis performed with “prcomp” in R v. 2.15.217 (Figure 1E). In order to make 

the read frequencies from eDNA more comparable to frequencies based on counts of individuals, the 

frequencies were scaled to a total of 100 individuals. Haplotypes that appeared in less than 1% of the 

total reads in the final sequences, but were deemed authentic based on error modelling (see “False 

positive estimation and final data cleaning: Dealing with sequencing and PCR errors”), were scaled to 

represent one individual; the minimum possible number of source individuals for a haplotype. The 

scores of the first principal component for each geographical location were compared to the distance to 

the Gulf by the shortest sea route (estimated using the distance measurement tool in Google Earth (Map 

data: © 2016 Google)) using Pearson’s correlation test in R v. 2.15.217. The Al Shaheen aggregation 

was also compared to other aggregations using Fst values calculated in Arlequin v. 3.5.218.  

To estimate the mutation rate in the DL2 target region of the whale shark mitogenome we aligned a 

whale shark DL2 haplotype (DL2-D, e.g. GenBank: EU182401) to the corresponding region in forty 

species from Orectolobiformes and Carcharhiniformes, using Geneious v. 7. Three species of 

Hemiscylliidae; Chiloscyllium punctatum (GenBank: NC016686), C. plagiosum (GenBank: JX162601) 

and C. griseum (GenBank: NC017882), were included to represent evolutionary close relatives to the 

whale shark19. While nuclear and mitochondrial DNA markers in combination suggest that 

Stegostomatidae is a close sister group to Rhincodontidae20, Hemiscylliidae (represented here by 

Chiloscyllium) appear to be the closest relatives of the whale shark, when relationship is inferred from 

mitochondrial DNA alone (Alam et al. 2014). The whale shark displayed a long insert in the alignment, 
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which was absent from all other species of Carcharhiniformes and Orectolobiformes. As this insert, 

which may stem from a single mutation, could have a disproportionately large impact on the analysis, it 

was removed from the alignment. The final DL2 alignment comprised 290 bp. We used DAMBE v. 

5.6.1421 to estimate the proportion of invariant sites and reached an estimate of 0.111 based on the 

neighbor-joining method. The level of substitution saturation was then estimated by Xia et al.’s test 

(2003) using the estimated proportion of invariant sites and including only fully resolved sites. The ISS 

value was significantly lower than the ISS.c value, indicating a low level of saturation, and the 

alignment was therefore assumed to be informative. 

The alignment was tested in jModelTest 2.1.7 v 2015053022, where likelihood scores were computed 

for 11 substitution schemes, including the possibility for equal or unequal base frequencies, invariable 

sites, and rate variation among sites, giving a total of 88 tested models. The models were tested using a 

maximum likelihood base tree and the best fit of either an NNI (nearest neighbor interchange)23,24 or 

SPR (subtree pruning and regrafting)25 tree search. Evaluation of the models was done using the 

Bayesian information criterion, which indicated that a TrN93 model26 with the Gamma model of 

heterogeneity was best described the data. In BEAUti v1.8.227, Orectolobiformes and Carchariniformes 

were each restricted as monophyletic, and were also set as being monophyletic together. The taxon set 

comprising Hemiscyllidae and Rhincodontidae was also restricted as monophyletic. An uncorrelated 

lognormal relaxed clock was used to allow time-dependency to vary across branches28, and to obtain a 

better estimate of the timescale for divergence29 and the mutation rate. The tree prior was set to 

“speciation” following the Birth-Death Model with incomplete sampling30 and an exponential 

distribution of the prior sample probability, with the initial and mean values set to 0.1, to reflect that the 

species included in the analysis likely represent less than 10% of all extant Orectolobiformes and 

Carcharhiniformes. Prior distributions of the time to most recent ancestor (TMRCA) were modeled 

using an exponential distribution for all taxon sets, as this distribution is considered suitable for fossil 

calibration when information is too limited to set a lognormal distribution with confidence31. Three 

nodes were calibrated using first appearance dates (FADs). These three nodes were defined by the 

taxon set including Hemiscyllidae and the whale shark, the taxon set including the Carchariniformes 

and the taxon set including both Carchariniformes and Orectolobiformes – i.e. the root of the topology. 

