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Abstract

In the UK, the native European ottéufra lutra) and invasive American miniNgovison visgnhave experienced concurrent de

clines and expansions. Currently, the otter is recovering from persecution and waterway pollution, whereas the mink is in decline

GXH WR SRSXODWLRQ FRQWURO DQG SUREDEOH LQWHUVSHFL{F LQWHUDFWLRQ ZlI
for investigating diet and niche partitioning between these mustelids. Otter spnainfs’{) and mink scats & 19) collected

from three sites (Malham Tarn, River Hull and River Glaven) in northern and eastern England were screened for vertebrates using
KLIJIK WKURXJKSXW VHTXHQFLQJ 2WWHU GLHW PDLQO\ FRPSULVHG DTXDWLF ¢VKH\
GRPLQDQWO\ FRQVLVWHG RI WHUUHVWULDO ELUGYV DQG PDPPDOV 7TKH |
(n = 40 taxa) than the otter and low niche overlap (0.267) was observed between these mustelids. Prey taxon richness of mink scats

was lower than otter spraints and beta diversity of prey communities was driven by taxon turnover (i.e. the otter and mink consumed
GLUHUHQW SUH\ WD[D &RQVLGHULQJ RWWHU GLHW RQO\ SUH\ WD[RQ ULFKQHVV 7
GLYHUVLW\ RI SUH\ FRPPXQLWLHYV ZDV GULYHQ E\ WD[RQ WXUQRYHU L H WKH RW)
PRUSKRORJLFDO IDHFDO DQDO\VLV PD\ PLVLGHQWLI\ WKH SUHGDWRU DV ZHOO DV
VXHVY DQG SURYLGH PRUH DFFXUDWH DQG GHWDLOHG GLHWDU\ LQIRUPDWLRQ :KHQ
should greatly improve future understanding of resource use and niche overlap between the otter and mink.

Key Words

FDUQLYRUH IDHFDO '1$ KLJK WKURXJKSXW\VIHQWHQPEQYLRRXVWHOIWY YSHGDYRY

Introduction YHUWHEUDWHY )RU H[DPSOH PRUSKROR
prey item components from faeces has frequently been

'LHWDU\ VWXGLHYV SOD\ D |IXQGD RistQd/underdtaRdrétdin@eddlody Qrid ddséuUic® olkHap

search through revealing the feeding ecology of key spia mustelid predators, such as the European diterg

cies, the degree of resource overlap between species anrh) and American minkNeovison vison - GUIHMHZ

reconstructing complex trophic networks (Martinez-Gutiska et al. 2001; Bonesi et al OHOHUR HW DO

errez et al. 2015). Morphological faecal analysis is acorflowever, morphological faecal analysis can be time-con

mon method used to infer diet composition, especially suming and accuracy hinges on possessing the -neces
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sary expertise to identify both the predator and its prdyeshwater ecosystems in Europe. In the UK, the otter
(Pompanon et al. 2012; Martinez-Gutiérrez et al. 2012 DV FRPPRQ DQG ZL G HWcertiudyDaBerX QW L O
7TUDXJRWW HW DO & DU QLY R Wwhichtrelpdpiattod declndd Bhaiply Guid Q pPetseddtidn,
GXULQJ ¢HOG FROOHFWLRQ ZLW Kiodc¢ Bridlktlob Of Qpolychldriwateéd) bighehyls RCBsY IR U
sympatric species with morphologically-similar scats andnd organochlorine pesticide poisoning, resulting in lo
ORZ GHQVLW\ FDUQLYRUHV ZKR Vdal akinbtldng olebatge/tEabidJo¥ its fofreY tahge Brit
HW DO $NULP HW DO -SBUMRGHMHBWLRQ ITORPRODIW& HW DO
DWRU IDHFHV PD\ EH LQAXHQFHG E\ GHHIHGW HQWDR OO GLJBNMILRMGRIHW D
soft-bodied and hard-bodied prey, and variable gut tran$egal protection, pesticide bans, water quality and habitat
WLRQ WLPHV IRU GLUHUHQW SUH\LPERPERE@RAQW BQG KDL UJHMWMHWEBKRW W H
HU WHHWK ERQHV VFDOHV VKHIONed theGrecied)tbl reded BYnesHadd Mavddnald
amphibian, bird, mammal) (Carss and Parkinson 1996; D %ULWWRQ HW DO OF-RQDOG
.UDZF]\N HW DO 1LHOVHQ HWoebal. 2015; Mdrtind2/AbrhiR € aF 20Q0). Conversely,
EH LQAXHQFHG E\ VSHFLHV LGH Q WdAMEericarLmidk Yherdafldd nink) Ga®imiaduded homR |
predators, as well as environmental variables (King et @imerica to Europe for fur farming in the 1920s ane be
OF,QQHV HW DO 7 U D X J R vaie ébiabliBhed in the wilé Brid Dvasive across Europe
er prey are less likely to be recovered from faeces, prégllowing fur farm escapees and intentional releases (Bo
components may be fragmented or damaged beyond raeesi and Macdonald 2004b; Reynolds et al. 2004; Bonesi
ognition and prey components from related species cand Palazon 2007; Harrington et al. 2009). In the UK, rap
be morphologically similar. These issues individually oid countrywide spread of the mink has been documented
FRPELQHG FDQ SUHYHQW V SHFi Haihd® ther 195Ds(Boirk nd W &cDonvaldR QDAbRREYN IS
LRXV WD[D HVSHFLDOO\ ¢(VKHV Idt al. DR Y risOmusieddHas\hiedCadateB/ Hev@dtabing

DQG ELUGY %ULWWRQ HW DO HuHFWYX HRIQ I®WWYBIO8. ELRGLYHUVLW\
.UDZF]\N HW DO %HUU\ HW Dn@ter vole Aziedld AR ahiBids aHd/\grdnial-nesting sea
2019; Traugott et al. 2020). birds (Bonesi and Macdonald 2004a, 2004b; Reynolds et

OROHFXODU WRROV RuHU D U D&.L2804)Qdr&QtoLdpecDpveldatibn. Th& $pécidd has also
(FLHQW DOWHUQDWLYH WR PRU riveOeRahbrRiEally debh&pnD, @ithDpQuidrprukd, yamer U
LGHQWL¢{FDWLRQ RI SUHGDWRU EQRWGGSWHID U B QQ JIDAHG RW KPHKWMWHVSDEIO QF
prey species within a taxonomic group can be targetedtivity (Bonesi and Palazon 2007).

XVLQJ VSHFLHV RU JURXS VSHFL lrtidlly$ther®wes RispgthvedmelieSthatthe mink had
species across multiple taxonomic groups can be awntributed to the decline of the otter through competition
VHVVHG LQ SDUDOOHO XVLQJ JH @Qu¢Ud simult$nedits\eHafgbsUifr Biskridufio arwt igbun
KLIK WKURXJKSXW VHTXHQFLQJ GDBFH1RIPWWHED WRRG IPXVWWHOLGV 0
(Pompanon et al. 2012; Mclnnes et al. 2016; Traugott st RZHYHU VWXGLHVY RQ LQWHUVSHFL¢F
DO 'l$ PHWDEDUFRGLQJ FDi@redatios barerdhGnn tha®thR brierDs more likely to

tion on cannibalism or size, life stage and vital status &k the victor in encounters between these mustelids due to

prey taxa, and is not immune to retention of prey taxa dits larger body size, heavier weight and better swimming/

WR GLUHUHQWLDO GLJHVWLRQ- D duhg 3kig/(BahesDaQdNadtdbriRi@ 2004aPBoNesi 2tRIQ H
theless, it perpetuates non-invasiveness and has greater O HOHUR HW DO +DUULQJIWRQ |
sensitivity towards rare, soft, liquid or highly degradednore, declines in mink site occupancy and density have
SUH\ LWHPV IRU H[DPSOH MHOGHWHN®& @QQNHF MR RWRHILQHFRYHU\ D
SUHGDWRUV 6KHK]DG HW DO SRUDBD, FDO HHW BRQHVL DQG ODFGRC
1LHOVHQ HW DO 7TUDXJRWW ¢t 20@). The ottes Mas\bidn KClasse® as a specialist or
metabarcoding provides species resolution data at greageneralist predator, whereas the mink is typically censid
spatiotemporal scales for the vast majority of prey item$f UHG WR EH DQ RSSRUWXQLVW- - GU]F

regardless of prey size, type and integrity or lack of hard L DQG ODFGRQDOG E OHOHUR HW
components (Oehm et al. 2011; Pompanon et al. 201; 2012, 2013; Reid et al. 2013). Evidence indicates that
OF,QQHV HW DO JRULQ :L D U Whetbitér Bu@ompetes the midkIet wguaticiprey, resulting
DO 6LQFH LWV LQFHSWLRQIn tHedmiRk-t¥eking bub terretiaQpieykaDd/undergoing a
been employed to assess the diet of various mammali@eding niche shift where these mustelids are sympatric
SUHGDWRUV 6KHK]DG HW DO D GUIEMHZVWANDUED W DO % RQHVL H
%HUU\ HW DO *RVVHOLQ BI& DO +DURWIVR@WHW DO ,QC
HW DO 5REHVRQ HW DO lEemeehOiie JotkeManD @ink has bBe@ @und to be lower
recent small-scale studies have shown its potential forwinter than spring, possibly due to restricted resources
European otter (hereafter otter) diet analysis (Buglioneet GUJHMHZVND HW DO %RQHVL H)
al. 2020; Martinez-Abrain et al. 2020). DOO\ ERWK VSHFLHV KDYH EHHQ IRXC

