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Abstract

Background and Aims: EnvironmentaѴ DNA ŐeDNAő metabarcoding provides a highѴy 
sensitive method of surveying freshwater fish communitiesķ aѴthough studies to date 
have ѴargeѴy been restricted to temperate ecosystemsĺ Due to Ѵimited reference 
sequence avaiѴabiѴity and chaѴѴenges identifying cѴoseѴy reѴated and rare species in 
diverse tropicaѴ ecosystemsķ the effectiveness of metabarcoding methods for sur-
veying tropicaѴ fish communities from eDNA sampѴes remains uncertainĺ To address 
thisķ we appѴied an eDNA metabarcoding approach to survey Lake Tanganyikaŝs ŐLTő 
speciesŊrich ѴittoraѴ fish communitiesĺ
Materials and Methods: As this system contains many cѴoseѴy reѴated speciesķ par-
ticuѴarѴy cichѴid fishesķ we used four primer sets incѴuding a cichѴidŊspecific primer set 
ŐCichѴidōCRőĺ A reference database was buiѴt for the ƐƑsķ Ɛѵsķ and controѴ region for 
ƒƔѶ fish species incѴuding over Ɩƒѷ of known cichѴidsĺ
Results and Discussion: In siѴico and in situ resuѴts demonstrated wide variabiѴity in the 
taxonomic resoѴution of assignments by each primer with the cichѴidŊspecific marker 
ŐCichѴidōCRő enabѴing greater speciesŊѴeveѴ assignments for this highѴy diverse famiѴyĺ 
A greater number of nonŊcichѴid teѴeost species were detected at sites compared to 
the visuaѴ survey dataĺ For cichѴid species howeverķ sequencing depth substantiaѴѴy 
infѴuenced species richness estimates obtained from eDNA sampѴesķ with increased 
depths producing estimates comparabѴe to that obtained from the visuaѴ survey dataĺ 
Conclusions: Our study highѴights the importance of sequencing depth and ѴocaѴ 
reference databases when undertaking metabarcoding studies within diverse eco-

systemsķ as weѴѴ as demonstrating the potentiaѴ of eDNA metabarcoding for survey-

ing diverse tropicaѴ fish communitiesķ even those containing cѴoseѴy reѴated species 
within evoѴutionary radiationsĺ
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ƐՊ |ՊINTRODUC TION

Freshwaters gѴobaѴѴy represent highѴy productive and bioѴogicaѴѴy di-
verse ecosystemsķ with much of this diversity centered in the tropics 
ŐCoѴѴen et aѴĺķ ƑƏƐƓőĺ Aquatic habitats in South Americaķ CentraѴ and 
Eastern Africaķ and SouthŊEast Asia contain the highest species rich-

ness and endemicity across aѴѴ major freshwater taxonomic groups 
ŐexcѴuding crayfishőķ highѴighting the importance of these regions for 
gѴobaѴ freshwater diversity ŐTisseuiѴ et aѴĺķ ƑƏƐƒőĺ As weѴѴ as hot spots 
of diversityķ tropicaѴ freshwaters have aѴso been focaѴ points of de-

veѴopment and as a resuѴt face a broad range of stressors ŐStrayer 
ş Dudgeonķ ƑƏƐƏőĺ This has resuѴted in rates of biodiversity decѴine 
in freshwaters surpassing that in both terrestriaѴ and marine eco-

systemsķ with extinction rates of freshwater fishes in the twentieth 
century exceeding that of aѴѴ other vertebrate groups ŐBurkheadķ 
ƑƏƐƑĸ CoѴѴen et aѴĺķ ƑƏƐƓőĺ The recent Freshwater Living PѴanet Index 
reports average recorded popuѴation decѴines since ƐƖƕƏ in the NeoŊ 
and Afrotropics of ƖƓѷ and ƕƔѷķ respectiveѴy ŐGrooten ş AѴmondķ 
ƑƏƐѶőĺ This exceeds terrestriaѴ decѴines and highѴights the substan-

tiaѴ pressures on species within tropicaѴ freshwater ecosystemsĺ
Species richness and evenness measures underpin our under-

standing of bioѴogicaѴ diversity and our abiѴity to monitor their re-

sponses to anthropogenic stressorsĺ These measures are reѴiant 
on the accurate detections of species as they assume survey data 
are representative of the community sampѴed ŐBuckѴandķ Studenyķ 
Magurranķ ş Newsonķ ƑƏƐƐőĺ Thereforeķ variation in the detectabiѴ-
ity of species due to differing behaviors or across habitat types can 
Ѵead to inaccuracies in diversity measures ŐGoteѴѴi ş CoѴweѴѴķ ƑƏƐƐőĺ 
TraditionaѴ methods of surveying freshwater ecosystems aѴѴ impose 
biases on datasets often reѴating to the size and activity of indi-
viduaѴs ŐJackson ş Harveyķ ƐƖƖƕőĺ As a resuѴtķ the survey method 
used has been shown to significantѴy infѴuence the diversity vaѴues 
obtained from sites ŐDeacon et aѴĺķ ƑƏƐƕĸ Jackson ş Harveyķ ƐƖƖƕĸ 
OѴiveiraķ Gomesķ Latiniķ ş Agostinhoķ ƑƏƐƑőĺ To heѴp overcome these 
individuaѴ biasesķ appѴying muѴtipѴe methods for surveying fish com-

munities has been wideѴy advocated ŐKubecka et aѴĺķ ƑƏƏƖőĺ
RecentѴyķ environmentaѴ DNA ŐeDNAő metabarcoding has been 

shown to be a sensitive and costŊeffective method of surveying 
freshwater communities ŐEvans et aѴĺķ ƑƏƐƕĸ H࢜nfѴing et aѴĺķ ƑƏƐѵĸ 
VaѴentini et aѴĺķ ƑƏƐѵőĺ Comparisons with other survey methods have 
demonstrated how eDNA metabarcoding data can compѴement 
traditionaѴ approaches often Ѵeading to increased detection of spe-

cies and improved species richness estimates ŐDeiner et aѴĺķ ƑƏƐƕőĺ 
Despite thisķ current appѴications of eDNA metabarcoding within 
freshwaters have ѴargeѴy been restricted to temperate ecosystemsķ 
with few pubѴished studies within tropicaѴ freshwaters ŐCantera et 
aѴĺķ ƑƏƐƖĸ CiѴѴeros et aѴĺķ ƑƏƐƖĸ Lopes et aѴĺķ ƑƏƐƕőĺ PotentiaѴ variabiѴity 
in the effectiveness of these methods across temperate and tropicaѴ 
ecosystems couѴd resuѴt from differences in the ecoѴogy of eDNA 
ŐEichmiѴѴerķ Bestķ ş Sorensenķ ƑƏƐѵĸ StrickѴerķ Fremierķ ş GoѴdbergķ 
ƑƏƐƔőķ variation in the detectabiѴity of rare species within highѴy di-
verse tropicaѴ fish communitiesķ the existence of taxonomic prob-

Ѵems for some fish taxa ŐDecru et aѴĺķ ƑƏƐѵőķ and the abiѴity of markers 

to distinguish between cѴoseѴy reѴated species in tropicaѴ ecosystems 
ŐBremanķ Loixķ Jordaensķ Snoeksķ ş Van Steenbergeķ ƑƏƐѵĸ Pereiraķ 
Hannerķ Forestiķ ş OѴiveiraķ ƑƏƐƒőĺ More diverse systems aѴso require 
higher sampѴing depths to obtain accurate species richness estimates 
ŐGoteѴѴi ş CoѴweѴѴķ ƑƏƐƐőĺ As a resuѴtķ current eDNA metabarcoding 
designs may require modifications Őeĺgĺķ increased sequencing depthő 
to effectiveѴy survey the diverse fish communities found in many 
tropicaѴ freshwater ecosystemsĺ A recent appѴication of eDNA me-

tabarcoding within tropicaѴ South American streams highѴighted the 
potentiaѴ of this method for surveying diverse fish communitiesķ 
whiѴe aѴso demonstrating some current Ѵimitations in the detec-

tion of species compared to studies within temperate ecosystems 
ŐCiѴѴeros et aѴĺķ ƑƏƐƖőĺ StiѴѴ in its infancy as a methodķ there remains 
a need to test eDNA metabarcoding methods across a wider range 
of compѴex tropicaѴ ecosystems to better understand the potentiaѴ 
of these approaches for surveying freshwater fish diversity gѴobaѴѴyĺ

Limiting factors preventing the appѴication of eDNA metabar-
coding within tropicaѴ systems incѴude difficuѴties coѴѴecting and 
preserving sampѴes within remote Ѵocationsķ incompѴete taxonomic 
descriptions for many fish groups resuѴting in cryptic biodiversity 
ŐDecru et aѴĺķ ƑƏƐѵĸ SaѴes et aѴĺķ ƑƏƐѶőķ and the Ѵimited avaiѴabiѴity 
of sequences within pubѴic databases for tropicaѴ fish speciesķ par-
ticuѴarѴy for the commonѴy used ƐƑs and Ɛѵs mitochondriaѴ gene 
regionsĺ Due to the extensive moѴecuѴar and taxonomic work under-
taken on Lake Tanganyikaŝs ŐLTő fish fauna ŐSaѴzburgerķ Van BocxѴaerķ 
ş Cohenķ ƑƏƐƓĸ and refs thereinőķ most fish groups in this system 
are weѴѴ studied and there is aѴso a good avaiѴabiѴity of DNA sampѴes 
and sequences from museum and research group coѴѴectionsĺ As a 
resuѴtķ LT provides an ideaѴ tropicaѴ system with which to test eDNA 
metabarcoding methodsĺ

