Lancaster E=3
University =

9 Y Ul ¥'n W¢ hue BIg 6 LN 1.
IGEe pR GY | ¢ G W Rt ql
NI YaUIl s ¢cqJRUEBEYNG L

W6t Rt Wt 2HI Rl WRUWNna2 G366 13U0q WD
2YHqVYI WYNWASRGYt YGG !

x CUHCt quUl WEU2RI YUGUUqW9 U

x cUHCt qul WOUR2WJI t Raq!

| H6 RaqcW76caqaqcHGEEC!I ! ¢

s 2 B NHI



Gr

Abstract

oundwad esource of dr i nktiwa bwpakt beprb af ogl odwad

Groundwat ehrar hbsi0S vas+d+ x mlnadr edn dpegsrorkrau tyiott i €s

es
De
t e
st
w h
mo
me
t h
u

e

O Q <

c

Th
of
s h
ch
h

-

e

e

e

(0]

r

> T O T

Gr

pr
co

sential to subsurface biogeochemical <cycl:i
spite their |iamge&ret amactei on al studies- to un

mp ovr@alnatifo gr oundwat es cprloheiasr yiost etshearfei r st

udy of prokariywottihe gaoaouyndtwamser of t hree ma
iced the sodrdoef otfheonpeubl i Thwetsemarsapegimp.l oy
dern mi crobi al monitoring technol ogi es,

tabar cGo diumglwat er samples were collected f
ree major agqui fPeifamoas sEngbandst one, Creta
rassic Thenes¢éeovaarch aimed to assess the cc
ol ogy, groundwater recharge and chemistry
osystems on a national spatial scal e.

aqui fer ageolsagy ace we oosbnseecrtvievdiitgyni becant dr

tot adpl man&kedini concentr dtheost (dCLC) mestone

owaldmost twioghemeBCC t han i nter grpaonrudsairt ys a
al k adquuei fteor smor e frequent al |I,ocehvtihdoemau sf rporm
gher abundance of atnh lenanhe s aornaeb hasqeuai sfaaiNaAl | n

charge daemepaditinl y the chwhehegheotedwater
vel s ewarnae d etdwct i.od hien TCCCreduction in the
a resul tt lorée cdhiavraidte o nf boym t he unsaturated
ntaining a domweenthrdeddiesdins abne asguriehedw in
okaryotic cGammapr cstuedbact ean®M1lBodenoi di
gher proportion of chemoheter dtnr ccpomito assrnd

d i mestone aquifers exhibited composition
a greater Pmeisemacehi af NRenhbaalr cdh@ced @i, d i
acil i bredStaercihanraidnaaa d many wunknowicafohegti ons

esence of crypti.rllf unecs uidgersa le dphagibearntuina It sy
mpboent of the two carbonate aqui f-grbki catué d



sandstone aqui fer gruccundwadti e ricea teenmiessedynby mi
di ssolution from Whheoetalyei hat i onaarri oskcaarl yeo, t i tcl
communities varied significantly between ag
spati al sveagmead | ww ntbreol | ed tsottraoln gt iy s sboyl ved r
concentrarnathivemd ying strrAatfaoctubBiedk mesusdy i n th
communities reveabmmundind et | £hitthte seasonal
age of groundwateaoammuani trye |l cadl eglo stionidowater wi t
youngechar gva $a ggeh ari sismonlivterdo g e n aanndd ooxryiggeinn at e
from shall ower zones of t h ea naq upiaf fea snii tl hi aesst, e

i ncl uGmnmnigt r ophadNeaa®ar chaeicaont roasdt ,r etchhear ge a
groundwadttérr diosveanlivterdo g e n acnodn cexnytaredngii hmd e d

deeper parts of t haeutaoguiofpehri canfd@ati d § eese Islua de .

Rhodocycl aceace, Hy@dmadGemambnadakemwes, i nwi t h
individual aqui fers, groundwater nutrient ch
substanti al i mpact on the community composit

Thi s tihsesa ssigni fi ¢ &rhte aa rotwri inlgu tniuvomberomf nat
groundwater prokaryotic ecosystems. Unl i ke

established that on apriaxign tsypapl ahgsscaltes

possess prokaryotic ecosystem similarities.
collectively by similar geol ogies and si mil
di fferendgeoaqougafeesrbe used in the future for

ecosymaemmgementThzebantessset s from relatively ¢
sources can rbeef eurseendcrece imaniu st t ywé¢ our Engbhpandobs

aqguiffer sfuture monitoring and groundwater ma



Li st of content s

Table of Contents

xf ENWE[ W[ f] OAEELL.....2. WUN...ZX.EE. oo T
N T o YN =R NM
I X B E E o A N O
QU 81 XE?2] Em BN N P
P2 EO X A N B e Nx
L0 S NIRRT @ e T N I 0 TR NT
N0 NN Ao = B A 1 2= T U TSROSO TR RTRURT NT
NIOZWNG6 1t Rt WERGH AWYAT.NHGR2.1LL W UL WL HY.GUL o, =0
NIOOWRN G 13+ RELE.GLL.2 520 Wi e eeereree e, =3
Z109 OAAE NWOG ?2EAEN ?f JW8[ WNcEW9s8 NA§x EWS[ W
AAsu Ao08Nf QW? . ENALZ.ORL S oo, =T

ZIONW7 ¢t RAWHYURWDGqt WYnwWnl Ye Ul s¢eqll WaRAI YARY.Q.YEATWe U7 WG
SIO=ZWAI Ytcel ! YqRAWNnz2 URqRY Ut We U7 WAY.LL L. 0G0 W6 1.0 @MWY n W1 Y

ZHOOW[ ¢HqVYI + WHY Ui GIYR @ i LR & 1D IRic GRYRIYLY n Wa.6.0WLGEL.YOEI | YqRHI
ZHOOON W he RNUILGL.Y.GIL .qRII i e e, oz
ZHO0Z W] | Ye UT 5.6.0 0L WL JJEG.CL D s e e od
Z1H000W] | Y2 UT 5.6.q. 0L WES.IIA RE.GLL. Lt e e n=z
ztootonw] | YaUT 5 ¢ q Ll Wl 3t RLLDOENDWGRAN .. oo ns
zonwoal | WUqWe UT W1t qeUT RUNDWeAYe quwnl.Y.e Ul.s.c.aqlll. . WiRAHI YARYQ
ZIOP WAL Uel A6 WNE Gt We. Ol Wa.é. 03 Ry WL I1G2. .08 0, ny
OW~ENc8§?EWS[ W~f 9A87f xW9.8=~0.  f.NO.UL...... xPONEf E
OWONLWI[ G V5 WEL.GY. L0001 L s e e enneees PN
OIONIONWE GaqRGRt RUNWAHcHqUI RYGH¢ Ut qYUWt q¢ RURUNWBEYqYHYO L
O=ZWEU2RI YOG WUq¢ G.W2....... Wi dbhz DOBRUND . e Px

OIZIONWE GqRGRt RUNLWII? WHYGOWAqRY.UWILDqS.Y.T. WnY.lL BVl Ye UT 5 ¢
N AOf [ EAW] Esx8]ow9os NASxEWNcEW?7 9NEAf §Ax u
EE ES§ x W9 ¢ ] EE Wf REAL & ?20A OVEA 9 Wi....NEOWE § OA¢

MION W Ul . Y12 GQRY.U . ceeeeceits et eeetee e >0
MIOZWEqea T ! Wel 3¢ We Ol W6 Y T Y. 0. Y00 e, IX
MIOZIONWE qa T ! Wel 1Weé we Ol.e uae. Rl WHE.CL.6.RalllL.RL.QREE X
MIZIZWE ¢ 0 Gi RUNWGL.Y. BT .2 1.0 s e b}



MIOZ OO LU[ € YV SelO. e @1 Yo bG] oo oo e eeeeeesseeeeesennes )

MIOZ IONWEY H6 U1 REGREIEY.ORIWE DG AL RE s TN

MIOZ P W[ Ga Yl Ut ARUOHNWEGUHEG LY.L HY.Glo e, TN

MNIOZ O W? Rt + YUG2UT WY!I ReURAWAE! AYUWbI? §9 b W Ul Wa.Y GG WT RE + Y

MIOZ KPTE ) € WE UG DL b R A s et ettt eeesenanaeaesennes T=
MHOO A IJE 2.0@diiiciiecciits e et et e e en e ene et nanaen TO

MIOOINW7 ¢ Aql RYGHI¢ Ut qYUWRYURWVUq.lL.caqRY.OW2cL.REAT O We HI Vi
NIOOK=WEW¢t YUcOWal BUOT WY nWHeEHqW!I RYGH ¢ Ut qY.UWaYORWIUq! ¢ qF
MIDOIOWI WG RHACTWHGE ! ¢ HqJl Rt qRHAL W2 ¢l REHOLWWL.RODEWUHRIIL WG
MOOKOWI YI | WicqRYUWYnWHeEHqU!I RYGO ¢.0L.qY.0.WNQ.O.We OV WHG1JG R
MIOM 2 RE He L R YU ceeeeeecceeees et evetes s Y M
MIONIONW? R W1 WUARDY WRUOWAHE AU RYGO.6.UL.qY. 0L We. L LWL MMe qIT Wa
NMIONW=ZWEW¢ct YUcOWrR6cUNIWIW WGKUOT VT WY U Weé. ue RnlL.WNW® G YN! We
MIONOWEqal ! WRGGIRAE¢qRY Ut AlLRARG.C.qRY.OL.We. UL . WnYHa | JW RI