'LHWDU\ QLFKH FKDUDFWHULYD®URWQLRIUMKIS RROVW HUR LAD WHHSREB R/G\ W\
ant as this is a keystone species and an apex predatokaét al. 2001). Co-existence of these two species is high
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ly dependent on riparian habitat features and terrestriaNA extraction
prey availability, but dietary and spatial segregation of the
otter and mink can eventually occur (Bonesi and Macdon1$ ZDV H[WUDFWHG IURP IDHFHV XVLQJ \
ald 2004a, 2004b; Harrington et al. 2009). It is unknowdf U6 RLO .LW 4LDJHQ +LOGHQ *HUPDQ\
whether this niche partitioning may exacerbate mink pre RLO SURWRFRO ZLWK D WLVVXH SURWRI
dation of native and threatened UK biodiversity. DO 8VLQJ D EOHDFK DQG XOWUDYLI
‘H DVVHVVHG WKH SRWHQWLDO R$DVWXIpwDhE® LFHREKQRIRW OHUFEN "DUP\
LQYHVWLJIJDWLQJ GLHWDU\ SUR¢OHN RK WRRS®HWEYH RWRIHIP HORZBOLBHRYWWHU
sive mink, and resource overlap between these musteliggd added directly to pre-labelled PowerBead tubes for
Otter spraints and mink scats were collected at three study HDV\ 3RZHU6RLO H[WUDFWLRQ RU PO
sites across northern and eastern England: Malham Tarttéd, UK) containing 0.5 g of 1-1.4 mm diameter sterile
calcareous upland lake in North Yorkshire; River Glaven, dDUQHW EHDGV .H\ $EUDVLYHVY /WG 8.
lowland chalk stream in North Norfolk; and the River HulL WUDFWLRQ (LWKHU —O RI 6ROXWLRQ &
D FKDON VWUHDP LQ (DVW <RUNVKRUH '19 HIWVWDBERPEWURR DHGC O 6RLC
cal matter was analysed for all vertebrate species usin@ X '1$ ZDV DGGHG WR HDFK WXEH 7XE}l
KLIK WKURXJKSXW VHTXHQFLQJ H R\ORAWRHVQVHAVEKH /VUWRXUFWHTXHQFLH
overlap between the otter and mink. The otter was expet@ homogenise the samples. Remaining steps were per
ed to predate a broad range of aquatic and semi-aquatR UPHG DFFRUGLQJ WR WKH "1HDV\ 3RZH|
SUH\ L H ¢VK DPSKLELDQV ZDWBURWRFROKHOKMHHKHEPLQNO -FRQFHQWL
was anticipated to specialise on semi-aquatic and terrestti HG RQ D 4XELW AXRURPHWHU XVLQJ I
al species (i.e. birds, mammals) as documented by stud®y VD\ .LW ,QYLWURJHQ 8. '1$ H[WUDFW

that used morphological faecal analysis. f& SULRU WR 3&5

DNA metabarcoding

Methods

6DPSOHYVY ZHUH SURFHVVHG IRU '1$ PHYV
Study sites and sample collection two libraries. One library contained the samples from

the River Hull catchment, collected between 2015 and
ODPPDO IDHFHV ZHUH FROOHFW RGL7,|wherthe othemiirary contair@d samples from the
northern and eastern England: River Hull catchmeriiver Hull, River Glaven and Malham Tarn collected in
East Yorkshire (sites along the river and ponds in close 'L$ PHWDEDUFRGLQJ IROORZHG WKH
proximity to the river); Malham Tarn (lake) and Gordaldablished by Harper et al. (2019a) which are described
%HFN VWUHDP FORVH WR ODOKDR ¥HHH) 6 X:$/QV RRWNNUIKIDUH $SSHQGLJ
and River Glaven catchment, Norfolk (sites along thdexed libraries were constructed with a two-step PCR
ULYHU DQG SRQGV LQ FORVH SURMUPWWEFR G XE9.dF KPOUWHU XD/H G SXEOLVKH
)L J6 6DPSOH LQIRUPDWLRQ LQFIXRIOT $RSOMTBWLRY & DWHMHQG 69 5
FRRUGLQDWHYV DQG VLWH LV SURYLGHGIES TRIEB7TEDIMHULDIOVK PIRGL¢FD
EOH 6 )DHFHV ZHUH RVWHQV LE di\e.LiBlexeswheternagenety spages; iseduensiogoprigers Vv
(n = 206), mink scatsn(= 9) and red fox\ulpes vulpgs DQG SUH DGDSWHUV WR DPSOLI\ D UHJLF
scat (1 = 1). The red fox scat was collected despite b&l RNA (rRNA) mitochondrial gene (Riaz et al. 2011).
ing a non-focal mammal predator due to potential pred hese primers have been validatedilico, in vitro and
DWRU PLVLGHQWL:{FDWLRQ XVLQNSDHRD @ .FKIDWW EWHDWWW L EVQADRE HIW D C
were collected using zip-lock bags or 50 ml falcon tubed. 2019a, 2019b). Exotic cichliMaylandia zebra '1$

6$567('7 *HUPDQ\ 8. DQG I|UR]HQODW/W) wasfthe RGRWasive control and sterile mo

'1$ HHIWUDFWLRQ )RU HDFK VLWHOBROUDE JOYEHWRWHR| JVKIKNU 6FLHQWI
was created from available survey data to permit a broadgh, UK) was the PCR negative control. Three PCR rep
comparison between prey detected in otter spraints & LFDWHV ZHUH SHUIRUPHG IRU HDFK '1$
'1$ PHWDEDUFRGLQJ DQG DYDLO prRdtnognaksationSHFLHY 6XSSO
material 1: Appendix 1). Fish survey (seine netting,-elec Normalised sub-libraries were created by pooling PCR
WUR¢(VKLQJ GDWD IURP W R products @ggordingwie) imard/gtreggth @rrl PCR plate, and
the publicly available Environment Agency databas€s XUL¢{¢HG ZLWK 0DJ %,1" 5[Q3XUH 30XV P
(data.gov.uk) for the River Hull and River Glaven catch 2PHJD %LR WHN ,QF *$ 86% IROORZLQJ
ments. For the River Glaven, additional data were avaielection protocol (Bronner et al. 2009). PCR in duplicate
DEOH IURP WKH VXUYH\V RI +DUZBoR@ prevadapters, indexessaqdgdliugrineradapters to the
et al. (2020). Fish community data for Malham Tarnweré XUL¢{¢HG VXE OLEUDULHV DQG 3&5 UHSH
REWDLQHG WKURXJK HQYLURQPHQRWD®ODIGHW LIRS ERBW DO ¢ FDWLRQ 6XE
FRGLQJ YHUL¢{HG E\ ¢ VKHU\ RZQHWI HGQRQ QU HXE LD AXRURPHWHU XVL
DQG IURP (VK VXUYH\V GHWDLOHG6LEYV VYOG ULEIHQG SRROHG SURSRUWLRQCL

https://mbmg.pensoft.net
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FRQFHQWUDWLRQ IRU PDJQHWLF BXBG G XPLRYWHDULDRQ 3$RSSEHO@GEIGW , Q
7TDSH6WDWLRQ DQG +LJK 6HQNmWwllNplewpredators wasUoreske@t, the sample was

7TDSH $JLOHQW 7HFKQRORJLHV a&gdignedlad theZpreddtor Xpéeies wiicR possessed more
YHULI\ ITUDJPHQW VL]H ES RIWKIDH) ( QRO WKHWDORWIBDWY BQEGDWRU U
absence of secondary product. The libraries were guan¥ SHFLHY SRVVHVVHG PRUH WKDQ
¢HG XVLQJ UHDO WLPH TXDQW L Wreal todhts Br&aSamplé/dt aWatnidleIcopidirted ess than
/ILEUDU\ 4XDQW .LW IRU ,00XPLQDO rdad< fot @0 pr&d@r@s, %hke R&OMPIE Was removed
,QF 0% 86% RQ D 6WHS2QH 30 X \rohHl:QlaTdsét.HAfR & prefaidt assignment, the total
WHP /LIH 7THFKQRORJLHV &$ 86 perde@dge GL peyWiy GeMélitate Qroup) sequences,
Each library (one containing 125 faecal samples and eigleiative to predator sequences, was evaluated across all
PCR controls, and one containing 140 faecal samples, 42mples belonging to each predator in R (otter and mink)
PCR controls and 12 external samples) was sequencedrat) OLFURVRIW ([FHO UHG IR[ DQG (X!

S0 ZLWK 3KL; &RQWUR @ LYs HRpR niaterialtOApehdxDt). Using R, all predator reads
XVLQJ D OL6HT 5HDJHQW .LW Y andBafm@dd belo@D oKl le®fbx (Hreafter fox) and Eu
&$ 86% ropean polecat (hereafter polecat) were then removed for

Raw sequence reads were demultiplexed with a cudownstream analyses.

WRP 3\WKRQ VFULSW 6HTXHQFH YV INXR BeHddta FoQotter andDnink BamplysineRe-sum
ming, merging, chimera removal, clustering and taxanarised as the total percentage of prey sequences for
nomic assignment against our custom reference databaseh vertebrate group, proportional read counts for each
for UK vertebrates (Harper et al. 2019b) using metaBEAprey taxon in each sample, and the percentage frequency
v0.97.11  [ttps://github.com/HullUni-bioinformatics/ of occurrence (i.e. the percentage of faecal samples that
metaBEAT). Taxonomic assignment used a lowest €oma prey taxon was detected in). The read count data were
PRQ DQFHVWRU DSSURDFK EDVHERRUHWKH GV R/R SUHWMIHE@FH DEVHQFH
matches for any query that matched a reference sequehgagction in the package vegan v2.5-6 (Oksanen et al.
DFURVYV ! RI LWV OHQJWK DW D PLQLH XR/HGHQRH. WDRNDJH ELSDUWLYV
Unassigned sequences were compared against the N@BR009) to construct a semi-quantitative trophic network
QXFOHRWLGH QW GDWDEDVH D Vibr eactiPfir€latBr)ard theitpeeyV Natwork-Iiévendetrics

the same lowest common ancestor approach. ZHUH REWDLQHG XVLQJ Wiuhktiod (7:25./
and species-level metrics for each predator obtained us
Data analysis LQJ WKH 63(&,(6/(9(/ IXQFWLRQ 7DI[R