Lake Tanganyika contains an exceptionaѴ fish diversity with over 
ƓƏƏ speciesķ most of which are endemic to the basin ŐSaѴzburger 
et aѴĺķ ƑƏƐƓőĺ A key feature of LTŝs fish fauna is that much of its di-
versity emerged through in situ evoѴutionary radiationsķ incѴuding 
radiations of cichѴid fishes with at Ѵeast ƑƓƐ known species ŐDayķ 
Cottonķ ş BarracѴoughķ ƑƏƏѶĸ Muschickķ Indermaurķ ş SaѴzburgerķ 
ƑƏƐƑĸ Roncoķ Bুscherķ Indermaurķ ş SaѴzburgerķ ƑƏƐƖőķ catfishes 
ŐDay and WiѴkinson ƑƏƏѵķ Peart et aѴĺ ƑƏƐƓőķ and mastacembeѴid 
spiny eeѴs ŐBrown et aѴĺķ ƑƏƐƏőķ with the Ѵatter noncichѴid groups 
containing far fewer speciesĺ The high ѴeveѴs of sequence simiѴarity 
between cѴoseѴy reѴated and young species emerging from rapid 
evoѴutionary radiations can make accurate barcode identifications 
chaѴѴenging ŐSaѴzburgerķ ƑƏƐѶőĺ For exampѴeķ a recent study of LT 
cichѴid fishes showed the taxonomic resoѴution of the traditionaѴ 
COI barcoding region was Ѵimited in some cases to species com-

pѴexes and genera ŐBreman et aѴĺķ ƑƏƐѵőĺ As with other Ѵarge fresh-

water Ѵakesķ much of LTŝs fish diversity is found within the ѴittoraѴ 
zone ŐVadeboncoeurķ McIntyreķ ş Vander Zandenķ ƑƏƐƐőĺ The ѴocaѴ 
species richness of fish communities is particuѴarѴy high within Ѵit-
toraѴ rocky habitats where as many as ѵƏ fish speciesķ incѴuding ƔƓ 
cichѴidsķ have been identified within a muѴtiyear ƐƏ Ƶ ƓƏ m quad-

rat survey ŐTakeuchiķ Ochiķ Kohdaķ Sinyinzaķ ş Horiķ ƑƏƐƏőķ and 
ƓƖ cichѴid species identified at one site in MahaѴe NationaѴ Park 
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ŐBritton et aѴĺķ ƑƏƐƕőĺ As suchķ accurate and consistent surveying 
of species within this habitat poses significant chaѴѴengesķ with 
methods often reѴiant on ѴaborŊintensive SCUBA visuaѴ surveys or 
giѴѴ nettingķ aѴthough see Widmer et aѴĺ ŐƑƏƐƖő who utiѴized video 
technoѴogy for surveying LT cichѴid fishesĺ

The high ѴocaѴ diversity and Ѵarge number of cѴoseѴy reѴated and 
young species within LTŝs ѴittoraѴ habitat poses a number of chaѴѴenges 
to eDNA metabarcoding methodsķ many of which wiѴѴ be common 
across other tropicaѴ ecosystemsĺ Hereķ we deveѴop an extensive ref-
erence sequence database across key barcoding regions and coѴѴect 
eDNA sampѴes aѴongside visuaѴ survey data to address a number of 
these chaѴѴengesĺ SpecificaѴѴyķ we askedĹ Őaő Can eDNA metabarcod-

ing methods accurateѴy identify LT cichѴid fishes to species ѴeveѴĵ Őbő 
How effective is eDNA metabarcoding at detecting noncichѴid teѴeost 

species within the LT ѴittoraѴ habitatĵ Őcő Are eDNA species richness 
estimates and detection rates comparabѴe to visuaѴ survey dataĵ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊSite Ѵocations

SampѴing was undertaken within the Kigoma region of LT in Tanzania 
ŐFigure Ɛőķ representing a weѴѴŊstudied and easiѴy reachabѴe area of 
the Ѵake ŐGPS Ѵocationsķ TabѴe SƔőĺ The fish communities aѴong this 
section of coastѴine have received substantiaѴ researchķ with surveys 
of the ѴittoraѴ fish communities having been undertaken since ƑƏƐƔ 
ŐBritton et aѴĺķ ƑƏƐƕőĺ Two fieѴd seasons were undertaken to LT in 
SeptemberŋOctober ƑƏƐѵ and MayŋJune ƑƏƐƕ during which visuaѴ 

F I G U R E  Ɛ Պ Map of Lake Tanganyika 
sampѴing Ѵocations for both fieѴd seasons 
in ƑƏƐѵ and ƑƏƐƕĺ Site numbers increase 
from Ɛ to ƑƐ in a northwards directionĺ 
Green circѴes are sites surveyed in 
ƑƏƐѵ onѴyķ yeѴѴow diamonds show sites 
surveyed in ƑƏƐƕ onѴyķ and red triangѴes 
are sites surveyed in both yearsĺ InsetĹ 
Lake Tanganyikaķ with the red box 
highѴighting the study areaĺ Maps were 
created with QGIS vƒĺƑĺ The base map is 
GoogѴe� Terrain map
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SCUBA survey data and eDNA sampѴes were coѴѴected across ƑƐ 
sites aѴong a ƓƑ km stretch of coastѴineĺ

ƑĺƑՊ|ՊSampѴing

Surveys were focused aѴong areas of rocky habitatķ as this contains 
the most diverse ѴittoraѴ fish fauna ŐHoriķ Gashagazaķ Nshomboķ ş 
Kawanabeķ ƐƖƖƒőĺ The structure of ѴittoraѴ communities has been 
shown to differ across very fine spatiaѴ scaѴesķ particuѴarѴy between 
depths of ƐŋƐƔ m ŐTakeuchi et aѴĺķ ƑƏƐƏőĺ To capture thisķ a nested 
design survey foѴѴowing Britton et aѴĺ ŐƑƏƐƕő was adopted at each site 
in which a series of ten stationary visuaѴ surveys were undertaken 
at depths of Ɣ and ƐƏ m ŐFigure SƐő ŐBohnsack ş Bannerotķ ƐƖѶѵőĺ At 
each depthķ five surveys were undertaken positioned at the centraѴ 
eDNA coѴѴection point and at ƒƏ and ѵƏ m aѴong the coastѴine in either 
directionĺ For further detaiѴs of the survey designķ see Appendix SƑĺ

Prior to undertaking the visuaѴ surveysķ a water sampѴe was 
coѴѴected from the midŊsurvey point at a depth of Ɣ m foѴѴowing a 
design simiѴar to Port et aѴĺ ŐƑƏƐѵőĺ Containers used for coѴѴecting 
each eDNA sampѴe were rinsed with ƔƏѷ bѴeach soѴution Ősodium 
hypochѴorite concentration unknownő foѴѴowed by Ѵake water at the 
coѴѴection siteĺ Divers remained Ɛ m off the bottom to prevent kick-

ing up sediment that couѴd aѴter the eDNA within the water coѴumnĺ 
NitriѴe gѴoves were aѴso worn to reduce the potentiaѴ of contaminat-
ing sampѴes with their own DNAĺ A singѴe ƐƏ L water sampѴe was 
coѴѴected within a coѴѴapsibѴe containerķ transferred to a more soѴid 
containerķ and stored on ice within a cooѴer boxķ whiѴe visuaѴ surveys 
were undertakenĺ Water sampѴes were subsequentѴy fiѴtered once 
back onshore within ƐƑ hr of coѴѴectionĺ

NitriѴe gѴoves were worn throughout the fiѴtering processķ and 
prior to fiѴteringķ the work surface was cѴeaned with ƔƏѷ commer-
ciaѴ bѴeach soѴutionĺ eDNA sampѴes consisted of ƐĺƔŊL water fiѴters 
ŐsubsampѴes of the ƐƏ L water sampѴeőķ with one eDNA sampѴe coѴ-
Ѵected per site in ƑƏƐѵ and three fiѴter repѴicates coѴѴected per site 
in ƑƏƐƕĺ Each ƐĺƔ L sampѴe was vacuumŊfiѴtered onto steriѴe Ɠƕ mm 
diameterķ ƏĺƓƔ ੿m pore size ceѴѴuѴose nitrate fiѴter paper contained 
within ƑƔƏ mѴ disposabѴe Thermo ScientificŤ NaѴgeneŤ AnaѴyticaѴ 
Test FiѴter FunneѴsĺ FiѴters were then foѴded inwards three times and 
pѴaced within a ƑŊmѴ Eppendorf tubeĺ In ƑƏƐѵķ this tube was stored 
immediateѴy at ƴƐѶŦCķ transported back to the UK at ƻƴѶƏŦC using 
a dry shipperķ and then stored at ƴƕƏŦC untiѴ extractionĺ In ƑƏƐƕķ 
sampѴes were fuѴѴy submerged in ƖƔѷ moѴecuѴar grade ethanoѴ at 
room temperature untiѴ returning to the UK after which they were 
stored at ƴƑƏŦCĺ A fiѴtration bѴank was coѴѴected between the fiѴtra-

tion of every five sampѴes to monitor for potentiaѴ contaminationĺ 
This invoѴved fiѴtering ƐĺƔ L of commerciaѴ bottѴed water ŐKiѴimanjaro 
brandő foѴѴowing the same procedure as aboveĺ

ƑĺƒՊ|ՊReference database

A muѴtimarker approach was adopted to overcome Ѵow divergences 
between cѴoseѴy reѴated species for individuaѴ markersĺ A totaѴ fish 
Ѵist for species within the LT basin was deveѴoped based on FishBase 

Őwwwĺfishb aseĺorgőķ Brichard ŐƐƖѶƖőķ and Ronco et aѴĺ ŐƑƏƐƖő ŐTabѴe 
SƐőĺ CichѴid ƐƑsķ Ɛѵsķ and controѴ region sequences for ƑƔƏ species 
were extracted from avaiѴabѴe mitogenome aѴignments derived from 
whoѴe genome assembѴiesĺ Separate species with identicaѴ marker 
sequences within the reference database were grouped into spe-

cies compѴexesķ simiѴar to Breman et aѴĺ ŐƑƏƐѵőĺ Separate species 
compѴex groupings were undertaken for each primer set based on 
marker resoѴution ŐTabѴe SƑőĺ For each regionķ one sequence per spe-

cies was incѴuded in the reference databaseķ except for Oreochromis 

tanganicaeķ where a second sequence was incѴuded from an individ-

uaѴ coѴѴected from a fish farm within LTķ in case the farmed popu-

Ѵations differed from wiѴd onesĺ Oreochromis tanganicae fish farmķ 
Oreochromis malagarasiķ and Oreochromis niloticus sequences were 
obtained separateѴy through Sanger sequencing ŐAppendix SƑőķ and 
an Aulonocranus dewindti controѴ region sequence from NCBI was in-

cѴuded in the reference database as mitogenome extract sequences 
were not avaiѴabѴe for these speciesĺ

NoncichѴid fish sequences were obtained using sampѴes from re-

search group coѴѴections ŐDay and SaѴzburger Ѵabsőķ the South African 
Institute for Aquatic Biodiversity ŐSAIABő and the American Museum 
of NaturaѴ History ŐAMNHőĺ Some sampѴes for species within the ref-
erence databaseķ ѴargeѴy inhabiting river catchmentsķ were coѴѴected 
outside of the LT basinĺ As the taxonomies for some of these fish 
groups remain unresoѴvedķ sampѴes coѴѴected outside of this range 
may represent separate species yet to be describedĺ NevertheѴessķ 
they wouѴd be cѴose reѴatives to those species found within the LT 
basinĺ Eight sampѴes coѴѴected within the LT basin were identified 
to genus ѴeveѴ for these fish groupsĺ These sampѴes were aѴso se-

quenced and incѴuded in the database to heѴp overcome the poten-

tiaѴ issue of poorѴy described taxonomies Őeĺgĺķ Amphiliusķ Clariasķ 
Enteromiusķ Kneriaķ Leobarbusķ and Opsaridiumőĺ For the Ѵaboratory 
methods undertaken to obtain reference database sequencesķ see 
Appendix SƑĺ

