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Abstract

Pomphorhynchus tereticollis a recently resurrected parasite species that spans the
UK and continental Europe. The parasite is the &ugnphorhynchuspp in the UK
and has been researched since the early
which uses &ammarusspp as a intermediate host and cyprinids and salmonids as
final hosts although the main hosts Sgualis cephaluéS. cephalusandBarbus
barbus(B. barbu3. Research oR. tereticollishasprimarily focused on mature fish
while there is limitedesearch on 0+ fishnd the intermediate host in the UK
Previous studies have shown tpatatenic and postyclic transmission may occur

in the life cycle ofP. tereticollisalthoughthere has been little field research to
demonstrate how much of an ingb#his may have othe parasiteAs well as this,

little dataexistsfor what may influence infection within 0+ fish species. Therefore, a
field study was designed to understand the relatiorisdtipeerP. tereticollisand

0+ fish as well ago explore tle potential for postyclic or paratenic transmission of

P. tereticollis B. barbus LeuciscudeuciscugL. leuciscu$, S. cephaluand
Phoxinusphoxinug(P. phoxinug were sampled from the River Teme (UK)tire
summer and early autumn of 2015, 2016 and 2019. Data was colledtskd on

length, fish gape, gut fullness, temperature and éabénary logistic regressiowas
conducted to find variables that predicted infection with the parasite. Fish length, gut
fullness and species where all factors that predict infectiorPwiireticollisin the

0+ fish. Each species had different variables that predicted infection with fish length
the only variable that predicts infectionBn barbusand only gut fullness precting

S. cephaluinfection. Infection irL. leuciscuswvas predicted by temperature, date

and gut fullness while infection . phoxinuswvas predicted by fish length, gut
fullness and datd?. phoxinuss likely to aid transmission @. tereticollisin a

paratenic and postyclic manner due to the discovery of extmgestinal infections

and limited attachment to the alimentary tract when infections where found. A low
prevalence was found in (. cephalusvhich suggest&ammarusppare an
insignificant part of the diet for the speci€set is likely to be the driver for
differences in infection of the different species. Gut fullness was higher in infected
individuals compared to uninfected individuals in all species eX@eptphhus

which suggests an energy deficit caused by the parasite. This may cause a higher
probability of predation in 0+ fish and facilitate the potential paratenic and post
cyclic transmission of. terticollis

As well as thisRecent research in Switzerlaadd France has shown that
tereticollisdisplays a preference f@ammarus fossaru. fossaruqncomparedo
Gammarus pulefG. puley. Until recently, it was thought th&. pulexwas the only
fresh wateiGammarussppin southern England uni®. fossarunwas discovered
with eDNA, morphological and standard DNA extraction techniqgiesrefore,
research was conducted to examineititermediatehost use oP. tereticollis
Gammarussppwere collected from four rivers in the south of England and dissected
to find the prevalence. Species was obsemetdohologically using the location of
Plumose seta&. fossarunwas present in all four rivers tested and was the most
dominant species irastern flowing rivers. Onlg. fossaruntarried cycstacanth
infections ofP. tereticollisin all sites tested. Rivers which contained the highest



proportion ofG. fossarunto G. pulexhad the highest prevalenceRftereticollis
The distribution ofG. fossarumin the UK is likely to explain the discontinuous
distribution ofP. tereticollisdescribed in previous researdine preference is likely
to be due to overlap in the distributionshoftereticollisandG. fossarunbefore and
during previous ice age The misidentification d&. fossarumn the UK and the
strong preference #. tereticollisfor one gammarid over another highlights the
difficulties in conservationf habitatsregarding cryptic species.
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Chapter 1 The Factors predicting prevalenceRafmphorhynchus
tereticollisin 0+ Cyprinids in the River Temg&JK)

. Introduction

Pomphorhynchus tereticollis an acanthocephalan parasite which is abundanaity m
areaf Europe (PerreMinnot et al, 2018 andcapable of infecting.6 species of fish

many of which belong to the Cyprinidae and Salmonfdaelies (Kennedy, 2006 p.22)
Similar toall species in the Acanthocephalan phyla, the parasite has an indirect life cycle
which requirest leasta crustaceaflGammarusspp forP. tereticollig as an intermediate
host and a vertebrate as a final host to successfully complete its lifdKgoleedy,

2006 p.12)The life cycle ofP. tereticollisbeings when a shelled acantlimmgested by
afeedingGammarusspp (Crustacea: Arthropoda) in the benthos (figrhe acanthor
develops within th&ammaruspp and transitions through three life staiges

acanthor to late acanthella to the cystacéidémnedy, 2006 p. 14)ts development

within the intermediate hostkes between 465 days (Rumpus, 1973) aisdonly

infective to final hosts wén thecystacanth stage is reach&e®nnedy, 2006 p.14)f the
Gammarusspp is predated by a fish during this perit, cystacaimt will evert its

proboscis within the alimentary tract of the fish and attach to theusialjhooks on the
proboscigKennedy, 2006 p.13puccessful establishmeistdependent on a variety of
factorsincludingtemperature (Kennedy, 19720 d species (e and Kennedy, 1974a)
Established individuals will seek members of the opposite sex in order to reproduce
Specifically,P. tereticollismales will progress down the alimentary tract mating with
females until they are expelled from thertebrate hogiKennedy, 2006, p.13), while the
females mature and produce shelled acanthors which are then expelled from the fish to

be consumed by gammadsi(Kennedy, 2006 p.17)

P. tereticollishas previously been considered a generalist at the definitive hasastag
the parasite iprevalent in many species of fish (Hine and Kennedy, 19Hayever,
there areclear definitive hostfor P. tereticollisas evidenced bgifferentmaturation
ratesin different fishspecies. For example, 0% of femaleP. tereticollisin Squalius
cephalugS. cephalusandBarbusbarbus(B. barbu$ are gravid and produce acanthors
(Kennedy, 2006 p.67¥hile P. tereticollisnever matures iRhoxinusphoxinusg(P.
phoxinug in the UK(Kennedy, 1999)Other fish species such bBsuciscus leuciscug.



leuciscu3 can act as a definitive host for tharasitebut less females mature and become
gravidthan inS. cephaluandB. barbus(Hine and Kennedy, 19744d)ike L. leuciscus
salmonidscan alsaact as a definitive host to a lesser extent (Hine and Kennedy, 1974a)

Recent researatompleted by Medoc et al, (201d¢monstrated th&. tereticollismay
use paratenic hosta.paratenic host defined as a host where no maturation occurs and
parasites may be found in the body cavibgtead of the alimentary canal) with their
proboscigoartially everted (Kennedy, 2006 p.28)edoc et al, (201139howed that
successful transmission Bbmphorlynchusspp was 18% whematureP. phoxinus
naturally infected with extrantestinal infections were predated 8ycephalusAs well

as tre possibility of paratenic hostsennedy, (1999hasshown the possibility of post
cyclic transmission iP. tereticdlis which is definedas the transfer of a parasite from
one host to another through predatigennedy, 1999) although it is usually defined as
transfer of the parasite from definitive host to a predator (Kennedy, 2006 phist)s
different from the use of paratenic hosts as the parasite doeseatto be preseakira
intestinally(Kennedy,2006 p.20)Both these mechanisms have the potential to play a
significant role intransmission antife cycle ofP. tereticollis.Despite their importance,
thereis still limited research regardinvghich species may contributettee life cycle of

P. terdicollis in a paratenior postcyclic mannein UK field studies

Definitive host/Predator for
post-cyclic transmission route

where maturation and
reproduction occurs such as S.
cephalus and B. barbus

Fy

Possible Paratenic hosts such as Post cyclic transmission of P.
P. phoxinus where no tereticollis from potential
development occurs species such as B. barbus and

predators (Kennedy, 2006)

Gammarus spp infected with Shelled Acanthor
a cystacanth of o Excreted from

Pomphorhynchus tereticollis definitive host

Figure 1. life cycle oPomphorhynchutereticolliswith potential paratenic and pest

cyclic transmission routes



Gammarussppare a highly ubiquitous organism across the whole of Europ&larid
America andare considered a keystone species (Labude et al, Z0#&)enusis

usually found in the benthos of rivers and regularly feed on desuitls adeaf litter and
algae.They have also been known to be cannibalistic and predators of smaller
invertebrates in certain circumstancése genus is considered an integral part of most
European freshwater food webs amdild be a contributing factor to the wide
distribution ofPompheohynchusspp across America and Europe (PeNatnot et al,
2017).

AlthoughP. tereticollisis considered a generalist paragit®oth the intermediate and
definitive stage, this could be due to considerable confusion be&veereticollisand
Pomphorhynchus laevisio cryptic species the genusThe parasiteare closely
relatedand until recentlyvereconsidered the same spexiSpakulova et al, (2011)
resurrectedP. tereticollisas a species usimgorphological and molecular techniques
which demonstrated that there are two distinct sped®B. tereticollisis the only
species in the UK (Perrdflinnot et al, 2A7) all previous studiesonducted on

Pomphorhynchusppin the UK will be considere®. tereticollisin this chapter

Since the resurrection . tereticollis there have beenseraldifferences observed
betweerP. tereticollisandP. laevis Forexample P. laevisis more manipulativéo the
gammarid host compared Ro tereticollis(PerrotMinnot, 2004) P. laevismanipulates
Gammarusspp by altering the brain serotonin levels which results iGgmmmaruspp
displaying an increase in photophibehaviour (Tain et al, 20Q7lhis results in
gammarids infected witR. laevisresiding higher in the water column compare® to
tereticollis. The parasites alsaccur in differenfish species aB. tereticollisoccuis
mainly in benthic feeders such Bsbarbusvhereas”. laevismainly occursin benthe
pelagic feeding fish such & cephalusndP. phoxinugossibly due to the difference in
manipulation displayed by the parasi(BgrrotMinnot et al, 2019)The parages also
have different phylogeographk. laevislikely orginiated in the Mediterranean region of
Europe and has strong genetic stniog whereasP. tereticollislikely diverged in
central and Ponto Caspian regions of Europe and has weglcgdrucuring (Perrot
Minnot et al, 2017)

Although there are no studies linkifg tereticolliswith fish mortalities or highly
adverse effects on fish health, the paras@dplay an important role in food web links



due the manipulative behaviour it pligys such as in the nematomorph parasites (Sato et
al, 2011) There is dack of data o®+ fish in the UKdue topast publicationfrom the

UK focusingprimarily on adult fish (Hine and Kewedy, 1974a; Hine and Kennedy,
1974b; Kennedy et al, 1984 ittle attention has been paid@e fish by researchsiin

many locatios. The lack ofdata collecte@n 0+ fish coulchinderunderstanding ahe

life cycle of P. tereticollisespecially becaudgt+ fish are regularly predated by larger fish
and so may be acting as paratenic hosts or facilitating thecydst transmission oP.
tereticollis Furthermorefactors affeahg the prevalence d?. tereticollisin 0+ fishin

the UKare poorly undersbd Correspondingly, the aims of the study were to (a)
determine the prevalence Bf tereticollisin 0+ fish, (b) determine key abiotic and biotic
parameters driving this prevalence and (c) investigate the potential of O+ fish acting as
paratenic hosts or being key to pogtlic transmission in the life cycle &% tereticollis.

