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Abstract
Background and Aims: Environmental DNA (eDNA) metabarcoding provides a highly
sensitive method of surveying freshwater fish communities, although studies to date
have largely been restricted to temperate ecosystems. Due to limited reference
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diverse tropical ecosystems, the effectiveness of metabarcoding methods for surveying tropical fish communities from eDNA samples remains uncertain. To address
species‐rich littoral fish communities.
Materials and Methods: As this system contains many closely related species, particularly cichlid fishes, we used four primer sets including a cichlid‐specific primer set
(Cichlid_CR). A reference database was built for the 12s, 16s, and control region for
358 fish species including over 93% of known cichlids.
Results and Discussion: In silico and in situ results demonstrated wide variability in the
taxonomic resolution of assignments by each primer with the cichlid‐specific marker
(Cichlid_CR) enabling greater species‐level assignments for this highly diverse family.
A greater number of non‐cichlid teleost species were detected at sites compared to
the visual survey data. For cichlid species however, sequencing depth substantially
influenced species richness estimates obtained from eDNA samples, with increased
depths producing estimates comparable to that obtained from the visual survey data.
Conclusions: Our study highlights the importance of sequencing depth and local
reference databases when undertaking metabarcoding studies within diverse ecosystems, as well as demonstrating the potential of eDNA metabarcoding for surveying diverse tropical fish communities, even those containing closely related species
within evolutionary radiations.
KEYWORDS

cichlids, environmental DNA, Lake Tanganyika, metabarcoding, reference database, tropical
freshwaters
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1 | I NTRO D U C TI O N

to distinguish between closely related species in tropical ecosystems
(Breman, Loix, Jordaens, Snoeks, & Van Steenberge, 2016; Pereira,

Freshwaters globally represent highly productive and biologically di-

Hanner, Foresti, & Oliveira, 2013). More diverse systems also require

verse ecosystems, with much of this diversity centered in the tropics

higher sampling depths to obtain accurate species richness estimates

(Collen et al., 2014). Aquatic habitats in South America, Central and

(Gotelli & Colwell, 2011). As a result, current eDNA metabarcoding

Eastern Africa, and South‐East Asia contain the highest species rich-

designs may require modifications (e.g., increased sequencing depth)

ness and endemicity across all major freshwater taxonomic groups

to effectively survey the diverse fish communities found in many

(excluding crayfish), highlighting the importance of these regions for

tropical freshwater ecosystems. A recent application of eDNA me-

global freshwater diversity (Tisseuil et al., 2013). As well as hot spots

tabarcoding within tropical South American streams highlighted the

of diversity, tropical freshwaters have also been focal points of de-

potential of this method for surveying diverse fish communities,

velopment and as a result face a broad range of stressors (Strayer

while also demonstrating some current limitations in the detec-

& Dudgeon, 2010). This has resulted in rates of biodiversity decline

tion of species compared to studies within temperate ecosystems

in freshwaters surpassing that in both terrestrial and marine eco-

(Cilleros et al., 2019). Still in its infancy as a method, there remains

systems, with extinction rates of freshwater fishes in the twentieth

a need to test eDNA metabarcoding methods across a wider range

century exceeding that of all other vertebrate groups (Burkhead,

of complex tropical ecosystems to better understand the potential

2012; Collen et al., 2014). The recent Freshwater Living Planet Index

of these approaches for surveying freshwater fish diversity globally.

reports average recorded population declines since 1970 in the Neo‐

Limiting factors preventing the application of eDNA metabar-

and Afrotropics of 94% and 75%, respectively (Grooten & Almond,

coding within tropical systems include difficulties collecting and

2018). This exceeds terrestrial declines and highlights the substan-

preserving samples within remote locations, incomplete taxonomic

tial pressures on species within tropical freshwater ecosystems.
Species richness and evenness measures underpin our under-

descriptions for many fish groups resulting in cryptic biodiversity
(Decru et al., 2016; Sales et al., 2018), and the limited availability

standing of biological diversity and our ability to monitor their re-

of sequences within public databases for tropical fish species, par-

sponses to anthropogenic stressors. These measures are reliant

ticularly for the commonly used 12s and 16s mitochondrial gene

on the accurate detections of species as they assume survey data

regions. Due to the extensive molecular and taxonomic work under-

are representative of the community sampled (Buckland, Studeny,

taken on Lake Tanganyika's (LT) fish fauna (Salzburger, Van Bocxlaer,

Magurran, & Newson, 2011). Therefore, variation in the detectabil-

& Cohen, 2014; and refs therein), most fish groups in this system

ity of species due to differing behaviors or across habitat types can

are well studied and there is also a good availability of DNA samples

lead to inaccuracies in diversity measures (Gotelli & Colwell, 2011).

and sequences from museum and research group collections. As a

Traditional methods of surveying freshwater ecosystems all impose

result, LT provides an ideal tropical system with which to test eDNA

biases on datasets often relating to the size and activity of indi-

metabarcoding methods.

viduals (Jackson & Harvey, 1997). As a result, the survey method

Lake Tanganyika contains an exceptional fish diversity with over

used has been shown to significantly influence the diversity values

400 species, most of which are endemic to the basin (Salzburger

obtained from sites (Deacon et al., 2017; Jackson & Harvey, 1997;

et al., 2014). A key feature of LT's fish fauna is that much of its di-

Oliveira, Gomes, Latini, & Agostinho, 2012). To help overcome these

versity emerged through in situ evolutionary radiations, including

individual biases, applying multiple methods for surveying fish com-

radiations of cichlid fishes with at least 241 known species (Day,

munities has been widely advocated (Kubecka et al., 2009).

Cotton, & Barraclough, 2008; Muschick, Indermaur, & Salzburger,

Recently, environmental DNA (eDNA) metabarcoding has been

2012; Ronco, Büscher, Indermaur, & Salzburger, 2019), catfishes

shown to be a sensitive and cost‐effective method of surveying

(Day and Wilkinson 2006, Peart et al. 2014), and mastacembelid

freshwater communities (Evans et al., 2017; Hänfling et al., 2016;

spiny eels (Brown et al., 2010), with the latter noncichlid groups

Valentini et al., 2016). Comparisons with other survey methods have

containing far fewer species. The high levels of sequence similarity

demonstrated how eDNA metabarcoding data can complement

between closely related and young species emerging from rapid

traditional approaches often leading to increased detection of spe-

evolutionary radiations can make accurate barcode identifications

cies and improved species richness estimates (Deiner et al., 2017).