ƑĺƓՊ|ՊPrimer designķ in siѴicoķ and in vitro testing

Reference database sequences for each region were used to de-

sign new primers targeting the Ѵakeŝs cichѴids and test these in 
siѴico aѴong with previousѴy pubѴished universaѴ fish primer setsĺ 
ecoPrimers was used to search these regions for suitabѴe variabѴe 
barcode Ѵocations ŐRiaz et aѴĺķ ƑƏƐƐőĺ This identified a highѴy vari-
abѴe portion of the controѴ region enabѴing improved taxonomic 
resoѴutionĺ Primers fѴanking this region were designed using se-

quence aѴignments and Primerƒ vƏĺƓĺƏ ŐUntergasser et aѴĺķ ƑƏƐƑőĺ 
This primer set ampѴifies a ƒƏƕ bp barcode fragmentķ with the 
forward primer Ѵocated within the same region as the commonѴy 
used LŊProŊF forward primer ŐMeyerķ Morrisseyķ ş Schartiķ ƐƖƖƓőĺ 
The ƐѵsōTeѴeo primer set was designed foѴѴowing a simiѴar method 
targeting the same variabѴe region as VeƐѵsķ whiѴe ampѴifying a 
shorter barcode of ƑƕƔ bp compared to ƒƐƏ bp ŐEvans et aѴĺķ ƑƏƐѵőĺ 
The newѴy designed CichѴidōCR and ƐѵsōTeѴeo primers aѴong with 
previousѴy pubѴished ƐƑSŊVƔ and MiFishŊU primer sets were se-

Ѵected for in siѴico testing ŐMiya et aѴĺķ ƑƏƐƔĸ Riaz et aѴĺķ ƑƏƐƐőĺ

http://www.fishbase.org
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Primer specificity was evaѴuated using PrimerMiner vƏĺƐѶ with 
threshoѴd scores ranging between ƐƏ and ƒƏƏ ŐByѴemansķ GѴeesonķ 
Hardyķ ş FurѴanķ ƑƏƐѶĸ EѴbrecht ş Leeseķ ƑƏƐƕőĺ KimuraŊƑŊParameter 
ŐKƑPő distances were caѴcuѴated for each marker using ape vƔĺƐ to 
investigate the genetic divergences between species within the 
reference databases ŐKimuraķ ƐƖѶƏĸ Paradisķ CѴaudeķ ş Strimmerķ 
ƑƏƏƓőĺ DNA extracts for Ɛƕ fish species found within LT were am-

pѴified with each primer set to test their consistency of ampѴification 
across taxa ŐTabѴe SѶőĺ ƐĺƔ L eDNA sampѴesķ fiѴtered foѴѴowing the 
same methods as for the fieѴd sampѴesķ were aѴso coѴѴected from the 
LT tank at ZooѴogicaѴ Society of London ŐZSLőĺ This aquarium con-

tained five cichѴid species endemic to the Ѵake ŐJulidochromis spĺķ 
Haplotaxodon microlepisķ Altolamprologus calvusķ Neolamprologus lon-

giorķ and Lepidiolamprologus kendalliő with eDNA sampѴes sequenced 
foѴѴowing the same metabarcoding methods detaiѴed beѴowĺ The 
four seѴected primers are shown in TabѴe Ɛ with their Ѵocations in 
each gene region highѴighted in Figure SƑĺ

ƑĺƔՊ|ՊDNA extraction and PCR ampѴifications

Further detaiѴs of the DNA extractions and PCR ampѴifications are 
provided within the Appendix SƑĺ BriefѴyķ sampѴe fiѴters were ex-

tracted using the Qiagen DNeasy® BѴood ş Tissue Kit foѴѴowing a 
modified protocoѴ in combination with a Qiagen QIAshredder based 
on the methods of GoѴdberg et aѴĺ ŐƑƏƐƐő and Lacoursi࣏reŊrousseѴ et 
aѴĺ ŐƑƏƐѵőĺ DNA was ampѴified using a twoŊstep PCR protocoѴķ with 
barcoded IѴѴumina adapters added in a second ampѴification ŐPCRƑőĺ 
AmpѴicon PCRs ŐPCRƐő were repѴicated four times for each sampѴe 
and pooѴed to minimize PCR biasĺ AѴѴ fiѴter and extraction controѴs 
were incѴuded in the PCRsĺ

ƑĺѵՊ|ՊLibrary quantification and originaѴ 
sequencing run

FoѴѴowing PCRƑķ Ƒ ੿Ѵ of product from each reaction was quantified 
using a FLUOstar Optima ŐPromegaőĺ Based on these resuѴtsķ sam-

pѴes were normaѴized to equaѴ concentrationsķ pooѴed into groups 
of Ѷķ and cѴeaned with AmPure XP beadsĺ The IѴѴuminaŊtagged DNA 
concentration of each pooѴ was quantified using the KAPA Library 
Quantification Kit run on a QuantStudio ƐƑK ŐAppѴied Biosys temső and 
DNA fragment size identified with an AgiѴent ƑƐƏƏ AnaѴyzerĺ As this 
identified ѴikeѴy primer dimer in some sampѴe pooѴsķ these were sizeŊ
seѴected using a BѴuePippin ŐSage Scienceő and reŊrun on an AgiѴent 

ƑƐƏƏ AnaѴyserĺ FinaѴ pooѴs were quantified using both the KAPA 
Library Quantification Kit and a QUBIT ƒĺƏ using the dsDNA HS assayĺ

Libraries were sequenced on an IѴѴumina MiSeq pѴatform at the 
SheffieѴd ChiѴdrenŝs HospitaѴ Next Generation Sequencing FaciѴityĺ The 
MiFish and ƐƑSŊVƔ pooѴ were sequenced on a ƐƔƏ bp PairedŊEnd se-

quencing runķ and a ƑƔƏ bp PairedŊEnd run was used for the ƐѵsōTeѴeo 
and CichѴidōCR pooѴĺ A ƐƏѷ PhiX spikeŊin was incѴuded on both runs 
to increase the sequence compѴexityĺ In totaѴķ ƕƔ sampѴes were se-

quenced for each primer setķ comprising ƔƐ fieѴd sampѴesķ Ɣ aquarium 
sampѴesķ ƐƐ fiѴter negative controѴsķ and Ѷ extraction negative controѴsĺ

ƑĺƕՊ|ՊBioinformatic anaѴyses

AnaѴyses were run on the High Performance Computing CѴuster at the 
University of SheffieѴdķ with fuѴѴ detaiѴs on software and parameters 
used provided in the Appendix SƑĺ BriefѴyķ reads were quaѴity checked 
with FastQC ŐAndrewsķ ƑƏƐƏő and trimmed based on read quaѴity with 
the removaѴ of IѴѴumina sequencing adaptors using Trimmomatic vƏĺƒѵ 
ŐBoѴgerķ Lohseķ ş UsadeѴķ ƑƏƐƓőĺ QuaѴity fiѴtered reads were aѴigned 
with FLASH vƐĺƑĺƐƐ ŐMagoࣂ ş SaѴzbergķ ƑƏƐƐő and primers trimmed 
aѴѴowing for one mismatch with Mothur vƐĺƒƕĺƐ ŐSchѴoss et aѴĺķ ƑƏƏƖőĺ 
Sequences were derepѴicated with USEARCH vƖĺƑĺѵƓ ŐEdgarķ ƑƏƐƏő 
and cѴustered into high resoѴution MOTUs with Swarm vƑ Őd Ʒ Ɛő 
ŐMah࣐ķ Rognesķ Quinceķ De Vargasķ ş Dunthornķ ƑƏƐƔőĺ MOTUs with a 
read count Ѵess than ƒ were removed Őas in H࢜nfѴing et aѴĺķ ƑƏƐѵőĺ

BѴastƳ searches were undertaken against the ѴocaѴ reference da-

tabase for each markerĺ FoѴѴowing thisķ taxonomies were assigned 
with MEGAN vѵ based on primerŊspecific identity threshoѴds of 
ƖƕņƖѶѷķ using defauѴt parameters apart for a minimum score of ƑƏƏķ 
a minimum eŊvaѴue of ƐƏ�10ķ and a top percent of Ƒĺ Remaining unas-

signed MOTUs were removedĺ
To investigate the ѴikeѴy identity of unassigned MOTUsķ a sec-

ondary bѴast search was undertaken against the NCBI nucѴeotide 
database with taxa assigned using the same methods as for the ѴocaѴ 
reference databaseĺ Taxa assigned at this stage to previousѴy unas-

signed reads were not incѴuded within the finaѴ dataset from which 
species richness estimates were derivedĺ

ƑĺѶՊ|ՊError fiѴtering and finaѴ eDNA 
matrix assignment

To reduce the impact of faѴse positivesķ the maximum read count for 
each MOTU found in any of the fiѴter or extraction negative controѴs 

TA B L E  Ɛ Պ Primers used for the first round of ampѴifications

Name Region Forward primer 12 (5'�3') Reverse primer (5'�3')

Barcode 

length (bp) Reference

MiFishŊU ƐƑs GTCGGTAAAACTCGTGCCAGC CATAGTGGGGTATCTAATCCCAGTTTG ƐƕƏ Miya et aѴĺ ŐƑƏƐƔő

ƐƑSŊVƔ ƐƑs ACTGGGATTAGATACCCC TAGAACAGGCTCCTCTAG ƐƏѵ Riaz et aѴĺ ŐƑƏƐƐő

ƐѵsōTeѴeo Ɛѵs GACGAGAAGACCCTDTGGAG GTCCTGATCCAACATCGAG ƑƕѶ This pubѴication

CichѴidōCR ControѴ 
Region

CCTACCCCTAGCTCCCAAAG ACTGATGGTGGGCTCTTACTACA ƒƏƕ This pubѴication



ՊՍ Պ | ՊƑƖDOBLE ET AL.

was subtracted from the read counts for the respective MOTUs 
within the LT and aquarium sampѴesĺ MOTUs were then grouped 
together by their assigned taxonomyĺ FinaѴѴyķ taxonomic assign-

ments with a sampѴe read count beѴow ƏĺƐƔѷ were removedĺ This 
was based on read counts within the aquarium sampѴesķ removing 
any assignments to species not found within the aquariumķ except 
potentiaѴ misidentifications to cѴose reѴatives by the MiFish markerĺ 
Taxonomic assignments from each primer set were aggregated to-

gether to form a finaѴ matrixĺ Those at a higher ѴeveѴ than species or 
species compѴex were removedĺ

ƑĺƖՊ|ՊIncreased sequencing depth

FoѴѴowing the anaѴysis of the initiaѴ resuѴtsķ a subset of sampѴes 
ŐN Ʒ ƑƓő coѴѴected in ƑƏƐƕ from eight sites Őƒķ Ɠķ ƐƏķ ƐƐķ Ɛѵķ Ɛƕķ ƑƏķ ş 
ƑƐő were reŊsequenced on a MiSeq run with the CichѴidōCR marker to 
investigate the impact of sequencing depth on the species richness 
estimates obtained from the metabarcoding dataĺ Six PCR repѴicates 
were undertaken per a sampѴeķ producing a totaѴ of ƐѶ technicaѴ rep-