MIOP 9 Y UHT 2 b RY. Uit et ettt eenne eaeteteses s YT
POW AOf [ EAW] E§x8] 0WAx OEW WEf] f[f9 NLWAS x E LL
] Agd 2?1 NEAWAAsu Ao6§NfolAg8~=0. f.Ni.EE...YY
PION W Uql. Y12 GQRY.U . eciciiies et et eie e Y'Y
PIOZWEqea Tl ! Wel 3¢ We 0l W6 Y T Y. 0. Y00 e, b=
P HOZ ON LUE @.2. 1. E LG e ettt e d=
PIOZIOZWE¢ 0 GU.LWAY.A.0LEGRY. Ui e e ®nmn
PHOZ IO WII? . E GOl Rt e evesete e eans P
PIOZ IOM W[ T Y 5. E.L G Y GG e e s dP
PIOZOPW? R+ YO 20T WYl neURAHWHAE! AYUWbI? § 9 b.We. Ul Wa.Y®E G W R+
PHOZOZ Wx ¢ UT Wa b JJWE GO0 L R Y s s e 0D
PIOZ IOT W? ¢ @C.lUC. U E 0l bR At e e 0P
P EHOO A b 2 @ dccciiis et ettt ettt .Y

PIOOWNWADNG ¢ qRYUt 6RGWYNWAHcHqUI RYGH¢ Ut qY.0WaYUHDOYql ¢ qRY
PHOOW=ZWANG¢qRYUt 6RGWYNWGI Ytcel ! YqRAWHAY.AL.0.2.URg./NMM | 2 Hae
PIOOKOWAI Yt ¢l ! YaRAWqe # YUY O RAEWAY.O.GY.LRaRY.UWY. n NM=E 1313 LWE hue
PIHOOWMWAI Yt el ! YaRAWNz2 U qRY.UC.O.WUGY.qUUqR.C.4O.4 LY. n INMIT 1J1JLWWE hue

O TN o - - U O S = 2020 T NMP
PIOMNIONWO YUq! YadRUNWNE HqVYI! WY.nWASHgUL.RY.GHc. Ut qWNMPEY UHIIUC
PIOMN=WIYUq!l YadRUNDWNEHY! WY.nWGEL.Y.t.c.1.L Y.qREWRY.INMTORq! W
PIOMNOWEqal ! WRGGIORAC qRY Ut AWLRL.RG.C.aq.RY. UL G UL WMeNaNe | 1JWT R

PIOP WO YV UR.G.2.L. RY.U .o ooeccceeees e etetes e NN



>owf ~A oNws[ w) Asd 2?21 NEAWAE9c Al EW ] EWE WEA
A x uNg fOWAASuU AogNfOWIORAf OEENPHIELWF ? EINEA E 8l

A OT LB A e NN
TIONWE Uql. Y12 BaRY.U . et e eeeeeeeeereree eeeeeeeeeeen e, NNZ
SIZWEqeal ! Wel e We Ul Wd a6 Y T LY. 0.Y. Dl e, NN @

T FOZ FON LUE @1.2. 1. L LG L JdiGon oo e vttt NN®

Y HOZ 1O= W ? WE ¢ 0 Gu.RONDMWEUT. e 0.0 b Rt e NZ M

T FO= HOO LR & 1310 RN 0 LULE.U.G.O.L L RE. oo e, .NZN

THOZOMW] O Y S UELGLY. LG s et v N=ZN

SJIOZOPW? Rt YT 21T WYl NeURAHWHE! AYU Wb ? § 9 b.We. Ul Wa. YNoESNG WT R+ Y

SIO=Zz W] I YeUTlscecqldl W WHEEC!T NIIWe NIIWG ¢ t.2.1.01.0.1000q.meaNRUND W9 6 (

Tz T Wx ¢ U7 We t LWGE.q.qldl OWe U.e Ol b R s N=Z=

ZHOZ Y W? ¢ @ WE . E 0L L R A s s e, N=Z=
T HOO A 134 2 i@ et et e aetet ettt ne NZP

FIOOINWA WG e qRYU WY n W ncld YaUldl QI 61EH 6l LWE IDUCUG T RIGISYIIN Y e UT 5 ¢ q

HYURBUUq! ¢ gRYIEI OB ORIGH. L.L. REY. .. oo e NZP

JIOOWZWEGec qRcTW2¢!l ReqRYUWYnWG! Yt ¢Ll.L.YallWrY.0.0.2NERTq RIJE WY

sroooWwW9 YUql Yat WynwIU2RI YUOGUWUqeéedWz2el READIIE WeNOMUI WHEGE ¢ |
THOMW? R Ha b . RY.U i ccceees et et NOO

ZIONONWARet YUWNY! Waé WWa e HE WY nwt et Y.0e. bW c. UMNDIR U W ¢ Ul
ZIONZWARNGeqRYUWY n WG Y.t.cl.l.Y.qldt. we QT W UHE.¢.1L.011IeaP
SIONWOWEqel ! WRAGGIHRHAE qRY UL.AWI.RARA.c.qRY. UL WE. 0L WneGave | 1JWs Y I

SHOP LU Y U B0 2 e R YU oo oot ettt et N M
TH98 9x0?2f ] W2f.E9OEEf 8o NM=

TIONWE 21l 2RUs WYNWGI Yt ¢l ! YqQRAWIRHAI YHARY.L.Y.DL.WY nUNMRD JI WUqL
TIO=ZWu ! WerYUq!l RA2 qRY Ut WV Wa.d.laWee. L. 10.00q.W. qc.aqllWYNMT 3t D¢l F

THOWEqal ! WiRAGRge qRYUL.WE UL Wn2a.qeza.l UWLRLIOEGRY.UL. NPM
AEEE A9cW?f EEE~f.... N 0K TR NP X
F N e O« SRR NPT
N = T = = NTI



Li st of figures and tabl es

Fi gurleColncept ual di aggrroaunm dsvad weirkhh@stsdried aind i nt er ¢
aqui,fealsl ochthonous taxa i mport with recharge
di fferences in metabolic activities depef26@ing on
Fi gur2e THhe map of Engl and shows outcrops of t h
groundwater flows through intergranul ar spaces i
and through both intergranular spaces and fract:
arem ioned along with |ines indicating which agq
obj ectAiqgwe d.er oWwtGS rEe JKRMom2023), map outline col
copyright and database rights 2025) 24

Figuflddpddated tree of | ife figure sehaowva(rRd2ia6hnee
Fi gu3l Schemati c diagram of t he wor ki ng princi
hydrodynamic focusing of stained bacterial <cells
detector. channel s 52

Fi guf2eGax es used for A. tot al bactendaC. Bl i H&ADba
enumer ati on, with an exampl e of bawatteerri ad o nsp agnnya
sampl e 54

FiguBdead plots of Bacterial A. TCCempdr Btut €EE€ at
ti mes 55

Figude DNA col l ection method opt.i misation9exper:i.
Fi gur5eQu3bi t eDNA conan)ntusitngndi { Ogr ent combi nat
extraction kits, for groundwater samples <coll ec
showing mean val.ue and error bars 61

Figu#6®Qudit concentration ovoDMNwmeat ofli BGE8 BENVS amp |
collected using Sterivex f.ilter, Power Waé2r kit
FiguleOutcrop of the three sampled aquifers in E
boreholes with shapes indicating sites sampl ed i
(seasonal (Bopahokds} |l ocation retrieved from Ge
scanned borehole collection BGS E UKRI (2023) ,
copyright and database rights 2025) 68

FigurRdBoxpl ots of bacterioplankton pdhpwiaAg drhse ir
total cell concentration, B) high nuclear acid p
(%l CRaysi gni ficant disfifgenn é n cas c whifd&oad upe<sO . &r0el *ox
p<0.0F dred. 05 74

Fi gufB3eBo&x pl ot sanadf ppeeackhar ge changes in bacteriopl
across al/l sites in the three aquifer types: A)
percentage, C) i ntact cel |l percent agieg nisfhioowa mcge
val ues*ferre p<0. 001, *** jfeo0,MpR0 .D00At epndts of Dbact e
popul ation abundances for all seasonall y’/5paired



Figu#deokplots of fluorévadnhgorgaaneccenatmneirces .
concent,r aadciroonsss A) aquifers and B) seasons. Sign
**f*or p<0.001, ** fpfeoOr. Op5<0. 01 and 77

Fi guseCod rel ation plots oWwi hlacteenophadkfobobonoflTEEcC
mat siemr di fferent agodf geackhyapegse isreapsrocns. Only sig
Spearmanés correlation coefficients are BWhown wh

Figu#be&ohceptual figure of bacterial intrusion fr
unsaturated zone to the blue saturated zone of
intrusion is filtered -byrbaghsiyzaettyeBogwinfedrupwhpe
bacteri al intrusitdamoiag fiilzteerodd meydi por ®. 45 Om i
C karstic acghi €Emr f wheter &s 2all ow easier and wur