The TMRCA prior for the taxon set including Hemiscyllidae and the whale shark was calibrated using 

an offset of 125 mio. years, representing the FAD for Hemiscyllidae based on †Chiloscyllium sp. from 
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the Aptian stage32, and a mean of 16.9 mio. years. A 95% confidence interval (CI) for the prior 

distribution of 125-175.6 mio. years was thereby obtained, the latter being the FAD for 

Orectolobiformes, based on †Palaeobrachaelurus bedfordensis from the Aalenian period33.  

The TMRCA prior for Carchariniformes was calibrated using an offset of 167.7 mio. years, the FAD of 

Scyliorhinidae, which is the oldest of the six included families. This FAD is based on †Palaeoscyllium 

tenuidens and †Eypea leesi from the Bathonian stage34. The distribution mean was set to 2.6 mio. years 

to obtain a 95% CI for the prior distribution of 167.7- 175.6 mio. years, where the 175.6 mio. years 

represents the FAD for Orectolobiformes.  

Lastly, the TMRCA prior for the taxon set comprising Carchariniformes and Orectolobiformes – the 

root of the tree – was calibrated using an offset of 175.6 mio. years and a mean of 31.5 mio. years, to 

obtain a 95% CI for the prior distribution of 175.6-270 mio. years, where the 270 mio. years is based 

on the oldest known neoselachian remains, a specimen of †‘Synechodus’ antiquus (uncertain family), 

from the Artinskian stage35.  

An exponential distribution was used to describe the expected probability distribution of the 

uncorrelated lognormal relaxed clock mean. The initial and mean clock rate prior was set to 0.005 per 

mio. years, giving a 95% CI of 0-0.015 substitutions per site per mio. years, to assure that sampled 

substitution rates encompassed the range of substitution rates observed in the mtDNA of sharks, which 

exhibit some of the lowest rates of divergence in mtDNA measured in vertebrates36. The MCMC 

analysis was run in BEAST v1.8.2.27 for 40 mio. generations with parameters being logged every 1000 

generations. TRACER v1.6.037 was used to examine the resulting log files and inspect the effective 

sample sizes and likelihood stabilization of the model parameters. Effective sample sizes (ESS) were 

all above 200. The resulting trees were summarized in TreeAnnotater v1.8.2 (BEAST package) using a 

burn-in of the first four mio. states, mean node heights, and a posterior probability limit of zero (such 

that posterior summaries were calculated for all nodes), and was then visualized in FigTree v1.4.238. To 

tests the effect of the priors39 we ran the Bayesian analysis on an empty alignment created in BEAUti 

using the same priors as when nucleotide data was included. For all parameters, excluding likelihood 

parameters, ESS values were above 200, and marginal probability distributions were unimodal, 

indicating that there was no cross-influence of priors. 

Based on the nucleotide diversity (π)40 of the scaled haplotype frequencies from eDNA and the 

estimated mutation rate (µ) for DL1 and DL2, an effective female population size (Nf) was estimated as 
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Nf = π/2µ 41–44. This equation assumes that the sampled locus contains an infinite number of sites, and 

therefore that no two mutations ever occur at the same site42.   

In addition, it is assumed that sequences have diverged only by neutral mutation in an isolated 

population of constant effective size. A mutation rate of 0.1% (95% CI: 0.04% to 0.16%) per mio. 

years was estimated for DL2 (Supplementary Figure S10). The eDNA from the water samples returned 

a π of 0.00358 (s.d.: 0.00048) for DL2, which gave an estimated Nf of 71,600 (95% CI: 43,618-

183,526) females. Tissue samples returned a π of 0.692 (s.d.: 0.00042) for DL2, which gave an 

estimated Nf of 138,400 (95% CI: 85,087- 351,654) females with the estimated mutation rate for the 

region (Supplementary	Figure S10). The male:female ratio of the tissue-sampled whale sharks is 

approximately  2:1 (Supplementary	Table S1), which is more equal than what has been observed for 

most other aggregations, which are largely dominated by juvenile males3,45,46.  