Consideringhelack of information on the relationship between 0+ fish Bnd
tereticollisas well agpotential for paratenic hosts uselelife cycle, researcton 0+
fish interaction with the parasite is justifiégpecifically,to try and recordiactors
affecting the infection of 0+ fish as welt tobetter understanithe life cycle ofP.

tereticollis



2. Methods

2.1 Fish Specieand variable Justification

B. barbusL. leuciscus P. phoxinusaindS.cephalusvere thespeciesised in this study

for a variety of reasons. Firstlgll these fish are cyprinids which are the most frequent
hostsof P. tereticollisin the UK Hine and Kennedy, 1984 as well ad3. barbusandS.
cephalusheing the main definitive hosts for the parasite in Europe (Kennedy, 2006 p.41).
L. leuciscusalso becomes frequently infected by the parasite (Hine and Kenned{) 1974
with some females becoming gravid (Kennedy, 2006 p.67) Whiphoxinuscould be
considered a paratenic ho@fledoc et al, 2011)This means that these fish have the most
research affiliated with them in their mature adult stagesso will be suitable for
comparisorwith other studiesAdditionally, these fisksall have different life strategies
compared to each other for examfeparbuss a highly benthic feeder (Persbdtinnot

et al, 2019) whil&s.cephaluandP. phoxinusarebenthepelagicfeederswith thelatter
regularlytaking food itemssuchasaerialinsectsfrom the surfaceof the water(Frost,
1943;Michel, 1995)aswell aseatingpredominatelyalgae L. leuciscuswill feed on the

most abundant food source depending on the time of ketaifell, 1974)and can
includeplant matter in the winter and invertebrates in the summer (Hine and Kennedy,
1974a) This meanghattherearesufficientdiet differencesdbetweerthe choserfish
specieghatcouldresultto differencein the prevalencef P. tereticollisamongsthem
Finally, thesefish speciesalsorepresenthe mostcommoncyprinid sppin theriver

studied allowing for temporalsamplesto becollected.

As well asspeciesFishlength,temperaturedateandgut fullnesswereusedasvariables
in the study.Fishlengthwasobservedsit is unknownwhatsizeclasse®f 0+ fish

becomanfectedby P. tereticollis Understandinghe sizeclasse®f thedifferentspecies
infectedwith P. tereticollisis essentiato understandingoththelife cycle of the parasite

andfood webdynamics.

Temperaturelatawasalsousedin the studyasKennedy,(1972)showedthatsuccessful
colonisationof the parasitevasdependenbn temperaturén laboratoryexperiments
This howeverhasneverbeenresearcheth field studiesandsothis variablemaybe
importantfor explainingthe prevalencen differentperiodsof theyear.As well as
temperaturedatewasusedaspreviousresearctby Frost,(1943)andHine andKennedy,

(1974a)suggestshatP. phoxinusandL. leuciscudiet changes with dat&hismears
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infection may occuat adifferentprevalence in thdifferentspeciest different dates.
This information is not only useful to understandinglifeecycle ofP. tereticollisbut

will also be useful for collecting future sampledoftereticollisfrom rivers.

Gutfullnesswasusedto explorethe possibility of negativeimpactsto thefish hosts This
hasneverbeenresearchedegardingP. tereticollisandcurrentunderstandinguggests
thatthe parasitecauseso higherrisk of mortality dueto similar sizesandweightsof
infectedanduninfectedadultfish (Hine andKennedy,1974b) However,if increasear
decreasefeedingis presenin infectedindividualsthis would imply somenegative
effectsontheindividual suchasirritation to thealimentarytractin decreasefeedingor

anenergydeficit regardinganincreasen gutfullness.

2.2 Fish Collection

All fish used for this study were taken from the samersé@Powick in the River Teme
(52.169870;2.242785)s this site had the highest prevalencB.dkreticollisduring all
samples in July, August, Septembead OctobeR015 and June, July, August and
September 2016-ish collected iRduly, August and Septemb2019 were collected
using a seineetwith a mesh size of 2.5mm and 25M in lengtéis hauled over an area
of slack wateof the mainflow of the river. This also kept the sampliognsistent with

fish caughtand data collected in previous years.

The net was hauled between 1 and 3 times depending on how many fish were caught per
haul with the aim to catch 20 fish per species although this was not possible for all
speciesn all months Fish that were caught were removed from the nekeartithnised

with an overdose of MS 222 and stored in 99% ethanol. If too many of a fish species

were caught, then a subsample of fish was selected at random and the rest returned to the
river. Samplesvere taken in July, August and Septen®@t9 Samples were then
organisednto speciegPinder,2001)in the lab and then placéato the relevansample

pot according to date and species stmled a6°C until dissected.

Fish from 2015 and 20M8here collectedh July, August, September, October in 2015
and June, July, August and September in 284&post graduate researcher from the
same site using the same method (GuttrrRRaberts, 2018and where kept in 70% IMS
under 8C until they were neded for this projecGomepreviously unpublished data

from this location in July, August, September and October 2015 and June, July, August



and September 2016 (GuttmaRoberts, 2018)vas used as the presence and absence of

P. tereticolliswas recorded but nevanalysedor any study.

2.3 Gammarusollection and dissection.

To ensure that changes in the prevalende. déreticolliswere due to variables tested
rather than a change in the prevalence of cystacanths Gathenaruspp population,
Gammarusspp were collected from the site using a kick sample techniqaesvthe

gravel was disturbed 20 time%s hand net with mesh sizZ50um was placed

downstream of the site disturbed to catch pote@ahmaruspp.If low numbers of
Gammarusspp were caught the technique was repeatedapyioximately 15

individual Gammarussppover 5mm in length were cauglanly individuals that were
overthis length were collected awissected due to the extremely low prevalence of
cystacanths ilGammaruspp smaller than this length (Hine and Kennedy, 1974a; Harris

et al, unpublishedGamnaruswere stored in 99% ethanol urdissection.

Gammaruspp were dissected using a standard Brunel dissectidadtitmaruspp
were removed from the ethanol and their length to the nearest millimetre (mm) was
measured. Fine point tweezers were then used to remove the heaGafth@aruspp.
The Gammarusspp was then opened ventrally and any poteRtigrticollisinfections
were removed from th@ammarusThe cystacanth was confirmed morphologicallyas
tereticollisif there was a presence of ventral bands round the entire pavhgiteare
more easily detectable éh tereticolliscompared td?olymorphous minutué.

minutug). It was also differentiated from by the size of the cystacankh teveticollisis
larger tharP. minutusAs well as thisa previous sample collected in August 206
also used.

2.4 Fish Dissections

Fish were removed fromitherIMS or 99% ethanol and pladento a plastipetri dish
The fish standard length was then measured using digital caligpp2dsp in millimetres
before being dissecteBish standard length was used rather than ontogeneticatstage

assess the maturity of the fighfish length is less subjective

Fish were then dissected using a Brunel dissectioBkitt tip forceps were used to
hold down the fish anccgssors werg@laced into the anus of the fish amgked tocut from

the anus to level with the gills. Fine point tweezers were then used to remove the



digestive tract. The tract was pulled out of the fish slowly from the bottom until it was
stretched out and the tweezavhere placed into the fish and the top of the tract removed

asclose to the moth as possible

Gut fullness was assessance the tract had been removed from the figte tract was
deemed 100% full it was completelyull and extended diameter wise. If the tract was

full but notcompletelyextended it was givea value 000% fullness and if the gut was
partially full so thasomeregions were empty arsbmeregions were full, a relevant
percentage of full to not fulwas given (for example, if half the gut waalf full and half
empty it was given a value of 50%) until the tract was completely empty and 0% fullness
was given. The tract was then operadrally,and the contents removed to find

potential infections oP. tereticollis

Table 1. Total number dish disseced per monthperspecies irR015, 2016 and 2019

Mean fish lengtlin millimetres (mm)of each specigsersampleis presented in

Parentheses
Leuciscus Phoxinus Sgualius
Barbusbarbus leuciscus phoxinus cephalus
Juk15 62(17.67) 20(28.27) 11(15.04) 4(15.93
Aug-15 60 (23.69) 39(37.92) 20(18.87) 25(19.96)
Sep15 15(28.67) 32(41.02) 26 (23.55) 22(21.93)
Oct15 0 (N/A) 22(42.16) 20(18.70) 20(22.74)
Junl16 0 (N/A) 11(21.90) 10(25.27) 0 (N/A)
Juk16 0 (N/A) 20(28.15) 21(29.47) 0 (N/A)
Aug-16 18(23.06) 13(32.68) 22(31.33) 0 (N/A)
Sepl6 21(24.81) 18(37.58) 10(28.44) 0 (N/A)
Juk19 0 (N/A) 5 (50.66) 20 (31.21) 15(29.07)
Aug-19 0 (N/A) 0 (N/A) 11(36.82) 6 (25.00)
Sep19 0 (N/A) 0 (N/A) 11 (35.27) 0 (N/A)

2.5 Statistical analysis

All statistical analysis was completediBM SPSS26in windows 10except for length

gape regression analysis which was completedkB?F3.6.1 Autocorrelationn the data

was tested by regressifigh length, fish gape, temperature, gut fulln@sdsampling
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date If two variables had arf¥0.8 only oneof the two variablesvereused in further

analysis

A binary logistic regression was chosen to find the predictor variables of infection. This
test was chosen as timelependentariables were a mixture of continuous and
categoricalvith the dependant viable beingcategorical with twdevelswhere the
individual was either infected (1) or uninfected (0). Dieary logistic regression was

then executedith all variables that were not autocorrelatkdse were fish length,
temperature, gut fullness anahgpling dateA model was first built using all individual

fish samples (n631). However, if data was missing in one column for example in gut
fullness the individual was removed listwi3® remove factors that were clearly not
linked to infection, both forward and backwatépwiseselectionwere usedor the

model

As binary logistic regression &the possibility to overfit the model thedata, both

Akaike information criterion (AICand Bayesian information criterigBIC) were

calculated for each possible model subset. For examphdC and BIC calculation

would be tested for all predictors of fish length, gape, gut fullness, temperature and date
then one of these variables wotblel removed and so on until all possible combinations

of models had been performed. If forward and backward selection produced different
results from each other, then the model with the lowest AIC and BIC value was used.
The same process was then repeate@dich individual fish speci¢B. barbusl.

leuciscus P. phoxinusandS. cephalussothe individual predictors fagachspecies

could beidentified.

Once theoverall predictor variables had been identified, esniable thatvas important
to infectionwas explored individually to observe what the relationship to infection was.

This was then tested with the relevant statistical test.

When fish length was found to be a factor that contribut&aféction, size categories of

2 millimetres (mm) where constructed and the prevalence for the size category calculated
and plotted as the dependent variable. This was sottee datacould beplotted with no
covariates such as daféhe relationship of fish length af tereticollisprevalence was
tested using a spe arsticaltest can be ased wath ascategarical a s
independent variable.