challenging (Salzburger, 2018). For example, a recent study of LT

Despite this, current applications of eDNA metabarcoding within

cichlid fishes showed the taxonomic resolution of the traditional

freshwaters have largely been restricted to temperate ecosystems,

COI barcoding region was limited in some cases to species com-

with few published studies within tropical freshwaters (Cantera et

plexes and genera (Breman et al., 2016). As with other large fresh-

al., 2019; Cilleros et al., 2019; Lopes et al., 2017). Potential variability

water lakes, much of LT's fish diversity is found within the littoral

in the effectiveness of these methods across temperate and tropical

zone (Vadeboncoeur, McIntyre, & Vander Zanden, 2011). The local

ecosystems could result from differences in the ecology of eDNA

species richness of fish communities is particularly high within lit-

(Eichmiller, Best, & Sorensen, 2016; Strickler, Fremier, & Goldberg,

toral rocky habitats where as many as 60 fish species, including 54

2015), variation in the detectability of rare species within highly di-

cichlids, have been identified within a multiyear 10 × 40 m quad-

verse tropical fish communities, the existence of taxonomic prob-

rat survey (Takeuchi, Ochi, Kohda, Sinyinza, & Hori, 2010), and

lems for some fish taxa (Decru et al., 2016), and the ability of markers

49 cichlid species identified at one site in Mahale National Park

|
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F I G U R E 1 Map of Lake Tanganyika
sampling locations for both field seasons
in 2016 and 2017. Site numbers increase
from 1 to 21 in a northwards direction.
Green circles are sites surveyed in
2016 only, yellow diamonds show sites
surveyed in 2017 only, and red triangles
are sites surveyed in both years. Inset:
Lake Tanganyika, with the red box
highlighting the study area. Maps were
created with QGIS v3.2. The base map is
Google™ Terrain map

(Britton et al., 2017). As such, accurate and consistent surveying

species within the LT littoral habitat? (c) Are eDNA species richness

of species within this habitat poses significant challenges, with

estimates and detection rates comparable to visual survey data?

methods often reliant on labor‐intensive SCUBA visual surveys or
gill netting, although see Widmer et al. (2019) who utilized video
technology for surveying LT cichlid fishes.
The high local diversity and large number of closely related and
young species within LT's littoral habitat poses a number of challenges

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Site locations

to eDNA metabarcoding methods, many of which will be common

Sampling was undertaken within the Kigoma region of LT in Tanzania

across other tropical ecosystems. Here, we develop an extensive ref-

(Figure 1), representing a well‐studied and easily reachable area of

erence sequence database across key barcoding regions and collect

the lake (GPS locations, Table S5). The fish communities along this

eDNA samples alongside visual survey data to address a number of

section of coastline have received substantial research, with surveys

these challenges. Specifically, we asked: (a) Can eDNA metabarcod-

of the littoral fish communities having been undertaken since 2015

ing methods accurately identify LT cichlid fishes to species level? (b)

(Britton et al., 2017). Two field seasons were undertaken to LT in

How effective is eDNA metabarcoding at detecting noncichlid teleost

September–October 2016 and May–June 2017 during which visual

4
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SCUBA survey data and eDNA samples were collected across 21

(www.fishbase.org), Brichard (1989), and Ronco et al. (2019) (Table

sites along a 42 km stretch of coastline.

S1). Cichlid 12s, 16s, and control region sequences for 250 species
were extracted from available mitogenome alignments derived from

2.2 | Sampling
Surveys were focused along areas of rocky habitat, as this contains

whole genome assemblies. Separate species with identical marker
sequences within the reference database were grouped into species complexes, similar to Breman et al. (2016). Separate species

the most diverse littoral fish fauna (Hori, Gashagaza, Nshombo, &

complex groupings were undertaken for each primer set based on

Kawanabe, 1993). The structure of littoral communities has been

marker resolution (Table S2). For each region, one sequence per spe-

shown to differ across very fine spatial scales, particularly between

cies was included in the reference database, except for Oreochromis

depths of 1–15 m (Takeuchi et al., 2010). To capture this, a nested

tanganicae, where a second sequence was included from an individ-

design survey following Britton et al. (2017) was adopted at each site

ual collected from a fish farm within LT, in case the farmed popu-

in which a series of ten stationary visual surveys were undertaken

lations differed from wild ones. Oreochromis tanganicae fish farm,

at depths of 5 and 10 m (Figure S1) (Bohnsack & Bannerot, 1986). At

Oreochromis malagarasi, and Oreochromis niloticus sequences were

each depth, five surveys were undertaken positioned at the central

obtained separately through Sanger sequencing (Appendix S2), and

eDNA collection point and at 30 and 60 m along the coastline in either

an Aulonocranus dewindti control region sequence from NCBI was in-

direction. For further details of the survey design, see Appendix S2.

cluded in the reference database as mitogenome extract sequences

Prior to undertaking the visual surveys, a water sample was

were not available for these species.

collected from the mid‐survey point at a depth of 5 m following a

Noncichlid fish sequences were obtained using samples from re-

design similar to Port et al. (2016). Containers used for collecting

search group collections (Day and Salzburger labs), the South African

each eDNA sample were rinsed with 50% bleach solution (sodium

Institute for Aquatic Biodiversity (SAIAB) and the American Museum

hypochlorite concentration unknown) followed by lake water at the

of Natural History (AMNH). Some samples for species within the ref-

collection site. Divers remained 1 m off the bottom to prevent kick-

erence database, largely inhabiting river catchments, were collected

ing up sediment that could alter the eDNA within the water column.

outside of the LT basin. As the taxonomies for some of these fish

Nitrile gloves were also worn to reduce the potential of contaminat-

groups remain unresolved, samples collected outside of this range

ing samples with their own DNA. A single 10 L water sample was

may represent separate species yet to be described. Nevertheless,

collected within a collapsible container, transferred to a more solid

they would be close relatives to those species found within the LT

container, and stored on ice within a cooler box, while visual surveys

basin. Eight samples collected within the LT basin were identified

were undertaken. Water samples were subsequently filtered once

to genus level for these fish groups. These samples were also se-

back onshore within 12 hr of collection.

quenced and included in the database to help overcome the poten-

Nitrile gloves were worn throughout the filtering process, and

tial issue of poorly described taxonomies (e.g., Amphilius, Clarias,

prior to filtering, the work surface was cleaned with 50% commer-

Enteromius, Kneria, Leobarbus, and Opsaridium). For the laboratory

cial bleach solution. eDNA samples consisted of 1.5‐L water filters

methods undertaken to obtain reference database sequences, see

(subsamples of the 10 L water sample), with one eDNA sample col-

Appendix S2.

lected per site in 2016 and three filter replicates collected per site
in 2017. Each 1.5 L sample was vacuum‐filtered onto sterile 47 mm
diameter, 0.45 µm pore size cellulose nitrate filter paper contained
within 250 ml disposable Thermo Scientific™ Nalgene™ Analytical

2.4 | Primer design, in silico, and in vitro testing
Reference database sequences for each region were used to de-

Test Filter Funnels. Filters were then folded inwards three times and

sign new primers targeting the lake's cichlids and test these in

placed within a 2‐ml Eppendorf tube. In 2016, this tube was stored

silico along with previously published universal fish primer sets.

immediately at −18°C, transported back to the UK at >−80°C using

ecoPrimers was used to search these regions for suitable variable

a dry shipper, and then stored at −70°C until extraction. In 2017,

barcode locations (Riaz et al., 2011). This identified a highly vari-

samples were fully submerged in 95% molecular grade ethanol at

able portion of the control region enabling improved taxonomic

room temperature until returning to the UK after which they were

resolution. Primers flanking this region were designed using se-

stored at −20°C. A filtration blank was collected between the filtra-

quence alignments and Primer3 v0.4.0 (Untergasser et al., 2012).

tion of every five samples to monitor for potential contamination.