 

Quantitative PCR (qPCR): Whale shark vs. mackerel tuna eDNA	

qPCR analyses of whale shark and mackerel tuna eDNA were performed on all samples taken between 

the 27th of May 2013 and the 20th of May 2014 (17 samples in total. Supplementary Table S1). Prior to 

qPCR analysis, equal aliquots of the extracted subsamples from each 3*500 mL sample set, were 

pooled into a single sample. qPCR was performed on the pooled samples using species-specific primer 

sets and TaqMan hydrolysis probes (with 6-carboxyfluroscein (FAM) as the fluorophore and Black 

Hole Quencher (BHQ1) as the quencher) developed for this study. The whale shark assay (RhitypCBR: 

5’-CCTGTTGGGTTGTTTGAACC-3’, RhitypCBL: 5’-TACCCGCTTCTTTGCATTTC-3’, and 

RhitypCB.probe: 5’-FAM-CTTTCTCTTGCCATTTCTAATTGCAGA-BHQ1-3’) and the mackerel 

tuna assay (EutaffCBR: 5’-ATTTGAATTCAGCCCGATTG-3’, EutaffCBL: 5’-

TCTTCGCCTTCCACTTCCTA-3’, and EutaffCB.probe: 5’-FAM-TCCCCTTCGTTATCGCGGCC-

BHQ1-3’) target a 105 bp and 110 bp product of the mitochondrial cytochrome b (CYTB) gene, 

respectively. Amplifications were performed on a Stratagene Mx3005P in 25 µL reactions of 10 µL 

TaqMan® Environmental Master Mix 2.0 (Life Technologies), 10 µL ddH2O, 1 µL of each primer (10 

µM), 1 µL probe (2.5 µM) and 5 µL of extracted eDNA from filtered water samples. Thermocycling 

parameters were as follows: 5 minutes at 50 ºC, 10 minutes at 95 ºC, and 50 cycles of 30 s at 95 ºC and 

2 minutes at 60 ºC. Four reactions were performed for each sample. Eight negative PCR controls, and 

standard dilutions of 10-107 copies per µL in three replicates each, were included in every qPCR run.  
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Standards were prepared from a purified PCR product amplified from tissue derived DNA with the 

primers used for qPCR. Amplifications were performed using the same reaction mix as for the whale 

shark tissue samples (see “Whale shark DNA reference database”). Thermocycling parameters were: 

95°C for 5 minutes, 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and finally 72°C for 2 

minutes. PCR products were checked on 2% agarose gels stained with GelRedTM (Biotium Inc.), and 

were then purified using the MinElute Purification kit (Qiagen). Elution was done in 50 µL EB buffer 

which was incubated for 10 minutes at 37 ºC in the spin column before centrifugation. The 

concentration of amplified DNA was measured on a Qubit 2.0 Fluorometer (Life Technologies), and 

serial dilutions were then prepared. A new standard series was prepared for each qPCR run. 

Extraction controls were tested for amplification with both the mackerel tuna and the whale shark 

primer/probe set, using the same reaction mix and cycling settings as described above. The qPCR 

system for whale shark was tested for negative amplification on DNA from zebra shark (Stegostoma 

fasciatum, ZMUC P06273, no voucher), milk shark (Rhizoprinodon acutus, ZMUC P06274-76, no 

voucher, photo available) and blacktip reef shark (Caraharhius melanopterus, ZMUC P06277, no 

voucher, photo available)). Institutional abbreviations associated with vouchered specimens follow 

Fricke and Eschmeyer (2015). The qPCR system for mackerel tuna was tested on kingfish 

(Scomberomorus commerson, ZMUC P74254, no voucher, photo available)), yellowfin tuna (Thunnus 

albacares ZMUC P74256), Atlantic bonito (Sarda sarda, ZMUC P74231), chub mackerel (Scomber 

japonicus, ZMUC P74255, no voucher, photo available)), and Atlantic mackerel (Scomber scombrus, 

ZMUC P74261). Thermocycling settings were as described above. 