Ѵicates per a siteĺ Library preparationķ sequencingķ and bioinformatic 
anaѴysis steps were consistent with those for the originaѴ sequencing 
runs detaiѴed above Őfor further informationķ see Appendix SƑőĺ

ƑĺƐƏՊ|ՊStatisticaѴ anaѴysis

AѴѴ statisticaѴ anaѴysis was undertaken in RStudio vƐĺƐĺƓƔƒ ŐRStudio 
Teamķ ƑƏƐƔőĺ TotaѴ matrices were converted to presenceŋabsence 
for comparisons between yearķ fiѴter repѴicatesķ and survey methodsĺ 
VisuaѴ survey species accumuѴation curves were produced using 
iNEXT vƑĺƏĺƐƕ ŐHsiehķ Maķ ş Chaoķ ƑƏƐѵőĺ AccumuѴation curves for 
the eDNA sampѴes and site species richness vaѴues were caѴcuѴated 
using Vegan vƑĺƔĺƓĺ eDNA accumuѴation curves were caѴcuѴated for 
ƑƏƐƕ sites onѴy as these contained three fiѴter repѴicates per siteĺ To 
investigate scaѴes of detectionķ Sørenson dissimiѴarity vaѴues were 
caѴcuѴated between the eDNA site species richness estimates and 
those derived from the visuaѴ survey data at five different scaѴesĸ Őaő 
site scaѴe where there is a maximum distance of ѵƏ m between sur-
veys and eDNA sampѴesĸ Őbő the centraѴ three survey points Őat both 
depthső with a maximum of ƒƏ m between surveys and eDNA sam-

pѴesĸ Őcő the centraѴ survey points where eDNA sampѴes were coѴ-
Ѵectedĸ Ődő surveys at Ɣ mĸ and Őeő surveys at ƐƏ m depthĺ Sørenson 
dissimiѴarity vaѴues were caѴcuѴated with betapart vƐĺƔĺƏ ŐBaseѴga ş 
Ormeķ ƑƏƐƑĸ Oksanen et aѴĺķ ƑƏƐƑőĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊVisuaѴ surveys

A totaѴ of ƖƓƔ detections representing ѵƒ species were made across 
the visuaѴ surveysķ incѴuding ƔƔ cichѴid and Ѷ noncichѴid species 
ŐTabѴe SƓőĺ InterpoѴated and extrapoѴated sampѴing curves showed 
cѴear pѴateauing at the majority of sitesķ demonstrating sufficient 
sampѴing compѴeteness in both fieѴd seasons ŐFigures Sƒ and SƓőĺ

ƒĺƑՊ|ՊReference database and in siѴico testing

A totaѴ of ƓƒƐ fish species from ƑƑ famiѴies were identified as oc-

curring in LT and its broader catchment area ŐTabѴes SƐ and Sѵőĺ This 
incѴudes ƑƕƑ cichѴid species of which ƑƐƒ are described with the re-

mainder currentѴy either undescribed or putative ŐRonco et aѴĺķ ƑƏƐƖőĺ 
Reference database sequences were obtained for ƒƔѶ fish species 
ŐincѴuding eight taxa onѴy identified to genus ѴeveѴő representing Ѷƒѷ 
of species and ƑƔƓ cichѴid species representing Ɩƒѷ from this fam-

iѴyĺ In siѴico resuѴts demonstrate the MiFishķ ƐƑSŊVƔķ and ƐѵsōTeѴeo 
primer sets are highѴy conserved across the Ѵakeŝs fishesķ except 
for a first base mismatch against the Synodontis catfishes ŐŜƐƐ sppĺő 
for the ƐƑSŊVƔ primer set ŐFigure SƔőĺ The CichѴidōCR primer set is 
highѴy conserved across the Ѵakeŝs cichѴid fishes with no mismatches 
within the first seven bases of either primerĺ These resuѴts were sup-

ported by the consistent ampѴification of DNA across Ɛƕ fish species 
in the Ѵake by the three universaѴ fish primers and ƐƏ cichѴid fishes 
by CichѴidōCR ŐFigure Sѵ and TabѴe SѶőĺ Further testing of the newѴy 
designed ƐѵsōTeѴeo and CichѴidōCR primers against the MitoFish da-

tabase and cichѴid mitogenomes within NCBIķ respectiveѴyķ demon-

strated these primers are ѴargeѴy conserved across fish species and 
cichѴids gѴobaѴѴy ŐTabѴe Sƕőĺ

The percentage of species with unique barcodes in the reference 
database ranged between ƒѵĺƐѷ for the ƐƑSŊVƔ markerķ ѵѶĺѵѷ for 
MiFishķ ѶƏĺƒѷ for ƐѵsōTeѴeoķ and ƖѵĺѶѷ for CichѴidōCR ŐFigure Sƕőĺ 
Species with identicaѴ sequences were grouped into markerŊspecific 
species compѴexes ŐTabѴe SƑőĺ The genetic distances of species to 
their cѴosest neighbor had a mean of ƑĺƏѷ for the MiFish markerķ 
ƐĺƏѷ for ƐƑSŊVƔķ ƑĺƔѷ for ƐѵsōTeѴeoķ and Ɠĺѵѷ for CichѴidōCR ŐFigure 
SƖőĺ CѴosest neighbor genetic distances for the cichѴid fishes were 
ѴargeѴy beѴow Ƒѷ for most markers with ƖĺѶѷ of MiFishķ ƑĺƏѷ of ƐƑŊ
VƔķ ƐѶĺƏѷ of ƐѵsōTeѴeoķ and ƕƑĺƔѷ of CichѴidōCR barcodes having 
divergence vaѴues greater than Ƒѷĺ This increased for the noncichѴid 
fishes across the three universaѴ fish primers with ƔƖĺѵѷķ ƒƕĺƏѷķ and 
ƔƕĺƏѷ of MiFishķ ƐƑSŊVƔķ and ƐѵsōTeѴeo barcodesķ respectiveѴyķ hav-

ing cѴosest neighbor divergence vaѴues higher than Ƒѷĺ
Mean withinŊgenus genetic distances aѴso varied considerabѴy 

between markers ŐFigure SѶő ranging between ƑĺƒƐѷ and ƐƑĺƐƒѷ 
ŐTabѴe SƖőĺ WithinŊgenus KƑP distances for the cichѴid fishes were 
three to four times higher for CichѴidōCR compared to the other 
three markersĺ The distribution of genetic divergence is aѴso greater 
for CichѴidōCR compared to the other three markers ranging be-

tween Əѷ and ƑѶĺƔѷ ŐFigure SѶőĺ The increased interspecific vari-
abiѴity within the CichѴidōCR barcode for the cichѴid fishes suggests 
a ѴikeѴy improved taxonomic resoѴution compared to the other three 
markersķ with the potentiaѴ to identify many cichѴids down to species 
level.

ƒĺƒՊ|ՊOriginaѴ sequence data

In totaѴķ ƐƐĺƔ miѴѴion and Ѷĺѵ miѴѴion pairedŊend reads were ob-

tained from the Ƒ Ƶ ƐƔƏ bp and Ƒ Ƶ ƑƔƏ bp MiSeq runsķ respectiveѴyĺ 
FoѴѴowing the bioinformatic fiѴtering steps Őshown in TabѴe SƐƏőķ a 
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totaѴ of ƖĺƐ miѴѴion reads remained across the four primer setsĺ 
ƔĺƐ miѴѴion reads were assigned to the MiFish primer set with the 
other three primers ranging between ƖƔƑ thousand and Ɛĺƕ miѴѴion 
readsĺ Low read counts were identified for some sampѴes with each 
primer set ŐMiFish Ʒ ѵķ ƐƑSŊVƔ Ʒ ƕķ ƐѵsōTeѴeo Ʒ Ƒ and CichѴidōCR Ʒ Ƒő 
that were uѴtimateѴy removedĺ These were not consistent across the 
sampѴes apart from repѴicates for sites Ƒ and ƐѶ in ƑƏƐƕ that had 
very Ѵow extract DNA concentrations ŐƺƑ ngņ੿Ѵőĺ FoѴѴowing fiѴter-
ing ŐTabѴe SƐƏőķ mean sequencing depths per a site were ƐƔƔķƑƏѶ in 
ƑƏƐѵ Őone fiѴter repѴicateő and ƔƒƐķƑѵƕ in ƑƏƐƕ Őwith three fiѴter rep-

Ѵicatesőĺ Mean LT sampѴe depths for each marker were ƐƏѶķƒѵƑ reads 
for MiFishķ ƒѵķѶѶƏ for ƐƑSŊVƔķ ƑƔķƕѶƕ for ƐѵsōTeѴeoķ and ƐƖķƐƖѶ for 
CichѴidōCRĺ Species accumuѴation curves for the ƑƏƐƕ eDNA sam-

pѴes showed ѴittѴe pѴateauing demonstrating Ѵimited sampѴing com-

pѴeteness and suggesting sequencing depth may not be sufficient at 
some sites ŐFigure SƐƏőĺ Of the ƐƖ fiѴter and extraction controѴs se-

quencedķ no contamination was identified within the negative con-

troѴs for any of the species within the ѴocaѴ reference databaseĺ The 
secondary NCBI bѴast search did identify human assigned ƐƑSŊVƔ 
ŐN Ʒ Ɣő and ƐѵsōTeѴeo ŐN Ʒ ƒő reads within some of the fieѴd fiѴter con-

troѴs ѴikeѴy resuѴting from the coѴѴecting or fiѴtering of eDNA sampѴes 
in the fieѴd as these were not present in any of the DNA extraction 
negative controѴsĺ

Taxa from ƐƑ fish famiѴies within the reference database were 
assigned to MOTUs ŐFigure Ƒőĺ CichѴidae dominated both the MOTU 
and read counts of aѴѴ four primer setsķ ѴargeѴy refѴecting their abun-

dance within the ѴittoraѴ habitatĺ The MiFish primer set showed a 
high specificity to fishes with ƖѵĺƖѷ of reads assigned to sequences 
within the reference databaseĺ For the ƐƑSŊVƔķ ƐѵsōTeѴeoķ and 
CichѴidōCR markersķ ƓƕĺƑѷķ ƓƖĺƓѷķ and ƒƑĺƔѷ of readsķ respectiveѴyķ 
remained unassignedĺ The secondary bѴast search against the NCBI 
nt database demonstrated the majority of these reads were assigned 
to Vertebrataķ primariѴy Hominidaeķ for the ƐƑSŊVƔ and ƐѵsōTeѴeo 
primer sets ŐFigure Ƒőĺ For CichѴidōCRķ Ѷѵѷ of unassigned reads 
matched to LT cichѴid sequences not incѴuded within the ѴocaѴ refer-
ence databaseĺ This ѴikeѴy refѴects intraspecific variabiѴity within the 
CichѴidōCR barcode not accounted for within the reference database 
for which there is currentѴy one sequence per speciesĺ SpeciesŊѴeveѴ 
assignments to MOTUs made by the ѴocaѴ reference and NCBI data-

bases were found to differ in ƒƓĺƔѷ of cases with species in different 
genera assigned to ƒĺƔѷ of MOTUsĺ To ensure the accuracy of iden-

tificationsķ MOTUs with onѴy NCBI assignments were therefore not 
incѴuded within the finaѴ datasetĺ