This primer set amplifies a 307 bp barcode fragment, with the

This involved filtering 1.5 L of commercial bottled water (Kilimanjaro

forward primer located within the same region as the commonly

brand) following the same procedure as above.

used L‐Pro‐F forward primer (Meyer, Morrissey, & Scharti, 1994).
The 16s_Teleo primer set was designed following a similar method

2.3 | Reference database
A multimarker approach was adopted to overcome low divergences

targeting the same variable region as Ve16s, while amplifying a
shorter barcode of 275 bp compared to 310 bp (Evans et al., 2016).
The newly designed Cichlid_CR and 16s_Teleo primers along with

between closely related species for individual markers. A total fish

previously published 12S‐V5 and MiFish‐U primer sets were se-

list for species within the LT basin was developed based on FishBase

lected for in silico testing (Miya et al., 2015; Riaz et al., 2011).

|
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TA B L E 1

5

Primers used for the first round of amplifications
Barcode
length (bp)

Reference

CATAGTGGGGTATCTAATCCCAGTTTG

170

Miya et al. (2015)

TAGAACAGGCTCCTCTAG

106

Riaz et al. (2011)

Name

Region

Forward primer 12 (5'–3')

Reverse primer (5'–3')

MiFish‐U

12s

GTCGGTAAAACTCGTGCCAGC

12S‐V5

12s

ACTGGGATTAGATACCCC

16s_Teleo

16s

GACGAGAAGACCCTDTGGAG

GTCCTGATCCAACATCGAG

278

This publication

Cichlid_CR

Control
Region

CCTACCCCTAGCTCCCAAAG

ACTGATGGTGGGCTCTTACTACA

307

This publication

Primer specificity was evaluated using PrimerMiner v0.18 with

2100 Analyser. Final pools were quantified using both the KAPA

threshold scores ranging between 10 and 300 (Bylemans, Gleeson,

Library Quantification Kit and a QUBIT 3.0 using the dsDNA HS assay.

Hardy, & Furlan, 2018; Elbrecht & Leese, 2017). Kimura‐2‐Parameter

Libraries were sequenced on an Illumina MiSeq platform at the

(K2P) distances were calculated for each marker using ape v5.1 to

Sheffield Children's Hospital Next Generation Sequencing Facility. The

investigate the genetic divergences between species within the

MiFish and 12S‐V5 pool were sequenced on a 150 bp Paired‐End se-

reference databases (Kimura, 1980; Paradis, Claude, & Strimmer,

quencing run, and a 250 bp Paired‐End run was used for the 16s_Teleo

2004). DNA extracts for 17 fish species found within LT were am-

and Cichlid_CR pool. A 10% PhiX spike‐in was included on both runs

plified with each primer set to test their consistency of amplification

to increase the sequence complexity. In total, 75 samples were se-

across taxa (Table S8). 1.5 L eDNA samples, filtered following the

quenced for each primer set, comprising 51 field samples, 5 aquarium

same methods as for the field samples, were also collected from the

samples, 11 filter negative controls, and 8 extraction negative controls.

LT tank at Zoological Society of London (ZSL). This aquarium contained five cichlid species endemic to the lake (Julidochromis sp.,
Haplotaxodon microlepis, Altolamprologus calvus, Neolamprologus lon‐

2.7 | Bioinformatic analyses

gior, and Lepidiolamprologus kendalli) with eDNA samples sequenced

Analyses were run on the High Performance Computing Cluster at the

following the same metabarcoding methods detailed below. The

University of Sheffield, with full details on software and parameters

four selected primers are shown in Table 1 with their locations in

used provided in the Appendix S2. Briefly, reads were quality checked

each gene region highlighted in Figure S2.

with FastQC (Andrews, 2010) and trimmed based on read quality with
the removal of Illumina sequencing adaptors using Trimmomatic v0.36

2.5 | DNA extraction and PCR amplifications

(Bolger, Lohse, & Usadel, 2014). Quality filtered reads were aligned
with FLASH v1.2.11 (Magoč & Salzberg, 2011) and primers trimmed

Further details of the DNA extractions and PCR amplifications are

allowing for one mismatch with Mothur v1.37.1 (Schloss et al., 2009).

provided within the Appendix S2. Briefly, sample filters were ex-

Sequences were dereplicated with USEARCH v9.2.64 (Edgar, 2010)

tracted using the Qiagen DNeasy® Blood & Tissue Kit following a

and clustered into high resolution MOTUs with Swarm v2 (d = 1)

modified protocol in combination with a Qiagen QIAshredder based

(Mahé, Rognes, Quince, De Vargas, & Dunthorn, 2015). MOTUs with a

on the methods of Goldberg et al. (2011) and Lacoursière‐roussel et

read count less than 3 were removed (as in Hänfling et al., 2016).

al. (2016). DNA was amplified using a two‐step PCR protocol, with

Blast+ searches were undertaken against the local reference da-

barcoded Illumina adapters added in a second amplification (PCR2).

tabase for each marker. Following this, taxonomies were assigned

Amplicon PCRs (PCR1) were replicated four times for each sample

with MEGAN v6 based on primer‐specific identity thresholds of

and pooled to minimize PCR bias. All filter and extraction controls

97/98%, using default parameters apart for a minimum score of 200,

were included in the PCRs.

a minimum e‐value of 10–10, and a top percent of 2. Remaining unassigned MOTUs were removed.

2.6 | Library quantification and original
sequencing run

To investigate the likely identity of unassigned MOTUs, a secondary blast search was undertaken against the NCBI nucleotide
database with taxa assigned using the same methods as for the local

Following PCR2, 2 µl of product from each reaction was quantified

reference database. Taxa assigned at this stage to previously unas-

using a FLUOstar Optima (Promega). Based on these results, sam-

signed reads were not included within the final dataset from which

ples were normalized to equal concentrations, pooled into groups

species richness estimates were derived.

of 8, and cleaned with AmPure XP beads. The Illumina‐tagged DNA
concentration of each pool was quantified using the KAPA Library
Quantification Kit run on a QuantStudio 12K (Applied Biosystems) and
DNA fragment size identified with an Agilent 2100 Analyzer. As this

2.8 | Error filtering and final eDNA
matrix assignment

identified likely primer dimer in some sample pools, these were size‐

To reduce the impact of false positives, the maximum read count for

selected using a BluePippin (Sage Science) and re‐run on an Agilent

each MOTU found in any of the filter or extraction negative controls
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within the LT and aquarium samples. MOTUs were then grouped
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3.2 | Reference database and in silico testing

together by their assigned taxonomy. Finally, taxonomic assign-

A total of 431 fish species from 22 families were identified as oc-

ments with a sample read count below 0.15% were removed. This

curring in LT and its broader catchment area (Tables S1 and S6). This

was based on read counts within the aquarium samples, removing

includes 272 cichlid species of which 213 are described with the re-

any assignments to species not found within the aquarium, except

mainder currently either undescribed or putative (Ronco et al., 2019).

potential misidentifications to close relatives by the MiFish marker.