(figure not to scale) 8 2

Fi
ea
re

ufleStsudy area i n Ermegl aatgpuasheorwiaongt craomsl e sit e
h aguitthershapes indicating co@Bometllolaensd luoncca
rieved from Geolndex data centreds (NGDC) sc
2

O~ 0Q

~
N

), map outline contains OS data E C9wn cop

i
3
28B8o0x pl ot s r eipfrfeesreenntciensg idn A. bacteri al tot al
eri al %HNA cel | s, C. Di ssol vel@d oTrogeardi cdicarold
ogen ( TDN) cl nc@artrraltatoingn amldot bet ween TCC
i |l inear |-vaelgues sti epr eanalnt i ng Spear man cor
s are divided by the three aqgubDiandssypesnd an
0

s cowerel*a*y om<Q.e®x@l1l, ** p<0.01,10&nd * p

T T 5T T T
OO *O0OwW

gurdeA .Bi ffer eSilceersnoinn di vame®ingy tiheddxlraesedaqaun f er
okaryoti @abRBAsbi pl-€Gur toifs Bdiayt ances of ASVs an
ading of environmental variables along the two
aqgui fer type and shaped by aquifer c¢cdmmfli nemen

~ =0T T (T »W 3o

oo =~ —

uHdeA.bonut plotspodékaoyoniantcl asses with more
ndance in each aquifer type showing the meal
centages of t heaotxptlalt sc ommpmriotkyg;ny®H.i cant hyadwi
ative abundancesaof@@.pfakatyesicaodasse®rding
significaoftet heveai sf*er eor<d0e D lwearned * p<0. 01504

Fi gubddomut plots showing mean relative abundanc:
more than 1% mean relative abundance i nltBhree ag

Figu#lestaudy area showing | ocati onbkshoafd esda ngprleea piusmy

outcrop of the sandstone aquifer, ana@anmdumbhampesi n
indicate aquifer c.o(nBoirneehnelnets ato ctahte oxi treest r i eved
centrebds (NGDC) scanned borehole collection BGS
data E Crown copyright and database righ20s 2025)
Fi gur2eA /5. Groundwatpdrantkea mtnent rati on, nutamide nt C (
physdlemivcaarli abl es showing summer ver sus winter
Wilcoxon paired test results for seasonally sigl
reference; B. Principal component pl ot oafndt he en
l ength indicating | oading direction ahdshapest
indicating confinement andomolours indid®ting sa



Fi gufdeA.6 Hi erarchi cal cfCustenss di d€Cancef oBr ahe A

created by t he War d. D2 met hod, show five cl ust
unconfined sites in each <cluster. B. Donut pl ot
rel aatbiuvnedance (>1%) iBarthpéofti sddoMGs si@nificantly
classes and D. prokaryotic families agcwiotshse t he f
Ssignicfihcraens hol d being p<0.001 13
FigufdeA.6 dbRDA piCutrtofs Bri sy ances of ASVs and arr
environmental variables along the two dbRDA axes
by aquifer confinement. B. Boxplots of al | en\y
hi erarchiscal cluster 131
Figur-2.Cénceptual mo de | il lustrating groundwat e
groundwate#t rofasBRercmesandst one aquifer where each
t hkei er arclhi stadr s and medi an concentrations of |
rechargedameéemamtk ar yote types are given in boxes
orange | ayer is intergranul ar aqui fer with grot
|l ayers are impermeable | ayers. 13 6

Fi gufleStudy area in England showing the outcrops
showing the sample sites, point colours showing
sample types, i . e. ., both eDNA and flow cytometrtr
sample collection. 14 5
FiguRePl7ankt onic prokaryotic microbial community
types of Engl and, showing conceptual figures o
parameters showing interquartile ranges of flow
di vietrys i ndex, decreasing order of dominant taxa
mean abundance over 1% in an aquifer and major
spatemporal variation of the groundwaternd®rokary
Tabl-Tdbl e mapping thesis objectives to chapter
the key content addressed in each chapt e6.
Tabl-#8T&2bl e of el ement al transformation reacti ons:¢
using the redox transformation of the chemical
hydrogen, oxygen, nitrogen, sulphur and 32r on

Tabl-2Définitions of terms related to gredunadlwat e
(2023) and Korbel and Hose (2011) 34

Tab22Microbi al ecosystem terms used.for 8cosyste

Tabl-Pe%pl anator?)y poweacli RMani abVekbats of Spear ma
correlation-CuettwesendiBrsayni | dr st gea@adoBomkentdabdn
vari akklreoess al l,sitdgri faiquavedes|*e pxlOs 001, **p<0.01

p<0.05 101
Tabl € .Tabl e of |l oading of environment al vari ab
explanator?y @foweacli Rvari abl e and Spje\aalmadnh e€oofr r e |
Mant el test of corCettitsodi Eet ivediafafBalraeygnc e mat r |
environmental variables. Significance | evels wer
and | dampeval ues are in bold letters 13 2



Acronyms

16 S r RNA 16S ri bosomal RNA gene

Alpj Al umi nium i on

ANOSI M Anal ySimilodrity

ANOVA Analysis of Variance

AOC As s i mi Qragbalf@& rcb o n

ASV Ampl iSeqne Naxrei ant s

ATP Adenosine Triphosphate

BI X Bi ol ogical i ndex

BL1 Blue Laser Detector Channel 1

BL3 Blue Laser Detector Channel 3

BTEX Benzegn€€ol uene, Et hyl benzene, And Xyl en

Ca Cal c
CCFF(CFC11)Trichlorofluoromethane
CCFF( CFC12)Di ch

CRCFFF( CFC113) X,r2i c-h] 2tyrdi f 1l uor oet hane

i um

| orodi fl uoromet hane

cdd Cadmium i on

CH Met hane

Cl Ch lroer i

cQ Carbon dioxide

Cod Cobalt ion

CFC Chl orofluorocarbon

CPR Candi Blayleum Radi ati on

dbRDA di st-aased Redundancy Analysis

DI C Di ssolved I norganic Carbon

DNA Deoxyri bonucl eic Acid

DNRA Di ssimilatory nitrate reduction to amm
DO Di ssol ved Oxygen

DOC Di ssol ved Organic Carbon

EC El ectrical Conductivity

e DNA Environment al DNA

EEM Ex ci t-Eanti isesMaotnr i X

FAPROTAX Functional Annotation of Prokaryotic T
FCM FIl ow Cytometry

10



Fé&r Ferrous i on

Fl Fluorescence | ndex

f OM Fl uor eGrecgeanti ¢ Matter

FSC Forw8cdtter

GHI Groundwat énrdetkeal t h

G WL Gr ound bweauvelrs

H2 Hydrogen mol ecul e

H.O Wat er

H2S Hydrogehi @ @ |

HC Hi erarchical Cluster

HCP w Bi carbonate i on

HI X Humi fication | ndex

HL F Humil¢ ke Fluorescence

HNA Hi gh Nucleic Acid (bacteri al cell s)
| CC I ntact Cel |l Concentration

I QR I nterquartile Range

LCM Land Cover Map

LEf Se Linear Discriminant Analysis Effect Si
LNA Low Nucleic Acid (bacterial cell s)
LOCAR Lowland Catchment Research Progr amme
Mnd Manganous i on

N2 Dinitrogen gas

N0 Nitrous oxide gas

N a Sodi um

N H* Ammoni um i on

Nid] Ni ckel ion

NQ Nitrate ion

N Q- Nitrite ion

NO Nitric oxide gas

(O] Oxygen mol ecul e

PARAFAC Parall el Factor Analysi s

PCA Principal Component Analysis

PCR Pol ymerase Chain Reaction

PES Pol yet hersul fone

P Propidium |1 odi de

11



RNA Ri bonucl eic Aci d

RSD Rel ative standard deviation
RS U Raman Standard Uni't

S Sul phur

S Q* Sul phite ion

S Q% Sul phate ion

S,035% Thiosul phate i on

SGPI SYBR Green | and Propidium |l odide mix
SPZ Source Protection Zone

SSC Side Scatter

TCC Tot al Cel | Concentration
TDN Tot al Di ssolved Nitrogen
TLF Tryptdphkaen Fl uorescence

TyLF Tyrodi ke Fluorescence

Udd Ur anyl i on

UK United Kingdom

Z ng| Zinc ion

12



Gl ossary

Aqui fer A saturated, permeabl e geologic
store and transmit enough water
a water. supply

Unconfine An aquifer whose upper surface i

aqui fer contact with the atmosphere; it:
recharge and discharge.

Confined A walearing stratum that is comp
comparatively i mper meable confi
pressure greater than atmospheri
top of the aquifer.

Unsaturat Subsurface materi al above the wi
wat er ; it controls the transmi s:
the saturated zone.

SaturatedThis is the part of an aquifer,
all pores and fractures are sat.