SKD GLYHUVLW\ ZDV REWDLQHG XVL
Analyses were performed in the statistical programminfginction in the package vegan v2.5-6. Given that the
environment R v.3.6.3 (R Core Team, 2020) unless otftDWD ZHUH QRW QRUPDOO\ GLVWULE
HUZLVH VWDWHG 'DWD DQG 5 VFBDOWW \KWYHY WPHHOO0L Arsl rhe Inwrket of Q
WKH *LW+XE UHSRVLWRU\ 'DWD Vs$amplesHgt@aar piegators andysarmriimy Uocatiens was
KHUH DQG IXOO0O\ GHVFULEHG LQ &390 DRQODAMIBU L.VX V N §OS HA@OLHYV WHVYV
%/$67 UHVXOWYV IURP GLUHUHGQNHGWW DERPHW KIH D FRPIHY VWDWYV
ELQHG DQG VSXULRXV DVVLJQPHQoe et a.-H0239), tesmeqively,Gvere iskd ) compare
applicable, orders, families and genera containing -a siadlpha diversity of prey communities between otter and
gle UK species were re-assigned to that species, spedi@gk faecal samples and between otter spraints from
were re-assigned to domestic subspecies, and misassighL UHUHQW VLWHYV 'DWD IRU WKH PL
ments were corrected. The read counts for metaBEAT ahdbitat were too sparse for examination of geographic
manual assignments were merged prior to applicaton f DULDWLRQ LQ PLQN GLHW DQG GLuUH
a sequence threshold (i.e. maximum sequence frequea LHW ZLWK UHJDUG WR KDELWDW 6X
F\ RI FLFKOLG '1$ LQ IDHFDO VDPS$IOKYH G/ R RHWIDIDNDH H LD [,F VYV +V
FRQWDPLQDWLRQ DQG IDOVH SR ‘oLpariontHreretagiionvaae exsrapplalan-twyessiy 818 O
PDWHULDO )L 6 DQG 6XSSO WVYOWHWKDWVW GLUHBHQBHY LQ SUH\ W
WHU DSSO\LQJ WKH IDOVH SRV L \WivanHbyWwrihalansek R Gagple size for weDdtors and
onomic assignments above species-level were removdDPSOLQJ ORFDWLRQV 7KH ,1(;7 IXQ
ZLWK H[FHSWLRQV 6XSSO PDWHipdderoe fregu@scieg)fariprey taxa XD PO samples,
(Homo sapiensand domestic animals (coBds taurug NQRWYV ERRWVWUDSYV DQG FF
dog [Canis lupus familiarisand pig Bus scrofa domes 7KH (67,0$7(' IXQFWLRQ ZDV XVHG W
ticug) were regarded as environmental contaminants asdmple size-based and coverage-based comparisons be
also removed for the purposes of downstream analysesWZHHQ SUHGDWRUV DQG VDPSOLQJ VI
Using Microsoft Excel, each faecal sample was asFRQ¢GHQFH LQWHUYDOV DQG - VDP.
signed to a mammal predator, based on the proportio@ge-based comparison only).
read counts for each predator species (otter, mink, redBefore partitioning beta diversity, we compared prey
fox and European polecavistela putoriud detected community dissimilarity inferred from occurrence (i.e.

https://mbmg.pensoft.net
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presence/absence) and relative read abundance (RRALR3URMHFW 35-1% %LR6DF
i.e. proportional read counts) data. Using the pack6 $0 1 6$01 >/LEUDU\ @ DQG
age vegan v2.5-6, the read count data were convertéds 0 1 6$01 >/LEUDU\ @ 65%

to presence/absence and proportional read count MaFFHVVLRQV 655 655 >/LEUD
WULFHV XVLQJ W HKuctiqn& d&c#d 'and DQG 655 655 >/LEUDU\ @ - X

Bray-Curtis dissimilarity indices were computed for thenotebooks, R scripts and corresponding data have been
presence/absence and proportional read counts-matteposited in a dedicated GitHub repository, which has

FHY UHVSHFWLYHO\ XVLQJ WK Hbé&eq*petmaneXtly RithivedQWD/QIZV E HAARD. R U J ]
diversity was visualised using Non-metric Multidimen QRGR ).

VLRQDO 6FDOLQJ 10'6 ZiwtonWKH 0(7%$0'6

Two outlier samples containing one or two taxa were

removed to improve visualisation of variation in otteRESUItS

and mink diet (LIBO2-TLO1 [mink] and LIBO2-TLO7

[otter]) and site variation in otter diet (LIBO2-TLO7 and ' DWD (OWHULQJ

LIB04-TL57), but patterns produced by occurrence and

55$ GDWD ZHUH FRPSDUDEOH ©6%KHOOLEDWHUHY OJHQHUDWHG D WRWDO
6 *LYHQ WKDW RXU VWULQJH @0/074,B40 MM se§urRNcE Wddy, FHespéttivek hividchiwere

threshold should have removed any minor prey item8) HGXFHG WR DQG UHDGV E
secondary predation and contaminants, we used-occPHUJLQJ DQG OHQJWK (OWHU DSSOLFDW
rence data with Jaccard dissimilarity for beta diversitghimeras and redundancy via clustering, 9,340,695 and

partitioning to mitigate potential taxon recovery bias UHDGY UHPDLQHG DYHUDJH UHDC
'"HDJOH HW DO DQG SHU VDPSOH LQFOXGLQJ FRQ\
‘H HPSOR\HG WKH SDFNDJH EHWDSDUW Y DQ®DVHOJD - ZHUH DV

and Orme 2012) to estimate total beta diversity, partV LIJIQHG D WD[RQRPLF UDQN &RQWDPLQL

tioned by turnover (i.e. community dissimilarity due toVRXUFHYV ZDV REVHUYHG LQ W-KH 3&5 FR

taxon replacement) and nestedness-resultant (i.e: cow HULD O )L 6 DV ZHOO DV FLFKOLG

munity dissimilarity due to taxon subsets), with thev DPSOHYVY 1R FLFKOLG '1$ UHPDLQHG LQ \

BETA.MULTI (multiple-site dissimilaritiesand BETA. after application of the false positive sequence threshold

PAIR (pairwise dissimilarity matrices) functions. ForDQG WD[RQRPLF DVVLIJQPHQWW ZHUH QDL

each component of beta diversity, we compared commWw L D O J)LJ 6 %HIRUH WKUHVKROG DSS

nity heterogeneity in faecal samples grouped by predatb27 taxa from 216 faecal samples, including six amphib

(otter or mink) or site of otter spraint collection (MalhamLD Q WD|[D (VK WDI[D ELUG WD[D DQC

Tarn, River Glaven, River Hull) by calculating homege +RZHY H U WD[D LQFOXGLQJ WZR DPSKI

QHLW\ RI PXOWLYDULDWH GLYVS H® LRpdtaxaledd, Blananmaltéxd) Wi ebnsistently

%(7$',63(5 IXQFWLRQ IURP WKH Sdetedidd belowrdadtiréghdd and were therefore removed

9DULDWLRQ LQ 09',63 EHWZHHQ RWWRWEBE&G BWDN NDPIRHV, DO GDWDVHW

EHWZHHQ RWWHU VSUDLQWYV IURRVGR QHDGI® W H/J.QHPH DW RMWADDN RQW PEB M V

O\ WHVWHG XVLQJ $129% 'LUHUHQFWB[DQ SONVERPHPX QMR VSHFLHVY OHYHO

ties for each component of beta diversity were visualised ¢V KHV ELUGYV DQG PDPPDOV

XVLQJ 10'6 ZLWK WKH 0(7%$0'6 IXQFWLRQ DQG WHVWHG

statistically using permutational multivariate analysis opredator assignment

YDULDQFH 3(50%$129% ZLWK WKH IXQFWLRQ $'21,6

LQ WKH SDFNDJH YHJDQ Y 3 UhirtderfacQat LamplesWorltained 249 #&hM00 reads for

ZHUH XVHG IRU HuHFW VL]H ZK Hahytnadr(rbd) préda8s addivére @evided from the data

ZHUH LQWHUSUHWHG DV PRG#UDWHND Qs PRWWRRJ WKHFWAPDLALQJ VDPSO

0.09 and R> 0.25, respectively. These values are roadlOH SUHGDWRU FRPSULVHG Rl WKH V

O\ HTXLYDOHQW WR FRiADB@rWE Réunts Rotlerir+ t6Q Wikk:ir4d 17; fox:n = 5; polecat:

ZKLFK UHSUHVHQW PRGHUDWH D Q%51)VMW 8aRplesiwith Fed\éolhts FdR idi(Ripl€ gréd\
1DNDJDZD DQG &XWKLOO $ Qufor gpk¥idsHwéreZadsignedStd B GrédatdrGpecies based

XVLQJ WKH SDFENDJH JJSORW -Y on a mdjdrity Kie,R.e. the preddtor species possessed >

cept Figure 4 which was produced in Microsoft Pewer RI WKH WRWDO SUHGDWRNNKHDG FRXQ

Point. Legends for Figures 1-3 were adjusted using Ink 6HYHQ VDPSOHYV ZHUH GLVFDUGHG E

scape lfttp://www.inkscape.org/ predator assignment could not be made, i.e. no predator
SRVVHVVHG ! RI WKH WRWDGO SUHGDWR

Data accessibility TXHQWO\ WKH UH{QHG GDWDVHW FRQWD

¢YH IR DQG RQH SROHFDW IDHFDO VDPS
Raw sequence reads have been archived on themples that were retained £ 196), predator assign
1&%, 6HTXHQFH 5HDG S$UFKLYH PHMQVWGVZDE5BQ DIJUHHPHQW ZLW-K YLVXDO
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FHY 3UHGDWRU DVVLIQPHQW LQ ThéDhipa8tideHrgphic netwoFkKi@ é ldtér and mink
EDVHG RQ '1$ PHWDEDUFRGLQJ odrtpinedd4® pgR spetled (®g.Q), BfWwhithveight were
UHSRUWHG LQ 6XSSO PDWHUL D Opred&&®HHQtE mistelids: breafib(amis bramy Eu
ropean bullheadQottus gobi}, three-spined stickleback
Otter and mink diet (Gasterosteus aculeaflisducks Anas spp.), Eurasian
coot (ulica atra), common moorhenGallinula chloro
2WWHU '1$ DQG PLQN '1$ HQFRP®E$ sterkng Sturnus volgadsand water voleArvico-
UHVSHFWLYHO\ RI UHDGV REWapQikig (FYRE 3)DMpRDIYD ovddirega@ lafumink

belonging to these mustelids (Fig. 1). Using the preyreadSSUHGDWLRQ RQ EUHDP GXFN \
RWWHU GLHW ZDV PDLQO\ FRPSRVHEHM RY V& HWRRW DQG DFRPPRQ PRR
SKLELDQV ZKHUHDV PLQN GYWWUSUHGRPLQD @PM® FRWYHU Y-ROH
VLVWHG RI ELUGYV D QG P D P Pdn&nithan occurrgncg of otter predation on these species
Otter (n =171) Mink (n =19)
8.7%