Reference database sequences were obtained for 358 fish species

Taxonomic assignments from each primer set were aggregated to-

(including eight taxa only identified to genus level) representing 83%

gether to form a final matrix. Those at a higher level than species or

of species and 254 cichlid species representing 93% from this fam-

species complex were removed.

ily. In silico results demonstrate the MiFish, 12S‐V5, and 16s_Teleo
primer sets are highly conserved across the lake's fishes, except

2.9 | Increased sequencing depth

for a first base mismatch against the Synodontis catfishes (~11 spp.)
for the 12S‐V5 primer set (Figure S5). The Cichlid_CR primer set is

Following the analysis of the initial results, a subset of samples

highly conserved across the lake's cichlid fishes with no mismatches

(N = 24) collected in 2017 from eight sites (3, 4, 10, 11, 16, 17, 20, &

within the first seven bases of either primer. These results were sup-

21) were re‐sequenced on a MiSeq run with the Cichlid_CR marker to

ported by the consistent amplification of DNA across 17 fish species

investigate the impact of sequencing depth on the species richness

in the lake by the three universal fish primers and 10 cichlid fishes

estimates obtained from the metabarcoding data. Six PCR replicates

by Cichlid_CR (Figure S6 and Table S8). Further testing of the newly

were undertaken per a sample, producing a total of 18 technical rep-

designed 16s_Teleo and Cichlid_CR primers against the MitoFish da-

licates per a site. Library preparation, sequencing, and bioinformatic

tabase and cichlid mitogenomes within NCBI, respectively, demon-

analysis steps were consistent with those for the original sequencing

strated these primers are largely conserved across fish species and

runs detailed above (for further information, see Appendix S2).

cichlids globally (Table S7).
The percentage of species with unique barcodes in the reference

2.10 | Statistical analysis

database ranged between 36.1% for the 12S‐V5 marker, 68.6% for
MiFish, 80.3% for 16s_Teleo, and 96.8% for Cichlid_CR (Figure S7).

All statistical analysis was undertaken in RStudio v1.1.453 (RStudio

Species with identical sequences were grouped into marker‐specific

Team, 2015). Total matrices were converted to presence–absence

species complexes (Table S2). The genetic distances of species to

for comparisons between year, filter replicates, and survey methods.

their closest neighbor had a mean of 2.0% for the MiFish marker,

Visual survey species accumulation curves were produced using

1.0% for 12S‐V5, 2.5% for 16s_Teleo, and 4.6% for Cichlid_CR (Figure

iNEXT v2.0.17 (Hsieh, Ma, & Chao, 2016). Accumulation curves for

S9). Closest neighbor genetic distances for the cichlid fishes were

the eDNA samples and site species richness values were calculated

largely below 2% for most markers with 9.8% of MiFish, 2.0% of 12‐

using Vegan v2.5.4. eDNA accumulation curves were calculated for

V5, 18.0% of 16s_Teleo, and 72.5% of Cichlid_CR barcodes having

2017 sites only as these contained three filter replicates per site. To

divergence values greater than 2%. This increased for the noncichlid

investigate scales of detection, Sørenson dissimilarity values were

fishes across the three universal fish primers with 59.6%, 37.0%, and

calculated between the eDNA site species richness estimates and

57.0% of MiFish, 12S‐V5, and 16s_Teleo barcodes, respectively, hav-

those derived from the visual survey data at five different scales; (a)

ing closest neighbor divergence values higher than 2%.

site scale where there is a maximum distance of 60 m between sur-

Mean within‐genus genetic distances also varied considerably

veys and eDNA samples; (b) the central three survey points (at both

between markers (Figure S8) ranging between 2.31% and 12.13%

depths) with a maximum of 30 m between surveys and eDNA sam-

(Table S9). Within‐genus K2P distances for the cichlid fishes were

ples; (c) the central survey points where eDNA samples were col-

three to four times higher for Cichlid_CR compared to the other

lected; (d) surveys at 5 m; and (e) surveys at 10 m depth. Sørenson

three markers. The distribution of genetic divergence is also greater

dissimilarity values were calculated with betapart v1.5.0 (Baselga &

for Cichlid_CR compared to the other three markers ranging be-

Orme, 2012; Oksanen et al., 2012).

tween 0% and 28.5% (Figure S8). The increased interspecific variability within the Cichlid_CR barcode for the cichlid fishes suggests

3 | R E S U LT S
3.1 | Visual surveys
A total of 945 detections representing 63 species were made across
the visual surveys, including 55 cichlid and 8 noncichlid species

a likely improved taxonomic resolution compared to the other three
markers, with the potential to identify many cichlids down to species
level.

3.3 | Original sequence data

(Table S4). Interpolated and extrapolated sampling curves showed

In total, 11.5 million and 8.6 million paired‐end reads were ob-

clear plateauing at the majority of sites, demonstrating sufficient

tained from the 2 × 150 bp and 2 × 250 bp MiSeq runs, respectively.

sampling completeness in both field seasons (Figures S3 and S4).

Following the bioinformatic filtering steps (shown in Table S10), a

|
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total of 9.1 million reads remained across the four primer sets.

7

A. calvus or H. microlepis for the Cichlid_CR marker. The MiFish

5.1 million reads were assigned to the MiFish primer set with the

marker also made two erroneous assignments to close relatives of

other three primers ranging between 952 thousand and 1.7 million

species found within the aquarium shown below the dashed line in

reads. Low read counts were identified for some samples with each

Table S11. The aquarium samples highlight the challenges identify-

primer set (MiFish = 6, 12S‐V5 = 7, 16s_Teleo = 2 and Cichlid_CR = 2)

ing taxa down to species level with varying taxonomic resolutions

that were ultimately removed. These were not consistent across the

achieved across all four primer sets.

samples apart from replicates for sites 2 and 18 in 2017 that had
very low extract DNA concentrations (<2 ng/µl). Following filtering (Table S10), mean sequencing depths per a site were 155,208 in
2016 (one filter replicate) and 531,267 in 2017 (with three filter rep-

3.5 | Lake Tanganyika samples
The majority of MOTUs and reads were assigned to taxonomic levels

licates). Mean LT sample depths for each marker were 108,362 reads

above species and species complex for the three universal fish prim-

for MiFish, 36,880 for 12S‐V5, 25,787 for 16s_Teleo, and 19,198 for

ers (Figures S11 and S12). 37.1%, 40.9%, and 34.2% of total reads

Cichlid_CR. Species accumulation curves for the 2017 eDNA sam-

were identified to species level by the MiFish, 12S‐V5, and 16s_

ples showed little plateauing demonstrating limited sampling com-

Teleo markers, respectively. 39.2% of 12S‐V5 reads were assigned

pleteness and suggesting sequencing depth may not be sufficient at

to family level, greater than all three other markers (MiFish = 27.6%,

some sites (Figure S10). Of the 19 filter and extraction controls se-

16s_Teleo = 6.7%, and Cichlid_CR = 0.01%). A much higher propor-

quenced, no contamination was identified within the negative con-

tion of MOTUs and reads were assigned to species level by Cichlid_

trols for any of the species within the local reference database. The

CR with 81.2% of MOTUs and 76.6% of reads assigned to species

secondary NCBI blast search did identify human assigned 12S‐V5

level, respectively.