When fish gut fullnessiasan important factor, thgut fullness data was plotted with the
covariate of month as there are very large differences in the gut fullness between early
summer and late sumniearly autumrior both infected and uninfected fishs well as

this, most infections occurred in later months where gut fullness is lower for all fish
which would skew the dat&or comparison between fisgpeciesonly thedata collected

in 2015 was used as thysarcontained the most dasad waghe only year where all

fish were foundegularly in samplesviedians were plotted for each mont2B15 for
infected and uninfecteiddividualsas the gut fullness histograms revealed that data was
not normally distributd. A MannWhitney U testvastherefore used to compare the

medians.

When temperature was an important factor, temperature data collected from the closest
Meteorological Office weather station to tRver Teme was used (Ro€3n-Wye).
Temperaturelatawas collected for all sampling periodden the fish species was found

and an average for the montlasconstructed by taking an average of éiverage
highestandaveragdowesttemperaturas this was the onlgata publicly available

Graphs were then constructed using the temperature data as the independent variable and
the prevalence d?. tereticollisas the dependant variable. The data was then checked for
heteroskedasticitpy plotting the ZPRED with theRESIDin IBM SPSS 26If
heteroskedasticity was foundsap e a r ooaetatios was used to test significance and

if not, a regression analysis was performed.

Fish length, gut fullness, temperature and spatére selected as variables for several

reasonsFish length was selected as

2.6 ldentification ofP. tereticollis

Identification ofP. tereticolliswascompleted using morphological techniques. As
althoughP. tereticollisis thought to be the only species within its genus in the UK
(PerrotMinnot et al, 2019)it is still possible thaP. laevismay be present undetected.
Therefore, parasites were confirmedtereticollisby the clear indication of ventral
bands round the parasites body cavity (Pdvtioinot, 2004). As well as thif.
tereticolliswas differentiated frorPolymorphus minutu@. minutu$ by the colour of
the parasites d2. minutushas a stronger oranfged colour compared t@. tereticollis

which by comparison hasdaller orangecolour.
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3.Results

3.1 Prevalence of cystacanths wittiammaruspp

The prevalence of cystacanth infections witGammarusppremained relatively
constant with infections of 90% for both July and August and 60% for Septe@ber
The mean length ddammarusspp used in the study wa¥8mm + 1.28 As well as

this, prevalence from previously collected data was 90% in August 2016.

3.2Infectionof 0+ fish

Pooling all fish together, there were a total 89 @sh used in this study. All species of
fish were found in several months in at least 2 y@@tsP. phoxinudeingpresenin all
months and all yearS. cephalusvaspresenin July, August, September and October
2015 and July, August 201B. leuciscusvaspresentiuly, AugustSeptembeand
October 2015, June, July, August éeptmeber 2016 and July 204:9dB. barbus
presenin July, August, Septneber 2015 and July, August 2016.

Table 2. Prevalence &fomporhynchus tereticolliithin Barbusbarbus, leuciscus
leuciscus, RoxinusphoxinusandSqualiuscephalusn each month where samples were
collected. N/A represents when no fish of the species were caught during the sampling

period.Mean Abundance is presentedparentheses

Barbus Leuciscus Phoxinus Sgualius
barbus leuciscus phoxinus cephalus
0 0 0 0
Juk15 ©) 0) ©) ©)
150 7.7 0 4.0
Aug-15 (0.25) (0.18) © (0.04)
53.3 219 143 0
Sepl5 (1.27) (0.30) (0.14) (0)
N/A 36.3 20.0 150
Oct-15 (N/A) (0.73) (0.30) (0.15)
N/A 9.1 0 N/A
Junl16 (N/A) (0.09) ©) (N/A)
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N/A 5.0 19.0 N/A
Juk16 (N/A) (0.05) (0.4) (N/A)
167 154 40.9 N/A
Aug-16 (0.02) (0.02) (0.57) (N/A)
23.8 353 50.0 N/A
Sep16 (0.28) (0.78) (0.60) (N/A)
N/A 20.0 0 0
Juk19 (N/A) (0.20) (0) (0)
N/A N/A 9.1 0
Aug-19 (N/A) (N/A) (0.09) (0)
N/A N/A 167 N/A
Sep19 (N/A) (N/A) (0.17) (N/A)

Prevalence oP. tereticolliswithin B. barbusL leuciscusS. cephalusndP. phoxinus
varied between months (fig ZJherewasan increase in the prevalenceffterticollis
towards the last sample of the yéarall speciesS. cephalufadthelowest overal
prevalenceompared to thether specieand in 20155. cephalu$ad the lowest
prevalencevith prevalencgeaking in Ocotber 2015 at a value of 1584.0) compared
to 363% (1d.p) forL. leuciscusand 20% 1d.p) forP. phoxinus. B. barbusad the
highest prevalence &f. tereticollisin 20150f 53.3% (d.p) occuring in Septemhdn
2016,P. phoxinushad the highest prevalenceRftereticollisreaching 50%3d.p) in
September 2016 compared to 23.8%b.10) forB. barbusand 353% (1d.p) forL.
leuciscusNoO S. cephalusvas caught in 2016. In 2019 Bo barbuswvere caught and
only P. phoxinusvas caught in all three samples. In 2019 the prevaleinéetereticollis
in P. phoxinugvas similar to 2015 and 2016tivtheprevalence of the parasite
increagng towards the autumn sampl&oth L. leuciscusandP. phoxinugarried
infections ofP. tereticollisextraintestinally with 20% (1d.p)oP. tereticollisfound

within P. phoxinusand 6.7% (1d.p) found extiatestinally withinL. leuciscus

12
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Figure 2. Prevalence &fomphorhynchus tereticolligithin Barbus barbugA),
Leuciscus leuciscu®), Squalis cephalu€C) andPhoxinus phoxinuD). N/A
represents an absence of gipecies in sample period.leuciscusandP. phoxinusvere

caughtin most samples.

3.3Binary logistic regressionsing the combined data acradksfish species

and sampling dates

Fish length and gapeerestronglycorrelatedwith ar?>0.8thereforeonly fish length

was used for further statistical analysis. Table 1 showg traues for all the other
variables wih the largest being betwetsmperature and datehich wasstill below 0.8
therefore, fish length, date and gut fullness were included in further statistical analysis.

Table3. Regression analysis of all variables used in the binary logegtression for all

fish species and sampling samples

Variables regression output

fish length and

temperature Regression F=3.426, d.f=1 and 601, p=0.65, r2=0.006
Fish length and date Regression F=40.804, d.f=1 and 601, p<0.001, r2=0.0
Fishlength and gut

fullness Regression F=2.292, d.f=1 and 498, p=0.131, r2=0.00
date and temperature Regression F=156.599, d.f=1 and 604, p<0.001, r2=0.
temperature and gut

fullness Regression F=82.685, d.f=1 and 501, p<0.001, r2=0.1
Gutfullness and date Regression F=9.271, d.f=1 and 501, p=0.002, r2=0.01

Output from the binary logistic regression for all the fish in the study showed that infection
was affected by fish length, gut fullnemsdspeciesSpecies appears to have the biggest
impact on infection withP. tereticollis with B. barbusbeing the strogest positive
predictor of infection although this was not significant (tafeL. leuciscuswas the
strongest negative predictor of infection followed SiycephalusTemperature and date

do not appear to predict infectiamen allspeciesre used in thiinary logistic regression
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Table4. Results of binary logistic regression testing the significance of variables

affecting the infection of fish witFomphornhynchus tereticolli$he model was

selected using forward and backward stepwise selection and was confirmed to be the best
model usng both Akaike information criterion (AIC) and Bayesian information criterion

(BIC)

Variable B S.E. Wald P

fish length 0.174 0.025 46.959 <0.001
gut fullness -0.11 0.004 6.051 0.14
P. phoxinus 18.113 <0.001
B. barbus 0.6 0.368 2.657 0.103
S.cephalus 0.316 0.601 0.276 0.599
L. leuciscus 1.435 0.499 10.19 0.001
Constant -5.81 0.796 53.329 <0.001

3.4Fish lengh and infection withP. tereticollis

The output from the binary logistic regression was affected positively by fish length
B=0.176, p<0.001. Aincreasen fish length increased the prevalencéotereticollis
within all species apart frof@. cephalusThe relationship between fish length and
prevalence was only significant fBr barbusandP. phoxinugfig 2). In B. babrusthere
is a clear break point where infection wRhtereticollisbegins between 18mm and
22mm and increases sharply to the latgdé the 0+ fish which carried the highest
infectionwith size groups of3@ 2 mm and 32 mm+

tereticollisof 75.00% (2d.p) and 71.43% (2 d.p) respectivEhe relationship between

carf.ying preva

B. barbudength and prevalence Bf tereticolswas hi ghly signi fi cant
rho=0.913, p<0.001, N=11. leuciscudish length was not a good predictor of infection
with P. tereticollis(table 4). There waggeneral positive trend of prevalence increasing

with fish length but this was not significant Spearmans rh0=0.454, p=0.103, n=14 (fig 2).

S. cephalu¢engthwas shown to be a bad predictor of infection vidthereticollis(table
5). No overall positive pnegative trend for infection with. tereticolliswas found and

the prevalence d®. tereticollisappears sporadicalbt a low prevalencaa the middle

15



fish size lengthand then returns to 0%he trend was also not significant Spearmans
rho=0.109, p=0.797, n=8.

Although date was considered to be an important factor predicting infattfon
phoxinug(table 6) length was independent of month as several spawns happen in a year
and differenténgthed fish were fourixedin all the monhs meaning the relationship
between length d?. phoxinusand infection withP. tereticollisis not affected by date.

There is a pative relationship betweeen the two variables where infcetion begins when
fish are 1520mm in size and thancreasedinealy where the highest levels of infection
occur in the larged®. phoxinuswith prevalences of over 40% in the largest two sizes
clasgsof P. phoxinus The rel ationship was highly
n=13, p<0.001.
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Figure 3: Mean standard lengthBdirbus barbugplaced into size groups with an
increment of 2mm plotted against the prevalendeashphorhynchus tereticoll{86)
within the group. Data for fish was pooled from all periati®n they were caught
AlthoughPhoxinus phoxinugrere caught in 2019, they were exluded from the
production of tle graph due to low prevalence Bf tereticollisfor the year which would
have skewed the top of the data as all fish caught were large. Black stars represent

significant relationships

3.5Gut fullness and prevalence Bf tereticollis

Infection withP. tereticolliswas predicted by a lower giutliness although this was not
significant B=0.11, p=0.14table 4) When month is a covariat®, barbusL. leuciscus
andP. phoxinusad higher median gut fullnesden infected withP. tererticollisin
Sepgenmeber and October 2015 and similar fydiness valueso uninfectedish in

August 2015S. cepahalubad a lower median gut fullness when infected With
tereticollisalthough sample size for this spmsavas low (fig4). InfectedP. phoxinus
gut fullness was significantly different froominfectedP. phoxinusvhereas the
difference was not significant for the other species.