4.0%
31.1% 29
039% 24%
55.8%

12.7% 0.5%

1%
20.6%

55.9%

39.6%

81.0%

4.5%

Group E Amphibian [ Bird B Fish [ Mammal [ Predator

Figure1. 3LH FKDUWV VKRZLQJ WKH SURSRUWLRQ RI WRWDO UHDGV UHWDLQHG LC
UHVSHFW WR WKHLU YHUWHEUDWH SUH\ DQG WKH SURSRUWLRQ RI SUH\ UHDGV
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DQG - UHVSHF
tively) (Fig. 3). Network-level metrics indicated some de
gree of specialisation (specialisation index ¢
with few prey interactions for each predator (generality
= 14.333) and a low proportion of possible interactions
UHDOLVHG LQ WKH QHWZRUN ZHLJKWHG
leading to few shared prey species between otter and
mink (niche overlap = 0.267).
6SHFLHY OHYHO PHWULFV IRU HDFK SUF
evidence for predator specialisation within the network.
Both predators’ diets were relatively specialised (Paired
'"LUHUHQFHYV ,QGH[ RWWHU PLQN
diet showed greater divergence from random selections of
prey species (d': otter = 0.526, mink = 0.671), with a-low
er proportion of available resources utilised (proportional
similarity: otter = 0.962, mink = 0.209; unused resource
UDQJH RWWHU PLQN +RZHY
within each predators’ diet were used relatively evenly,
with neither species relying predominantly on a few key
UHVRXUFHVY VSHFLHV VSHFL¢FLW\ LQGH]
6KDQQRQ GLYHUVLW\ RI SUHGDWR
was higher for the otter than the mink (partner diversi
ty: otter = 2.672, mink = 2.449), suggesting that mink
diet was less diverse. Only 13 prey species were detect
ed in mink scats compared with 35 prey species in otter
spraints (Figs 2, 3).
Prey species unique to the mink were brown Hagp-(
us europaeys Microtus spp., water shrewNeomys fodi
eng, European rabbit and brown r&dttus norvegics),
EXW PDQ\ ¢(VKHV DQG DPSKLELDQV ZHUH
YLIV DQG 6XSSO PDWHULDO )LJ 6
events largely involved common froBdna temporaria
DQG VPDOO DEXQGDQW (VKHV VXFK DV
stone loach Barbatula barbatuly, three-spined stickie
back and ninespine stickleba@&ungitius pungitiu with
predation on medium (e.g. crucian caBafassius caras
siug, roach Rutilus rutilug, Percidae spp.) and large (e.g.
European eelfnguilla anguilld, Northern pike Esox Iu
cius@ ¢VKHV RFFXUULQJ OHVV IUHTXHQWC
PDWHULDO )L 6 $W HDFK VLWH DO
'l$ PHWDEDUFRGLQJ RI RWWHU VSUDLQW
corded during recent surveys (conducted between 2000
DQG WKDW XVHG FRQYHQWLRQDO ¢ Vk
H'1$ PHWDEDUFRGERZHYIHHU VR-PH ¢(VKHV
tected during previous surveys of the River Glawer (
9), River Hull f DQG 0D O KB R) wéréJt
IRXQG ZLWK IDHFDO '1$ PHWDEDUFRGLQJ
Two otter and two mink samples did not contain any

Figure 2. A bipartite trophic network showing the prey of theprey taxa and were removed from the dataset for alpha and
otter and mink. The black blocks on the right column represeltt HW D GLYHUVLW)\ D QDO\VHV 3UHGDWRU |
the predators and the coloured blocks in the left column-reprgyyy R| IDHED (a V D P S©<HD\0013, with taxon

VHQW WKH SUH\ WD[D

'"HWHFWHG SU@@FDN\Q_ﬁQvH}Q

QPO RUVIFLERB\FR B EFD QW C

lines that connect a predator with a prey taxon and the numtﬁg 0.001) than that of otter spraints (Fig. 5a). Rarefaction

of events is proportional to the thickness of the line. Prey taxgq extrapolation curves indicated that lower prey taxon
DUH FRORXUHG DFFRUGLQJ WR Y HUWidinEdd Wil &S waLrfot et ddp&riflesVif amH vV
RI' EOXH LQGLFDWH ¢VK VLIH FDWHJRjb\size between predators. Prey taxon richness began to
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Figure3. % DUSORW VKRZLQJ WKH RFFXUUHQFH SHUFHQWDJH RI SUH\ WD[D LQ PLQ!
FRORXUHG DFFRUGLQJ WR YHUWHEUDWH JURXS DQG GLUHUHQW VKDGHV RI EO.
number of samples where prey taxa were detected.

Figure 4. 9OHQQ GLDJUDPV VKRZLQJ (VK VSHFLHVY EHORQJLQJ WR GLUHUHQW VL]H F
RWWHU VSUDLQWY EOXH FLUF O HRWalRdth Taxhe RivelGYareny an@ RivaWHUIFLUFOHY DW

plateau at 21 taxa with 95 or more mink scats. Incontradf LFKQHVYVY WR EHJLQ WR SODWHDX DW

prey taxon richness did not plateau even with 300 ott&t DPSOH VL]H ZH DFKLHYHG - DQG
spraints, at which 42 taxa would be detected (Fig. Sb&rage for the otter and mink, respectively (Fig. 5bii). To
Over 1100 otter spraints would be required for prey taxoD FKLH Y H VDPSOH FRYHUDJH IRU W
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Figure 5. 6 XPPDULHYV RI DOSKD DQG EHWD GLYHUVLW\ FRPSDULVRQVY PDGH EHWZHHQ R
ellipses) faecal sample:boxplot showing the number of prey taxa detected in mink and otter saBptegfaction/extrapota

WLRQ 5 ( FXUYHV SURGXFHG IRU RWWHU VSUDLQWYV O Ra@-niretriQ MulidmemwivchaK VLQJ L1(;"
6FDOLQJ 10'6 SORWV RI SUH\ FRPPXQLWLHV IURP RWWHU DQG PLQN IDHFDO VDPS
VLIQL¢,¢FDQFH ZKHUH GLUHUHQW OHWWHUYV LQGLFDWH D VWDWILS0WAhdFTBOO\ VLIQL¢
percentiles and whiskers shof &nd 9% percentiles.

Table 1. 6 XPPDU\ RI DQDO\WHV VWDWLVWLFDOO\ FRPSDULQJ KRPRJHQHLW\ RI PXOWLYL
DQG PLQN IDHFDO VDPSOHV $129% DQG YDULDWLRQ LQ SUH\ FRPPXQLW\ FRPSRVLW

Homogeneity of multivariate dispersions (ANOVA) Community similarity (PERMANOVA)
Mean distance to df F P df F R? P

centroid = SE
Turnover 1 7.316 0.008 1 0.030 0.001
Otter 0.516 + 0.031
Mink 0.636 + 0.003
Nestedness-resultant 1 1 -3.097 -0.017 0.915
Otter 0.107 £ 0.014
Mink 0.103 + 0.006
Total beta diversity 1 6.401 0.012 1 4.274 0.023 0.001
Otter 0.574 £ 0.014
Mink 0.651 + 0.001

QHHG DQ DGGLWLRQDO PLQN \Oiversity(Fig. 5oiij)RiprByEommunitiss. hutHnotvested
disparities in sample size, it is unlikely that the minkess-resultant (Fig. 5cii; Table 1). Therefore, prey items
would consume more prey taxa than the otter (Fig. 5bii}f RQVXPHG E\ WKH RWWHU ZHUH IXQGDPH

Beta diversity of both otter and mink faecal samplet prey items consumed by the mink, resulting in dissim
ZDV ODUJHO\ GULYHQ E\ W XU Q Rilurey cRriwnuniyleomposition. PL Q N

DV RSSRVHG WR QHVWHGQHVYVY UHVXOWDQW RWWHU

PLQN 09',63 ZDV GLuHUH QWsdoht¥id/brRtich ih @R U V
for turnover and total beta diversity, where mink scats had
VLIQL{FDQWO\ KLIJKHU GLVSHUV LR Q7IWHeD §pratnts V25 thme SrorD MERANY TafhXx3® Q RW
nestedness-resultant (Table 1). Predator had a weak pcsme from the River Glaven and 110 came from the
LWLYH LQAXHQFH RQ WKH WXUQ Rived Hull.)Twd sarkfles @d@ash Rom Malh&HTarD
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and the River Glaven) were removed from the datas&HJLQ WR SODWHDX DW WD[D :LWK
for alpha and beta diversity analyses as they did n&dH DFKLHYHG DQG VDPS
FRQWDLQ DQ\ SUH\ WD[D 6LWH fdr Qdhéai QafnHtEe Riv@rSHaRenGhdytheURWEr WU,

RI RWWHU?2VSUDL Q@WUW.00H, where et respectively (Fig. 6bii). Therefore, we achieved at least

ter spraints from Malham TariZ & -3.029, adjuste@ VDPSOH FRYHUDJH IRU DOO VLWHYV
[Benjamini-Hochberg] = 0.004) and the River Glaverin sample size, it is unlikely that the otter would consume

(Z = -4.116, adjusted [Benjamini-Hochberg] < 0.001) more prey taxa at Malham Tarn or the River Glaven than
exhibited lower taxon richness than spraints from thihe River Hull (Fig. 6biii).