(N = 5) and 16s_Teleo (N = 3) reads within some of the field filter con-

Within the final eDNA dataset, 645 detections of 109 species

trols likely resulting from the collecting or filtering of eDNA samples

or species complexes (N = 8) were made across the eDNA samples

in the field as these were not present in any of the DNA extraction

in both years, including 84 cichlids and 25 noncichlids (Table S3).

negative controls.

No species‐level assignments were made for Clarias catfishes, so

Taxa from 12 fish families within the reference database were

only the genus assignment was included. Of the 84 cichlid species

assigned to MOTUs (Figure 2). Cichlidae dominated both the MOTU

identified, 19 were unlikely to be found along the surveyed range,

and read counts of all four primer sets, largely reflecting their abun-

based on previous coastline survey data and Konings (2015) (Table

dance within the littoral habitat. The MiFish primer set showed a

S3). These species represented 7.6% of site occurrences within the

high specificity to fishes with 96.9% of reads assigned to sequences

eDNA dataset with 16 species occurring three or less times. Only

within the reference database. For the 12S‐V5, 16s_Teleo, and

three of the mis‐assigned species had nearest neighbor K2P dis-

Cichlid_CR markers, 47.2%, 49.4%, and 32.5% of reads, respectively,

tances greater than 2% with a mean of 1.37% within their identify-

remained unassigned. The secondary blast search against the NCBI

ing markers. This demonstrates they all had close genetic relatives

nt database demonstrated the majority of these reads were assigned

within the reference database. Similar to the aquarium samples,

to Vertebrata, primarily Hominidae, for the 12S‐V5 and 16s_Teleo

these were considered to be erroneous assignments likely repre-

primer sets (Figure 2). For Cichlid_CR, 86% of unassigned reads

senting false positives. As a result, they were removed from further

matched to LT cichlid sequences not included within the local refer-

analysis for comparisons with the visual survey data.

ence database. This likely reflects intraspecific variability within the

Of the 65 remaining cichlid identifications, 31 (48%) were made

Cichlid_CR barcode not accounted for within the reference database

by one marker, 19 (29%) by two, 9 (14%) by three, and 6 (9%) by four

for which there is currently one sequence per species. Species‐level

markers (Figure 3a). A total of 44 cichlid species were detected by

assignments to MOTUs made by the local reference and NCBI data-

Cichlid_CR, 33 by 16s_Teleo, 29 by MiFish, and 14 by 12S‐V5. The

bases were found to differ in 34.5% of cases with species in different

Cichlid_CR primer set also detected the most unique cichlid species

genera assigned to 3.5% of MOTUs. To ensure the accuracy of iden-

with 17 independent identifications. Of the 25 noncichlid identifica-

tifications, MOTUs with only NCBI assignments were therefore not

tions, eight were made by all three markers, with 16s_Teleo (N = 19)

included within the final dataset.

and MiFish (N = 18) detecting more species than 12S‐V5 (N = 11)
(Figure 3b). Only two of the 19 erroneous species identifications

3.4 | Aquarium samples
All four markers consistently identified N. longior, which is by far

were made by more than one marker (Figure 3c). Of the remaining
identifications, three were made by MiFish, two by 12S‐V5, seven by
16s_Teleo, and five by Cichlid_CR.

the most abundant fish species within the ZSL tank (Table S11).
Julidochromis dickfeldi species‐level assignments were made by the
MiFish and Cichlid_CR markers for the Julidochromis sp. within the

3.6 | eDNA sample comparison

tank. The remaining assignments, however, were limited to genus,

No relationship was identified between species richness estimate

tribe, or family level, with no read assignments corresponding to

and the standardized read counts of samples (Spearman rho = −.14,

8
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F I G U R E 2 Families to which MOTUs and sequence reads were assigned (top) and families to which unassigned MOTUs and sequences
were assigned with a secondary blast search against the NCBI nt database (bottom)
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3.7 | eDNA field season comparison
The use of multiple filter replicates in the 2017 field season resulted
in increased eDNA species richness estimates for each site compared to 2016. Mean eDNA species richness estimates across all
sites were 17.1 in 2016 and 28.3 in 2017, while the six sites surveyed
in both years had a mean species richness estimate of 13.0 in 2016
and 27.7 in 2017. Sørenson dissimilarity comparisons of the 2016
and 2017 species richness estimates derived from each site therefore showed limited similarity ranging between 0.37 and 0.85 (Table
S12). The nestedness component dominated at four sites compared
with species turnover as a result of the lower species richness estimates derived from the 2016 samples compared to 2017.

3.8 | Comparison of eDNA and visual survey site
diversity estimates
Based on the initial sequencing run across all surveys, a total of 103
species were detected, with 50 species (43 cichlids and 7 noncichlids)
identified by both methods; 40 (22 cichlids and 18 noncichlids) by
the eDNA method only; and 13 (12 cichlids and 1 noncichlid) by the
visual surveys only. Visual survey species richness estimates were
consistently higher compared with those derived from the eDNA
samples in both years (Figure 5). This was largely due to a reduced
detection of cichlids at each site, with a number of commonly observed species missing from or underrepresented within the eDNA
dataset. For example, Lamprologus callipterus, Lepidiolamprologus
attenuates, and Perrisodus microlepis that had 26, 26, and 27 site
occurrences within the visual survey data, respectively, were not
present within the eDNA dataset. A reduced number of detections
per species were also consistently observed within the eDNA data
compared to the visual survey dataset (Figure S14).
The eDNA dataset consistently detected a greater number of
noncichlid species at each site compared with the visual survey
data particularly in 2017 (Figure 5). Across the 2016 and 2017 field
seasons, a mean of 3.9 and 8.3 noncichlid species, respectively,
was detected per site within the eDNA dataset compared to 2.0
and 3.3, respectively, from the visual surveys. In total, a greater
F I G U R E 3 Primer detections of fish species within the
eDNA dataset. Identifications are split into cichlid fishes only (a),
noncichlid fishes (b) and likely false positives (c)

number of noncichlid species detected within the eDNA samples
(N = 25) compared to the visual surveys (N = 8). This includes an
increased number of detected species within the Mastacembelus
spiny eel, Synodontis, and claroteid catfish radiations, as well as of
other catfishes (e.g., Malapterurus tanganyikaensis, Tanganikallabes

p = .058, N = 180) or sites (Spearman rho = .19, p = .35, N = 27).

mortiauxi), Lates species, the lake's two freshwater herring spe-

Filter replicates collected at sites in 2017 showed limited similarity in

cies (Limnothrissa miodon and Stolothrissa tanganicae) and Acapoeta

species detected (Figure 4). In total, 53% of species detections were

tanganicae. Observed Barbus sp. (possibly a misidentification of

made by one filter, 23% by two, and 24% by three. A significant nega-

A. tanganicae) assigned to genus level at sites in 2017 was the

tive correlation was identified between total site species richness

only noncichlid detected by the visual surveys not included in the

and the percent of species identified in only one biological replicate

eDNA dataset.