Cloning and sequencing were done to verify qPCR results. Due to limited cloning success when using 

qPCR products directly, purified qPCR products were PCR amplified and purified a second time, prior 

to cloning and sequencing. PCR was done as described for the qPCR standards. DNA presence and 

length were checked on 2% agarose gel stained with GelRedTM (Biotium Inc.), followed by purification 

as above. PCR products were cloned using the TOPO® TA Cloning® Kit for Sequencing (Life 

Technologies) and commercially sequenced at Macrogen Europe. Sequences were trimmed of primers, 

quality checked, and BLAST searched against the NCBI “nt” database using Geneious 6.1.7 

(Biomatters Ltd.). 

Seventeen water samples were used for analysis of whale shark and mackerel tuna eDNA 

concentrations. Positive amplification of whale shark eDNA was detected in all samples from May 
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2013, and in samples 13, 15, and 16 from May 2014 (Supplementary	Table S1). Starting quantities of 

DNA in positive samples varied from less than ten to thousands of target copies per µL of extracted 

sample, corresponding to a range of hundreds to hundreds of thousands of DNA copies per liter of 

sampled water (in the experiment, one DNA copy per µL of extracted sample corresponds to 220 DNA 

copies per liter of water). For both years, the highest quantities of DNA were found where whale sharks 

were observed (samples Qat.01, 04 and 06 for 2013 and samples Qat.13, 15 and 16 for 2014. 

Supplementary	Table S1), with average concentrations varying between ~10,000 and ~540,000 

copies/L. DNA from whale shark was also found in samples taken where no sharks were observed 

(samples Qat.02, 03, 05, 07-10, May 2013. Supplementary	Table S1), with an average copy number per 

liter of ~100 to ~7,000 copies. The number of positive qPCR replicates per sample varied, with 

samples Qat.01 to Qat.06 and samples Qat.13, 15, and 16 amplifying in all replicates, while samples 

Qat.07 to Qat.10 amplified in two to three replicates.  

Positive amplification of mackerel tuna eDNA was detected in all samples, with starting quantities of 

DNA varying from a few to tens of thousands of target copies per µL of extracted sample, 

corresponding to hundreds to millions of target copies per liter of sampled water. The highest 

concentrations of mackerel tuna DNA were found where whale sharks were observed (samples Qat.01, 

04, 06, 13, 15 and 16. Supplementary	Table S1), with concentrations ranging between ~320,000 and 

24,000,000 copies/L. In the remaining samples, DNA quantities of ~30 to ~190,000 copies/L were 

found.  

The efficiency of standard curves was 92% and 98%, respectively, for the two qPCRs with mackerel 

tuna primers. For the qPCRs targeting the whale shark, standard curve efficiencies were 93% and 87%. 

Gel electrophoresis verified the length of the amplified products, and sequencing confirmed that 

amplicons were a 100% match to whale shark and mackerel tuna, respectively. No amplification was 

detected in the extraction controls or negative qPCR controls, and the zebra shark and blacktip reef 

shark also showed no amplification with the whale shark qPCR system. The milk shark did show 

positive amplification with the whale shark qPCR assay, but reached the cycling threshold (Ct) at a 

much later point than the whale shark (Ct = 22.60 for the whale shark and 36.06 for the milk shark). 	
Statistical analysis was performed using R v. 2.15.2. The average eDNA concentration (copies/L) was 

calculated for each 3*500 mL sample, based on the four qPCR replicates. Samples were grouped based 

on whether whale sharks were observed during sample collection or not, and a Wilcoxon rank sum test 
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was used to test whether the amount of eDNA found in samples differed between the two groups. This 

test was selected as sampling was based on whale shark observations and not done randomly. 

Furthermore, visual inspection of the data did not suggest a normal distribution. The correlation 

between the amount of mackerel tuna and whale shark eDNA was tested using Pearson's correlation 

test, and a linear model was fitted to the data (Figure 1F). Data was log transformed, and the data for 

2013 and 2014 were merged and analyzed as one data set in the statistical analysis. Replicates showing 

no amplification were treated as zero when calculating the average concentrations, as advocated by 

Ellison et al. (2006).  