River Hull. Taxon richness in otter spraints from Mal Beta diversity of otter samples from all sites was
KDP 7DUQ DQG WKH 5LYHU *ODVYOHDQU GHG GBW H/Q IR LWKDQRYHU O0DOK

GLuHWE 0.439, adjustecp [Benjamini-Hochberg] *ODYHQ 5LYHU +X0OO - DV R!
= 0.661) (Fig. 6a). HGQHVVY UHVXOWDQW ODOKDP 7DUQ
Rarefaction and extrapolation curves indicated that 5LYHU +X0O0O 09',63 -ZDV GL

lower prey taxon richness of Malham Tarn and Rivetween sites for turnover, nestedness-resultant and total
Glaven otter spraints was not due to disparities in samgleta diversity, where samples from the River Glaven and

size between sites. Prey taxon richness began to plat&iver Hull had greater dispersion than samples from Mal

at 10 and 16 taxa with 53 and 54 otter spraints fromMaKDP 7DUQ 7DEOH 6LWH KDG D PRG
ham Tarn and the River Glaven, respectively. Incontras§f QFH RQ WXUQRYHU )LJ FL DQG ZH
prey taxon richness did not plateau for the River Hulbn total beta diversity (Fig. 6ciii) of prey communities,

even with 300 otter spraints, at which 34 taxa would Heut not nestedness-resultant (Fig. 6cii; Table 2). Fhere
detected (Fig. 6bi). Over 1100 otter spraints from thi®re, prey taxa consumed by otters at a given site were
River Hull would be required for prey taxon richness td)HSODFHG E\ GLUHUHQW SUH\ WD[D D\

Figure 6. 6 XPPDULHV Rl DOSKD DQG EHWD GLYHUVLW\ FRPSDULVRQV PDGH EHWZH
points/ellipses), River Glaven (yellow points/ellipses) and River Hull (blue points/ellipsbe)xplot showing the number of prey

taxa detected in samples from each #tegrefaction/extrapolation (R/E) curves produced for otter spraints from Malham Tarn, the
5LYHU *ODYHQ DQG WKH 5LYHU +X0O0 XULIRQLRHW ULVLEKOMM AL HQVLRQBO 6FD
SUH\ FRPPXQLWLHYV LQ VDPSOHV IURP HDFK VLWH IRU HDFK EHWD GLYHUVLW\ F
LQGLFDWH D VWDWLVWLFDOO\ VLIQL¢ FDQW 5@ landi’8 pe@ertles endMbdlRQ sholVBIQH VYV 9
95" percentiles.
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Table2. 6 XPPDU\ RI DQDO\VHV VWDWLVWLFDOO\ FRPSDULQJ KRPRIJHQHLW\ RI PXOWLY]
VDPSOHV IURP GLUHUHQW VLWHV $129% DQG YDULDWLRQ LQ SUH\ FRPPXQLW\ FR
0$129%

Homogeneity of multivariate dispersions (ANOVA) Community similarity (PERMANOVA)
Mean distance to df F P df F R? P
centroid = SE
Turnover 2 22.620 <0.001 2 0.115 0.001
Malham Tarn 0.220 £ 0.042
River Glaven 0.516 + 0.031
River Hull 0.491 + 0.035
Nestedness-resultant 2 11.263 <0.001 2 -13.730 -0.201 1.000
Malham Tarn “
River Glaven 0.079 £ 0.012
River Hull 0.117 + 0.015
Total beta diversity 2 <0.001 2 0.001
Malham Tarn 0.343 + 0.052
River Glaven “
River Hull 0.560 + 0.015
Discussion GXULQJ JURRPLQJ &DUVV DQG 3DUNLQVRQ

2012a; Reid et al. 2013) and from intestinal mucosa cells of

‘H KDYH GHPRQVWUDWHG WKDW L? g W g\ﬁr% Oill Scanleadtc\’ SUHGH
WHU DQG PLQN IDHFHV XVLQJ YH é_h S’UH WLQJ LC
suitable for dietary assessment and could be appli ed U R 3Lx R(
RWKHU YHUWHEUDWH FDUQLYRUH 5 éf\WLc%}Eg%g wﬁ@w%%
¢VK DPSKLELDQV ELUGV DQG Pq.ﬁjﬁ%?e an 5om&imBd b Al g consum
plausible prey items of the otter and mink due to p HU VSHFL.F EORFNLQJ SULPHUV 6KHK]DG

ous species records from each study site. Incorporat|0r|1_| %DUED HW DO 5REHVRQ HW DO

?r:ethrgtri?/g%?elfratnogli r:r\]/g)s{\%u;?i r?lie\tnz/iilrly eishssﬁszgﬁsuf%rrawbacks include co-blocking of closely related prey taxa,
n increased number of sequencing artefacts, and alteration

derstanding of niche separation between these musteli 1 FRPSRVLWLRQDO GLHWDU\ SUR.OHV 6
_ 3LXxXRO HW DO OF,QQHV HW DO
Predator assignment DO ,Q RXU VWXG\ RWWHU DQG PLQN

DO VDPSOHY DW PRGHUDWH IUHTXHQ]
,Q RXU VWXG\ QHDUO\ RI VFDWND%W/UHJIR\V%’ BWERWHE\HCEXW GLG QRW V:

VXDOO\ D QG FRUUHFWHG EDVHG e{%éalre%%ﬁf%%\é’r&jé{org i Bt@'r\(red]ﬁ’eﬁt%s of ftedator

metabarcoding. Thirteen mink, four fox and one polecat; ¢ - REVHUY WKH IHZ IR[ DQG SR
VDPSOH V ZHUH PLVLGHQWL¢HG @WPBWW\PW\(%%DF—LFQ BXYSELHOW
FROOHFWRU H[SHULHQFH OLNHO\ QP FERQHHCcWE WY J Doyv[l)—|o[lf(§,9HG S

lectors had received training and most had substantial Gféecal samples is a rereqwsﬂe for hi h dete tion probab
SHULHQFH RI VFDW FROOHFWLRQ R ts RIIVN o G \% 8% AP b0

+DUULQJWRQ HW DO IRXQG BV ‘U \MRPWN § i'd)@v\R RI XVLQJ |

PLON E\ HISHULHQFHG ¢HOG VXU\(n5| \wd\dallarléa%(tép(@a9e¥lQQIQ&%JH WR

pine marten Nlartes martel fox, otter, polecat or stoat
(Mustela erminea XVLQJ '1$ EDUFRGLQJ _6F PLVLGHQ
WL, FDWLRQ FDQ OHDG WR LQFO)RP‘Er 5[ RI SUH\ VSHFLHVY FRQVXPHG
by non-focal predators and omission of prey speciesco XU ¢ QGLQJ WKDW RWWHU GLHW PDLQO\ F
sumed by the focal predator(s) in dietary assessmemMlROORZHG E\ DPSKLELDQV - ELUGV
which could have detrimental implications for specie® D O V LV FRQVLVWHQW ZEWK WKH L
conservation and/or management (Martinez-Gutiérrez @ RJLFDO DQDO\WHV WKDW YLVXDOO\ LGH
DO $NULP HW DO 7KHUNRUDH QWY RWUFRAPQFKY - GUIJHMHZVND
'DYLVRQ HW DO +DUULQJW RaQ 2609/ Bbtfon et al. 2006 IRéd BtGl. BOA3; Krawczyk
DO D E $NULP HW DO - & B 20186; R&hYYID & BILLBIR)GFor example, in compa
LQJ %HUU\ HW DO JRULQ :LDAbW hibwatddd the PanndriaR ¥i&y€ographical region,
used to identify scats where possible. Lanszki et al. (2016) found similar relative occurrence

7KH SUHVHQFH Rl SUHGDWRU "1$I1UH GRXGEPIHHNGRHEVIKQG FDQDPSKLELDQV
DOVR FRPSOLFDWH '1$ PHWDEDUFRGLQJEBBRBWYV |1UR P PRDPRPAIO V FUD\¢ VI
OLDQ FDUQLYRUHYV FDQ LQFOXGH IDDMDRWKHUIUBRKR HKDWHE ULQWHMMW-HG LQ RW
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HUV DQG (VK DPSKLELDQV 8VLQJUHSWHWDEDUFRGLQJ ZH GHWHI
ELUGV PDPPDOV F U D\ ¢ AhEsspp. andDLgiGaeRsppKitdNdalham Tarn spraints, and
LQYHUWHEUDWHYV LQ RWW H domh®hb Bbadandyythyid Bop. i8 RIQeG MullXptaits.