(Spearman rho = −.70, p = .015, N = 12), with a significant positive

Species detections for the eDNA and visual survey methods

correlation also identified between site species richness and the

showed limited similarity at each site (Table 2). In 2016, an average

percent of species identified in three biological replicates (Spearman

of 22% of species detected at each site were found within the eDNA

rho = .80, p = .002, N = 12).

and visual survey datasets, 21% were in the eDNA data only, and 57%

10
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F I G U R E 4 Percentage of species
identified in each of the three filter
replicates collected at sites in 2017
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in the visual survey data only. In 2017, the number of species detected

the original run of 0.40 (turnover = 0.28, nestedness = 0.12) for all

by both survey methods at each site increased to 27% with 26% de-

primers and 0.50 (turnover = 0.06, nestedness = 0.44) for the Cichlid_

tected by the eDNA data only and 46% by the visual survey only. As a

CR marker only. Overall, there was an average sequencing depth of

result, mean Sørenson dissimilarity values of 0.66 and 0.59 were de-

167,687 reads per sample and 503,061 reads per site for the additional

tected across 2016 and 2017, respectively, demonstrating this differ-

run postfiltering. Species accumulation plots for each site demonstrate

ence in composition. At most sites, dissimilarity was largely driven by

substantial plateauing at most sites, highlighting improved sampling

species turnover (variation caused by the replacement of one species

completeness within the additional sequence data with site estimates

by a different species) due to the high proportion of species identified

closer to species saturation (Figure S15).

by only one survey method. For sites where the eDNA species richness estimate was much lower than the visual survey data, a greater
proportion of variance resulted from species nestedness as the eDNA

4 | D I S CU S S I O N

species list represented a subset of the more diverse visual survey.
Subsets of the visual survey site data were also analyzed against the

This study has demonstrated the potential of eDNA metabarcod-

eDNA data to investigate whether these better reflected the eDNA

ing for surveying diverse and complex fish communities as well as

species richness estimates. Little difference in Sørenson dissimilarity

detecting closely related species within evolutionary radiations. It

values was observed across spatial scales, with the total site species

also highlights the importance of sequencing depth and reference

richness estimate on average showing the greatest similarity to eDNA

database completeness when designing eDNA metabarcoding stud-

samples (Figure S13). As a result, the eDNA best reflects the visual

ies for surveying diverse fish communities with recommendations

survey data at the site scale (within 60 m) supporting comparisons

for further improvements. Finally, through establishing a novel ref-

being made between these methods at this scale.

erence database for LT's fish communities, information on the interspecific genetic divergence across multiple markers is provided as

3.9 | Impact of increased sequencing depth on
cichlid species richness estimates
The additional sequencing run for the Cichlid_CR marker detected a
total of 61 cichlid species across the eight re‐sequenced sites (Table
S13). A mean cichlid species richness estimate of 35.0 was calculated
across all sites, making it comparable to the mean estimate of 35.1 from

a future resource that can be built upon for future metabarcoding
work within this system.

4.1 | Genetic divergence and resolution of
assignments
Analysis of the reference database showed limited interspecific ge-

the visual survey data. In comparison, estimates from the original run

netic divergence between species for the 12s and 16s primer sets due

were much lower with a mean of 25.4 with all four primers, and 13.1

to the large number of closely related species within the lake. Similar

with the Cichlid_CR marker only (Figure 6). As a result, site commu-

reduced interspecific genetic distances have been reported within

nity compositions differed between sequencing runs with mean site

the COI region for diverse neotropical fish communities that also in-

Sørenson pairwise dissimilarity values between the additional run and

clude genera containing multiple species (Pereira et al., 2013). While

DOBLE et al.
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F I G U R E 5 Species richness estimates from the individual surveys (boxplots), total site estimates from the ten visual surveys (blue
squares) and from the eDNA samples (red triangles). The top, middle, and bottom rows show total species richness for all fish, cichlid species
and noncichlid species, respectively
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Comparisons of site species richness estimates from the eDNA and visual surveys

Site

Total SR

Shared species

S1_16

37

7

S2_16

35

S3_16

34

eDNA unique

Visual unique

Beta Sor.

Beta Sim.

Beta Sne.

9

21

0.68

0.56

0.12

2

1

32

0.89

0.33

0.56

1

2

31

0.94

0.67

0.28

S4_16

48

6

11

31

0.78

0.65

0.13

S5_16

43

9

10

24

0.65

0.53

0.13

S6_16

44

11

10

23

0.6

0.48

0.12

S7_16

30

1

3

26

0.94

0.75

0.19

S8_16

40

11

10

19

0.57

0.48

0.09

S9_16

32

7

8

17

0.64

0.53

0.11

S10_16

40

7

10

23

0.7

0.59

0.11

S11_16

40

11

9

20

0.57

0.45

0.12

S12_16

37

14

4

19

0.45

0.22

0.23

S13_16

47

14

15

18

0.54

0.52

0.02

S14_16

46

15

10

21

0.51

0.4

0.11

S15_16

47

16

12

19

0.49

0.43

0.06

S2_17

43

6

5

32

0.76

0.45

0.3

S3_17

49

12

12

25

0.61

0.5

0.11

S4_17

64

26

22

16

0.42

0.38

0.04

S10_17

52

14

24

14

0.58

0.5

0.08

S11_17

51

13

14

24

0.59

0.52

0.08

S12_17

46

12

5

29

0.59

0.29

0.29

S16_17

62

19

19

24

0.53

0.5

0.03

S17_17

62

24

19

19

0.44

0.44

0

S18_17

44

6

3

35

0.76

0.33

0.43

S19_17

46

11

4

31

0.61

0.27

0.35

S20_17

57

18

16

23

0.52

0.47

0.05

S21_17

58

13

22

23

0.63

0.63

0.01

Note: Beta.Sor is the Sørenson dissimilarity between estimates, Beta Sim. is the Simpson pairwise dissimilarity measuring species turnover, and
beta Sne. is the dissimilarity accounting for species nestedness. Total SR is the combined species richness estimate from both survey methods. Site
descriptions state the site number followed by the survey year (16 = 2016; 17 = 2017).

interspecific divergence values for these barcodes often fell below

of barcodes, with the control region previously shown to be a more

the traditional 2% cutoff for species delimitation, the ability to cor-

robust marker for species‐level identifications across a number of

rectly distinguish between species with variation below this thresh-

fish genera compared to COI (Cawthorn, Duncan, Kastern, Francis,

old has been demonstrated (Breman et al., 2016; Pereira et al., 2013).