 

Seawater eDNA degradation experiment 

In order to obtain an estimate of the degradation rate of whale shark eDNA in warm, saline waters, an 

experiment was set up using the 6*30 L water samples collected in May 2014 (Supplementary Table 

S1). In Doha, the samples were transferred to two large plastic buckets (3*30 L in each). The 

uncovered buckets were placed outdoors, one in direct sunlight, and the other in permanent shade. For 

the next eight days, a 500 mL sample was taken regularly from each of the buckets following the 

sampling procedure described above. On the first two days, samples were taken at short intervals of 

approximately two to six hours. On the third day, three samples were taken, and for the remainder of 

the experiment, a sample was taken every morning and evening. In total, 22 samples were taken from 

each bucket. Immediately before sampling, the water in the buckets was mixed thoroughly, and on at 

least two sampling events per day, the water temperature was measured. Water temperature 

measurements in the experiment ranged from 29 °C to 43 °C in the sunlight treatment and from 29 °C 

to 40 °C in the shade treatment, with mean temperatures being 36.0 °C and 35.7 °C, respectively 

(median: 36 °C and 35.5 °C). After sampling, Sterivex filters were immediately stored at -18 °C until 

further processing.  

Quantitative PCR analysis of the samples from the degradation experiment was performed using the 

whale shark primer/probe assay described above, and employing the same reaction mix and 

thermocycling settings used for the field samples. Two qPCR runs – one for each treatment (sunlight 

and shade) – were performed on consecutive days, using a standard dilution series of 2, 10, 102, 103, 104 

and 105 copies/µL, which was prepared as described earlier. All samples and standards were run in 

three replicates, except for the two standards of lowest concentration, which were run in four replicates 
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to reduce stochasticity. In both qPCR runs, sample Qat.13 was included as a reference, representing 

eDNA concentrations in the field, in the area where the samples for the experiment were collected. 

This sample was taken approximately two hours before the 6*30 L samples were taken, but within the 

same aggregation of sharks. Six negative PCR controls were included in each run.  

Similarly to the whale shark versus mackerel tuna qPCR experiment (see “Quantitative PCR (qPCR): 

Whale shark vs. mackerel tuna eDNA”), the average eDNA concentration (copies/L) for each 500 mL 

sample was calculated based on the three qPCR replicates. A Spearman’s rank sum correlation test was 

performed to test for the effect of time on eDNA concentration. For each treatment an exponential 

decay model was then fitted to the data using the “nls” function in R. The model was of the form Nt =   

N0e-β*t, where Nt represents the eDNA concentration at time = t hours after field sampling, N0 is the 

initial DNA concentration at the time of field sampling, and β is the decay constant. This model was 

chosen, as DNA degradation has been found to conform well to an exponential decay model in studies 

on aDNA47, iDNA48, and eDNA from water49. However, as this model did not fit the data well, based 

on inspection of the regression curve, the time variable was log transformed, giving a model of the 

form Nt = N0e-β*log(t) (Supplementary Figure S11). The residuals of the nls models were tested for 

deviations from normality using the Shapiro-Wilk normality test and for randomness with the Runs 

test. The former test showed a significant deviation from normality for the shade treatment (W = 0.77, 

p < 0.001). The Runs test (tests the null hypothesis that the residuals increase or decrease in value 

randomly) gave no indication of non-randomness for either treatment (Standard Normal = -2.55, p = 

0.01 for the light treatment and Standard Normal = -1.65, p = 0.1 for the shade treatment).  

Since statistical testing for a difference between treatments (sunlight/shade) was not appropriate due to 

the lack of replication, scatter plots for each of the two treatments were overlaid and inspected visually 

for any obvious differences in degradation pattern.  