Water tab The water table is shteuvupped zai

Borehole A deep, narrow hole drilled intc¢
underground aqui fersoapdmpowmmpel

Spring A natural discharge point where
to the surface, typically occur.
l and surface or through fractur:

Groundwat The natur al (or artificial) prot

recharge saturated zone, most commonly b
rai nwahtreocrugh soi l and the unsatu
entry of water from a surfkfame wi

Hydraulic The volume of water that will -mi

conductivsection of an aquifer under a ul
both the fluid and the porous mi

Kar st A |l andscape developed on sol ubl ¢
dol omite) and characterised by
and underground drainage produc:

Pore throln an intergranul ar rock, t he s
grains meet, which connects two

Groundwat The tdirmensi onal trajectory that

pat h point of recharge to a point of
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Groundwat The el apsed time required for a
residenceits point of recharge at the wat
aqui fer.

Groundwat The ti mehevhwat er particle enter e
recharge aquifer after exiting the atmos|

FIl ow cyto A | absaesred techni queaframert a&pi d&,n arh

counting of individual cells in
Environme DNA released by organisms into t
DNA enabbiesdi versity assessment witt

organi sms.

Pl anktoni Fregd oating bacteri al cells susp
bacteri a to surfaces or sedi ment

Bi ofil m A suratatcaeeched community of micro
sepfoduced extracellular pol ymer

EcosystemOr gaamtii on of an ecosystem, which
structurecomposent

Community Abundamae di versity of species w

compositi

El ectron l ons or mbiebtubee traldiuregewcphyons
axxidising agents in chemical r

El ectron l ons or mol ecules which are oxi
reducing agents in chemical reat

Aerobic Met abporloiccessg@ugriorleecul amla dohxeg g enn n al
el ectron acceptor

Anaerobic Metabolic praces sedsecwihreorne accept
budxygaemdalpé ace sthécabyemname of
oxygen

Facultati Facultative anaerobic organi sms
anaerobe oxygen and can change their met.
presence of oxygen.

Chemohete An organism that derives both el
of pboemed organic compounds.

Lit hoaut otA microbe that oxidises HRnoWy afnaoi
energy an®agdgiixtes &€®Hr bon source.
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1l ntroducti on

l1.Blackground

Aroum% dfhe Eaurtfhadbcse i s covered by water, but
wat,erwti hime bei sgl i ne water i n the oceans. Wi t
resourcedwatéeery%i s stored in thencilara ivaesgpss , a nsdu
|l akesnsti easedtfgaard rtehmai A% gi s stored in the s
groundwyatSer Geol ogi cGr Gundwgbetceil $bde asater

presentpdme tshgeade$r actures of S uUb,s inrcfl auada nge

sedi ments and rocks. A highly porous and pe¢
storing and yieldtegmead caquivdadgaehr , asi sossrandst c
|l i mesammreg ot her( Riigthrgedholso s dwat er dsreirnvkeisn ga s
wateource for over 2 bi(HI $ ooc kp,esopplunld wat edw

systamso host a uni gue eacnads ycsotregmeecx fmiccarl d byi aalc
thrive i n a dpaorokr aenndv it otaarpmeentfdVia | 20t@0a | . 0 2 3
Thgroundwateobiisoméomi nat ed bhyi gpgadokmnd ayrod e s o f(

bacteril @sanadbarmadlmdaahciachh be either attached

matri X or suspended (Grn ebher gaodn)dwaRdeer s ,

groundwpwpato&kmaryontesi bute to bi ogeochemical cy
pr ove dse retcioasly st em (Greirevbilceers and )AWataenro vs u p2@l1ys

i ndustries regul arly monitor tpl addhttaaamif w11 ( s |
pat hogerdes urhe sapehlye oftolhhn and RWs édti. 24005

20)2.3hi s talessa sf ocounsleys tohne suspended subset o]

prokarnyatkrer phakatyheti atpapbkdtionthe aquif

Mi croorganisms form the most diverse compone

mi croscopic si ze, dri ve gl obal cycl es of
(Gol dsclkeei dey)Dheé&ir habitats span the atmosphe
water s, the human body and, crucially for t

research only gahnnk &t ntehetfwennt i et.Mnaedtyury

assumption was that | i f eheoopuslodi | nobte crpairsei smi
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abundance and ocrognacne nct drautth rioimesn ts har pdhyi owisteh d
and Wil spWwi | séoBn8 &1 ) HOWever, begamar tlonof ecus

strongl wromntditvat eri nmitchreo bseesctomal thvad it ioeft h c €
mai mluy to their associationdwsédnawi deeaals
ofmi cr obi alf cccoamptaacmitnyant b(Boddig.naldiadsn3oers p a |

197Qi bert;Yatl®@B84al JAMGNG some of thResele@rly
a.l (ldé”kected microbes inVhat el ewvdm@mlnali nRea&gui
identi fi etd amistroognemg bacteria Dwmckhes BEhgl i :
(198@und sul phwtiethnhe dgrceu stdhwea t BYA it he end of
t wentcieatt lutr ywas evi dentmi tch actoinamudniiigteirpasiosu ndwat e

are abundant, di verse abaniexclod oa@li p@GMDIDoyr ssei gn
and Wil soQi,belra®88 Theédsofruchese ciommbectedesby
aqguimiemrer al ogy, poreaeccipzeo,r eslugptirygn nutrient
physicochemical factors sucf@allswiplHalain%s8 9r e d

Pedersen,Si a®bair and ) hsi pirtseceetahiedb § 9 exampl es

reseafchorts, at the tegmantpni angntodry, the micr
groundwater system was deskyYyiahbhedbadaopabhBO0A0NSe

possidude to t hgo alfnuesrugaidx@ er t mser dtmi ol ogy, w h
primarily -madedosatemyge and hydrogeol ogy, w b
fidladed sE€hepneéel), Howevece the second decad

centaniyncreasimbgrstofdi es on groundwabteeern mi cr

reported, strongly supparftfed dbhiglué mikanreéoreiragle n

detectiogieschnol o

Groundwataemkpookarmediest e t he biogeochemical
car bon, nitrogen, phosphorus, sulphur, and o
they wutilise various organic and inorganic ¢
for redpdlrliademtoka | 2A0I8dscleei dé&PPr0iebl er and Lue

2009 These cycles are oftenpriokaeerrycomtnense cwietdh

functcapabipgarttiiecsi pat e i n various aspects o]
denitrificatioBAnamidhadgtdmalf)@Sé&dtoinonHRweyer ,

groundwab&arfymtcitd ons are compl ex, wi th seve
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switching between functions @§tnaditfhfaerminmdg nut
20236 Furt hprrorkoareyaont eesvol ve and devel op new me
degrade emerginKotorhnémichaflOEBly transfor mi ng

chemical s, gprr oouknadr waatneerss u pp or t a sd wmall iet yan
groundwater resource. These functions repre:c
. e., goods and services providedsbygi ebheeen

(Griebl er and)AXKwrmr@dmedyv.,andd Hefsienéd @ 0ad 1lhealthy gr

ecosystem as one that mai nhaemsaBdssesbaysak

provides ecosystem goods and services. These
in the 2006 Eur opean (Earrooupnedawa t @i odnh,r e (st @ t
hat gr oslammrdewaitnepror t ant bfodrh hlsmare spamdleapt i o
nNi que hamlmietel@wld sbe sustai nhdmlayameagradedd wat er

—

u
ecosysdfefmsict woei tsitegls faresdaosi fy different r
uni ts based on their esoecyphident i niemia aretee
groundwammuni ty compasséesenchangEssatndalr st |

202.3Howeveaerhe pat empovatiioant gorfoundwuartcekkarcy ot

(@]

ommunigotsyet well understoodptysitcalt hehem

Q

nd biological sppbesuessae® kenvihennpernotksa raynod i tct

o
o

mmuuaiatyw from highly heterogeneous aquifer

|l l owing the devel opmens$umhf eamidrea mmetnetcan n oll
DNsAe)quencing andt hilemdve it y tomgmedtunnyd,pvad lear yot i ¢
osyshagndgi ned moAkemdmuenaso Inganfeatda ExoOm®mNsi ve

asiuaBiegyt t empt i ngv d@lou gbrloev iidmefg@rtdadnigbinst r i but

- T O ® O

groupdwh @e&eryaorndcoherrbuti on to b{Abdbgedaealmemi
nd Closkdar 24l 20Rr5kee |l al 2MErdierto al 29i2r2i sen a

t . al 29mi8eh . al 20i@red . al YThese studies have
aluabl e informats omnaéabdwifcttpheolstay y®t es pr e

roundwaatderwer e consi der acbolnep ad ewde ltoop n@amlail er
studi eF-REsbngmarkaei 1 al ofmreasgtmeilncict er iDANA)1 6 S r
which provided | imited information(Gabebtepro
et . al 291101 eenal 29t1eHtn. al 29t10uebte. al YAOD®g wi t h
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regi-scnale sauanivwgasmpl| ematofesrcall e ssofr vgeryoundwat e
prokaryotes usingaebDmMaAintde dlbwi deaaba(cd rarmsd nGhi
et . al 2PA@8red . al 2 @2 Iinatri-osanal e st wediseqnttoané

estabtthadédt er mf achgfr st he vagiatnowatodrar yot i c

commun,atsi ewel | claasset 6 yystem management area:s
reference groundvadseat . mil ¢ OaA@BI ol ogy

E R
o nr J11fE

—
-
-
-

_ y ¢Recharge brings allochthonous taxa and nutrients

Wiy |||\| P I

Unrestricted dispersal L ‘

1. of prokaryotes 'V Conflnlng layer
\ P

through fractures
J l"!