& Hoffman, 2015; Pedrosa‐Gerasmio, Babaran, & Santos, 2012;

A number of species were found to have identical barcodes

Shum et al., 2017). Substantial intraspecific variability is also likely

across some of the markers used, and these were ultimately

to exist within this highly variable region, with population structur-

grouped into species complexes. The taxa included in species com-

ing identified for a number of cichlid species (Sefc, Baric, Salzburger,

plexes were not consistent across primers, resulting in all species

& Sturmbauer, 2007; Wagner & McCune, 2009), and recently a

containing a unique sequence within at least one marker apart

catfish species (Peart, Dasmahapatra, & Day, 2018) inhabiting the

from Benthochromis tricoti/Benthochromis sp. “horii mahale” and

lake's rocky littoral habitat. Although the strict conditions for the

Cyprichromis coloratus/Cyprichromis sp. “jumbo” complexes that

inclusion of specimens within our reference database limits error

both likely represent geographical variants, rather than distinct

due to misidentifications, it has restricted the number of sequences

species (Ronco et al., 2019). This is largely due to the increased in-

per species to one for this study. Including multiple sequences per

terspecific variation observed within the Cichlid_CR barcode where

species will enable the assessment of intraspecific variability within

genetic distances were three to four times higher for the cichlid

this barcode and the quantification of any barcoding gap.

fishes compared to the other three markers. The increased substi-

The improved interspecific variability within the Cichlid_CR

tution rate within this region can improve the taxonomic resolution

marker led to an increased proportion of LT eDNA MOTUs and
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40

Cichlid species richness estimate

F I G U R E 6 Cichlid site species richness
estimates obtained from the original
sequencing run, additional sequencing
run, and visual survey data. Only species
richness estimates for the eight re‐
sequenced sites are included. “All Primers
Original” represents species richness
estimates derived from the four primers
sequenced, while “Cichlid_CR Original”
shows estimates obtained from the
Cichlid_CR marker only with the original
sequence data
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reads identified to species level compared to the other three

Stolothrissa tanganyicae, which are pelagic were also identified within

markers that showed a limited taxonomic resolution with over

the samples.

50% of reads assigned to genus level or above. Due to the large

These examples suggest the spatial scales of detection within

number of genera containing multiple species within LT, spe-

the eDNA samples may extend beyond the local littoral habitat

cies‐level identifications are largely required to be ecologically

surveyed. eDNA studies in similar coastal marine and lentic fresh-

informative. As a result, reads assigned to higher taxonomic lev-

water systems have shown fine scaled detection for fish communi-

els represent lost information, limiting the number of detections

ties, with longer barcodes such as the Cichlid_CR primer potentially

from these primer sets.

reducing the spatial scales of detection further (Andruszkiewicz,
Starks, et al., 2017; Hänfling et al., 2016; Port et al., 2016). This

4.2 | Species‐level identifications
Nevertheless, the eDNA samples resulted in a greater number of

is likely to vary across ecosystems, however, with processes including lake mixing and stratification theoretically influencing the
scales of detection (Deiner et al. 2017). For example, seasonal

species identifications compared to the visual surveys, with 90 spe-

upwelling common in LT could result in the transportation of

cies identified in total (excluding false positives). There is a strong

deepwater eDNA into the littoral habitat. Annual surface water

depth gradient in the community structure of LT's littoral fish com-

temperatures between 25.9°C and 27.7°C have been recorded

munities and as a result significant changes in species composition

within the surveyed region (Kimirei & Mgaya, 2007). Warm tem-

can occur over small spatial scales (Takeuchi et al., 2010). A number

peratures such as this reduce eDNA persistence within the water

of the cichlid species identified only in the eDNA dataset are more

column (Andruszkiewicz, Sassoubre, et al., 2017), with Eichmiller

commonly found in either the wave‐washed habitat at shallower

et al. (2016) detecting exponential DNA degradation rates in lake

depths than those surveyed, such as Pseudosimochromis curvifrons,

water at 25°C with a half‐life of only 6.9 hr (Collins et al., 2018).

Tanganicodus irsacae, and Spathodus erythrodon, as well as from

While high degradation rates would suggest finer spatio‐temporal

deepwater habitats at depths below the visual surveys, including

scales of detection, the unique nature of LT's ecosystem and its

Benthochromis horii, Xenotilapia caudafasciata, and two Trematocara

fish communities means both degradation rates and scales of de-

species (Konings, 2015). Furthermore, longitudinal variation in cichlid

tection need to be investigated in future studies. The latter could

community composition is heavily influenced by substrate type (e.g.,

be achieved through sampling across depths and habitat boundar-

rocky, sandy, muddy) (Widmer et al., 2019). While all eDNA samples

ies with marked shifts in fish community composition.

were collected in rocky habitats, some additional species more com-

Of the 19 detected species considered to be likely false positives,

monly found within sandy habitats including Cardiopharynx schout‐

17 were identified by individual primers, of which 10 occurred at only

edeni, Lestradea stappersii, and a number of Xenotilapia species were

one site and six at two or three sites. Neolamprologus caudopuncta‐

detected. The lake's two freshwater herring species, L. miodon and

tus and Xenotilapia sp. “papilio sunflower” assignments were made
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by two markers with occurrences at 11 and 8 sites, respectively,

was more commonly detected within the eDNA data. As the eDNA

therefore not adhering to the lower confidence levels expected from

survey method is less influenced by species behavior, its combined

false‐positive assignments. Due to the large number of closely re-

use alongside visual surveys holds the potential to help overcome

lated species with low interspecific genetic distances, particularly

some of these survey biases particularly for the often more geneti-

within the 12s and 16s markers, the potential for mis‐assignments

cally distinct noncichlid teleost species. This could therefore repre-

is increased. This is highlighted by the low nearest neighbor genetic

sent an immediate benefit of incorporating an eDNA metabarcoding

divergences for each mis‐assigned species within their identifying

approach within survey methodologies of LT's fish communities.

markers. For example, Cyphotilapia gibberosa likely represents a mis‐
assignment by MiFish to Cyphotilapia frontosa, a species common
along the surveyed coastline. Similarly, Xenochromis hecqui identified

4.3 | Filter replicate similarity

by 16s_Teleo has only a 1.4% genetic divergence within this marker

Limited similarity between filter replicates at each site in 2017 was

from H. microlepis as well as being closely related to Perissodus mi‐

observed, as has been previously reported (Andruszkiewicz, Starks,

crolepis, both of which were frequently observed within the visual

et al., 2017). Sites with a more diverse species richness estimate

surveys. In these cases, it is possible the limited interspecific genetic

had an increased percentage of species identified in three filter

distances for some markers increase the likelihood of erroneous

replicates and a lower percentage of species detected in one filter

assignments resulting in false‐positive identifications. Erroneous

replicate. Similarity between replicates is therefore greater at sites

assignments to close relatives were also identified by Cilleros et

with a higher species richness. The limited similarity at low diversity

al. (2019) within tropical South American streams. These findings

sites likely results from inconsistencies surrounding the preserva-

demonstrate the potential for assignment errors within complex

tion, amplification, or sequencing of one or more filter replicates at

tropical communities containing closely related taxa often with lim-

these sites, leading to variable species detections. The optimization

ited sequence availability in reference databases.