Gut fullness (%) oB. barbuscollected over July 2015, August 2015 and September
2015 for all fish (infected and uninfected pooled for each month) was significantly
different KruskalWallis, chi squared=28.838, d.f=2, p<0.001. Infected individuals were
only found in August and Septéer (fig4). Infected and uninfected individuals in
August showed similar gut fullness median£80 for uninfected individuals and
median=75£35 for infected individuals. In September, uninfected individualewad

gut fullnesscompared to infected indvd ual ' s medi an=30x£30 f or
and 47.50+51 for infected individuals. The difference between infected and uninfected
individuals in both months was not significdhannWhitney U= 171.000, n= 60,

p=0.216 and Maniwhitney U=16.500, n=15, @182 for August and September
respectively. Infected individuals were larger than uninfected indivi@8830.99and
22.8#0.51 respectively in August 2015. In September 2015 infected individuals mean
standard length was 31.21+1.83 (2d.p) and uninfectean standard length was
25.77+0.90 (2d.palthough larger fish did not have a higher gut fullness (See appendix)

Median gut fullness df. leuciscuswvas obtained for July 2015, August 2015, September

2015 and october 2015. However, individuals that were infectedPwigreticolliswere
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only found in August, September and October 2015. The overall gut fullness of fish
(infected and uninfected grouptajether) was statistically significant between months
KruskalWallis, chi squarred=45.200, d.f=3, p<0.001. Infected and unifected individuals
showed similar median gut fullness in August medians39IR5 for unifected and
median=8%5 for infected individals and then iseptember an@ctober the uninfected
individuals had lower median gut fullness compared to infected individuals
median=4&22.5 for uninfected and 60+22.5 for infected for September and
median=35+27.5 for uninfected and 55+30.625 for Octobee difference in median
gut fullness between months was not significant Méfintney U=23.00, n=22,
p=0.235, ManAVhitney U=22.000, n=20, p=0.173, Makihitney U=31.000, n=20,
p=0.188 for August, September and October respectively. Infected and wdnfect
individuals did not differ in size in the months of 2015.

There verenot enougls. cephalusndividuals infected withP. tereticollisto produce a
graph for all months in 201r gut fullness as the total number of individuals infected
with P. tereticolliswas 4. Althoughhere were individuals infectedn Ocoberand the
median=2.00 whereas, the median for unifected individuals was median=@d0(€9

12) which is the reciprotaf all the other fish gut fullness trends. The difference in gut
fullness forOctober2015was not significant between infected and uninfected
individuals ManrWhitney U=7.500, n=17, p=0.54.

InfectedP. phoxinusndividuals only occurred in September#&) and October (n=4)
where the median gut fullness was 80.00% (2d.p) and 15.00% f@dipfected
individualscompared to 50.00% (2d.p) and 5.00% (2d.p) for uninfected in September
and October respective(fig 4). The difference in gut fullness for dikh (infected and
uninfected grouped together) differed between months Kr$edlis, chi
squared=26.491, d.f=3, p<0.001. The difference between infected and uninfected gut
fullness was significant for both September, Makhitney U=5.500, n=18, p=0.0Xhd
October, ManAVhitney U=2.000, n=23, p=0.003. The infected fish where latger
uninfectedfish Mean infected25.04(2d.p), mean uninfecte@t.26mm(2d.p)for
September (n=4) andean infected23.35(2d.p), mean uninfected¥.96(2d.p for
September and October respectively
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Figure 4: Median gut fullness (%) of infected and uninfe&arbus barbusn July

2015, August 2015 and September 2015. Infected individuals were only found in August
(n=9) and September (n=8A). Median gut fulness (%) of infected and uninfected
Leuciscus leuciscua July 2015, August 2015, September 2015 and October 2015.
Infected idividuals where found in August (n=4), September (n=5) and October (n=8).
(B). Median gut fullness dbqualius cephalusfected (n=3) and unifected (n=18) with

P. tereticollisin October 2015Median gut fullness (%) d®?hoxinus phoxinumfected

with P. tereticollisand not infected witiPomphorhynchus tereticoll@otted with month

the fish were samptk Infected individuals only occurred in September (n=4) and

October (n=4)Significant relationships arepresented with black staEror bars on

the figure represent the interquartile range of the median

3.5Binary logistic regression d&. barbus

B. barbusinfection withP. tereticolliswas predicted by fish length and gut fullness
although only fish length was significant (Table 3). Fish lemgih the best predictor of
infection withP. tereticollisand was also highly significant B=0.412, p<d.@@hereas,

gut fullness had a very small impact and was also not significat @5, p=0.662

Table5. Results of binary logistic regression testing the significance of variables
effecting the infection oB. barbuswith Pomphornhynchus tereticolli$he model was
selected usinthe lowest value produced bpth Akaike information criterion (AIC) and

Bayesian information criterion (BIC)

Variable B S.E. Wald P

Fish length 0.412 0.08 26.562 <0.001
Gut fullness -0.005 0.011 0.191 0.662
Constant 11.743 2.296 26.157 <0.001
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3.6 Binary Logistic regression dfeuciscus leuciscus

L. leuciscugnfection was predictedy gqut fullness, temperature and Date (Table 4)
although only temperature and date where significant. Temperatutbevasst

predictor anchada negative relationshifo infectionB=-0.475, p<0.001. Wheras gut
fullnesshadonly a very slighpostive affect on probabillity of infection although this

was not significant B=0.017, p=0.083.

Table6. Results of binary logigt regression for the varialdaffecting infection of
Pomphorhynchus tereticollsithin Leuciscus leuciscu¥he model was selected using
the lowest value produced by both Akaike information criterion (AIC) and Bayesian
information criterion (BIC)Gut fullness, temperature and date where all variables

affecting infection although temperature and date where the only significant factors.

Dace B S.E Wald P

Gut fullness 0.017 0.1 2.998 0.083
Temperature -0.475 0.13 13.478 <0.001
Date 0 0 9.3 0.002
Constant 604.579 198.885 9.241 0.002
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3.7 Temperature and infection béuciscus leuciscusith P. tereticollis

The prevalence d®. tereticollisis negativly correlated with temperature with the largest
prevalence of infectionccuring wlen the temperature is MEC (2d.p)with a prevalence
of 36.36% (2.d.p)when temperatures are warmer, the the prevaleno®@es and at the
warmesttemperatureprevalence usually remains below 108§ 5). The relationship
between temperature and the prevalende. ¢éreticolliswas significant Spearmans
rho=0.706, n=9, p=034.
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Figure5. Average temperature of the month where a samplewdiscus leuciscusas
taken plotted with the prevalenceRdmphorhynchus tereticoll{8o) within the fish.

The trend between the two varaibles is negative as the temperature decreases, the
prevalence oP. tereticollisincreases. The relationship between temperature and th

prevalence oP. tereticolliswas significant Spearmanso=0.706, n=9, p=034.

3.8Infection ofLeuciscus leuciscusith P. tereticollisand the Date of

samples collected

The prevalence d®. tereticollisincreases with month with the highest prevalences

occuring in the latest months of sample collections in October 2015 and September 2016.
Size has little effect on the prevalence in the month and so date can be ruled out as a
proxy for length as prevalenagcreases in both months even when the fish are smaller in
2016with higher prevalence®ian 2015 (fig3). This suppots fi@® which shows thathe
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relationship betweefish length and prevalendg not significantThe prevalence in each

month was significantly different from each other Chi squar2@d355, d.f=7, p=0.0049.
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Month of sample collection

Prevalence oPomphorhynchus tereticoll{%b)
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i

m prevalence of P. tereticollis ODace fish length

Figure6. Months where_euciscus leuciscusas sampled plotted with prevalence of
Pomphorhynchus tererticollis the intestine. As thdate increases towards the end of
both 2015 and 2016, the prevaleimereasesSize has little effect on the prevalence in
these months as can be seen by infcection being higher in August 2016 compared to
August 2015 despite the larger size of the fisbOh5. As well as this, infection is much
higher inSeptember 2016 compared to september 2015 despite the THrgatifference

in prevalence in the different months was significant Chi squa2@a55, d.f=7,
p=0.0049

3.9Binary loqgistic regression fdgualus cephalus

S. cephalusnfection was predicted by lowergut fullness This was not significant B=
0.4, p=0.343 out of 4 of the parasitésund withinS. cephalusccurred in October
2015 were gut fullness was low for both infected and unifdetbadfig 4) and this the
reason why infection is predicted by gut fullness.

Table7. Binary logistic regression output for the variable affecting infectiddqofalis

cephaluswith Pomphorhynchus tereticolli¥he model was selected using the lowest
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value produced by both Akaike information criterion (AIC) and Bayesian information
criterion (BIC).Gut fullness was the only variables that significantly predicted infection
with P. tereticollisall other variablegfish length, temperature and desggnificantly
increased the AIC and BIC value.

Chub B S.E Wald P
Gut

fullness -0.4 0.19 4.494 0.34
Constant 1.28 0.707 3.3275 0.07

3.10Binary logistic regression d?hoxinus phoxinus

Infection of P. phoxinusvas predicted by three variables, fish length, gut fullness and
date. Fish length had the strongest positive effect of the three variables and was also
highly significant B=0.253, p<0.001, whienegative gut fullness predicted infection of
P. phoxinuswith P. tereticollisB=-0.18, p=0.03.

Table8._Binary logistic regression output for the variadddfecting infection of

Phoxinus phoxinugith Pomphorhynchus tereticolli§he model was selected using the
lowest value produced by both Akaike information criterion (AIC) and Bayesian
information criterion (BIC). Fish length, gut fullness and date were the variables that
significantly predicted infection witR. tereticollis. Temperature significantly increased

the AIC and BIC value and so was excluded from the model.

P. phoxinus B S.E Wald P

fish length 0.253 0.058 19.33 <0.001
gut fullness -0.18 0.008 4.727 0.0
Date 0 0 4.548 0.033
Constant 378.204 179.987 4.415 0.036
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3.11Date of sample collection and prevalenc® ofereticolls within

Phoxinus phoxinus

The prevalence d®. tereticolliswas significantly different between monttis
squared=31.315, d.f=10, p=0.0005. The prevalence increases towdesdd Hanple of
the year 2016 had the highest prevalemdehe three years.
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Prevalence oPomphohynchus tereticoll{o)
Mean standard length of fish (mm)
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Month and Year of sample

W Prevalence OP. phoxinus length

Figure7. Months wherd>hoxinus phoxinugias sampled plotted with prevalence of
Pomphorhynchus tererticollis the alimentary tract. As the date increases towards the
endof 2015, 2016 and 2019, the prevalence generally inge@ke prevalence &f.
tereticollisin 2019 was low compared to 2016 but higher than 2015 and likely to have a
high prevalence in October if sampling continued. The largest prevaleRce of

tereticdlis occurred in septmeber 2016 with a prevalence of 50%. The difference in
prevalence across the months wagmificant chi squaredi.315 d.f=10, p=0.0005
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4. Discussion

A variety of variables which predict the presenc® ofereticollisin the river Teme were
tested these were species includhdarbusL. leuciscusS. cephaluandP. phoxinus
fish length, gut fullness, temperature, ddtee variables which predict infection within
each species of cyprinid were then tested. As well as i@iprésence of cystacanths in
Gammarusppwas observed in 2019 and combined with previous data in A@Quét
The presence alystacanths withilGammaruspp remained at a high prevalence
throughout 2019 as well as in the sample collected in &Eeésection 3.1)t is
thereforeunlikely that the prevalence &% tereticollisin the riverwas limited by the

presence of cystactrs withinGammaruspp.