ƒĺƓՊ|ՊAquarium sampѴes

AѴѴ four markers consistentѴy identified N. longiorķ which is by far 
the most abundant fish species within the ZSL tank ŐTabѴe SƐƐőĺ 
Julidochromis dickfeldi speciesŊѴeveѴ assignments were made by the 
MiFish and CichѴidōCR markers for the Julidochromis spĺ within the 
tankĺ The remaining assignmentsķ howeverķ were Ѵimited to genusķ 
tribeķ or famiѴy ѴeveѴķ with no read assignments corresponding to 

A. calvus or H. microlepis for the CichѴidōCR markerĺ The MiFish 
marker aѴso made two erroneous assignments to cѴose reѴatives of 
species found within the aquarium shown beѴow the dashed Ѵine in 
TabѴe SƐƐĺ The aquarium sampѴes highѴight the chaѴѴenges identify-

ing taxa down to species ѴeveѴ with varying taxonomic resoѴutions 
achieved across aѴѴ four primer setsĺ

ƒĺƔՊ|ՊLake Tanganyika sampѴes

The majority of MOTUs and reads were assigned to taxonomic ѴeveѴs 
above species and species compѴex for the three universaѴ fish prim-

ers ŐFigures SƐƐ and SƐƑőĺ ƒƕĺƐѷķ ƓƏĺƖѷķ and ƒƓĺƑѷ of totaѴ reads 
were identified to species ѴeveѴ by the MiFishķ ƐƑSŊVƔķ and Ɛѵsō
TeѴeo markersķ respectiveѴyĺ ƒƖĺƑѷ of ƐƑSŊVƔ reads were assigned 
to famiѴy ѴeveѴķ greater than aѴѴ three other markers ŐMiFish Ʒ Ƒƕĺѵѷķ 
ƐѵsōTeѴeo Ʒ ѵĺƕѷķ and CichѴidōCR Ʒ ƏĺƏƐѷőĺ A much higher propor-
tion of MOTUs and reads were assigned to species ѴeveѴ by CichѴidō
CR with ѶƐĺƑѷ of MOTUs and ƕѵĺѵѷ of reads assigned to species 
ѴeveѴķ respectiveѴyĺ

Within the finaѴ eDNA datasetķ ѵƓƔ detections of ƐƏƖ species 
or species compѴexes ŐN Ʒ Ѷő were made across the eDNA sampѴes 
in both yearsķ incѴuding ѶƓ cichѴids and ƑƔ noncichѴids ŐTabѴe Sƒőĺ 
No speciesŊѴeveѴ assignments were made for Clarias catfishesķ so 
onѴy the genus assignment was incѴudedĺ Of the ѶƓ cichѴid species 
identifiedķ ƐƖ were unѴikeѴy to be found aѴong the surveyed rangeķ 
based on previous coastѴine survey data and Konings ŐƑƏƐƔő ŐTabѴe 
Sƒőĺ These species represented ƕĺѵѷ of site occurrences within the 
eDNA dataset with Ɛѵ species occurring three or Ѵess timesĺ OnѴy 
three of the misŊassigned species had nearest neighbor KƑP dis-

tances greater than Ƒѷ with a mean of Ɛĺƒƕѷ within their identify-

ing markersĺ This demonstrates they aѴѴ had cѴose genetic reѴatives 
within the reference databaseĺ SimiѴar to the aquarium sampѴesķ 
these were considered to be erroneous assignments ѴikeѴy repre-

senting faѴse positivesĺ As a resuѴtķ they were removed from further 
anaѴysis for comparisons with the visuaѴ survey dataĺ

Of the ѵƔ remaining cichѴid identificationsķ ƒƐ ŐƓѶѷő were made 
by one markerķ ƐƖ ŐƑƖѷő by twoķ Ɩ ŐƐƓѷő by threeķ and ѵ ŐƖѷő by four 
markers ŐFigure ƒaőĺ A totaѴ of ƓƓ cichѴid species were detected by 
CichѴidōCRķ ƒƒ by ƐѵsōTeѴeoķ ƑƖ by MiFishķ and ƐƓ by ƐƑSŊVƔĺ The 
CichѴidōCR primer set aѴso detected the most unique cichѴid species 
with Ɛƕ independent identificationsĺ Of the ƑƔ noncichѴid identifica-

tionsķ eight were made by aѴѴ three markersķ with ƐѵsōTeѴeo ŐN Ʒ ƐƖő 
and MiFish ŐN Ʒ ƐѶő detecting more species than ƐƑSŊVƔ ŐN Ʒ ƐƐő 
ŐFigure ƒbőĺ OnѴy two of the ƐƖ erroneous species identifications 
were made by more than one marker ŐFigure ƒcőĺ Of the remaining 
identificationsķ three were made by MiFishķ two by ƐƑSŊVƔķ seven by 
ƐѵsōTeѴeoķ and five by CichѴidōCRĺ

ƒĺѵՊ|ՊeDNA sampѴe comparison

No reѴationship was identified between species richness estimate 
and the standardized read counts of sampѴes ŐSpearman rho Ʒ ƴĺƐƓķ 
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F I G U R E  Ƒ Պ FamiѴies to which MOTUs and sequence reads were assigned Őtopő and famiѴies to which unassigned MOTUs and sequences 
were assigned with a secondary bѴast search against the NCBI nt database Őbottomő
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p Ʒ ĺƏƔѶķ N Ʒ ƐѶƏő or sites ŐSpearman rho Ʒ ĺƐƖķ p Ʒ ĺƒƔķ N Ʒ Ƒƕőĺ 
FiѴter repѴicates coѴѴected at sites in ƑƏƐƕ showed Ѵimited simiѴarity in 
species detected ŐFigure Ɠőĺ In totaѴķ Ɣƒѷ of species detections were 
made by one fiѴterķ Ƒƒѷ by twoķ and ƑƓѷ by threeĺ A significant nega-

tive correѴation was identified between totaѴ site species richness 
and the percent of species identified in onѴy one bioѴogicaѴ repѴicate 
ŐSpearman rho Ʒ ƴĺƕƏķ p Ʒ ĺƏƐƔķ N Ʒ ƐƑőķ with a significant positive 
correѴation aѴso identified between site species richness and the 
percent of species identified in three bioѴogicaѴ repѴicates ŐSpearman 
rho Ʒ ĺѶƏķ p Ʒ ĺƏƏƑķ N Ʒ ƐƑőĺ

ƒĺƕՊ|ՊeDNA fieѴd season comparison

The use of muѴtipѴe fiѴter repѴicates in the ƑƏƐƕ fieѴd season resuѴted 
in increased eDNA species richness estimates for each site com-

pared to ƑƏƐѵĺ Mean eDNA species richness estimates across aѴѴ 
sites were ƐƕĺƐ in ƑƏƐѵ and ƑѶĺƒ in ƑƏƐƕķ whiѴe the six sites surveyed 
in both years had a mean species richness estimate of ƐƒĺƏ in ƑƏƐѵ 
and Ƒƕĺƕ in ƑƏƐƕĺ Sørenson dissimiѴarity comparisons of the ƑƏƐѵ 
and ƑƏƐƕ species richness estimates derived from each site there-

fore showed Ѵimited simiѴarity ranging between Əĺƒƕ and ƏĺѶƔ ŐTabѴe 
SƐƑőĺ The nestedness component dominated at four sites compared 
with species turnover as a resuѴt of the Ѵower species richness esti-
mates derived from the ƑƏƐѵ sampѴes compared to ƑƏƐƕĺ

ƒĺѶՊ|ՊComparison of eDNA and visuaѴ survey site 
diversity estimates

Based on the initiaѴ sequencing run across aѴѴ surveysķ a totaѴ of ƐƏƒ 
species were detectedķ with ƔƏ species ŐƓƒ cichѴids and ƕ noncichѴidső 
identified by both methodsĸ ƓƏ ŐƑƑ cichѴids and ƐѶ noncichѴidső by 
the eDNA method onѴyĸ and Ɛƒ ŐƐƑ cichѴids and Ɛ noncichѴidő by the 
visuaѴ surveys onѴyĺ VisuaѴ survey species richness estimates were 
consistentѴy higher compared with those derived from the eDNA 
sampѴes in both years ŐFigure Ɣőĺ This was ѴargeѴy due to a reduced 
detection of cichѴids at each siteķ with a number of commonѴy ob-

served species missing from or underrepresented within the eDNA 
datasetĺ For exampѴeķ Lamprologus callipterusķ Lepidiolamprologus 

attenuatesķ and Perrisodus microlepis that had Ƒѵķ Ƒѵķ and Ƒƕ site 
occurrences within the visuaѴ survey dataķ respectiveѴyķ were not 
present within the eDNA datasetĺ A reduced number of detections 
per species were aѴso consistentѴy observed within the eDNA data 
compared to the visuaѴ survey dataset ŐFigure SƐƓőĺ

The eDNA dataset consistentѴy detected a greater number of 
noncichѴid species at each site compared with the visuaѴ survey 
data particuѴarѴy in ƑƏƐƕ ŐFigure Ɣőĺ Across the ƑƏƐѵ and ƑƏƐƕ fieѴd 
seasonsķ a mean of ƒĺƖ and Ѷĺƒ noncichѴid speciesķ respectiveѴyķ 
was detected per site within the eDNA dataset compared to ƑĺƏ 
and ƒĺƒķ respectiveѴyķ from the visuaѴ surveysĺ In totaѴķ a greater 
number of noncichѴid species detected within the eDNA sampѴes 
ŐN Ʒ ƑƔő compared to the visuaѴ surveys ŐN Ʒ Ѷőĺ This incѴudes an 
increased number of detected species within the Mastacembelus 

spiny eeѴķ Synodontisķ and cѴaroteid catfish radiationsķ as weѴѴ as of 
other catfishes Őeĺgĺķ Malapterurus tanganyikaensisķ Tanganikallabes 

mortiauxiőķ Lates speciesķ the Ѵakeŝs two freshwater herring spe-

cies ŐLimnothrissa miodon and Stolothrissa tanganicaeő and Acapoeta 

tanganicae. Observed Barbus spĺ ŐpossibѴy a misidentification of 
A. tanganicaeő assigned to genus ѴeveѴ at sites in ƑƏƐƕ was the 
onѴy noncichѴid detected by the visuaѴ surveys not incѴuded in the 
eDNA datasetĺ