of methods would likely lead to an improved similarity between rep-

The eDNA samples showed higher detection of noncichlid spe-

licates as observed at sites that detected a greater number of species

cies at sites compared to the visual surveys, with the use of filter

(e.g., sites 17 and 21). For example, while the storage of cellulose

replicates in 2017 resulting in an increase in the number of species

nitrate filter papers in ethanol at −20°C has been shown to be effec-

detected. The improved detections of species within the catfish and

tive for eDNA preservation (Hinlo, Gleeson, Lintermans, & Furlan,

mastacembelid spiny eel radiations demonstrated the effectiveness

2017), recent research has demonstrated the use of lysis buffer or

of eDNA metabarcoding for distinguishing between closely related

drying in silica gel can give more consistent community composi-

species within these groups. While an increased number of detec-

tion estimates from lake eDNA samples (Majaneva et al., 2018) and

tions were made by all three primer sets, a number of species were

therefore likely more consistent filter replicates.

still identified by one or two markers with Synodontis species only
assigned to MOTUs by 16s_Teleo. Building on the findings of earlier
eDNA metabarcoding studies surveying fish communities (Evans et

4.4 | Species richness estimates

al., 2017; Stat et al., 2017), the use of multiple primer sets enables

While detecting more species overall, the eDNA samples consist-

the improved detection of both cichlid and noncichlid species.

ently produced lower site species richness estimates compared to

Many of the noncichlid species only detected in the eDNA sam-

the visual surveys. Similarly, the community composition of spe-

ples are likely to be underrepresented within the visual surveys due

cies richness estimates from the eDNA and visual survey methods

to their behavioral habits. For example, the claroteine catfishes

was also found to largely differ. Dissimilar fish assemblage patterns

(e.g., Chrysichthys sianenna, Lophiobragrus cyclurus, and Bathybagrus

were also detected between eDNA metabarcoding and traditional

tetranema) are largely nocturnal (Peart et al., 2014) and many

survey approaches across diverse tropical streams in French Guiana

Mastacembelus species live in the substrate or within the complex

(Cilleros et al., 2019). Much higher similarities between eDNA and

rocky environment (Brown et al., 2011). In comparison, the terri-

traditional methods at sites have been reported within temperate

torial nature of many cichlid fishes means they are less shy toward

ecosystems (Pont et al., 2018), largely due to the high detection sen-

SCUBA divers, a behavior that has been shown to positively bias

sitivity of eDNA metabarcoding methods within these ecosystems

the detection of fish species within visual survey data (Bozec et al.,

(Evans et al., 2017; Hänfling et al., 2016; Valentini et al., 2016). In LT,

2011). These behaviors are therefore likely to result in the positive

this difference results from consistently observed cichlid species ei-

bias of cichlids and underrepresentation of many noncichlids within

ther not being detected or being underrepresented within the eDNA

visual surveys. Many of the species present only in the eDNA data-

dataset, with a lower number of detections per species overall com-

set are also wider ranging with lower local abundances than the

pared to the visual surveys.

majority of cichlid species in the littoral habitat and are therefore

While limitations in eDNA detections could be caused by PCR

much less likely to be consistently recorded by the stationary visual

bias or the taxonomic resolution of individual markers, in this in-

surveys. Similarly species that commonly exist in schools, such as

stance it is likely derived from under sampling due to the sequencing

Lamprichthys tanganicanus, are likely to have biased detection rates

depth used as well as limitations in the reference database, particu-

from visual surveys (Pais & Cabral, 2018), explaining why this species

larly for the Cichlid_CR marker. Despite the sample sequencing depth
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being comparable to that used in other eDNA metabarcoding studies

species, or indeed under splitting for some markers with insufficient

(Li et al., 2019; Yamamoto et al., 2017), the exceptional diversity of

taxonomic resolution.

LT's littoral habitat compared to these systems means a larger sequencing depth is likely required to get closer to saturation of species
detection (Figure S10). This is highlighted by the improved species
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richness estimates obtained for sites from the additional sequencing run that greatly exceed estimates from the original sequence

To better understand the potential for eDNA metabarcoding ap-

data (Figure S15). This higher sequencing depth combined with the

proaches to survey freshwater fish communities globally, there is a

greater resolution of detections with the Cichid_CR marker com-

need to apply these methods across a broad range of ecosystems and

pared to the other three primers, resulted in improved cichlid species

communities. This study provides a first application of these meth-

detections comparable to those obtained from the visual survey data

ods within one of the world's most diverse freshwater ecosystems.

(Figure 6). Two eDNA metabarcoding studies recently published fo-

Our findings demonstrate the potential and limitations of eDNA

cusing on Guianese tropical streams had sequencing depths of over

metabarcoding for identifying taxa to species level, and thereby

400,000 reads per sample prefiltering (Cantera et al., 2019; Cilleros

contributing to diversity estimates for fish communities. Wide varia-

et al., 2019). As the diversity of LT is twice that identified in Guianese

tion in the resolution of markers highlights the importance of primer

streams, high sequencing depths such as that used in the additional

selection, with the use of a family‐specific cichlid control region

run and these two studies are required to obtain sufficient sampling

marker improving the taxonomic resolution of identifications within

completeness and accurate species richness estimates.

this species‐rich group. Using multiple markers also improved spe-

Species richness estimates derived from the Cichlid_CR marker

cies detections across the cichlid and noncichlid fishes. A number of

in the original run represent subsets of those from the additional run

false positives were identified in this study, likely reflecting current

with Sørenson dissimilarity values dominated by species nestedness.

limitations in the resolution of the 12s and 16s markers as well as the

Turnover represented a larger proportion of the dissimilarity when site

reference database, particularly for the control region.

species richness estimates from the additional run were compared with

Increasing the sequencing depth substantially improved site

those from the original sequence data with all four primer sets. This

species richness estimates from the eDNA samples, resulting in

is because species detected by some of the other three markers still

estimates much more comparable to that obtained from the visual

remained undetected by the Cichlid_CR marker despite the improved

survey data. While inconsistencies in the detections of some cichlid

sequencing depth used due to current reference database limitations.

species remain, further reference database expansions, particularly

For example, common Altolamprologus compressiceps, Neolamprologus

for the Cichlid_CR marker, would likely further improve species

brichardi, and Neolamprologus mondabu species remained undetected.

richness estimates from the eDNA samples. These advancements

Further expansions of the control region reference database could

combined with the improved detection of noncichlid species high-

help overcome this, improving species richness estimates derived

light the benefits of including eDNA metabarcoding methods

from this data further through improving the detections of species

within survey designs for LT's fishes alongside traditional methods.

currently missing or underrepresented within the eDNA data.

This study has highlighted the potential for eDNA metabarcoding

While publicly available control region sequences could poten-

to survey even highly diverse tropical communities and closely re-

tially enable this, the observed discrepancies in taxonomic assign-

lated taxa within evolutionary radiations, demonstrating the contri-

ments between the NCBI and local reference databases highlight

butions this method could make toward surveying freshwater fish

the challenges of using public databases. These contain verified and

communities within tropical systems in the future.

unverified sequences that can lead to the presence of ambiguous
assignments (Shum et al., 2017). Similarly, due to a number of recent taxonomic changes to LT's fishes within recent years, the NCBI
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