The factors for predicting infection when all fispeciesvere includedn the binary
logistic regressiomvere fish length, speciemd gut fullness although gut fullness was
not significant(Table4). Fish length was a positive indicator of infection whociuld
beexplained by two factors:

. A fish’” s | en g agemeanng largepfishchavwmdnio timeitgbredate a
cystacanth infecte@ammarusspp

. Gammarusare only ever infected with sjacanths when they are over 5mm in length
(Hine and Kennedy, 1974a; Harris, unpublished datger fishhave larger gape and
soaremore likelyto consume &amnarus sppindividual of this size compared to a

smaller fish.

4.1 Infection withP. tereticollisacross species

Each fish species had a different effect on the binary logistic regressions ability to predict
P. tereticollisinfection(table 4).B. barbushad a positiverelationshipwith infection. S.
cepahlusandL. leuciscushad a negativesffect on infection.The different relationshg
betweerP. tereticollisand the different species is explained byrtdéfering life

strategies.

The relationship betweestandard length d8. barbusandinfection withP. tereticollis
was highly significant and had a high Spearmans rho indicating a go8afitard
length explains most dhevariation ininfection in the specigdig 3). There is a large
increase irthe prevalence oP. tereticollisbetweer20mm and 32mm where infection

increases from 0% to 75%g 3). This can be explained by the feeding egylof the
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fish as it is a highly benthic feeder (Periinnot et al, 2019and sas likely to regulary
encounteGammarusppwhilstfeeding As B. barbusincreases in length, the infection
increases as the fishvsrylikely to consumé&ammaruspp infected over 5mm due to
the high encounter rate between the speaessincreasing gape of the fisthe high
infection inB. barbusis supported by Kennedy2006 p.67 and PerreiMinnot et al,

(2019) who both show that prevalence and abundance is higjtbarbusadults

It is likely that the main source &% tereticollisinfectionsoccur through the eating of
infectedGammarusspp This isdue toP. tereticollisbeing less manipulative thdh
leavis(PerrotMinnot, 2004)meaning thaGammarusnfected withP. tereticollisremain
low in the water columeausinga high encounter rate betweBnbarbusand infected
GammarusThis could explain why althougB. barbusare smaller thamost of thel.

leuciscussampled, thepftenhave ahigher prevalencef P. tereticollis.

Prevalence oP. tereticollisin 0+ S. cephaluss the lowest of all species and is not
dependentn size (fig3). At similar sizesB. barbusandP. phoxinushow much higher
pr eval e B)cTdisssggdsthat@ammarusppare not an important part 6# S.
cephaludiet Mann (1975), looked at the diet f cephalusvhen theywerejuveniles
and adultsHe found thatGammarusverealso rarely a part d. cephaluslietwith an
occurrencef 1.9% for juveniles0% in medium sizes and 4% for adulf&he
prevalenceind abundance &f. tereticollisinfections withinS. cephaluss regularly
highin the UKfor example in the River Avon and River Cuimeanabundancés 68
and74.1respectivelywith bothhavingaprevalencef 100%(Kennedy,2006p.67). The
high prevalencen adultS.cephalusandlow prevalencen 0+ fish suggest®. tereticollis
may be exploiting postcyclic transmissioror a paratenidhostin its life cycledueto
irregularcontactbetweersS. cephalusandGammarugut a high prevalenceverallin
adults Medocetal, (2011)showedhatparatenidransmissiorof Pomphorhynchus
sppfrom P. phoxinusto S.cephalusvaspossibleard that 18% of the Pomphorhynchus
sppestablishedvithin S.cephalusafterpredationof P. phoxinus.This couldexplainhow
afish thatrarelyfeedsbenthicallyon Gammarusould havesucha low prevalencaevhen
0+ (fig 3) butasadultshavehighp r e v a | as0+ S.&eéplsalusaareunableto predate
smallerinfectedfish andcarrylow infection (fig 3) butwhenthespeciess largerare
ableto predatdish (Mann,1975)andcarryahigh prevalencef P. tereticollis
(Kennedy,2006p.67).
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It is unlikely that a high prevalencef P. tereticollisis dueto adultS.cephalus
consumingmoreinfectedGammarussppthanuninfectedGammarusppasP.
tereticollisis lessmanipulativethanP. laevisandsobothinfectedanduninfected
Gammarussppresidelower in thewatercolumn(PerrotMinnot, 2004).As S.cephalus
feedbenthoepelagicallyandbothinfectedanduninfectedGammarusppremainlow in
thewatercolumnthe encounterateshouldbelow betweerS. cephalusandinfectedand
uninfectedGammarusspp.This hasbeenconfirmedin field studieswheretheinfection
of S.cephaluswith P. laevisis muchhigherthanP. tereticollis (PerrotMinnot et al,
2019)andtheyconcludedhatthis wasbecaus€&sammarusnfectedwith P. laeviswould
havea muchhigherencounteratewith S.cephalusdueto beinghigherin thewater

column.

Themostlikely postcyclic or paratenidransmissiomoutefor P. tereticollisis from P.
phoxinugto S.cephalusasP. phoxinuscarrythe secondchighestprevalencef all the O+
fish. Paratenidransmissiorirom P. phoxinuss possibleas20%of P. tereticollis
infectionwereharbouringextraintestinally(own observatios). As well asthis,
infectionsfoundwithin theintestineof P. phoxinusdisplayedimited attachmenof the
proboscigo theintestineandwhereeasilyremovedrom the speciecomparedo the
otherspeciesn thestudy Thisis supportedy Kennedy (1999)who showedthatpost
cyclic transmissiorwasunsuccessfuvhenS.cephalusvaspredatedy Oncorhynchus
mykisscomparedo whenCottusgobiowaspredatedy O. mykiss Kennedy,(1999)said
thedifferencewasdueto adifferencein the hostencapsulatioeffectbetweerthetwo
specieswith P. tereticolliswithin S.cephalugdisplayingalargerhostencapsulation
effectandan unsuccessfudstablishmendfter predationcomparedo C. gobiowhere
hostencapsulationvaslimited andestablishmentvassuccessfufollowing predation
Dueto both the extraintestinalinfectionsandthe limited attachmenbf probosciswithin
theintestinemakest likely thatP. phoxinuss contributingto thelife cycleof P.

tereticollisin a paratenicr postcyclic manner.

Maitland, (1965) found the ocaance (%) ofGammarusn the digestive tract d?.
phoxinusto be 12%. Although this is thé' Tnost common foodonsumed by.
phoxinusin the studypther food sources weoensumed more ofteior example, the
occurrence of algae species was found in 28% of fisftoghdcladiusspp found in 49%

of stomaches. As well as this, most of @@mmarusspp by bulk occurred in the winter
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months and there was a decrease in the dfuBammarussppin sunmer months.
Diptera represented the most abundaat sourceéy bulk in the summer months
indicating that for large periods of tinie phoxinuged on the surfacef the waterThis
agrees with the results of Frost, (1948)o found thatP. phoxinusnidwaterand surface
feeding increased in summer months and feedingincreasedn the benthosluring
winter. This could explain whyength increases prevalenceRoftereticollisbut the
prevalence remains lower thBnbarbusof the same lengttfig 3). Fish length increases
the probability that &. phoxinuswill predate aGammaruspp(fig 3) butasGammarus
spp are a relatively small part of the diePofphoxinusn the summer monthshen the
samples were collected, the limiting factor is just length of P. phoxinusutalsothe
diet of the fish as they coultk predaing Gammarusspp asnore of achance food
compared tdB. barbuswhich are regualy eatinGammarussppas their length increases

(fig 3).

Although there was a slight paige relationship between standard lengtt.. leuciscus
andinfection withP. tereticollis(y=1.0507x+19.542%tandard length was neither
significant (fig3) or a predictor of infection (table 4Jhis is due t@ther factors such as
temperature and date playingnaresignificant role on infetion as the size groups show

a sporadic plot.

4.2 Date and infection dP. phoxinuswith P. tereticollis

The diet ofP. phoxinusould explain why date is an important predictor of infectan
the speciesPrevalence is regulary higher in Septemberpgamed to earlier months in the
same year (fig 2)The midwater and surfaeeaterfeeding decreases with month and so
they may predate on mo@ammarusppin september and octobéue toincreased
benthic feedindFrost, 1943) This would support theesults of PerreMinnot et al,

(2019) which found that thereanealmost no infections d?. tereticollisin P. phoxinus
as a proportion d®. laevisto P. tereticollis.This agrees with the diet hypothesis
described here as samples for Pelatnot et & (2019) where taken in spring and
summer when the benthic feedingfafphoxinuss reduced (Maitland, 1965; Frost,
1943).Gammarusspp infected withP. tereticollisremain lower in the water column
compared t@sammarusspp that are infected wit. laevis so infection withP. laevis
would be higher foP. phoxinusas the encounter rate fgpring and early summarould

be higher
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However, the prevalence may also be lower due to lessssfal establishment in the
species compared B barbus This is due to the host encapsulation that occurs in some
species but not in others (Kennedy, 1999). This process did not occur in anyof the
phoxinusstudied and parasites were discovered in many areas of the digestive tract
suggestinghat parasites ay be more readily lost from the fish compare®&tdarbus

where host encapsulation does occur.

4.3 Infection ofL. leuciscuswith P. tereticolliswith Temperature and Date

L. leuciscudgnfection withP. tereticolliswaspredicted by botbhemperature and date

(table 4). As temperature decreashs,prevalence d®. tereticollisincreases (figp) and

as the month increases towards the end of the year, so does the preval@)céhisgy

could be explained by several factors. Firstly, as the temperature decreases, the fish may
residelower in the water column and so encourted predate mor@amnarusspp
increasingprevalenceAs well as this, warmer temperatures decrease the lulivpaf
suaessful establishment compared to lower tempertures (Kennedy, Us&2iccessful
establishmenis unlikely asP. phoxinusnfection for July and August 26lwould be

lower than Semmber and October 2015 if temperature was having a large efidth

(fig 20) therefore it is more likely due to temperature related differences in feeding

within the species

Food avdability is likely to explain why infection can be predicted by dek.

leuciscudood preferencearelinked towhatever isavdl ade (Helawell, 1974)and so

will likely consume whatever can be fouad long as the prey item is in high abundance
As Gammarusspp can be founith every month{Hine and Kennedy, 19&4Harriset al
unpublished data) and there is a decrease in the number of different prey items consumed
by L. leuciscusas the month heads towar@stober(own observationsit may be

possible thathey are shifting towards predatiG@ammarusspp more reguatg. This is
supported by Hine and Kennedy, (18y#hich showed thabammaruspp where

consumed by.. leuciscusll yearat alow occurrencehenpredation olGammaruspp
increasesn September and March (roughly 9% and 11% respayg). Theyalsonoted

the increase in March was linked to a change in diet from plant to animal matter with the
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amount of animal matter being highest in sumaret the plant matter becoming the
main food source in wintek. leuciscusnfection withP. tereticolliscouldtherefore be
explained byL. leuciscugpredatingGammaruspp when other animal matter in low

inabundance in september and Octdi®fore switching to plant matter in the winter

months.