Ciw -
P

“Ne o

WNHs - —) NO
(CH,0),* O —>CO,

Filtration of

prokaryotes

Fe (Il) '—) Fe (Il through pores
-

S
NO, ——2 NH/S
-

@ Indigenous taxa @y, Allochthonous taxa Recharge path
Fi gurleColnceptual di aggrroaumm dsstadowiskdgr st i c and i nter
aqui,fadrlsocht honous traexcah airmgeionw adt ivefirtt &6r en t aqui fer
di fferences in metabolsiuec factei niutireendepearndiurgcen
Al t hough aquifer geology is known to shape t
groundwater, i ts rol e-t @ mp ograanlt eotf I bgymau ntdhwea t &

prokaryotic communiti efmee gavinigise s @ dsetisheaxtp | or «
aqgui ferpgead dgy physifcoarl psrpobkeatrigtoaiti tcr ansportat
andontgomnodsndwater whemhstctownwtrols piGokabyetic
and LuedesrThseiZE0OdDibeteweaamre f b h escaantchi cbrioa |

celclam rephiysf dblt r pt ok ar poéttriacn scpeatrbtge d he sur f a

as wel |l -aagsu iwfietrhimmi gr at i on (Bd fo otmtd e dRT0a0vkl aorry ot e
et . al 20Wad0M Dr ekezpm2Wali8seit nal YORiIBgtlr)Eorl i nstance
th e filtration Euampapeiatny kafr swtailtse faoquunidf et o co
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bacoplankedloln concentr at ihoonk rbeyg uckentt d lyameetnh € nig a
cami grianteloger oundWat ed et t pé POV 0. al 2Di1Br ei ¢ h
and PochonSi n2@8hal YAQauifer mf o e tchcenotgryo | s
groundwat ert lcrheetngésitsrsyo-puecopdy ad mofins ner al s
(El'ango and Kanimhe, gp o Ooricdica mie s twihwacghot ent i al |y
regulvaitramawlat er i nwasadbibend otne safgntifiachbot s

cont riingpthepati al d i pf If aerr kepniocoeksa copfameyn istt r uct ur e
Abraham and ;imas$ é pt 2D 20duUdtectn al 20RBed . Al
202.However, to datge gsnhadi pabfbaseed talgarinfelre ¢

geol ogy as f atrhempiattvearailioantf i pm ok@byetesth and CIl o
202AMmal f et apb2@®audteotn al 2023

Studiesempothe dyngniamkpmmk®ehgotes by the g
recharge pr oscwegga sfruirttiddesgl o f aqguNutri egretod o@ly
all ochthonous prokaryotes from thédesurefchae ge
proc,eesul tpiemd uirdfa tlhi doaa I prokar ysbtyi cee¢eceecsy dhe
domi nant pc agkbaoréy outtsdhsh gnewl y ar mainMecdo mmpuettriitei notns
anddaptation of allochhbogoaoasngwakddoyoerheersr o n
et. al 2Milebcklt e ra | 2Fi1l8l e tn.gaelr2Pt2elgeetn al 2W0alnd Dr i ez um
et . al 2Will8l eetugk2VWVRi2et nal 2Yale8t . al 20Rdeut . al

20Q02hoeut . al »The ease of groundwat ¢ heirzedar ge

interconnedttheednpese spaces nandef raggati Freegs mat

groundwat er movemamnt fiawhrifecarggther kar st i c frac
intergranul arDepemei sgaoes .how easily recharg
aqguifer, the m@munldseldfocmuthroinomtas peokaapepest ¢

t hear i ousofiliefpftagemkirgttnkorl i n hteaencregredeat ed
pertur lwatrwiotnnse stslekeh nient f edaotmuirnea ¢ e durtehré rfom t he
rechargehareashient ergspadbmrnagaedfer, t he I mrg
rechar greapwadsl y at t @n wa tsdhdosriwaenrdteh ef rroemc har ge a
(Wil lepeumpée)The freque#t gydmosft ur bances by rect

f oundbet oan e ssaecntopaalct i s gatvibaelinatafo groundwat
commun (Bteine sMaama !l 20drin] eitt mée R29MiSeh. al 2012
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Yaret . al YHbowever, the tempor al dynamics of t

geol ogical settings are rarely compared.

Despat eébody of p assutg gregtsheaatq e hf eri e@ayd xgr t
significant gommtumadlweabdkarexctwtsgysitrembot h space
timenl ysmal |l nusnbedi eof haverclhamppotes in geo
contlirngsqui ber sa taggenal chdaalet edi seriththet i on
prokaryxsmysteemraham and ;@lmadd et2mdLZOdUt on
et . al 2@r2i3ebt epl 2Wd Ot s al 29128 th. 2ol 2 MdbOeover,

mo s t of these spatial studies have not bee,i
conceptualisation of whether community dyna
di fferent I n di fGfertemd sda,gditi e ecbiy. yapleZsa.ni d )

Grieeleal20dmp abaedt er i al bi omar ker s iinn tdwof f e

seasoanssng bacteri al eDNA esitomecd § m@m-REE er mi n
whiaehly help in grouping the prokaryotes bas:c
donodupptorigadent i fi cation of the prAdkamyyont iac dt
Close ,(ChWZebn al 2a@Bmal f et anb2werie permfsommed

eDNA sequehcowihpreg det ecitfi fogpmr @okfte sy oitn contr ast

geol ggibeust st helweerse perofnar maend | | reguiid malut s aal
nat i-sonal e cawnavi a hwaidas onal rfenpael tfiid tti aonads 2 0 1 4 )

compared two hydraul i caanldl yal| d dhmnbegsde revde ebyqdiii ff feer
prokaryotic communities in alluvial a&mdh volc

all ow prokaryotic dispanrsadbaardv éhdoanimiyg.eanli s at
(20landr i ekl erall 20 1TMhmpltiheast ex mleor ati on of pr

ecosystems exclusive to an aquifer type shol

di sconnectend tlhei f@wosnafoandl [fewquudiaié¢eers geol og
wer e not considered as a opottehret vap a tedtaift r o |
prokargotdesno tempor al assestmenhtadvasf pepmpe
di ffagenfers with dthéesendygeaolagi evere cho
cl i mati canrde giegoamosr o nbm@imtosed . al 2i0@ 3 CHMAIlmida.ough

it heweorge commarntdée nati onal s uarqud yff eaf tNeve sZe

not found to be a significant contributor of
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due ataclknodigh representativdosdigpicesd tr oamqui
Sirieenal YThassi anifesagmeh exi sts about whet

geol ogya pduwbysst ah & ihiel rsgcead pat i and tveampnarta l
groundmprad learaynodt esshet her aqui fae rpsotceamt ibael ucsleads

groundwater ecosystem management zones

1. 2hesims,a obargdcopes

Thitdhhesi s conasi-stal o fr,e sfecacrucshear aattehrsipsaitn a |

var inapifankgromk a&r y ot i garec otshyesitrent empor al chancg
to redhgeerogeogi cal | g wiofna rT htesgptelsge f i r st system
of groundwat drknpgrl gdkmedr tyeod eksww megodeerhiof dt he publ i

water supply relies on gr @qurnidiwasthe r Geforloony | ntaajl

20)DPue to the high dependarmdy comugprpd wndwadtee g
resources are undHowewans,tyanth es tgeg @eausydsvad ey o f
macr ofrarauvbee en systemati cal(Wygi tsdeutidti zeld). Orhe7cae nt |
review of groundwater GmegpobidPloigegh loif dietheed Ul

|l ack of systematic explorati on, odm ddrda uen d vsautcer

a study .iTsh sltauwcdkyi nwas pereée mamengloanguti Wwet b
uni que geol ogicdlFi gb2,eawlhdecdilssyd clsakt gnsi ve
groundwat e.r Tshoaugreciefse:rtshearPeé€rmassi ¢ sandstone

represent atsiana stagued eers commonly found acrc

Africa, t he Mi ddlI e EaEt |-Jdemmded Noarlt H 0 OArheer i C ¢
Cretaceous chalk aquifer, known as northwest
ground@ather. al ;,9%9QmMd the Jurassic | i mestone a

of the most signifi cant(Wocratrhbionnogattoen aajnudi fFeorrsd ,g

The main ai misofi ot ertehpirl@eersaorsyt r ol | i ng factors
and tempoagmktdf planktonic prokaryotes in the
a natgoasdddu(dfyi g2y Ehd t hesis objectives were

23



1.To optimise prokaryotic sample collection
systsemth | ow prokaryotic concentration.