Efficiencies of qPCR standard curves were 93% (R2 = 0.997) and 90% (R2 = 0.985) for the sunlight and 

shade treatment, respectively. Whale shark eDNA concentration decreased rapidly over time in both 

treatments. From starting concentrations of ~100,000 copies/L (t = 3.8 hours after the water was 

sampled in the field), concentrations dropped an order of magnitude in the first 48 hours of the 

experiment. Spearman’s rank sum correlation test confirmed the strong decrease in whale shark eDNA 

concentration over time in both treatments (p = 5.7*10-15 and p =8.5*10-12, respectively). After 4.9 

days, the concentration of whale shark eDNA was below 20 copies/µL (4400 copies/L) in both 

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE ECOLOGY & EVOLUTION | DOI: 10.1038/s41559-016-0004 | www.nature.com/natecolevol	 30

SUPPLEMENTARY INFORMATION

http://dx.doi.org/10.1038/s41559-016-0004


	 	

treatments. However, whale shark eDNA remained detectable throughout the experiment. In the final 

sample (t = 7.8 days) eDNA concentrations were estimated to be <2 copies/µL (<440 copies/L) and 

<15 copies/µL (~2600 copies/L) in the sunlight and shade treatments, respectively. The exponential 

decay model fit the data well for both treatments based on the R-squared (R2 = 0.95 for the sunlight 

treatment, and R2 = 0.96 for the shade treatment). The model of the sunlight data predicted a 

concentration at t = 0 of ~255,000 copies/L, while for the shade treatment model, the prediction for t = 

0 was ~405,000 copies/L. The estimated decay constant of the model was β = 0.89 for sunshine. A 

similar value of β = 1.00 was estimated for shade. There was no apparent difference in degradation 

pattern between the two treatments based on the overlaid scatterplots (Supplementary Figure S11).  

 

Cost and effort analysis 

The approximate cost and effort spent to obtain the d-loop sequences from tissue samples and water 

samples, respectively, was estimated and compared. Only samples that were used in the final data 

analyses were included in the estimates, and the cost of primer design (for eDNA) and primer testing 

(tissue and eDNA) was not included. The cost and time spent on transport by boat to and from the 

study site, was assessed for both tissue and water sampling. For tissue, the resources spent on biopsy 

darting, photography, and photo identification, was added to this expense, while in the case of eDNA, 

costs of sampling including filters, syringes etc. was estimated and included in the expenses. Finally, 

the cost of lab work and bioinformatics analyses to obtain sequences from tissue and eDNA, 

respectively, was added to the estimates. For estimating salary expenses, we used an hourly salary of 

€25, which is equivalent to the salary of a scientific assistant in our lab. The final cost estimates were € 

15,171 for eDNA and € 19,255 for tissue. 

 

Bioinformatic code 

Custom python script for removing middle stretch of DL2 sequences: 

{ 

import re, time 

 

master_string ='' 

print("\nMake sure the python file is in the same folder with the data file") 

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE ECOLOGY & EVOLUTION | DOI: 10.1038/s41559-016-0004 | www.nature.com/natecolevol	 31

SUPPLEMENTARY INFORMATION

http://dx.doi.org/10.1038/s41559-016-0004


	 	

filename = input("\n\nPlease input file name (only the full file name - not path): ") 

 

if (filename == "1"): 

   filename = 'filename' 

 

try: 

    with open(filename , 'r') as datafile: 

        data = datafile.readlines() 

 

        for each in data: 

            master_string += each 

 

        with open(filename.replace(' ', '')[:-6] + "_modified_" + time.strftime("%d%b-%H%M%p") + 

".fasta", "w") as myfile: 

            for line in master_string.split('>'): 

                myfile.write(">" + (re.sub(r'(tttcgt).*(actcattaat)', r'\1\2', line, 0, flags=re.DOTALL))) 

 

except FileNotFoundError: 

        print("Oops!  file not found!") 

        exit() 

} 

 

 

Permissions 

Permissions for obtaining samples for this study is given in Memorandum of Understanding between 

The Ministry of Environment, State of Qatar, and Maersk Oil Research and Technology Centre, Qatar 

(no. MoU-MoE-MORTC-2012-03-12). 
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