Although prevalences reasonably high towards the end of the year, it is unlikelyRhat
tereticolliswill have success in this species due to the inabilify.déreticollisto

mature in this species over winter (Hine and Kennedy, 1974b). This means that even if
there is bth male and femalB. tereticollispresent in the alimentary tract of individual

L. leuciscusit is unlikely that they will mature in time to reproduce befoeeng

expelled as in hosthat are not prefeed such a€arassius auratyghey are expelled

within 70 dayswhen food availability is lowiKennedy, 1972)L. leuciscugcan be
considered a host that is not preéer as the production of gravid females in this species
is lower tharB. barbusandS. cephaluss well agheparasitesachieving a smaller

average weight (Kennedy, 2006 p.67).

This means that Ok. leuciscuss likely to be a dead end host fertereticollisunlessL.
leuciscuscan beclassed as a paratenic hosfadlitate the postyclic transmissiomf
the parasite. Although there is little dattican be temttively suggestethatpostcyclic
transmissions possiblégrom L. leuciscudo larger fish ashe prolmscisdo not penetrate
deeply or causeneextremehost encagulationresponse (Hine and Kennedy@74b).As
well as this6.7% (1.dp) ofP. tereticollisinfections were found extriamtestinallyin the

studypotentially making paratenic transmission possible.

4.4 Gut fullness

There is a negative B value for gut fullness suggestingrifeattion occurs when gut
fullness is lowe(table 4) This can be explained lmgost infected fish occurrimghen

food availability was lowefor compared to fish caught in early summer samples (fig 4).
This means that a randomly selected uninfected fikthave a higher gut fullness as the
uninfected fish aralsofrequently found in periods when food availability is high. When
month is plotted as a covariate, infected fish consume more food than uninfected fish
the same montffig 4). Rather than lieg a predictor of infection it is more likely to be a
consequence of infection as although infected individuals are larger, there is no

significant relationship between size and gut fullness (table 3; see appendix) indicating
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that larger fish are consungmmore food to maintain thelodysize due to an energy
deficit or behaviour change causedmytereticollis This is supported by tHe
leuciscudata as length was not significant to explain prevalen&e t#eticollis and
there was also no sizifference between uninfected and infected gut fullness groups.

Behaviour changes caused by Acanthocephalan in vertabrate hosts are thought to not
occur(Kennedy, 2006 p. 89nd only one study has shown tfsse Kennedy, 2006
p.85).Gut fullness was sigficantly higher in infectedP. phoxinusompared to
uninfectedP. phoxinugfig 4) which could contrdict current understanding of
Acanthocephalan interactions with vertebrate hastsilt fish infected and uninfected
with P. tereticollisdo notdiffer in size or growth rate (Hine and Kennedy, 1197hd &
there was no positive trend between sizB.gbhoxinusand gut fullnesssge append)xit
can be concluedeadlith relative certainty thdish infected withP. tereticollisare
increasing thie feeding activityin order to maintain size and growth rdfeKennedy,
(2006 p.85) is correct, ¢h this is likely to be due to an energy deficit in infected
individuals either by higher immune activity (Harris, 1972) oPbyereticollisfeeding
in thealimentary tractherefore stealing resources from the fishoppose to direct

manipulation by the parasite

Theincreasd feedingof P. phoxinusnay correspond to a higher probabilitypsédation
asthehigher energetic costill have to be adjusted by increased feedirgch could
cause fish to spend matiene under the risk of predatioifhis has been show in (Giles,
1987) wherdsasterosteus aculeat(hreespinedsticklebacks) which were infected
with Schistocephalus solidusturned to feedintaster after a predation risks well as
this, infected individualsonsuned more foodthan uninfected individualdthough these
affects may be less severe regardigphoxinusandP. tereticollisasno growth ofP.
tereticollisoccurs withinP. phoxinugKennedy, 200630 the energy stolen frof
phoxinusby P. tereticollismay be less than in a host where the parasite is actively
growing There is still a large increase in feeding between infected and uninfected fish as
in September and October, gut fullness was 60% and 20§l8érin infected fish
compared to uninfected fighg 4). Although, this should be treated with caution due to
low numbers of infected individuals (n=4 for both montlfsfurther work shows ta
trendof higher food consumption in infected individutdsbecorrect,then this

behaviour change has thessibility to impact the transmission of the paratsiteugh

postcyclic and paratenitransmission. As well as this, the parasite stagngthen the
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link betweennfectedP. phoxinusaand predatorsompared to uninfected individuals
which has been shown in other parasigastd et al, 20)1Regardless of whethéhris
change in host behavioisra side effect of parasitis(hafferty, 1999)or direct
manipulation ofP. phoxinudy P. tereticollis there would seem to be an advantage to
the parasite as increased foraging may increase predation and so itierebaerce of

transmission to a host were the parasite can mature and produce offspring.

As with P. phoxinusothinfectedB. barbusandL. leuciscudisplay an increase in gut
fullnesscompared to uninfected fish September and Octobgig 4) although neither
species infected gut fullness was significantly diffefem the uninfected imany

month. This cou still have implications for the individuals infectdtbugh. For

example, the increase in predatiomantioned above. Howeverpst cyclic

transmission is less likeip B. barbuscompared td”. phoxinusandL. leuciscusiue to
thedifference inhost encapsulation observed between preffered host to unpreferred hosts
(Hine and Kennedy, 1974As well as thisp+ B. barbusharboured no extrantestinal

parasites and so can not be regardedea partenic host.

Infectedfish maycome under the risk of station during winter if they require more

food than uninfected individuals. Oweimter, food avaabillity declines and so the
parasitised fish may be more likely to starve comparenhitafected fish. As well as this,
under 10 C the fishes ability to metabolise food is reduced. If this were the case and the
infected individuals wereating to much foadhis couldresult in foodnot be
metabolisedjuickly enough and mawncrease the risk dfacterial infectionsThis is
demastrablein Hine and Kennedy, (1974b) where tWoymallus thymallusdividuals

died in the labratoryprobablyas a result of half digested food found in the body cavity
with a large build up of bacter@ue to the fact the food could not be removed similar to
what could happen in the alimentary tract when metabolic activity is léMteough

this is merely dypothesis and would require much more further work.

5. Conclusion

The prevalence d?. tereticollisacross 0+ fish differed between species \Bitlbarbus
having the closest relationship with tereticollisin terms offish length. Considering

thatS. cephaluandB. barbusare considered the main hosts for the parasite in adult fish,
it is surprising that such a low prevalence was found in the. @ephalusompared to

all other species examinelo relationship to any variable apart from gut fullness
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found and gut fullness was not significanhis is likely due to larges. cephalus

predating infected smaller fish and obtaining infections throughqya$it transmission.
Thedifference in prevanceof 0+ B. barbusand0+ S. cephalusighlightthe possibility

of more complex interactions in the life cycleRoftereticollis Further work will be

needed to comfirm this proposed mode of transmission where smaller possible paratenic
hosts would hae to be present and absent from experiments with other food sources
avaliable so tha®. cepahaluare not forced to e@ammarusr P. phoxinusiue tothe
absence of other food souragkich could have been the case in Medoc et al, (2011)

The 0+ fish are not important for the succesB.téreticolliswithout the possibillity of
paratenicr postcyclic transmissiomue to the low abundance and timing of infection
The infections oP. phoxinusandL. leuciscusare possibly dead ends ftwetparasite as

P. tereticollisnever maturein P. phoxinusn the UK and most infections for Q
leuciscusoccur t late in the year for the parasites to mafitime and Kennedy,

1974b) OnlyP. tereticollisthat infecs B. barbushave thepossibillity of succedsl
reproductioras it is a preffered host and some hosts contain multiple paragitesgh

this is unlikey to have a large impact on the populatidn. @éreticollisdue to egg
production being potentially linked to host sizer(BeMinnot et al, 2019)P. tereticollis
within 0+ S. cephaluslo not have the possibillity to reproduce due to low abundance and
prevalence. These parasites will likely die before reproduction can asduis unlikely

that post cyclic transmissias possibledue to the host encapsulation process undertaken

in S. cephalus

P. tereticollismay behaving a negative impact on 0+ fishrvivalcompared to aduliss
increased gut fullness was observedllnnfected individual species apart from infected

S. cephalugfig 4). The potentiaknergydeficit causedy P. tereticollishas the potential

to inaease stravation compared to uninfected fish although fueheratory

experimentsill be needed to determine if there is a higher feeding activity in infected
fish as well as the impact this could haveoverwinter survival compared to non

infected fish Further work should also be conducted to determine if infected O+ are more

likely predated due to increased feeding activity.
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Chapter 2Intermediate Host Use Byomphorhynchus tereticollis
in Southern English Rivers

. Introduction

Pomphorhynchus tereticollis an Acanthocephalan parasite of fish. Like all
Acanthocephalans, the species has an indirect life cycle and requires an invertebrate
intermediate host to complete its life cycle (Kenedy, 2006 p.12). Regarding
Pomphorhynchuspp, the intermediate host is always a Gammarid species. The life cycle
of P. tereticollisbegins when a shelled acanthor is expelled from the alimentary tract of
the fish by a mature female paraghat has successfully infected a fish and reproduced
with a male. Once the shelled acanthor is expelled it will lie dormant in thiedseumtil

it is ingested by &ammarusspp. If the host is a viable species, the acanthor will

develop through three life periods from acanthor to late acanthella to cystacanth with the
process usually lasting 485 days (Rumpus, 1973). The cystacanthestagnfectious to

fish and is more manipulative to the gammarid host in this stage of its development

compared to earlier stages (Franceschi et al, 2008).

P. tereticollisis a generalist parasite at the definitive host stage (Kennedy, 2006 p.67)
andhas been found in over 16 species in both salmonids and cyprinids (Hine and
Kennedy, 1978). The main hosts for the parasite in the south of EnglanBaatris
barbusandSqualius cephalu@ine and Kennedy, 1974b). Evidence for this can be seen
in the hidh percentage of gravid females (71.0%Bobarbusand 67.2% fofS.

cephaluy compared to other species suclassiscus leusiscwshere on average gravid
females are half as common in the south of England (Kennedy, 2006 p.67). However,
local adaptatiomf the parasite has been observed in rivers where preferred hosts are less
common with the parasite adapting.tdeusiscusn the absence @&. barbusn the

River Culm and t&almo truttain the River Otter when botB. barbusandS. cephalus

are absentKennedy, 2006 P. 66). The generalist nature of the parasite has likely enabled
the widespread distribution across the entire of the UK and most of central, western and
PonteCaspian Europe (fig 3) (Persbtinnot et al, 2017)Gammaruspp are a

ubiquitows freshwater crustacean present in most European rivers (Hine and Kennedy,
1974a; Weiss et al 2011; Blackmann et al, 2017; Réthonot et al, 2019) (fig 2) and

also contribute to the widespread distribution of the paraitereticollisis considered
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a generalist at the intermediate stage capable of infecting many speGasiaruspp
(Kennedy, 2006 P. 66). However, recent research has highlighted there may be a
preference in intermediate host use for the parasite. Both Westram et al, (2011) in
Switzerland and Galipaud et al, (2017) in France showed that infectPnterfeticollis
occur most often ilammarudossarumG. fossarury compared t@Gammarus pulex
(G. puley as well as other Gammarid species.