2. To asskssntr dlhepahi and seasoan@dct eri opl ankt
concentratiodsfiagehtet br ee

3. Toassess the impact of aquwiafre rmtf g egorloougnyd woart e
pl ankpmooak&rcymmuni ty composition

4. To assbédes i mpact of n eheh asrpgaer a aagffea mo k ar y o't
community cwimpdissiitnigolne maj or aqui fer type.
5. To identify kstowdiyegeatgapmss, and future dire
groundwater prokaryotic ecosystems in othe

Impact of recharge age on
spatial distribution of
prokaryotic communities

Impact of aquifer geology on
spatial distribution of
prokaryotic community composition

-k Permo-Triassic

Sandstone

Control of aquifer geology
and seasonal recharge on
bacterioplankton concentration

v%

Jurassic Limesto

Assessing national-scale
spatio-temporal distribution of
groundwater planktonic
prokaryotes in English aquifers

ngl and shows outcrops of t h
hrough intergranular spaces i
tergranul ar spaces and fract:
s indicating which agq
2023), map outline col
hts 2025)

Fi gur2eTHhe map of E
groundwater fl ows t
and through both i
areem ioned along with | ine
obj ectAigwe §.er o WBtASI rEe U KfRrl o 1o
copyright and database rig

Sampl i npgerwfacsr med i n coll aboration with the r
whi péar miactceetlsasnt r eqartcedn dwatremkang waTlTlesesour c

aqui fers were hydraulich) ]| yahloowicomgnexpledr &
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groundwater prokaryotes, wi t houtbethwe epno ttehnet
aqui.fTdhires sampl escdnmtoimn nncewasbyr pampiesgal so rep.
true aquifer communities I nwhiemy odhreobnm rnegh o |
separfhtemyt he communiti gksorwadtlha In23talh7e nesigewi f er

a.l Y2 CAarmt empanatltiy a&lchnijigicelsd diowg cyt/ e me Ney el
et. al Ya@nd eDNA met@baecodi hgePe wmeedharacter.i
thecommun.i Thes ecosystem i ndicators measur e

bacteri opdrman&nfoggmrad k arby otdii ovteaxsanoymi ¢ compositi

functional paoatr eamteit aelrss, rceotmbrmommeliyd e d char act er i
groundwater ec@oypeit.eanl Hl=Zadbteh and)Boe¢the2011
high depemdeocydwad publaisc supply souirte, un

mi crobiology can help to design sustahaabl e

consider the needosyst emaisndravindensgy. e
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1. Bhesis structure
Thehesis is structured as foll ows:
§HTWE96¢G . " . .
0vio  0Vic 96¢ Gaqlll WakF 96c¢c Gaqlll WHYUaq
Current wunder ¢ . : ..
2 Tha eentrel s (theraturQXW$wumm
; ) on groundwater mi ¢
ecosystaemati o
Met hods f or miExperlnmntemptnmm%k
N 3 communi t analcytometrl c sampl e
y eDNA sample coll ec
Aqui fer geolo¢(l nvestigat es ag thief &
bacterioplankigeol amgeasonal orrekbk
= 4 concentration fl ow cybaoccneetrriiocp!| a
i n grouddwavectconcentamatiidrs ass
public water ¢«nutrients in groun
. I nvesthovwtaegui f er
Aqu'fef geOIO!nutrients and ot he
significant r« : .
@] 5 . . variables impact p
varamtdaf the g . .
rokaryotic C(co_rnmunlty coanpeosy @
P using eDNA metabar
| mpact of groilnvestigates the i
recharge age (rechargecandal rech
n 6 vardmti pl anktigroundwater on nut
prokaryotic ccand spatrialfi pnokar
Per#figi assic s commwnictomposi ti on
aqui fer using eDNA metabar
Summari ses key fin
the contributions
P 7 Concluding di<«groundwater microb
l i mitations, and o
future research.

Tabl-Tdbl e
the key

cont ent

mapesing
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2 Curriemder statnlde ngontrol s of grout

prokadysettirec buti on

2. Basi c conrceypnecwaottergbi opoglkamaynat i c

mi cr e;lzciosdlyst em

Groundwater microbes arwi amhsiroscogange obgtawe s
100 micr omdthress (0®m)aand asprtse baritdoteeu t r-g ce@am d
darlvironment(Gof dagieief ¢t §®r0i6ebl er and)Lueder

Based on t he cel | structur e of t he mi crobe

eukarybhesprokar yotarce ourgiamealsbns®e apr iamidt i ve ¢
structure, while eukar yaontdeusl tciacne | bleu | bawtr @ nudn ihc
compl ex ce.lSlomet chatrwarcd eri stic featura&mseof pi
t h®ebsence of nti htaedocsheanroes mdafr, o @ e | | orgaeel | es
presenwcreorogaand edwiNsAt eadhd RNA imo| memb-less s

nucl sesoirdct urheeiand ncaprabyilmndg yowi{t hggm da eystso soifs
engul fing and assimilatiMWagl lexit ramc®)lWnultlliakre % @

prokamsmmorte c oempklasgsxhatvme mbrdowend genetic mater
a nucl eus anbdo umednblr asmreganel | es controlling di

functions.

Almi cr oor gcaami sbnes c | as sh If aded dna iBnascot ,étrhoedh & @ d
Eukar (dtigal). The domain syst enroofp ocsléas ssieggf 1 cat i

a.l (1L, 9wl uttilmeni sadonomic classification sy
mor phol ogical traits (phenotypes) and accoun
organi s ms, t hat i s, di fferences in molecul ar

DNAs are made upi doefs:f ocaudre nn wnncel e(oti)ne uaracT | f @
eukar yotgaia)ni ne (G) dmeé gemhosiypmec(C)assifica
the theory that the sequermaeadgenifng hewdBlowtri on
compari ggnddhdeggmmc e s, one can determine how f;

l ineage two organi sms s.hTahree ds neau ld seentmo n-i a0 £ @
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RNA SSU rWINIAQh 1 6S triffedNrA b act er i awaasn df uanrccthiaoenaa

and structur,aldrnd ctomsss rwerde i n faenrcreefdioréeype have
et . al LIPe&r efboarseed oSNSUt reRNA dat a, it tweaos pro
species can be grouped into a taxonomic cl as

evolutionWoegset,r)eEh®@7 taxonomic classificatio

arranging two organisms into @egedDiumpi |baarsietdy
Within the domai ns, organi sms are grouped i
similarities and their distance from a c¢ommo
domaitnhkeisgdo mhaesn,t he di stance of an animal fr
increases, the following ranks are respectiyv

spec(iWesse, ;Woxsd . al J)PBe cl assofgaatsme oh dif

anksai branch of science kooganasms$argbanemyf

]

ne of the tamkhs,aone ®axaridinmg Ye®wuprheee eof |
re 92 bacteri al afld 26 pap@Riaeal)ephtylh@a NCBI
atabase, currently tsheqbardes iare h@lda anidfhiae
9 phyla rESBectnwvehygts, 2021

w o 9 O

This twhaersliys focus on the prokargyonce mheyonal

up hreaj or i hgyr ooufndwatieal mp @ gfGolbactbhiloenr and )Lueder

The ®pwokaryotic bdecmaamdn amr dhaaceaaanriedhe most
abundant group of prokaryotic organisms in
groundwater can %aanntgle ednadlt€weieenb [1e0r and ).Lueder

Bact ehraivaeni gouaect € yira@lb o s o ma lr RRigd&\n euss,ed f or t he
taxonomic c,t hgesnetiiccatmaotner i al 1 s twiustl ediidnt c
anbdactermambrcedéecomposead acfyl 4 Qtdydiciepiod ame 60
prot(domse, ) MP@8roor gani s mst helmaargo majpeaaeao

di fferent molfercdahcatrebrsitar attsor di fferent from e
to addition of. timi grmawddl@amhaing ancehasaabout
tot al prokary@triebabundaunc)eAr € hareaa rhéalvaed a |

typeRNdAenes stinct from bagteritalc mMRNArgahes s

around i n hi st one aperuoktaeriynatcil essuestinb ar c g ae al c
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membrane forming |lipid is préMbemien aWiddsye di ac

et.allo9o0

(Tenericutes)
Bacteria
Actinobacteria  Armatimonadetes Nomurabacteria @ @ Kaiserbacteria
_ Zixibacteria  Atribacteria ® Adlerbacteria
Cloacimonetes Aquificae Chioroflexi ® Campbellbacteria
Fibrobacteres Calescamantes
Firmicutes

Gemmatimonadetes Caldiserica
WOR-3 Dictyoglomi
The: ae

TAO6 Cyanobacteria

Poribacteria g
Latescibacteria Gwo\«anncnlh’sc}'elll’a
y, ° ® Wollebacteria
Marinimicrobia @ b4 M;iamabaczerva ® jorgensenbacteria
o RBXI

WORI1

Bacteroidetes
Chiorobi

PVC

aldithriy

Azambacteric :
bl Parcubacteria

@ Yanafskybacteria
® Moranbacteria

Chlamydiae,
Lentisphaerae,
Verrucomicrobia

@ Magasanikbacteria

.Uhvhn(lmin. Candidate
Phyla Radiation

Aminicentantes Rol 3 N
— = @ Peregrinibacteria
T tede s § — ® Gracilibacteria BD1-5, GNO2
ectomicrobia, Mo meena o = — = ® Absconditabacteria SR1
Saccharibacteria

rospinae —
rae —
® Berkelbacteria

Chrys}aéeneles =
Deferribacteres e "

Hydrogenedentes NKB19

Spirochaetes,

. Woesebacteria
~ Shapirobacteria
Amesbacteria
Collierbacteria
e ° Pacebacteria
Beckwithbacteria
Roizmanbacteria
Gottesmanbacteria
Levybacteria
® | pavieshacteria Microgenomates
i Curtissbacteria

Alphaproteobacteria

Zetaproteo.