morphological analysis. Overall, our results indicate thdtishes detected using morphological spraint analysis or
WKHUH ZDV D VLIJQL¢{¢FDQW GLUHUHWOKHYXQ YSHAN\ ERPEXQH®\ (KRIRSHDQ E.
position of otter spraints at species-level across sites, s§almo truttg, stone loach, perch and three-spined stick
gesting that otter diet is highly situational and determine@ HEDFN 2QO\ EURZQ WURXW ZDV QRW
by local variation in prey availability. This is consistentabarcoding at this study site. Large brown trout tend to
ZLWK WKH ZLGH YDULHW\ RI GLH ¥¢bpéh-vateRfegeOarsMn MaldarivTiand, vithevaaisHuveniled
ported by previous morphological studies (Ruiz-OlmoeW URXW UHVLGH LQ WKH LQARZ DQG R
al. 2001; Britton et al. 2006, 2017; Remonti et al. 2010; $EVHQFH RI EURZQ WURXW LQ VS
Reid et al. 2013; Krawczyk et al. 2016; Lanszki et alow preference for feeding in open water areas due to the
2XU UHVXOWY DUH DOVR LQ bghlehery? éxemditdre Wddire®td FudtGn tHe$e habitats
metabarcoding studies of otter diet. Both Buglione et ah this relatively large lake (Lanszki et al. 2001). In-con
DQG ODUWtQH] $EUDtQ HW D @ast, the Eutdpea® ltllkeddand tahklloach are associated
the primary food resource for otters, followed by amphibwith shoreline cobble-boulder habitats at Malham Tarn, as
LDQV 6SHFL¢FDOO\ &\SULQLGD Hare*stalLgerortHEIdBidge PORE). [TheieforeD I@iBtat-asso
Percidae were the predominant prey taxa. FLDWLRQV PD\ H[SODLQ GHWHFWLRQ D
2WWHU GLHW DQG ¢ VK DVVH P Eiodtdridpraint€)(Lakde ki etml YOAIJAIHOBNEHQ2015).
catchment have been extensively studied (Zambrano etTo our knowledge, no information on otter diet in
DO 6D\HU HW DO $ O P H ith® RiverWulDoatchment has been published, although
&KDPSNLQ HW DO 1RQ ¢VK VBHVHIDWFRXQ\G RQIRUQPIRWIQALQI HW I
phological spraint analysis included common frog, €onDtter diet was most diverse at this site compared to the
mon toad, grass snakedtrix natrix), common moorhen, 5LYHU *ODYHQ DQG ODOKDP 7DUQ UH/
Eurasian coot, little grebe?(D F K\ E DISW RO L\GLYHUVLW\ SUHVHQW LQ WKLV ULYHU
lard (Anas platyrhynchgsand water vole (Almeidaetal. YH\V RI WKH 5LYHU +XOO XVLQ-J HOHF'
‘H IRXQG WKDW '1$ PHWDWDHEBRGEGRG 1L @GHWHFRWHIHG WKH VDPH V
all of these species from at least one study site, excepétabarcoding of otter spraints, except common dace
IRU WKH JUDVV VQDNH DQG OLW WeddiscudJélEiddysddhhMadhUbariee BansksHbarbasH U H
previously detected by morphological spraint analysis @ommon carp, European chuBqyalius cephalysand
(VK VXUYH\V EXW QRW E\ '1$ P HthEhHIMtARIRCG. LOQrmoh Q&F) coMmman barbel and
stone loach, gudgeorGobio gobig, ninespine stickle European chub were all detected in otter spraints prior
EDFN |Gyundcephalus cernjjaLampetra spp., to false positive threshold application, but common dace
(XURSHDQ ARG AW WXWMY Scardinius and tench went undetected.
erythrophthalmus FRPPRQ EUHD@aradf® G, YRWZLWKVWDQGLQJ QRQGHWHFWLRC
auratug and common cargCyprinus carpi9. The com WDEDUFRGLQJ LGHQWL{HG VSHFLHV L
PRQ FDUS DQG UXuH ZHUH LQLW lubdd an GbrptididgivaHGalysis ¢drbprBuitle or which
tabarcoding in agreement with previous morphologicaBP RUSKRORJLFDO LGHQWL{FDWLRQ PD)\
VWXGLHY =DPEUDQR HW DO - e$ énd ssignedDi® common $rogP &hd common toad
GD HW DO 6D\HU HW DO ZLEXW1ISHPRNYBIEDBF REUQJ ZKHUHDYV
IDOVH SRVLWLYH VHTXHQFH WKUBVKROGU R ®\KHE®HOQWKIHM & KALRD iV SHRAL H V
detected in the River Glaven spraints, were nonethele$sSUDLQW DQDO\VLV 6PLUROGR HW D
detected in spraints from the River Hull or Malham TatmPDPPDO UHPDLQV DUH W\SLFDOO\ XQL
7KH FRPPRQ EUHDP PD\ QRW KDY ehdldh¢ing taddemifly] with idaBpHelodidab analysis (Brit
metabarcoding, as this species was last recorded in 1999RQ HW DO $OGHUWRQ HW DO
E\ ¢VK VXUYH\V DW ORZ DEXQG& D¢y recprdedvhted ol HcormibR B atédfohds
no et al. 2006). Nondetections of common species in thpp., Aythya spp., Eurasian coot, common moorhen),
River Glaven, such as the stone loach and brook lampneraders Tringa spp.), gulls (Laridae spp.) and cormorant
(Lampetra planeli, may be due to technical bias that carfPhalacrocorax carbyy as well as a number of terrestrial
RFFXU WKURXJKRXW WKH '1$ P HWbDds,OrdIEdG &tQ)lihgZ RdJIdbdrl Dartviddpiectoris
Considerations for molecular scatolggy rufa), stock dove Columba oengs Eurasian jayGarru-
The range expansion of the otter into Malham Tarlus glandarius DQG SKHDVDQW 6SHFLHV OH
occurred recently in 2009 and only two individuals havee DVHG RQ PRUSKRORJ\ LV RIWHQ DFKL
HVWDEOLVKHG WKHPVHOYHV DW ¥ Kett). SticRiéback\siiexivs, IEutdpearRoQlhestl ad/@tets
cies found using morphological spraint analysis includle6f RQVXPH WKH HQWLUH ¢VK UHVXOWLC
common frog, common toad, mallard, tufted duktflya spraints. However, otters only consume selected pieces of
fuligula), gull (Laridae spp.), pheasa®t{asianus colchi AHVK DQG LQWHUQDO RUJDQV IURP OD
cug and rook Corvus frugilegus (Alderton et al. 2015). salmonids) and frequently abandon the remainder as an
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XQ¢QLVKHG PHDO $OPHLGD HW D @®xplain undetRepreBantatiol af th€se kpecies. Most of

RI KDUG SUH\ FRPSRQHQWYV |1URP tixBeldpddies (apakK froQ the Buwiedn aéld dlefdsQswiv

PD\ SUHYHQW PRUSKRORJLFDO LiBihgopeh watd specR eve dsJvénilds. @ sucR, their

FORVHO\ UHODWHG F\SULQLGV HaptureFRdghPrBoQireFnibte EnerdiR D@ ghdtkof benthic

crucian carp and their hybrids) which have similar scaleand littoral species. Molecular data cannot reveal the size

7KLY GRHV QRW SRVH DQ LVVXH RULQGLFHWEREDO U \RGIFRDVKPHG EXW PRI

detection may be improved with molecular scatology. analysis has repeatedly shown that small-sized individuals
'"HVSLWH WKH UHJLRQDO GLuH lte Qréfétréd. FQ eraple Fbtudy intsovthwesk Prigland

common dietary patterns emerged. The otter has be8l KRZHG WKDW (XURSHDQ HHOW RI WR

reported to selectively predate slow-moving and small@ids and salmonids of 40 to 130 mm were preferred over

SUH\ &KDQLQ ODUWtQH] $EURer $p&einies (up to 440 mm) (Britton et al. 2006).

ZLWK GLHW UHAHFWLQJ ERWK VSHM HRWWGIE W 8 HH IFRRERS/ L WK RZGILIKLQJ |

Rl ¢VK FRPPXQLWLHV RFFXS\L-QJDWKHKLSER®Y A WA/ RW\UHRIRRQNLEY WKH /DNH ¢

tent with previous morphological studies of the RiveHungary (Lanszki et al. 2001). More detailed quantitative

Glaven and Malham Tarn (Almeida et al. 2012; AldlerGDWD RQ (VK DEXQGDQFH LQ WKH HQYLU

ton et al. 2015), we found that otters primarily consumetistinguish prey selection from density-dependent preda

slow-moving, small species, with less frequent predatidion. Indeed, small and benthic species are often under-re

on larger species. The European bullhead was the mM@@RUWHG LQ FRQYHQWLRQDO (VK VXUYH\V

commonly consumed species at all three study sites. Thabarcoding studies have shown that these species might

VPDOO EHQWKLF VSHFLHV WHQGFEHWRX KKV IPRIWNH DFEXFROA@W HWRBHU SUH Y LR

escape movements and it is clear that this strategy m&ayL QJ HW DO /L HW DO *ULVWKYV |
QRW EH HuUHFWLYH IRU DYRLGEQJ AhpSiviardare b impoKdait seitintladyJood i@sBurce
tionally, it is possible that the otter has developed unigueRU RWWHUV FRPSULVLQJ XS -WR DY

capture behaviour with regards to the European bullheadr diet in a meta-analysis of 64 morphological studies
Malham Tarn observational work indicated that otte,sexF RQGXFWHG DFURVY (XURSH 6PLUROGR
hibited vigorous rolling and thrashing behaviours in-shapeaks in otter predation of amphibians tend to coincide
low rocky water, presumably to reveal European bullhead LWK DPSKLELDQ UHSURGXFWLRQ LQ VS
presence when hidden amongst cobble-boulder structurBsY DLODELOLW\ LQ ZLQWHU G6LGRURYLFK
(Alderton et al. 2015). Other small, littoral and benthi@001; Britton et al. 2006; Prigioni et al. 2006; Reid et
species with similar characteristics, such as three-spinéalO $OPHLGD HW DO $OGHUWRQ
stickleback, ninespine stickleback and stone loach, wer@do et al. 2019). In our study, occurrence frequency of
also amongst the most frequently consumed species. Camphibians in otter diet was on par with previous- esti
ture of these species might require very little energy erates, particularly the common frog and common toad
penditure by the otter, even relative to their size, whereas GUJHMHZVND HW DO &ODYHUR HW
ODUJHU IDVWHU (VK SURYLGH P& dH049) Ahisiwas HikeNy due HoTaxhigh Blbupdkckl of
energy to catch and a longer handling time (Remonti ahurans in ponds next to the River Glaven, River Hull and
al. 2010; Martinez-Abrain et al. 2019). Therefore,smalled DOKDP 7DUQ :H DOVR IRXQG HYLGHQFH
¢VKHVY WKDW FDQ EH FRQVXPHG tFegrear drefdd Hevi®r(twus Qristitud;1bud deteetiens
DOWKRXJK KDELWDW FRQGLWLRQXHDEGQHVR WHEHEX EGC RUHVIVONLR J-OPW IDOVE
a role (Ruiz-Olmo et al. 2001; Britton et al. 2006, 2017GLG QRW ¢(¢QG DQ\ UHSWLOHV EXW RWWE
Remonti et al. 2010; Krawczyk et al. 2016; Lanszki et atnake in the River Glaven catchment has been recorded
2016; Martinez-Abrain et al. 2019). European bullheday morphological spraint analysis (Almeida et al. 2012).
and stickleback species are common at all three of o&XU VWXG\ UH DvUPHG WKDW ELUGV DQG
VWXG\ VLWHYVY 6D\HU HW DO tiary im@attdhekLtG the dtidr an@ these predation events
2013; Alderton et al. 2015; Champkin et al. 2017;-HarDUH SUREDEO\ RSSRUWXQLVWLF &KDQLC
ZRRG HW DO +IQALQJ HW DO XQSXCHQHWMKHEGENIDDWWIN DWKXV -&0DYHUR
WKHLU IUHTXHQW RFFXUUHQFH Lgniesdl RAOR WraivaRyR et M112PHBP\ UHAHFW
their high abundance in the environment.