Species detections for the eDNA and visuaѴ survey methods 
showed Ѵimited simiѴarity at each site ŐTabѴe Ƒőĺ In ƑƏƐѵķ an average 
of ƑƑѷ of species detected at each site were found within the eDNA 
and visuaѴ survey datasetsķ ƑƐѷ were in the eDNA data onѴyķ and Ɣƕѷ 

F I G U R E  ƒ Պ Primer detections of fish species within the 
eDNA datasetĺ Identifications are spѴit into cichѴid fishes onѴy Őaőķ 
noncichѴid fishes Őbő and ѴikeѴy faѴse positives Őcő
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in the visuaѴ survey data onѴyĺ In ƑƏƐƕķ the number of species detected 
by both survey methods at each site increased to Ƒƕѷ with Ƒѵѷ de-

tected by the eDNA data onѴy and Ɠѵѷ by the visuaѴ survey onѴyĺ As a 
resuѴtķ mean Sørenson dissimiѴarity vaѴues of Əĺѵѵ and ƏĺƔƖ were de-

tected across ƑƏƐѵ and ƑƏƐƕķ respectiveѴyķ demonstrating this differ-
ence in compositionĺ At most sitesķ dissimiѴarity was ѴargeѴy driven by 
species turnover Ővariation caused by the repѴacement of one species 
by a different specieső due to the high proportion of species identified 
by onѴy one survey methodĺ For sites where the eDNA species rich-

ness estimate was much Ѵower than the visuaѴ survey dataķ a greater 
proportion of variance resuѴted from species nestedness as the eDNA 
species Ѵist represented a subset of the more diverse visuaѴ surveyĺ 
Subsets of the visuaѴ survey site data were aѴso anaѴyzed against the 
eDNA data to investigate whether these better refѴected the eDNA 
species richness estimatesĺ LittѴe difference in Sørenson dissimiѴarity 
vaѴues was observed across spatiaѴ scaѴesķ with the totaѴ site species 
richness estimate on average showing the greatest simiѴarity to eDNA 
sampѴes ŐFigure SƐƒőĺ As a resuѴtķ the eDNA best refѴects the visuaѴ 
survey data at the site scaѴe Őwithin ѵƏ mő supporting comparisons 
being made between these methods at this scaѴeĺ

ƒĺƖՊ|ՊImpact of increased sequencing depth on 
cichlid species richness estimates

The additionaѴ sequencing run for the CichѴidōCR marker detected a 
totaѴ of ѵƐ cichѴid species across the eight reŊsequenced sites ŐTabѴe 
SƐƒőĺ A mean cichѴid species richness estimate of ƒƔĺƏ was caѴcuѴated 
across aѴѴ sitesķ making it comparabѴe to the mean estimate of ƒƔĺƐ from 
the visuaѴ survey dataĺ In comparisonķ estimates from the originaѴ run 
were much Ѵower with a mean of ƑƔĺƓ with aѴѴ four primersķ and ƐƒĺƐ 
with the CichѴidōCR marker onѴy ŐFigure ѵőĺ As a resuѴtķ site commu-

nity compositions differed between sequencing runs with mean site 
Sørenson pairwise dissimiѴarity vaѴues between the additionaѴ run and 

the originaѴ run of ƏĺƓƏ Őturnover Ʒ ƏĺƑѶķ nestedness Ʒ ƏĺƐƑő for aѴѴ 
primers and ƏĺƔƏ Őturnover Ʒ ƏĺƏѵķ nestedness Ʒ ƏĺƓƓő for the CichѴidō
CR marker onѴyĺ OveraѴѴķ there was an average sequencing depth of 
ƐѵƕķѵѶƕ reads per sampѴe and ƔƏƒķƏѵƐ reads per site for the additionaѴ 
run postfiѴteringĺ Species accumuѴation pѴots for each site demonstrate 
substantiaѴ pѴateauing at most sitesķ highѴighting improved sampѴing 
compѴeteness within the additionaѴ sequence data with site estimates 
cѴoser to species saturation ŐFigure SƐƔőĺ

ƓՊ |ՊDISCUSSION

This study has demonstrated the potentiaѴ of eDNA metabarcod-

ing for surveying diverse and compѴex fish communities as weѴѴ as 
detecting cѴoseѴy reѴated species within evoѴutionary radiationsĺ It 
aѴso highѴights the importance of sequencing depth and reference 
database compѴeteness when designing eDNA metabarcoding stud-

ies for surveying diverse fish communities with recommendations 
for further improvementsĺ FinaѴѴyķ through estabѴishing a noveѴ ref-
erence database for LTŝs fish communitiesķ information on the inter-
specific genetic divergence across muѴtipѴe markers is provided as 
a future resource that can be buiѴt upon for future metabarcoding 
work within this systemĺ

ƓĺƐՊ|ՊGenetic divergence and resoѴution of 
assignments

AnaѴysis of the reference database showed Ѵimited interspecific ge-

netic divergence between species for the ƐƑs and Ɛѵs primer sets due 
to the Ѵarge number of cѴoseѴy reѴated species within the Ѵakeĺ SimiѴar 
reduced interspecific genetic distances have been reported within 
the COI region for diverse neotropicaѴ fish communities that aѴso in-

cѴude genera containing muѴtipѴe species ŐPereira et aѴĺķ ƑƏƐƒőĺ WhiѴe 

F I G U R E  Ɠ Պ Percentage of species 
identified in each of the three fiѴter 
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0

25

50

75

100

2 3 4 10 11 12 16 17 18 19 20 21

Site

%
 o

f 
S

p
e
c
ie

s
 I
d
e
n
ti
fi
e
d

3 replicates

2 replicates

1 replicate



ƒƓՊ |Պ ՊՍ DOBLE ET AL.

F I G U R E  Ɣ Պ Species richness estimates from the individuaѴ surveys ŐboxpѴotsőķ totaѴ site estimates from the ten visuaѴ surveys ŐbѴue 
squareső and from the eDNA sampѴes Őred triangѴesőĺ The topķ middѴeķ and bottom rows show totaѴ species richness for aѴѴ fishķ cichѴid species 
and noncichѴid speciesķ respectiveѴy
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interspecific divergence vaѴues for these barcodes often feѴѴ beѴow 
the traditionaѴ Ƒѷ cutoff for species deѴimitationķ the abiѴity to cor-
rectѴy distinguish between species with variation beѴow this thresh-

oѴd has been demonstrated ŐBreman et aѴĺķ ƑƏƐѵĸ Pereira et aѴĺķ ƑƏƐƒőĺ
A number of species were found to have identicaѴ barcodes 

across some of the markers usedķ and these were uѴtimateѴy 
grouped into species compѴexesĺ The taxa incѴuded in species com-

pѴexes were not consistent across primersķ resuѴting in aѴѴ species 
containing a unique sequence within at Ѵeast one marker apart 
from Benthochromis tricoti/Benthochromis sp. �horii mahale� and 

Cyprichromis coloratus/Cyprichromis spĺ ľjumboĿ compѴexes that 
both ѴikeѴy represent geographicaѴ variantsķ rather than distinct 
species ŐRonco et aѴĺķ ƑƏƐƖőĺ This is ѴargeѴy due to the increased in-

terspecific variation observed within the CichѴidōCR barcode where 
genetic distances were three to four times higher for the cichѴid 
fishes compared to the other three markersĺ The increased substi-
tution rate within this region can improve the taxonomic resoѴution 

of barcodesķ with the controѴ region previousѴy shown to be a more 
robust marker for speciesŊѴeveѴ identifications across a number of 
fish genera compared to COI ŐCawthornķ Duncanķ Kasternķ Francisķ 
ş Hoffmanķ ƑƏƐƔĸ PedrosaŊGerasmioķ Babaranķ ş Santosķ ƑƏƐƑĸ 
Shum et aѴĺķ ƑƏƐƕőĺ SubstantiaѴ intraspecific variabiѴity is aѴso ѴikeѴy 
to exist within this highѴy variabѴe regionķ with popuѴation structur-
ing identified for a number of cichѴid species ŐSefcķ Baricķ SaѴzburgerķ 
ş Sturmbauerķ ƑƏƏƕĸ Wagner ş McCuneķ ƑƏƏƖőķ and recentѴy a 
catfish species ŐPeartķ Dasmahapatraķ ş Dayķ ƑƏƐѶő inhabiting the 
Ѵakeŝs rocky ѴittoraѴ habitatĺ AѴthough the strict conditions for the 
incѴusion of specimens within our reference database Ѵimits error 
due to misidentificationsķ it has restricted the number of sequences 
per species to one for this studyĺ IncѴuding muѴtipѴe sequences per 
species wiѴѴ enabѴe the assessment of intraspecific variabiѴity within 
this barcode and the quantification of any barcoding gapĺ

The improved interspecific variabiѴity within the CichѴidōCR 
marker Ѵed to an increased proportion of LT eDNA MOTUs and 

TA B L E  Ƒ Պ Comparisons of site species richness estimates from the eDNA and visuaѴ surveys

Site Total SR Shared species eDNA unique VisuaѴ unique Beta Sor. Beta Sim. Beta Sne.