Acidithiobacillia

Betaproteobacteria S RS R
Major lineages with isolated representative: italics

Major lineage lacking isolated representative: @
04

Gammaproteobacteria

chaeota @

Diapherotrites Eukaryotes

Nanohaloarchaecta
Aenigmarchaeota

Parvarchaeota
DPANN
Pacearchaeota @@ \ Bathyarc.
Nanoarchaeota YNPFFA
Woesearchaeota Aigarch. Opisthokonta
Altiarchaeales  Halobacteria
Z7ME43
Methanopyri TA
Methaenococci CK Excavata
Archaea Hodesarchaca
Thermococci Thaumarchaeota Archaeplastida
Methanobacteria
Thermaplasmate Chromalveolata
Archaeoglobi
Methanomicrobia Amoebozoa

Fi guilddpd atrece tdfi gluinfeevi ng t hrr@Seuddmwmaitnsal 2016)

Genomi c sequenci nsghavencdenh &guuleasr hbmisoc he mi c al

transl ation r(enedcihrmaghigam etfi ¢ codes

t o

buil d

m:

p

(copying genetic material) arcomaifChernemthiion i
20)1Studies comparing archaeal and

29

bacteri

a

”
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bacteria employ ditsfegmact oendymeenahbndanscri
archaea use DNA polymeracestr oelrsasngeme pexpmned
or ofafnd translil@riobeahnsf abbor aagie®mol ngowuans
(ensebaring commmnt o s @ i infB oebuekda. rayloytAelstt h o u g h

eukaryotes andt ahe chamayleadeamuf® reer tc o mmon ,ancest

mor phol ogi calllsy, larckhamany of the hall mark tr
a nucleus,-bmembbranganell es, and compllexdicryd o
them to be groupeadkEsé&apay@deikyc!finmmo,n g2 Otlhle

fomaj or subgroups of Archaea, namely, Euryar
TACKubgroup of archaea i s (Huhget .calloyg0é&ségutr @ B u Kk
1) al thmhewugmt pbyonhewn signatures in Asgard arc

thAsgard are potentiall y(Esiestt erl 2dr2ddup t o euk

2. Rrokarfwantcitadn@nsecosysbgmohbedwaher

Thgroundeadeyst em, |l i ke the rest of the Eart
ofoxi daseddreduced materi al i n di lsfelqouw |oifb rmautnt,
and energy toéas kotwwasikm | IRidfhee addi ti on and r e
chemical s from habitats by at mospheric and

di sequi(Ffalbhk ceutsnka | . 00T8he constant fl ow of matt

the Eathbd bbosphere and back to Earth is ¢
reactions occurring iamdthédecephrlosests ofgamnhiosa
of these cheméecraéd ogeoabemi @l apceylcllepi,nGh@0 0O

mi croorgansselmsur haBEdeolha pdhwlyst ainé iiam controll

bi ogeochemical cycli,whi che mag@mubtuiiatldée mgntsd one
bi omol ecul es, |l i ke carbon, oxygen, hydrogen,

(Fal koems. kal 200& t he gsruobusnudrevraatdear o n mewhywchi ght

i abstenbi ogeochemical processes are the key
subsurface mi croorgani sms. |l n soxnpdiasede r ms,
reduced substances by tamedsefcamroinn g oeloeg c tt roo na
acceptor, and in the process, generating ATP
Chapel l e FalRlb®ws k.ial Y 008Bheni crobiall redexdi at e
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transformatiimngmpowpgedssdaites accumul ation of a

n

Sspecies i n I mper mi ssfidrl e hwmairc e nctanastTuhmmtsi o r

bi ogeochemi cadr eprtraderscemwisoasly st e m wae rcvhi cheesl p  t
n

mai npar mi ssi blgeualhifetng rcad.ndwat er

Met abolically, gr oame&wathermo p r cokbet sayi ontwdesneh gy
transferr shgt ed edxd x opcelce migcddlfssol ved or prec
available in tBasedshaen ectino@ndsac¢aptyri ent

sourcegr ounbawatee@am be ei ther autotrophs or

autotrophs found envidaokmer g ncdlebnioearut ot r oph
whi ch der ibwlkea®inleiréggdy¢ x ngpr ocesses bactcehrleiasi c al s
usenorgani c acsmutnmiizearktscal | ed ITthileemet epbsr ophs

use organic carbon &shawmkee | phe Rpwe O eroaigacier e

oXxygaednhe t eerlneicntarlonf accepspithani omey are cal
aer obesMy(ceo.bga.c,t er i um, ,eMel.thhhh omemiaa saf viinve

t hebsence ollyouxyigrerag,ot her eégfcetrrralcagemanpéedr s
organic commeyndan e call ed obl i gabderaqgdnaer
Dehal ocoedaxi.JebaBbmwesica oxaysganel ectron accept
anaerobic conditions, they can also use othe
facultative anBercmombaes Sa.lgnone] & o EaErnitieerro b a
under stamautngar chaeawasmetthaabtoldmamg t he two n
cl ad@rsenarcbaemptrased of mainly Ebheyaoalaeoipas

comprised of mainly halSopheigl. esl Ydmd gmetuma wad e

systems, met hanogeni thalrsehmesmy g e hferodinan ¢ a
ofcarbon dioxi dgClaenmde [hlyedHrootggaO€r , wi t h sophi st
sequencing techniques, ma ny -eaxtcrheaneea | e n vi inrecarngme

such as groundwat €rp aweelr. ea |dpiOsl&7b ageeankeds f | ex i bl ¢

various oXxi ctcaarhbdimtiigdarrbsg emn r e d o> atpraah g fi ersma t |
beehetected in (Qroesundwglé@mert . al 20dZeat . al
20)2The exampfl eprdobacybodbne utilisamd praad waisn ¢
mul tmetl @abol i c producTasb | adr.@2 mpa e wiirbekskbes ayroet e
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adaepd 6 onvut ri ents, comeiyt iao® sensiti vecehetnoi cdailst v

concentortahteiion ambi enGremrwil ronment)lLueder s, 20
EGI] ~ . . . Y2 c . o en
IJUG]AIYHIJ{i AlJCHG]CUé*h 7¢Hql RcOUD+¢ 0 Gi
. (CH) Sul furi monas, P
CalbRoTIE I DE At CIO. 20 n Ni t r gs plihraaimar ct
CQ+ Deltaproteobact
Aerobic Res}|(CBht CHO + Chlorofl exi, Bu
ATP Rokubacteria
. Rokubacteri a,
9cy |Anaerobic re¢( CB)n cQa Deltaproteobact
: Acet Candi dat us Bur
Fermentati ot ( CH)h / et h P ’
+ H anctomycetes,
Bur khol deri al es
Met hanogene:«CQ CH archaea
Met hane oxi (CH cQ
Nitrogen fi >N N H* Azot obacter, Rh
Nitrificati (NRK NQ Nitrosomonas, N
) Del taproteobact
NG N Q. Sul furi monas, |
N G. N O Plancfcomycet_es,
. . . l gnavi bacteri a
Denitrificat ;
Bul khol deri al e,
N O N.O . .
l gnavi bacteri a
Rhodofer ax, Sul
N2O N2 l gnavi bacteri a
Di ssimil at o1 ]
. Burkhol der i a
reduction t(NQ N H* ’
( DNRA) Gammapr ot eobact
Anaerobic ai .
oxidation (zNH N2 Pl anctomycetes,
Candi dat us
0 ’
S0 plur Fedis H2S Del taproteobact
Sul phur oxi (S° S Q% Candidat us, Bur
. . 2 o Deltaproteobact
Sul phite o0oxiSQ SQ Sul furimonas
Sul phide oxiH:S SO Sul furi monas, C
- . . Del t aproteobact
2 2
E Sulapthe reduc SQ SQ Desul fobacul a
S Pl anctomycetes,
Gammapr ot eobact
. . o H.S , Del t aproteobact
Thsolaphe o0oxi S$:03 s o Candidat us
Candi dat us Bur
2- 1
sQ Sul furi monas
[ 1 Il ron oxidatiFe (l1) Fe ( Thiobacillus, G
|l ron reductiFe (111 Fe ( Shewanelll5a, GS
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Tabl-ET&2bl e of el ement al transformation reactions
usi ng etdlbex transformation of the ,chehmitc aalr es,p eccaireb
hydrogen, oxygen,anmiromogen, sul phur