6RPH PHGLXP VLIHG VSHFLHV- Zihiddgi@ OVR FRQVXPHG IUH
quently where they were common, such as the European
perch in the River Hull catchment and Malham Tarn, andlublished diet assessments for the mink are modest in
the crucian carp in the River Glaven catchment, a frequatdmparison to the otter. In our study, mink diet was-dom
VSHFLHV LQ IDUPODQG SRQGV -6DNGgDWIMGDEY ELUGYV &R®QG PDPPDOV

versely, other medium-sized or large species which a® VPDOO FRPSRQHQW RI ¢VK $ PRUS
abundant at our study sites, such as brown trout, commenQ WKH %LHEU]D :HWODQGV RI 3BRODQG D¢
dace, roach and European eel, seemed to be under-reeD PP D O V ¢ VK DQG ELUGV

VHQWHG LQ VSUDLQWY 7KH ¢VK DP]S'KEEN\DI'QJ\RULHV X0 EHWHUHWHBUDWHYV
based on average adult sizes and therefore may rot &limed by the mink in a harsh winter, yet the importance
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Rl PDPPDOV DPSKLELDQV diverse. HFhidJi§ dbnsistent with many other morpholog
¢ VK DQG LQYHUWHEUDWHV ical studiels MiliehGohcude tirat theSotiet i@ a generalist
WHU O6NLHUF]\ VNL DQG :L QLHZ\Ym®iBioni et al. 2006HRéMorlti et @IX200M) dr an oppertun
and our own somewhat contrast with other estimates aibt, whose diet varies with prey availability and latitude
tained using morphological analyses. Across the Palaeaf€lavero et al. 2003; Almeida et al. 2012, 2013; Reid et
WLF UHJLRQ WKH PLQN RQ DY H GD2D13; AlRe@on XPaH 3015 Ralthaugh it haskalso been

DQG VPDOO PDPPDOV calleX| 2 Spekidist @it Hespekt \to its diet being limited
ELUGYV DPSKLELDQV PUR\DW R BMO.GVSUH\ VXFK DV ¢VK DQG
DQG RWKHU LQYHUWHEUDWHYV 2000; BonesielaH Z0ON Bohesi abdMacdonald 2004b;
but consumption varies with location. For example, lOHOHUR HW DO 6NLHUF]\ VNL DQ(

woodland streams and rivers of Poland, mink diet wdsrawczyk et al. 2016). Conversely, the mink has been

GRPLQDWHG E\ (VK VSULQJ VXP Rbserved to DikEVbot QquatiQaNdHterrestrial resourc
DPSKLELDQV VSULQJ VXPPHUHV O6DEWNRYLFKQWHU- GUJHMHZVND H
DQG PDPPDOV VSULQJ VXPPHHUHW DODXWXP®RRAQIYVL DQG ODFGRQDOC

WHU - G L&t &.M00D) MiNtie Lovat Riverof HW D O %U]JH]L VNL HW DO 0
Belarus, mink diet was composed of amphibians (rangingNLHUF]\ VNL DQG :L QLHZVND- 5t
IURP £ PHDQ DQG VPDOO \wdb$riopBologicat studies (Harrington et al. 2009) and
PHDQ VXSSOHPHQWHG E\ ¢V KregeQt€a hErd fuggastchatGHe@iRkispecialises on terres
RYLFK '"HVSLWH WKHVH RY Hidd) @€ wBeln wotdxistiQdrtithv the QtteP L Q N

diet, individual prey items found in morphological studies :LWK WKH FDYHDW RI D VPDOO VDPS
ZHUH DOVR LGHQWL{HG KHUH - LicReOoxeldpQd.26/))Koehiedn Yhe bitt@Ha@d ik LirFaur
leback, duck species, Eurasian coot, common moorhed WX G\ ZKLFK PD\ EH LQGLFDWLYH RI
starling, bank vole, water shrew, brown rat and EuvopeNLRQ OLQN KDYH EHHQ IRXQG WR FRQ
DQ UDEELW &KDQLQ - G U]H M birdy/ &h® mammddsOn areas vehdReQadttard were present,
et al. 2004; Bonesi and Macdonald 2004b; Melero et at KLOH WKH RWWHU SUHGRPLQDQWO\ F
+DUULQJWRQ HW DO ;P SIRDQNVD QWD LOH DOVREUBHUMHZVND HW D

WL;HG WKH ZDWHU YROH LQ PLQN VFDDWOQ HKR FKWL\D O Q HQ GHDQIHUWH® R Q
species in the UK (Mathews and Harrower 2020). niche overlap between the mink and otter was found in

The molecular assay used here does not targetinvdRODQG - GU]J]HMHZVND HW DO DQ
tebrates, but previous morphological studies have sho&f00), whereas low niche overlap was observed in nhorth
WKDW WKHVH WD[D HVSHFLDO-O\ HW\DW; ¥ 8D IFP QAR QY R/ IHWX /Gl D- VXXV LC
VWDQWLDO SURSRUWLRQ RI RWWidisUNiclieYokedp hidy vary by DeQdeapRid @dibn and

DYHUDJH GLHW GHSHQGL Q Jwift QretdatdHdeRditR prdyRcbi i Sitkon, SEa€obn and en
UHJLRQ VWXGLHG - GU]HMHZV N DvirbnmeriaDconditions (& ¢ Napltat, weathek). @ Belarus,

JRU H[DPSOH WKH QDWLYHKZBEKWW G OPKH ® YHWID\RSKZDV LGHQWL¢
(Austropotamobius pallipes DQG LQYDVLYH MUhah@Un@eirdd mintgntie to greater availability and con
(Pacifastacus leniusculusRFFXUUHG DW D IUHXXFWIFR @RIRI XPSKLELDQV E\ ERWK WK

LQ RWWHU VSUDLQWYV IURP W Kith2000H ld PoamalyHihQer mibhe &viéiapl @ad/ found
(Almeida et al. 2012). The otter and mink may consuméQ VSULQJ VXPPHU WKDQ DXWXPQ ZLC(
more arthropods and molluscs, which are of low energetl. 2001), in harsh winter conditions as opposed to mild
LF YDOXH ZKHQ ¢(VK FRPSRVLWL RiQerzgdtions 2@ i6 &\@EHaid Edtriplexbinvpared to
(Clavero et al. 2003; Bonesi et al. 2004). Typical preyp ULYHU FDWFKPHQW 6NLHUF]\ VNL DC
species includ&ammarus puleXdsellus aquaticydDy- the UK, Bonesi et al. (2004) found niche overlap between
tiscus VSS ZKLWH FODZHG FUD\¢ V Khebttel @rid @ink ddareadéd fdlldyiGg whKnidrease-in ot
LQYDVLYH UHG \obamBarBdLnNj(C&rss ter density and establishment of a resident population, and
DQG 3DUNLQVRQ /IDQV]INL HW rxke overlap waSlawedimitAnzey tNed sprvg possibly due
DO %ULWWRQ HW DO 0 HtO teddRceHrggtribtions. The mbjoriyHbif&bal samples in
et al. 2012, 2013; Reid et al. 2013; Alderton et al. 20l XU VWXG\ ZHUH FROOHFWHG LQ VSUL
Martinez-Abrain et al. 2020), but smaller invertebratesnd our results suggest that niche partitioning between the
could be instances of secondary predation. Future diet atter and mink may occur year-round.

VHVVPHQWY IRU WKH RWWHU DQG RipQridntk/VoluiGtlidylviiasPofl Svall g Epgr&dRiG extent
ing should also target invertebrates and investigate thaind analysed few mink scats relative to otter spraints.

role in niche partitioning between these mustelids. Across the UK, the native otter is recovering and the sub
MHFW RI RQJRLQJ FRQVHUYDWLRQ HuF
Niche partitioning between the otter and mink mink has declined due to eradication programmes, on

JRLQJ FRQWURO PHDVXUHV DQG LQWH
Our network analysis indicated that the otter used motie otter. Therefore, otter spraints are much more-abun
available resources than the mink and mink diet was ledant and easily sampled than mink scats. Upscaled-inves
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WLIJDWLRQV RI RWWHU DQG P LQ Non\zgtEtiov anB BoDvzete Rl foGnd t0 Rake IBvien ptéy

ent freshwater habitats across all seasons, are needediversity than those deposited on rock or plastic, which

improve understanding of resource use and niche overlagay be related to inhibitory compounds present ard mi

LQ WKHVH PXVWHOLGYV 'HVSLWH WHKREHDOLPEWDWLWQVQ RXRLQOQRBUL @QRQ WD

combined with those of previous morphological studieglants, fungi (Oehm et al. 2011; Mclnnes et al. 2016).

indicate that niche partitioning, through dietary and span our study, 13 faecal samples (12 otter and one mink

tial segregation, between the otter and mink is probabB FFRUGLQJ WR ¢ HOG LGHQWL,{FDWLRQ II

in areas where these mustelids are sympatric and thereeiads for predator assignment and dietary analyses, and

an abundance of aquatic and terrestrial resources (Chaamother four (two otter, two mink) did not contain any
%RQHVL HW DO % R Q HV L pizptéxal This @yl eelated to Ereshness or substrate

%U]JH]L VNL HW DO OHOHUR tMheBe®amples mapHave beed depodited by individuals

al. 2009). Evidently, the otter and mink can co-exist, thubat were fasting due to territorial defence, prey availabil

natural biological control of the invasive mink by the naity, dispersal, pregnancy, rearing young or limited mobil

WLYH RWWHU ZLOO EH LQVXvFLHiyWcRGgs el V20Re). Guiirdinke stiGadan $ishS iRdaX

ODWLRQV RI WKH IRUPHU &RQWLWOKWG VEKIFS @ RVWPHHINF HRIRD VWD WFLWDHOV K Q H V

control methods will be required to eradicate the minkn the otter and mink on prey detection.