SƐōƐѵ ƒƕ ƕ 9 21 ƏĺѵѶ ƏĺƔѵ 0.12

SƑōƐѵ 35 2 1 32 ƏĺѶƖ 0.33 ƏĺƔѵ

SƒōƐѵ 34 1 2 31 0.94 Əĺѵƕ ƏĺƑѶ

SƓōƐѵ ƓѶ ѵ 11 31 ƏĺƕѶ ƏĺѵƔ 0.13

SƔōƐѵ 43 9 10 24 ƏĺѵƔ 0.53 0.13

SѵōƐѵ 44 11 10 23 Əĺѵ ƏĺƓѶ 0.12

SƕōƐѵ 30 1 3 Ƒѵ 0.94 ƏĺƕƔ 0.19

SѶōƐѵ 40 11 10 19 ƏĺƔƕ ƏĺƓѶ 0.09

SƖōƐѵ 32 ƕ Ѷ Ɛƕ ƏĺѵƓ 0.53 0.11

SƐƏōƐѵ 40 ƕ 10 23 Əĺƕ 0.59 0.11

SƐƐōƐѵ 40 11 9 20 ƏĺƔƕ 0.45 0.12

SƐƑōƐѵ ƒƕ 14 4 19 0.45 0.22 0.23

SƐƒōƐѵ Ɠƕ 14 15 ƐѶ 0.54 0.52 0.02

SƐƓōƐѵ Ɠѵ 15 10 21 0.51 0.4 0.11

SƐƔōƐѵ Ɠƕ Ɛѵ 12 19 0.49 0.43 ƏĺƏѵ

SƑōƐƕ 43 ѵ 5 32 Əĺƕѵ 0.45 0.3

SƒōƐƕ 49 12 12 25 ƏĺѵƐ 0.5 0.11

SƓōƐƕ ѵƓ Ƒѵ 22 Ɛѵ 0.42 ƏĺƒѶ 0.04

SƐƏōƐƕ 52 14 24 14 ƏĺƔѶ 0.5 ƏĺƏѶ

SƐƐōƐƕ 51 13 14 24 0.59 0.52 ƏĺƏѶ

SƐƑōƐƕ Ɠѵ 12 5 29 0.59 0.29 0.29

SƐѵōƐƕ ѵƑ 19 19 24 0.53 0.5 0.03

SƐƕōƐƕ ѵƑ 24 19 19 0.44 0.44 0

SƐѶōƐƕ 44 ѵ 3 35 Əĺƕѵ 0.33 0.43

SƐƖōƐƕ Ɠѵ 11 4 31 ƏĺѵƐ ƏĺƑƕ 0.35

SƑƏōƐƕ Ɣƕ ƐѶ Ɛѵ 23 0.52 ƏĺƓƕ 0.05

SƑƐōƐƕ ƔѶ 13 22 23 Əĺѵƒ Əĺѵƒ 0.01

Note: BetaĺSor is the Sørenson dissimiѴarity between estimatesķ Beta Simĺ is the Simpson pairwise dissimiѴarity measuring species turnoverķ and 
beta Sneĺ is the dissimiѴarity accounting for species nestednessĺ TotaѴ SR is the combined species richness estimate from both survey methodsĺ Site 
descriptions state the site number foѴѴowed by the survey year ŐƐѵ Ʒ ƑƏƐѵĸ Ɛƕ Ʒ ƑƏƐƕőĺ
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reads identified to species ѴeveѴ compared to the other three 
markers that showed a Ѵimited taxonomic resoѴution with over 
ƔƏѷ of reads assigned to genus ѴeveѴ or aboveĺ Due to the Ѵarge 
number of genera containing muѴtipѴe species within LTķ spe-

ciesŊѴeveѴ identifications are ѴargeѴy required to be ecoѴogicaѴѴy 
informativeĺ As a resuѴtķ reads assigned to higher taxonomic Ѵev-

eѴs represent Ѵost informationķ Ѵimiting the number of detections 
from these primer setsĺ

ƓĺƑՊ|ՊSpeciesŊѴeveѴ identifications

NevertheѴessķ the eDNA sampѴes resuѴted in a greater number of 
species identifications compared to the visuaѴ surveysķ with ƖƏ spe-

cies identified in totaѴ ŐexcѴuding faѴse positivesőĺ There is a strong 
depth gradient in the community structure of LTŝs ѴittoraѴ fish com-

munities and as a resuѴt significant changes in species composition 
can occur over smaѴѴ spatiaѴ scaѴes ŐTakeuchi et aѴĺķ ƑƏƐƏőĺ A number 
of the cichѴid species identified onѴy in the eDNA dataset are more 
commonѴy found in either the waveŊwashed habitat at shaѴѴower 
depths than those surveyedķ such as Pseudosimochromis curvifronsķ 
Tanganicodus irsacaeķ and Spathodus erythrodonķ as weѴѴ as from 
deepwater habitats at depths beѴow the visuaѴ surveysķ incѴuding 
Benthochromis horiiķ Xenotilapia caudafasciataķ and two Trematocara 

species ŐKoningsķ ƑƏƐƔőĺ Furthermoreķ ѴongitudinaѴ variation in cichѴid 
community composition is heaviѴy infѴuenced by substrate type Őeĺgĺķ 
rockyķ sandyķ muddyő ŐWidmer et aѴĺķ ƑƏƐƖőĺ WhiѴe aѴѴ eDNA sampѴes 
were coѴѴected in rocky habitatsķ some additionaѴ species more com-

monѴy found within sandy habitats incѴuding Cardiopharynx schout-

edeniķ Lestradea stappersiiķ and a number of Xenotilapia species were 
detectedĺ The Ѵakeŝs two freshwater herring speciesķ L. miodon and 

Stolothrissa tanganyicaeķ which are peѴagic were aѴso identified within 
the sampѴesĺ

These exampѴes suggest the spatiaѴ scaѴes of detection within 
the eDNA sampѴes may extend beyond the ѴocaѴ ѴittoraѴ habitat 
surveyedĺ eDNA studies in simiѴar coastaѴ marine and Ѵentic fresh-

water systems have shown fine scaѴed detection for fish communi-
tiesķ with Ѵonger barcodes such as the CichѴidōCR primer potentiaѴѴy 
reducing the spatiaѴ scaѴes of detection further ŐAndruszkiewiczķ 
Starksķ et aѴĺķ ƑƏƐƕĸ H࢜nfѴing et aѴĺķ ƑƏƐѵĸ Port et aѴĺķ ƑƏƐѵőĺ This 
is ѴikeѴy to vary across ecosystemsķ howeverķ with processes in-

cѴuding Ѵake mixing and stratification theoreticaѴѴy infѴuencing the 
scaѴes of detection ŐDeiner et aѴĺ ƑƏƐƕőĺ For exampѴeķ seasonaѴ 
upweѴѴing common in LT couѴd resuѴt in the transportation of 
deepwater eDNA into the ѴittoraѴ habitatĺ AnnuaѴ surface water 
temperatures between ƑƔĺƖŦC and ƑƕĺƕŦC have been recorded 
within the surveyed region ŐKimirei ş Mgayaķ ƑƏƏƕőĺ Warm tem-

peratures such as this reduce eDNA persistence within the water 
coѴumn ŐAndruszkiewiczķ Sassoubreķ et aѴĺķ ƑƏƐƕőķ with EichmiѴѴer 
et aѴĺ ŐƑƏƐѵő detecting exponentiaѴ DNA degradation rates in Ѵake 
water at ƑƔŦC with a haѴfŊѴife of onѴy ѵĺƖ hr ŐCoѴѴins et aѴĺķ ƑƏƐѶőĺ 
WhiѴe high degradation rates wouѴd suggest finer spatioŊtemporaѴ 
scaѴes of detectionķ the unique nature of LTŝs ecosystem and its 
fish communities means both degradation rates and scaѴes of de-

tection need to be investigated in future studiesĺ The Ѵatter couѴd 
be achieved through sampѴing across depths and habitat boundar-
ies with marked shifts in fish community compositionĺ

Of the ƐƖ detected species considered to be ѴikeѴy faѴse positivesķ 
Ɛƕ were identified by individuaѴ primersķ of which ƐƏ occurred at onѴy 
one site and six at two or three sitesĺ Neolamprologus caudopuncta-

tus and Xenotilapia spĺ ľpapiѴio sunfѴowerĿ assignments were made 

F I G U R E  ѵ Պ CichѴid site species richness 
estimates obtained from the originaѴ 
sequencing runķ additionaѴ sequencing 
runķ and visuaѴ survey dataĺ OnѴy species 
richness estimates for the eight reŊ
sequenced sites are incѴudedĺ ľAѴѴ Primers 
OriginaѴĿ represents species richness 
estimates derived from the four primers 
sequencedķ whiѴe ľCichѴidōCR OriginaѴĿ 
shows estimates obtained from the 
CichѴidōCR marker onѴy with the originaѴ 
sequence data
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by two markers with occurrences at ƐƐ and Ѷ sitesķ respectiveѴyķ 
therefore not adhering to the Ѵower confidence ѴeveѴs expected from 
faѴseŊpositive assignmentsĺ Due to the Ѵarge number of cѴoseѴy re-

Ѵated species with Ѵow interspecific genetic distancesķ particuѴarѴy 
within the ƐƑs and Ɛѵs markersķ the potentiaѴ for misŊassignments 
is increasedĺ This is highѴighted by the Ѵow nearest neighbor genetic 
divergences for each misŊassigned species within their identifying 
markersĺ For exampѴeķ Cyphotilapia gibberosa ѴikeѴy represents a misŊ
assignment by MiFish to Cyphotilapia frontosaķ a species common 
aѴong the surveyed coastѴineĺ SimiѴarѴyķ Xenochromis hecqui identified 
by ƐѵsōTeѴeo has onѴy a ƐĺƓѷ genetic divergence within this marker 
from H. microlepis as weѴѴ as being cѴoseѴy reѴated to Perissodus mi-

crolepisķ both of which were frequentѴy observed within the visuaѴ 
surveysĺ In these casesķ it is possibѴe the Ѵimited interspecific genetic 
distances for some markers increase the ѴikeѴihood of erroneous 
assignments resuѴting in faѴseŊpositive identificationsĺ Erroneous 
assignments to cѴose reѴatives were aѴso identified by CiѴѴeros et 
aѴĺ ŐƑƏƐƖő within tropicaѴ South American streamsĺ These findings 
demonstrate the potentiaѴ for assignment errors within compѴex 
tropicaѴ communities containing cѴoseѴy reѴated taxa often with Ѵim-

ited sequence avaiѴabiѴity in reference databasesĺ
The eDNA sampѴes showed higher detection of noncichѴid spe-

cies at sites compared to the visuaѴ surveysķ with the use of fiѴter 
repѴicates in ƑƏƐƕ resuѴting in an increase in the number of species 
detectedĺ The improved detections of species within the catfish and 
mastacembeѴid spiny eeѴ radiations demonstrated the effectiveness 
of eDNA metabarcoding for distinguishing between cѴoseѴy reѴated 
species within these groupsĺ WhiѴe an increased number of detec-

tions were made by aѴѴ three primer setsķ a number of species were 
stiѴѴ identified by one or two markers with Synodontis species onѴy 
assigned to MOTUs by ƐѵsōTeѴeoĺ BuiѴding on the findings of earѴier 
eDNA metabarcoding studies surveying fish communities ŐEvans et 
aѴĺķ ƑƏƐƕĸ Stat et aѴĺķ ƑƏƐƕőķ the use of muѴtipѴe primer sets enabѴes 
the improved detection of both cichѴid and noncichѴid speciesĺ

Many of the noncichѴid species onѴy detected in the eDNA sam-

pѴes are ѴikeѴy to be underrepresented within the visuaѴ surveys due 
to their behavioraѴ habitsĺ For exampѴeķ the cѴaroteine catfishes 
Őeĺgĺķ Chrysichthys sianennaķ Lophiobragrus cyclurusķ and Bathybagrus 

tetranemaő are ѴargeѴy nocturnaѴ ŐPeart et aѴĺķ ƑƏƐƓő and many 
Mastacembelus species Ѵive in the substrate or within the compѴex 
rocky environment ŐBrown et aѴĺķ ƑƏƐƐőĺ In comparisonķ the terri-
toriaѴ nature of many cichѴid fishes means they are Ѵess shy toward 
SCUBA diversķ a behavior that has been shown to positiveѴy bias 
the detection of fish species within visuaѴ survey data ŐBozec et aѴĺķ 
ƑƏƐƐőĺ These behaviors are therefore ѴikeѴy to resuѴt in the positive 
bias of cichѴids and underrepresentation of many noncichѴids within 
visuaѴ surveysĺ Many of the species present onѴy in the eDNA data-

set are aѴso wider ranging with Ѵower ѴocaѴ abundances than the 
majority of cichѴid species in the ѴittoraѴ habitat and are therefore 
much Ѵess ѴikeѴy to be consistentѴy recorded by the stationary visuaѴ 
surveysĺ SimiѴarѴy species that commonѴy exist in schooѴsķ such as 
Lamprichthys tanganicanusķ are ѴikeѴy to have biased detection rates 
from visuaѴ surveys ŐPais ş CabraѴķ ƑƏƐѶőķ expѴaining why this species 

was more commonѴy detected within the eDNA dataĺ As the eDNA 
survey method is Ѵess infѴuenced by species behaviorķ its combined 
use aѴongside visuaѴ surveys hoѴds the potentiaѴ to heѴp overcome 
some of these survey biases particuѴarѴy for the often more geneti-
caѴѴy distinct noncichѴid teѴeost speciesĺ This couѴd therefore repre-

sent an immediate benefit of incorporating an eDNA metabarcoding 
approach within survey methodoѴogies of LTŝs fish communitiesĺ