G. fossarunandG. pulexhavesimilar distributions in Europe (Pockl et al, 2003;
Westram et al, 2011; Blackman et al, 2017; Galipaud et al, 201 grammbnsidered
cryptic species as highlighted by the grouping of the two species in Gathenarus
pulex/fossaruncomplex in France @rotMinnot et al, 2019). There are however
distinct differences between the species for exantpl@ulexregularly obtain a larger

size thars. fossarunHarris et al, (unpublished) and usually prefers slower flow rates
and lower stretches of rivers coarpd toG. fossarun{Pockl et al, 2003). There are also
morphological differences such as the absence of plumose setae on the outer edge of
Uropod Il in G. fossaruntfig 1) (Blackmann et al, 2017). Genetic structuring also
separates the two specieS@mgpulexhas strong genetic structuring in the Mediterranean
region (Muller, 1999) and weaker genetic structuring in Northern and Western Europe

(Scheepmaker, and Dalfset®89 while G. fossarunhas stronger genetic structuring in

the central an®onteCaspian regions of Europe (Muller 1999).

Figure 1. Presence of plumose hairs on the Exopod of Uropdaaithmarus fossarum

have plumose hairs on the inside of the exopod @jlyvhile Gammarus pulekave
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plumose hairs on the inner and outer edge of the exopod (B). Image adapted from
Blackman etl, (2017).

Figure 2. Distribution ofsammarus fossarumcross Europe. Adapted from Weiss et al,
(2014)
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Figure 3. Distribution oPomphorhynchus tereticollendPomphorhynchus laevis
within Europe. Adapted from Persbtinnot et al, (2017).

It was thought that thenly freshwater gammarid species in the UK @apulexuntil

Blackmann et al, (2017) recently discovet@diossarunwith eDNA, morphology and

standard DNA extraction techniguiesseveral widespread rivers in the UK. When

Gammarusspp samples from the Natural history museum were examined, it was found
that the species had been present in the U
been a study produced in the UK that caonéd the species thBt tereticollisuses at the
intermediate host stage and previous researchers based host usage on the assumption that
G. pulexwas the only species found in the UK. Considering the strong prefereRce of
tereticollisto G. fossarumn Westram et al, (2011) and Gaulipaud et al, (2017) and the

recent discovery db. fossarumn the UK a study into the host use of the parasite is

needed.

Therefore, the research objectives of the study were to (a) investigate the degree of
generalism displayed 1. tereticollisin its intermediate host in southern England, (b)
observe the prevalence ©f tereticolliswithin different rivers in the southf &ngland,

(c) observe the proportions Gf. pulexandG. fossarumn different rivers in Southern

England
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2. Method

2.1 Gammarusample collection

Gammarussppwere collected from the River Teme (near Knightwick, Powick and
Tenbury), the River Kennet (near Padworth), the River Avon (near Ibsley) and the River
Loddon (near Dinton Pastures, Stanford end Statfield, Swallowfield, longriver and
Arborfield) (fig 1). These rivers where chosen as the river Kennet and river Loddon are
western flowing rivers which would have been connected to mainland Europe in the last
glacial maxima meaning th&ammaruspp and the parasite were likely to colonise the
rivers naturally PerrotMinnot et al, 2017) compared to the river Avon and the River
Teme which are eastern flowing and so likely to have been colonised by introductions
during the translocation of cyprinidSammarusspp were collected using a kick sample
technique wheréhe gravel was disturbed 20 times with the foot. A kick net with mesh
size 250pum was placed downstream of the site disturbed to catch pdgartiedarus

spp. If low numbers were caught, then several kick samples were performed until at least
20 Gammarusspp which were large enough to speciate were caughiGahemaruspp

were then preserved in 99% ethanol until dissection.

All the locations were collected in different months ranging from July to September 2019
(Table 1). This however does noatter as previous research (Harris et al, unpublished)
showed that both species@ammarugemained in the relative proportions throughout

the year and both show similar ecologi€abowski et al, 2007)
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Figure 4. Sampling sites for the collectionGdmmarusspp, 1=Padworth (River
Kennet), 2=Dinton Pastures (River Loddon), 3 (between 4, 5 and 6)= Swallowfield
(River Loddon), 4=Arborfield (Blackwater river), 5=Longriver (long river), 6= Stanford
end (River Loddon), 7=Powick (River Teme), 8=Knightwickv@& Teme), 9= Tenbury

(River Teme), 10=Ibsley (River Avon). Map constructed using Google maps.

2.2 Gammarudissection

Gammarusspp were dissected using a standard Brunel dissectidadtitmaruspp

were removed from the ethanol and their length to the nearest millimetre (mm) was
measured. Fine point tweezers were then used to remove the heaGafrthmaruspp.
The Gammaruspp was then opened ventrally and any poteRtigrticollisinfections
were removed from th@ammarusThe pleon of the individual was then used for
species identification. While the rest of Bammaruspp was stored in 99% ethanol for
DNA extraction. Ten individuabammaruspp were dissected per site due to low
sample size at some locations and the time required to morphologically speciate the

gammarids.
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2.3Gammarusdentification

Gammarusspp were identified to the species level using the methodology by Blackmann
et al, (2017). Specifically, the species was determined by the location of plumose setae.
When the plumose hairs were present on the inner and outer edge of the exopod of
Uropod lll, the gammarid was identified @s pulexand when plumose hairs where

found only on the inner edge of the same exopod, the gammarid was identified as
fossarumIndividuals were only considered for species identification if the individual

was mature enough to have sufficient numbers of pluinaise as they are not present

on immature specimens and sufficient numbers of the plumose hairs would make the
identification more reliable. For this reason, individuals smaller than 6.5mm (1d.p) were
not used for species identification and a mean leofyétl individuals speciated was

8.8mm (1d.p). The species was also checked by the ratio of the endopod to the exopod
where if the ratio was below 0.5 the species was confi@ddssarunwhereas, the

species was confirmed. pulexif the ratio was over.8 assuming the location of

plumose setae agree with this confirmation. After dissection and species identification,
the Gammarusspp were placed into individual microcentrifuge tubes containing 99%

ethanol for molecular analysis.

2.4 Statistical analysis

All statistical analysis was completed in
correlation was performed between the proportio® diossarunand the prevalence of

P. tereticollisdue toheteroscedasticity in the data. All other data was analysed using a

chi squared test to compare prevalence between groups such as prevdience of

tereticollisbetween rivers and betweén fossarunandG. pulex.
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3. Results

Both G. pulexandG. fossarunwere found in the study. In the River Teme, only one site

hadG. pulexin the sample, which was Knightwick in August with a low prevalence of

10%. The River Loddon had a more mixed prevalendg. gfulexandG. fossarum

compared to the River Tiee where only the site at Long River had a prevalence of 100%

G. pulexand 0%G. fossarunwith the rest consisting of relatively mixed samples (Table

1).

Table 1. Proportion dsammarus puleandGammarus fossarum samples collected

from the River Loddn, River Teme, River Avon and the River Kennet. Several locations

along the rivers were sampled for the River Loddon and River Teme while only one

sample site was used for the River Avon and River Kethdbssarunwas the most

predominate species in tRéver Teme while the River Loddon had mixed samples apart

from the site at long river where 100% of tBammarusvereG. pulex.

Proportion
Proportion | Prevalence of P. of G. Prevalence of P.
of G. pulex | tereticollis within | fossarum | tereticollis within
River Date Location (%) G. pulex (%) (%) G. fossarum (%)
Loddon | 24/07/2019 | Swallowfield 13 0 88 25
Loddon | 24/07/2019 | Arborfield 57 0 43 14
Loddon | 21/08/2019 | Longriver 100 0 0 0
Dinton
Loddon | 25/09/2019 | Pastures 60 0 40 10
Stanford

Loddon | 25/09/2019 | End 60 0 40 30
Teme 23/07/2019 | Powick 0 0 100 88
Teme 20/08/2019 | Powick 0 0 100 88
Teme 24/09/2019 | Powick 0 0 100 50
Teme 23/07/2019 | Knightwick 0 0 100 0
Teme 20/08/2019 | Knightwick 10 0 90 90
Teme 23/07/2019 | Tenbury 0 0 100 20
Avon 20/09/2017 | Ibsley 20 0 80 40
Avon 20/07/2017 | Ibsley 20 0 80 17
Kennet | 23/07/2019 | Padworth 80 0 20 0
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The prevalence @®. tereticolliswithin samples collected in the River Teme, the River
Loddon, the River Kennet and the River Avon shbweteroscedasticity as the proportion
of G. fossarumncreases. The relationship betwé&anfossarunandP. tereticolliswas
not significant Pearson Cetation=0.935, p=0.65, n=4.
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Figure 5. Proportion dsammarus fossaruim sample (%) olGammarusspp collected

from the River Teme, the River Loddon, the River Kennet and the River Avon plotted
with the prevalence d?omphorhynchus tereticoll{86). Thegraph shows
heteroscedasticity and this relationship was not significant Pearson Correlation=0.935,
p=0.65, n=4.
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The prevalence @®. tereticollisincreased with the proportion &. fossarumn the river
and decreased with the proportionGfpulex(fig 2). The River Teme had the highest
prevalence oP. tereticollisin the sample as well as the highest proportio.of
fossarunmto G. pulex The River Kennet sample had the lowest prevaleh&e o
tereticollisand the highest proportion &f. pulex.The difference in the prevalencemf
tereticollisin each river was not significaRearson Correlation=0.935, p=0.65, n=4.
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Figure 6. Proportion dsammarus puleandGammarus fossaruif#) within each river

in the UK plotted with the prevalence Bbébmphorhynchus tereticoll{86). Samples were
collected from the River Teme and the River Loddon in July, August and September
2019and from the River Kennet in July 2019 and form the River Avon inaludy
September 2017. When samples are pooled across all months and placed together for
whole rivers the difference in prevalence was not signifiPaatrson Correlation=0.935,
p=0.65, n=4.
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The difference in prevalence Bf tereticollisacross the two species was significant chi
squared=35.000, d.f=1, p<0.0001. The prevalen¢& jpulexwas 0% and the prevalence
in G. fossarunwas 61.02% (2 d.pfsammarusppwere pooled from all sample sites
including the River Teme, the River Avon, the River Loddon and the River Kennet.
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Figure 7.Gammarusspecies plotted with the percentagé’omphorhynchus tereticollis
within the species. The prevalencePoftereticolls across the two species was
significant chi squared=35.000, d.f=1, p<0.0001. The prevaler@epualexwas 0% and
the prevalence is. fossarunwas 61.02% (2d.pJcammarusspp were pooled from all
months and sample sites within the rivers includingRiver Teme, the River Avon, the
River Loddon and the River Kennet. The prevalence of prevalerieetefeticolliswas
significant chi squared=35.000, d.f=1, p<0.0001.
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4. Discussion

Gammarug~ossarumwas present in all four rivers tested in southern England and only
G. fossarunwasinfected byP. tereticollis(fig 7). The prevalence of the paradited a
linear relationship with the proportion & fossarumHeteroscedasticity in the data was
presents the proportion db. fossarunincreased (fig 5). The high variation in the
prevalence oP. tereticolliswhenG. fossarunwas in high proportions was due to
random crashes in the populationPoftereticolliscystacanths (Table 1). Crashes in
prevalencef the parasite also occurred in Hine and Kennedy, (1974a) and in previous
research (Harris et al, unpublished). This means variability in the prevaleRAce of
tereticolliswill be higher wherG. fossarums in abundance as they can carry high and
low prev a | e n ®.dereticolledompared to whe. pulexis in abundance as the
species cannot become infectedmytereticollisin the UK resulting in a constant low

prevalence of the parasite.