EXW ELRORJLFDO FRQWURO FDQ D¥n® AMWKHY HV K HRWMNEAR DRW RSMU R PIBRWHHW UD F

conservation of species impacted by mink activity-(Boprey detection probabilities, including sample coverage,

QHVL DQG ODFGRQDOG D Ethe @rbtOddlWised KEW. ddrmercial vs. modular, designed

Harrington et al. 2009). IRU IDHFHV YV RWKHU VXEVWUDWHYV DQ
DO +DUULQJWRQ HW DO 2HKP F

Considerations for faecal DNA metabarcoding SUH\ "1$ FDQ EH QRQ XQLIRUP-LQ SUHGEL

ples, it may be necessary to subsample or homogenise
%LDV VWHPPLQJ IURP FKRLFHV PDGH MWK URKXJKR XIWWRAWLRQ *RVVHOLQ |
PHWDEDUFRGLQJ ZRUNARZ FDQ SvemRrfgiRdFsampRD Mustetidrstats\alsocent@ng@eumber
IDOVH QHJDWLYH GHWHFWLRQV efvgania/orgamio @mmowmdes that.qan e krablgradcdorP D \
originate from relatively few individuals and samples'1$ H{WUDFWLRQ DQG 3&5 6HOOHUV HW L
may not be independent (Carss and Parkinson 1996). IhO %RWK WKH 4LDJHQ '1HDV\ 3RZH
the context of our study, male otters have relatively large X '1$ VRLO SURWRFROV XVHG KHUH ZHU
home ranges (up to 40 km along the length of ariver)alrdURG XFH KLJK SXULW\ '"1$ \LHGGV IURP R
return to the same feeding sites (Kruuk 2006). Many cbPEOH IRU 3&5 DPSOL,{FDWLRQ 6HOOHUV |
the otter spraints collected from the River Hull catcthmer H FDQQRW UXOH RXW WKH SRVVLELOLW)
may originate from the same territorial male (knowrgo-extraction of humic substances, phenolic compounds
from photographs taken by wildlife enthusiasts and traéind proteins in the 13 failed samples. The quality and
cameras along the River Hull) that has been present f&rXDQWLW\ RI SUH\ '1$ PD\ EH tXUWKHU H
WKH ODVW \HDUV 7KHUHIRUH forxningextractiangeplispigsi@ eaohrsrRnaple@nd passing
studies should include genotyping (Bayerl et al. 201he lysate for each through one spin column or sequenc
DQG VH[ VSHFL¢{F PDUNHUV 6FKZD®) HWFEOLQGHSMR REQMMBOYH .LQJ HW DO
information on identity and sex of predators. This wilPCR and sequencing replication also allow occupancy
avoid pseudoreplication (Carss and Parkinson 1996) ambdelling to identify potential false positives arising
provide insights into individual and intersexual variatioirom secondary predation or contamination and to esti

LQ GLHW 6FKzDU] HW DO & R@dspagies detactRivprabahilities (Wieetola ex al.@@L5).
also provide information on the communicatory role of 6 HFRQGDU\ SUHGDWLRQ KDV- EHHQ GRI
sprainting (Kean et al. 2015). phological studies of otter spraints and stomachs, where

After deposition, scats may be exposed to abioticand PDOOHU ¢VK FRQVXPHG E\ GLUHFWO\ SL
ELRWLF IDFWRUV WKDW FDQ LQAXB@HHSWKNIQLYBWHMWLWQ ®\ERAQBW HI WK
SUH\ '1$ GHIJUDGDWLRQ LQFOXGNVNE®DLDWHRSHKUDWXWHVRXUKHDMWUVY DQG -
DQG GHK\GUDWLRQ UDLQIDOO 8RAQ[BWVXOH FREXMSRDUYRXVPRUH SURQF
insects, microbial activity and decomposition (Carss artdbarcoding studies due to the greater sensitivity of PCR
3DUNLQVRQ 'DYLVRQ HW DO DPSOULLFIDWWRRO 6KHSSDUG HW DO
Harrington et al. 2010; Oehm et al. 2011; McinnesetaBBRPSDQRQ HW DO 6HFRQGDU\ SUHG

6FDWV PD\ UHPDLQ LQ WKH iRgioidenty@miedatys tiRijead Dnnesqritges at multi
ZHHNV EHIRUH FROOHFWLRQ WK®OH MWURISUHNIOGIHWWO YO RE\FDR DuHFW W
YLVRQ HW DO .LQJ HW DO GLHW®DBDUBMWHWMRHQWY 6KHSSDUG HW D
OF, QQHV HW DO 6FDWV VKRXOG #HIGKDWHR VEMW IFRIOVWOHFIWHES PHWDEDUF
when an animal is observed defecating, but proxies f&t WDWHY DPSOL¢{¢FDWLRQ RI FRQWDPLQDC
freshness include moisture, odour, colour and consistenggncentrations, originating from the environment (e.g.
.LQJ HW DO OF,QQHV HW D owater swallgweD witlr p@y SuBstrate\cpllected with fae
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FHY RU WKH ODERUDWRU\ .LQJ HWHNAd T.B conBdrvedSabdddrsiyneld/theDstudy. R.H

'H %DUED HW DO ILHOVHIQBW& DBODVVLVWB& IJRWXNGHQWYV ZLWK
HW DO 'HVSLWH SK\VLFDO VBIQOG UDURLYRG HRG Y/DHP S@BE PR@ DGDWD
post-PCR processes and common preventative measug$ W UDFWLRQV DQG 5 ' FRQVWUXFWHG
for contamination (cleaning workspaces and equipmehtR.H completed bioinformatic processing of samples
ZLWK EOHDFK VROXWLRQ ¢ O \and Bhalysedbtie d@@. LIRHIWDo the Wan&sQripR which
SODVWLFVY DQG UHDJHQWV . LQJDHOWDMXWKRWWRFEDWWRIQEXWWBG FULWLF
2012; Traugott et al. 2020), we observed faecal sampleal approval for publication.
ZHUH FRQWDPLQDWHG ZLWK RXU SRVLWLYH FRQWURO '1$ (UURU
during PCR and sequencing, such as primer mismatch

3LXxXRO HW DO DQG *WDJ MXH3Mer6AEQ4100 HW DO

can give rise to false positives, cross-contamination be
tween samples or laboratory contamination (PompanofiyyLp ) 0DKPRRG 7 0D[ 7 1DGHHP 06 4DVLP 6
HW DO :H HPSOR\HG D VWU L%‘J/UlQ/WP'—l%QIVIﬁ BBV LWLARU SkRorILFDO L
quence threshold, which removed false positives from yrpwy FRQLUPHG ZLWK PROHEXODU VEDWRO
secondary predation or contamination, but also removecJlayan region of Pakistan. PeerJ 6: e52@2ps://doi.org/10.7717/
potential prey species for the otter and mink that have ;e 5062
been reported in previous morphological and metabagocHuwRrQ ( :LFNHU & 6D\HU & %UDGOH\ 3
FRGLQJ VWXGLHV IRU H[DPSOH JYHBRW kM thieliifiy Rethpds ofPhkibt BQiator.

GR HW DO JROG¢(VK ODUWIQHI$E Wik isHWW W PHoc vwxGLHY FRXQFLO |
common carp (Britton et al. 2006; Almeida et al. 2012y 5pH cp * &RSS *+ ODVVRQ / OLUDQGD 5 OX

and Common_bar.bel (RU'Z_'OImO etal. 200;'-;.B'j|t.t0n etal. (2012) Changes in the diet of a recovering Eurasian otter popula
2017)- ThIS highlights the importance of minimising-€on oy petween the 1970s and 2010. Aquatic Conservation: Marine and
tamma_-t'on for lower séquence thresholds and enhancedFreshwater Ecosystems 22: 26-13%ps://doi.org/10.1002/aqc.1241
detection of prey taxa occurring at lower frequencies. sopHLGD *© 5RGROIR 1 6D\HU & &RSS *+

of ponds as foraging habitat by Eurasian otter with description
ConCIUSIOI’]S of an alternative handling technique for common toad predation.

Folia Zoologica 62: 214-22https://doi.org/10.25225/fozo.v62.

i3.a7.2013
‘H KDYH GHPRQVWUDWHG WKH -SRM AW B O2 RelH IO HF D O Hiwpo ®dUwW DQ 5 SDF
tabarcoding for investigation of diet and niche separation beta diversity: Betapart package. Methods in Ecology and Evolution
LQ PXVWHOLGY DV ZHOO DV SUHGDWRWWGEHOQWERY RDWLRQM '"HVSLWH
DVVRFLDWHG ELRORJLFDO DQG MbHIrKRQLFDEXVEK® QRADQEHWRHUVEHU @ )LF
metabarcoding can enhance dietary insights and trophic)bvw DQG FRVW HuHFWLYH VLQJOH QXFOHR
QHWZRUNV WR HQDEOH PRUH HuH FJAlt¥nHn bhdRRxdhtd ¥ [eA8fdndd G2néME dsind®sehfideep
agement of predators and the resources on which theyQH[W JHQHUDWLRQ 5DQGRP $PSOLFRQ 6HTXH:!
depend. Upscaled, year-round studies on the native otterxopu (FRORJ\ 5H VR X hiBs¥Moi.org/10.#111/1755-
and invasive mink that screen an equal number of faecal
samples for each predator across broader spatial scalgsiuu\ 7( 2VWHUULHGHU 6. 0XUUD\ '& &RJKOD
LQFOXGLQJ GLUHUHQW IUHVKZDWH Wy KiE lsW BWbWv B QoesH ULV R QFFH QWD O
gradients (e.g. water quality, land-use), will further ad for diet analysis and biodiversity: A case study using the endangered
vance our understanding of resource use and niche over Australian sea lionNeophoca cinerga Ecology and Evolution 7:
ODS LQ WKHVH PXVWHOLGVY &RP E I534-5353nhtlpB/idoFol/@. 10028 W D ED U
FRGLQJ ZLWK H'1$ PHWDEDUFRG Logrlo RML W Kt DR VY B FoloR WRHG osV'K - &RPSH
fauna will provide further opportunities for more detailed asian otter_utra lutra and American minkMustela visonprobed

study of prey selection and dietary preferences. by niche shift. Oikos 106: 19-2@ittps://doi.org/10.1111/;.0030-
1299.2004.12763.x
%RQHVL / ODFGRQDOG ': D ,PSDFW RI UHOI
ACknOWIedgementS on a population of American mink: a test using an experimen

WDO DSSURDFK 2 LNtRsv/doi.org/10£111/j.0030-
‘H ZRXOG OLNH WR WKDQN VHYHUDO XQGHUJUDGXDWH VWXGHQWYV
from the University of Hull for collecting faecal samples%»RQHVL / ODFGRQDOG ': E 'LUHUHQWLDO
IURP ODOKDP 7DUQ DQG WKH 5L Y H Bustidae@oeRdditerbeirdd Qa/¢pecBd pit¢Drg the gen
5RRNH =RH /DWKDP 1DGLQH *UH\ GG Cokds [10D: 509} $19B 4 /@cDorg/1641111/j.0030-
DUH YHU\ JUDWHIXO WR WKH EULO QRDQM3024kUU\ /LQIRUG 'HUHN 6D\

er and Peter Bedell for collecting faecal samples from tte RQHVL / 3DOD]RQ 6 7KH $PHULFDQ PLQN
5LYHU *ODYHQ FDWFKPHQW :H DOVWRFWXDD@N ERQWAMNRKL BHR IRWHRPD/ &RQVHU
for contributing to the funding of this study. doi.org/10.1016/j.biocon.2006.09.006
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Appendix 4: Samples from non-focal mammal predators Figure S1
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Appendix 5: Non-focal mammal diet
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