ƓĺƒՊ|ՊFiѴter repѴicate simiѴarity

Limited simiѴarity between fiѴter repѴicates at each site in ƑƏƐƕ was 
observedķ as has been previousѴy reported ŐAndruszkiewiczķ Starksķ 
et aѴĺķ ƑƏƐƕőĺ Sites with a more diverse species richness estimate 
had an increased percentage of species identified in three fiѴter 
repѴicates and a Ѵower percentage of species detected in one fiѴter 
repѴicateĺ SimiѴarity between repѴicates is therefore greater at sites 
with a higher species richnessĺ The Ѵimited simiѴarity at Ѵow diversity 
sites ѴikeѴy resuѴts from inconsistencies surrounding the preserva-

tionķ ampѴificationķ or sequencing of one or more fiѴter repѴicates at 
these sitesķ Ѵeading to variabѴe species detectionsĺ The optimization 
of methods wouѴd ѴikeѴy Ѵead to an improved simiѴarity between rep-

Ѵicates as observed at sites that detected a greater number of species 
Őeĺgĺķ sites Ɛƕ and ƑƐőĺ For exampѴeķ whiѴe the storage of ceѴѴuѴose 
nitrate fiѴter papers in ethanoѴ at ƴƑƏŦC has been shown to be effec-

tive for eDNA preservation ŐHinѴoķ GѴeesonķ Lintermansķ ş FurѴanķ 
ƑƏƐƕőķ recent research has demonstrated the use of Ѵysis buffer or 
drying in siѴica geѴ can give more consistent community composi-
tion estimates from Ѵake eDNA sampѴes ŐMajaneva et aѴĺķ ƑƏƐѶő and 
therefore ѴikeѴy more consistent fiѴter repѴicatesĺ

ƓĺƓՊ|ՊSpecies richness estimates

WhiѴe detecting more species overaѴѴķ the eDNA sampѴes consist-
entѴy produced Ѵower site species richness estimates compared to 
the visuaѴ surveysĺ SimiѴarѴyķ the community composition of spe-

cies richness estimates from the eDNA and visuaѴ survey methods 
was aѴso found to ѴargeѴy differĺ DissimiѴar fish assembѴage patterns 
were aѴso detected between eDNA metabarcoding and traditionaѴ 
survey approaches across diverse tropicaѴ streams in French Guiana 
ŐCiѴѴeros et aѴĺķ ƑƏƐƖőĺ Much higher simiѴarities between eDNA and 
traditionaѴ methods at sites have been reported within temperate 
ecosystems ŐPont et aѴĺķ ƑƏƐѶőķ ѴargeѴy due to the high detection sen-

sitivity of eDNA metabarcoding methods within these ecosystems 
ŐEvans et aѴĺķ ƑƏƐƕĸ H࢜nfѴing et aѴĺķ ƑƏƐѵĸ VaѴentini et aѴĺķ ƑƏƐѵőĺ In LTķ 
this difference resuѴts from consistentѴy observed cichѴid species ei-
ther not being detected or being underrepresented within the eDNA 
datasetķ with a Ѵower number of detections per species overaѴѴ com-

pared to the visuaѴ surveysĺ
WhiѴe Ѵimitations in eDNA detections couѴd be caused by PCR 

bias or the taxonomic resoѴution of individuaѴ markersķ in this in-

stance it is ѴikeѴy derived from under sampѴing due to the sequencing 
depth used as weѴѴ as Ѵimitations in the reference databaseķ particu-

ѴarѴy for the CichѴidōCR markerĺ Despite the sampѴe sequencing depth 
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being comparabѴe to that used in other eDNA metabarcoding studies 
ŐLi et aѴĺķ ƑƏƐƖĸ Yamamoto et aѴĺķ ƑƏƐƕőķ the exceptionaѴ diversity of 
LTŝs ѴittoraѴ habitat compared to these systems means a Ѵarger se-

quencing depth is ѴikeѴy required to get cѴoser to saturation of species 
detection ŐFigure SƐƏőĺ This is highѴighted by the improved species 
richness estimates obtained for sites from the additionaѴ sequenc-

ing run that greatѴy exceed estimates from the originaѴ sequence 
data ŐFigure SƐƔőĺ This higher sequencing depth combined with the 
greater resoѴution of detections with the CichidōCR marker com-

pared to the other three primersķ resuѴted in improved cichѴid species 
detections comparabѴe to those obtained from the visuaѴ survey data 
ŐFigure ѵőĺ Two eDNA metabarcoding studies recentѴy pubѴished fo-

cusing on Guianese tropicaѴ streams had sequencing depths of over 
ƓƏƏķƏƏƏ reads per sampѴe prefiѴtering ŐCantera et aѴĺķ ƑƏƐƖĸ CiѴѴeros 
et aѴĺķ ƑƏƐƖőĺ As the diversity of LT is twice that identified in Guianese 
streamsķ high sequencing depths such as that used in the additionaѴ 
run and these two studies are required to obtain sufficient sampѴing 
compѴeteness and accurate species richness estimatesĺ

Species richness estimates derived from the CichѴidōCR marker 
in the originaѴ run represent subsets of those from the additionaѴ run 
with Sørenson dissimiѴarity vaѴues dominated by species nestednessĺ 
Turnover represented a Ѵarger proportion of the dissimiѴarity when site 
species richness estimates from the additionaѴ run were compared with 
those from the originaѴ sequence data with aѴѴ four primer setsĺ This 
is because species detected by some of the other three markers stiѴѴ 
remained undetected by the CichѴidōCR marker despite the improved 
sequencing depth used due to current reference database Ѵimitationsĺ 
For exampѴeķ common Altolamprologus compressicepsķ Neolamprologus 

brichardiķ and Neolamprologus mondabu species remained undetectedĺ 
Further expansions of the controѴ region reference database couѴd 
heѴp overcome thisķ improving species richness estimates derived 
from this data further through improving the detections of species 
currentѴy missing or underrepresented within the eDNA dataĺ

WhiѴe pubѴicѴy avaiѴabѴe controѴ region sequences couѴd poten-

tiaѴѴy enabѴe thisķ the observed discrepancies in taxonomic assign-

ments between the NCBI and ѴocaѴ reference databases highѴight 
the chaѴѴenges of using pubѴic databasesĺ These contain verified and 
unverified sequences that can Ѵead to the presence of ambiguous 
assignments ŐShum et aѴĺķ ƑƏƐƕőĺ SimiѴarѴyķ due to a number of re-

cent taxonomic changes to LTŝs fishes within recent yearsķ the NCBI 
taxonomy is not up to date for many sequences ŐRonco et aѴĺķ ƑƏƐƖőĺ 
These issues can be overcome by providing a comprehensive dataset 
of verified NCBI sequences with reѴiabѴe references as demonstrated 
by Shum et aѴĺ ŐƑƏƐƔőĺ The incѴusion of verified NCBI sequences and 
obtaining further sequences from sampѴe coѴѴections wiѴѴ heѴp to re-

duce the number of unassigned MOTUsķ ѴikeѴy improving the res-

oѴution and number of detections from the eDNA sampѴesĺ There 
is aѴso the potentiaѴ to investigate the biodiversity of sites using a 
taxonomyŊfree approach more focused on the diversity of MOTUsĺ 
This couѴd be chaѴѴengingķ howeverķ due to the ѴikeѴy intraspecific 
variabiѴity within the markers for cichѴid species ŐparticuѴarѴy CichѴidō
CRőĺ There wouѴd be the risk of over spѴitting species with substan-

tiaѴ popuѴation structuring if it was assumed MOTUs refѴected true 

speciesķ or indeed under spѴitting for some markers with insufficient 
taxonomic resoѴutionĺ

ƔՊ |ՊCONCLUSION

To better understand the potentiaѴ for eDNA metabarcoding ap-

proaches to survey freshwater fish communities gѴobaѴѴyķ there is a 
need to appѴy these methods across a broad range of ecosystems and 
communitiesĺ This study provides a first appѴication of these meth-

ods within one of the worѴdŝs most diverse freshwater ecosystemsĺ 
Our findings demonstrate the potentiaѴ and Ѵimitations of eDNA 
metabarcoding for identifying taxa to species ѴeveѴķ and thereby 
contributing to diversity estimates for fish communitiesĺ Wide varia-

tion in the resoѴution of markers highѴights the importance of primer 
seѴectionķ with the use of a famiѴyŊspecific cichѴid controѴ region 
marker improving the taxonomic resoѴution of identifications within 
this speciesŊrich groupĺ Using muѴtipѴe markers aѴso improved spe-

cies detections across the cichѴid and noncichѴid fishesĺ A number of 
faѴse positives were identified in this studyķ ѴikeѴy refѴecting current 
Ѵimitations in the resoѴution of the ƐƑs and Ɛѵs markers as weѴѴ as the 
reference databaseķ particuѴarѴy for the controѴ regionĺ

Increasing the sequencing depth substantiaѴѴy improved site 
species richness estimates from the eDNA sampѴesķ resuѴting in 
estimates much more comparabѴe to that obtained from the visuaѴ 
survey dataĺ WhiѴe inconsistencies in the detections of some cichѴid 
species remainķ further reference database expansionsķ particuѴarѴy 
for the CichѴidōCR markerķ wouѴd ѴikeѴy further improve species 
richness estimates from the eDNA sampѴesĺ These advancements 
combined with the improved detection of noncichѴid species high-

Ѵight the benefits of incѴuding eDNA metabarcoding methods 
within survey designs for LTŝs fishes aѴongside traditionaѴ methodsĺ 
This study has highѴighted the potentiaѴ for eDNA metabarcoding 
to survey even highѴy diverse tropicaѴ communities and cѴoseѴy re-

Ѵated taxa within evoѴutionary radiationsķ demonstrating the contri-
butions this method couѴd make toward surveying freshwater fish 
communities within tropicaѴ systems in the futureĺ
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