When whole rivers and several months are combined, the vivérshe largest

proportion ofG. fossaruna | s o have t he hP.gehetcsllis(figby.@v al enc
fossaruntherefore plays an essential role in the life cyclP .akereticollisas the parasite

cannot infecG. pulexin the UKand rivers with the large proportions®f fossarum

carry more cystacanths (fig 6). The difference in prevalen&e wreticollisin English

rivers is likely due to the distribution &. fossarumEor example, the River Teme and

the River Avon had thkeighest prevalence &. tereticolls and the highest proportion of

G. fossaruntfig 6). Which supports Kennedy, (1989) which also showed that the Avon

and the Severn (the Teme bei BRtretollis.ri butary

Specificity of the parasitdor G. fossarunhas also been shown on mainland Europe in

both Switzerland (Westram et al, 2011) and France (Galipaud et al, 2017). Westram et al,
(2011) showed with DNA techniques thattereticollispreferred lineage &. fossarum

to G. pulexand prevalence withi®. fossarunwas five times higher than @. pulex.

Galipaud et al, (2017) showed similar results to Westram et al, (2011). However, in both
Westram et al, (2011) and Galipaud et al, (2@37pulexcan still become infected with

P. tereticollisalthough this may be due to a lack of HBsirasite coevolutionary time in

the UK.

P. tereticollislikely diverged in western and central Europe then moved into Germany
where it diverged again and finally into the UK which has the youngpkitiipe of the
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parasite (PerreiMinnot et al, 2017). It is likely tha®. tereticolliscolonised the UK

through a connection between the Rhine and the Thames during the last glacial maxima
around 0.35 million years ago (Peridinnot et al, 2017). Consideg the specificity of

P. tereticollisto G. fossarunit is likely thatG. fossaruntolonised the UK at the same

time asP. tereticollisas oppose to a later colonisation as suggested by Blackman et al,
(2017). This is supported Wy. fossarumn the UK grouping more closely witB.
fossarunmfrom Germany compared to France and other European countries (Blackman et
al, 2017). As well as this, the lack of strong genetic structuring or a clear UK haplotype
of G. fossarumn the UK suggests sever@lonisation events similar . tereticollis
(PerrotMinnot et al, 2017)Pervious climatic conditions also make this route into the

UK possible as glaciers went no further south than northern England and so populations
of G. fossaruntould have survivednce in the UK as long as water temperatures were
over 7.83C (Pockl et al, 2003). As well as this, a lack of adaptatida. tpulexmakes it
unlikely thatG. fossarums a recent introduction as some adaptation to the gammarid
would be expected {&. pulexwas the host dP. tereticollisin the UK for nearly 0.35

million years. This is supported by Westram et al, £@iho show thaG. pulexcan

become infected witR. tereticolliswhere the parasite aitl pulexhave occurred in

sympatry since prglacid times(Scheepmakeaind Dalfsen1989.

Considering the similarities betweén pulexandG. fossarumthe difference in host use

is unlikely to be caused by differences in life history. For example, both species have
similar minimumtemperature tolerances with a range of00C optimum forG.
pulex(Maazouzi ey al, 2011) and 7Gdegrees minimum foB. fossarunto be present

in a river (Pockkt al, 2003). As well as this, both species can occur in sympatry without
competing (Pockl et al, 2003) and breed at similar times. The difference in host
preference is therefore more likely due to past overldipermparasite an@. fossarunas

the prefered host, lineage B. fossarun{Westram et al, 2011) diverged from A and C
lineages between 9 and 19 million years ago and had refugia west of the Alps in more
central/Ponto Caspian areas of Europe (Muller, 1999). This coincides with the
divergence oP. tereticolliswhich was also present in central areas of Europe (Perrot
Minnot et al, 2019) WhereasG. pulexlikely originated in the Med regiogiueto high
geneticstructuringin thelocation(Muller, 1999)andweakgeneticstructuringin
northernweserngroupssuggesting@ morerecentorigin. However,G. pulexhasbeenin

LowlandcentralEuropesincepre-glacialtimesandthis couldbethereasonwhy
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Westram et al, (2011) found sor@e pulexinfected withP. tereticollisas the parasite

has had a lorgy time to adapt t&. pulexin this region.

It is likely that the difference in host use Bytereticollishas occurred since the main
research of the parasite began in the UK. Hine and Kennedy, (1974a) studied the parasite
within Gammarusspp in the River Avon and observed that the larGashmaruspp

were all uninfected. This result was likely due to mixachgles of botlG. fossarunand

G. pulexas both are present in the river (Table 1) and &luttulexgrow to a larger size
compared to adufs. fossarumThe misidentification of the two cryptic gammarid

species and the high specificityf tereticollishighlights the importance of

understanding cryptic species for conservation purpasesyptic species may spread
nontnative diseases to new areas at different edpscially in regard to translocation of
differentspeciegshroughhuman activitiesForexample, Emde et al (2012) shows
Dikerogammarus villosugkiller shrimp) becomes infected Bomphorhynchuspp at a

low prevalence (0.4%) while other species suct a®ssarunbecome infected at much

hi gher pr ev@ puexbecaresinfastbdt an mtermediate prevalence in
Switzerland (Westram et al, 2011) and are not able to be infected in the UK (fig 7). The
cryptic nature olcammarusand other freshwater invertebrates make it complex to study
Host parasite relationships and caution shbeldisplayed when translocating both fish
andGammarusspp to new areas. The work here provides further questions into the range
of G. fossarunmand the possible cryptic nature of other Acanthocepkabah

relationships in the UK such as with tharasiteAcanthocephaluanguillaeand

Polymorhus miniutus.
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5. Conclusion

Research in other European countries such as Germany is still needed to deté€émine if
fossarums the main host over the entire distribution of the parasite. However, it seems

highly probable based on evidence frimee wide geographical areas (fig 4), (Westram

et al, 2011; Galipaud et al, 2017). The research here highlights the potential fiar crypt
species to carry different prevalence’s of
acanthocephalan may have preferences for different gammarid species creating scope for
research int@. miniutusandA. anguillaehost use in the UK. As well as

Acanthocephalans, other parasitic groups such as the microsporidians which infected
Gammarusspp should also be studied in this context. It is also highly likely that there

have been many misidentifications in host use when invertebrates are usedta$yg hos

parasites considering the confusion surroun@agnmarusspp.

The intermediate host likely restricts the distributioPofereticollismore than

previously thought as without the presenc&ofossarumn the UK, P. tereticolliswas

unable to bgresent in the location. This could be a good method to prevent the spread of
P. tereticollisto new locations as the parasite is not a generalist at the intermediate host

level in the UK. Further work is needed to find the entire distributida.dbssaum.
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Appendix

Size ofB. barbusand gut fullness.

In August and September 2015, there was no significant relationship between the size of
the fish and the gut fullne®egression F=1.288, d.f.=1 and 57, p=0.2640.022and
Regression F=3.129, d.f= 1 and 13, p=0.18660.194 respectively. The trend was

slightly negative in August (fig\8) and positive in September (f&P). The positive

trend in September can be explained by the difference in size between infected and
uninfected individuals as the infected are predominantly larger than uninfecteddish a
have a larger median gut fullness (g and so are mostly on the right hand side of the
graph whereas uninfected appear on the left and so appear as a trend of positivity.
However, when individual trendlines are drawn the trend for uninfected wehssi

slightly negative (figA10)
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FigureA8. Standard length of infected and uninfedBaatbus barbugmm) plotted with
Gut fullness in August 2015 (%). There is a slight negative trend between theBize of
barbusand gut fullness although this is not significRegression F=1.288, d.f.=1 and
57, p=0.261,%0.022
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FigureA9. Standard length @arbus barbugmm) plotted with the gut fullness in
septmeber 2015. There is a positive relationship between size of fish and gut fullness
although, can be explained by the fact that infected (1) individuals predominatly have a
gut fullness higher thamninfected individuals and are also larger and so appear mostly
on the right hand side of the graph whereas unifected (0) smaller individuals appear on
the left. The relationship between standard length and gut fullness was not significant
Regression F=329, d.f= 1 and 13, p=0.10G70.194.
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FigureA10. Standard length darbus barbugmm) not infected witiPomphorhynchus
tereticollisplotted with gut fullness in september 2015. There is a slight negative trend
although this was not significant RegriessF=1.643, d.f= 1 and 6, p= 0.256510.247.

Size ofP. phoxinusaand gut fullness.

In September and October 2015, there was no significant relationship between the size of
the fish and the gut fullness Spear man’ s
rho=0.062, n=18, p=0.80&spectively. The trend was slightly positive in September (fig
All) and also slightly positive in October (#dL2) although, this reversed when

infected individuals are removed from the graph ig). The positive trend in October

2015 can be explained by the difference in size between infected and uninfected
individuals as the infected are predominantly largen th@nfected fish and have a

larger median gut fullness (fig 4) and so are mostly on the right hand side of the graph
whereas uninfected appear on the left and so appear as a positive trend. However, when
individual trendlines are drawn the trend for daaied with size is slightly negative (fig

A13).
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FigureA1l. Standard length d?hoxinus phoxinuplotted with gut fullness of both

infected and uninfected individuals in September 2015. There is a slight positive trend in
the in the relationship betwe¢he standard length and Gut fullness although there are
large amounts of variability in the trend and the relationship is not significant
Spearman’s rho=0.119, n=22, p=0.597.
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FigureAl12. Standard length d?hoxinus phoxinuplotted with gut fullness of

individuals in October 2015. There is a slightly positive trend in the data although there
is large variability in the data and is probably skewed by the high data point of gut
fullness at 50 (this was not found to be an outlier). The positive trendawagynificant
Spearman’s rho=0.062, n=18, p=0.808.
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FigureAl13. Standard length dthoxinus phoxinuplotted with gut fullness of
uninfected individuals in October 2015. There is a slightly negative trend in the data
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although there is high variabiliip the data. The relationship was not significant
Spear mai0.339, n¥1h, p=95.249.
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