There are f our palh&raabg todgrieiosctlii ecmsic doahlo ys oundwat e
First, the transf or mactonopnl edfe |l ¢ | & ceedmpckeedtf etlaym
oxbedd state casi el eitdhaeacti on asrerarresi mtfegn a&tpl
reactAmenrst haetamaln 0 IFlor exampl e, nitrate redu

reacstfiodn ow stepwise trans)f otromantidtqgrni raeft r(nNd@Q roa
( NO) , nitrays amnxdi dad n@N |l y mg».IMecex ampdnfe $trhoeg e n
stepwiesdex transformati onsl.&enoid,efno wme ismpeTa
cannot <carry out all the steps Bdactawhsitaehp wi s
can carry out two respective st epsheofnuanbreul t

ofmi crobes whi c o ndognne psrtoecpe sosf(A naa nrt enaacethinoanh

203An example of kawxanpébrtoemiay different s
i gn TablTki,2dn a microbi al popul atitdhlmmaveher e
the genes to cabirggeadhedatdcash®Ehraesgone isspeci e:

el i mioatded any environment al perstturkllat non,ts
functional stability. This phenonilftnonekias des
a.l 2.0 1T5a bl seh o2asn exampl e of mul tiple organi

func.Foantthieoiinnt ti me and $®dpageowhenacdalas

pl aiceteée mibryedclhe mi cal c onadmhbiieomt odnvtilrdoen me nt
act bavcet er Far exampl e, I f pl enarye opfr eosxeyngte,n tahne
aerobic -ammdibasatnegriildacbawna, whéy convert ammoi
nitrlant es h otphteo k a rsypeetciies t hat wil | survive in
environment deopmpdsti bnaviahigl aobfl etahneg sapbuielcietsy o f
the prokaryotic speci@eatnohatiblmanpO0ide resou

Théunctapmolodryoti a secedipngtamny £t e m Hearl tihge s .
groundwatokrareycodsycst ems provi de i mporbwnt ec
mai ntaining t hhenitreg f uthy tridaersalesteur bances to
environmeryt tarad snfuctrrsmaemgtr e v e rithiemgc umuliant i on

groundwater at anfomplrumarmrsé¢®@neeiptni adand Avr
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20)5acet . all2desgcri bed groundwater as a key

promote its effective conservation strategi
groundwater biodiversity and makiontbailn aensds eHmots
(20Bh)oseet . al20@kB3l)i nes definitions of the te
heal th and i ndideastcdri $aeb W2h.i 2h ar e

Term Definition
The expoéssahnhomaquiferds ability to
Ecosyster ) . : ‘
accordance with its organisation w
Heal t h :
services
EcosysterGoods and services provided by the
services benefit to humans, e.g., maintaini

Refl ect and or quantify the proces
whi ch may serve tahgerowvi sogat @ facog
e.g., functi boheadmnpurntietnt i al of

Functio
i ndi cat

O S
= ™

cture and composit

Organi satRefl ect the stru
f the ecosy.stem, e. g.,

i ndicatorattributes o

Factors or pressures that disr,epg.

Stressor heavy met al pol l ution

n

|l-2D@f initions of terms related toHggestiunalwat er

Tab
(2028Hor bel and Hose (2011)

Kor bel and pPpoosposedlithherwsedwhter Health in

framework using the i n8i ovehteares ackefeisrsa ch gi n hlea
a tiered approach, starting with generic i n
assessments based on reference sites, ulti ma

ecosystem health based onttoMscnambalr aburfaa
biodiversity and cfnn dtei onmnsadd paosdt eatosaystem h
(Eil letngeelr2;Gt 9edtl .eal 2K01r0Ob e | and ;3toeei¢n a2RQ10

The defitnhimeiascnrabl e vari adbd esy ¢ toe d ettlgeeilnmi mMuen i

for measur emeretl esmchcehaisr an ecosgrsd egni \heera | it |
TabPR8 To usee etchosystem hedlotrh giromdindaiadrres ec
managemendssiesntol adl acsessyytem management zone:
spati al and tempodal it i aelf es0e avoadl utatsemfi maimn |l y

di sturbed dommEmietmuuensi ty ¢ hdingtewsrs gpmat. al
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202Kor bel and )HPrsev i ouslly, groundwater ecos

cl as soinflimerdg e s@ataasaeld o Af anugncares @ mc eGe r(gntaa iy n
et . al YOnd En@Vean denti.tazl P Ha wWwe vtehreer e is still del

what the appropr imate ctcrostyesnia @am gaernee nftorc |l assi f
zonas a | arge. spar gaee § g asetarcleotf ugeh@undwat er
ecosysitseanc kiinngmost aquifers ohfecahei wprotd dae

mi ni mally disturbed groundwater systems.
Par ameter Definition
I't is the position of a particular s

Ecol ogi cal ; .
required resources and can actively

The number of total mi crobial cell s
Cell densit coumtlsdér groundwatgwrerand iggoundwater
mi crobi al contamination
Cell viabil The_ p_roportlon of ilni vae paonpdu | haetai lotnh yc ac
activity and growt h.
Species ricThe number of different species in a
The measure of how equally abundant
Species evetherseadmost equal abundance of indiyvy
the community is said to have high e

sity combines both species rich
Species div high species richness with equal abu
nity has high diversity.

Al pdaversit Mean species diversity in a communi.t

Di ffeirmhceobial diversity in two con

Bet—dalver5|t)Space and/ or ti me

I't is the measurement of divers,jteg.g
Diversity i Simpsonds diversity i ndee&t, &hS hgadnenvoenross
i ndree! gopcso mmu b ivti ¥ h setxatnedo @ ur bati ons

Shannon div H=-Ep*l nY whermepropookt opalpul aepoeasteynt e
i ndex (H) speciike g htteev al wld,hi ghbxrpecdiesser a¢ o mmun i

Theangimet abacltiicami ¢c eacimmuciapegr f or m,
Functional det er rmiammeedk nowm p a b iolkintoiweasu & | thifeAPROT A
func@liooet. al 2016

Tab2-2Mi cr elriosly st emse@rfmer ecosystem. health d
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23 Factors ctomstpraet!el ompnogr a l vtalre ap i ok aroyo

ecosystem

23. Aquipfreorper ti es

The geol ogi cal pgruoipteermp li @y vorfoaken ia ¢ bometr ol |
prokaeyosiystem in groundwabtygrovindt wg whysich
to the mictrhoebessegcoanndd i s by contrpitopeaegtitde @
groundwatersubsurfacédabnwmit edmemhijasnidc atl h ussp atchee
habitats of microor garhies mpo rar e pcacresst,r dirmed ur
(Gregetyal Théubssurface mobility of mBceebes

opor e tohrr ofartasct urnea tampierretruarledsy,y gr oundwat er f |
The size trheeager babcyt @orfi . 1 to 100 Om, for arc
OmGregetyal 2Dalvdlear al Y004 t hehpoat of porous

mat ritxhe oarperture size ofi dmaddtblmme d haq pir fokra r
si ze, pihtyscfmimaltthegoruand t herefore restrict mi cr
Mi crobi al tfhielqun & teirroamsabiytiimg & i cfaotrhatntsenuati on
pat hogdarmgr onndwat eB| csymwsiticanad 200t and Johnsc
20t Tayledr. al Y804 o0omeitelad 29badawed uhaobnsolidate

Perwmoi assic sandstone of Engl and, t he m

bet weeadn8mwhi ch may allow easier transport a
mi cr ob eCd olsitlEe d,c a&Shal monehlrloaugh aqubutert ingehdti ear
poftenroats may fil teirc omitclrlogbeegsgp o piad iDeage n o
the | arger apertures of di ssol u2tcinp ndailalnyetesmnl):
and small -2@ndmampst dbar sti c aquifers are mor
mi crobial ticomt & mioma (Mme r 8o e fad c2e0\VPaluar et e A |
2021Bb

Anotdreirf ac atbhieoind ¢ s tthaqggitmtadedfox mi ng whinehal s,

can allow attachmentHupof @mobi Uehensplinaibr@ed. 7t) h :
since most of the paghbho§emi mnedgnraalixiod elsaa@dneg:

surface char ge, adlaorwgeerr pmmiycsriocbaels gaatp (<10 nm)
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surface are under dominant repulsive.fomce a
conttaet small er migapmgdd-®80ab mh hgpd@mment sur f a
faaweak vaMaadeartraction force and .ah®Bsleas |
result i n greater mobility of | arger mi cr ok
Among di fferaent caengdy igereari mns ar e found to have
and higher bacteri al retent iAdmiinfi Adogadmed wi t
(Fempt-axyhydroxi des, Wwhicd hlodad iitmppeceaed cause ¢
a sandy (Baocglusetfeere | 2 WDt h ti me, the sorption ral

reduaxeldi osi cmver t he matri X sur face, al |l owi
suspended nfoovrem f@mededetye ral Y00 1

Groundwdtoewr vel ot hi¢mp oirst asnt det er mi nant of pr
in groundwadowr veffiogridcdwnsgd wpt epor tciroseaskcttit ontahe
areagadwi thin the flow media alUdmcotnhseo!l hydarn &
sedi menftrsa@atnwdr ed aquopgemisigugt buhdwageéealrl 6 Wow 1
faster groundwater f | ow tah eo nsgu swpietnhd el di mmitcerdo bf

al so @lilghhws mobi loifs astuisprenda{desgnecr eab&604

t hfefractured and fissured rocks wvahnééaighhl ¢é |
pat hogenic conttalméinrate anyymadaeditwapi dn from th
| arge dwst hnoes hmd oanqgu igfreorusn d waTtaeyr e of rl 20lwy. Opladt h s

The hydraudliiemt can increase flow velocity dit
peribBwrsing groundwat ead hheycchraauwlei ce vgernadsi,ent i n

vel olgii dffiplrmmi ng mi cr obes cgaemtr ae s ¢oestr @ efilerd and
|l oadarcet . al »@E2avied . al(l2ddb8umentee¢e dhc hed biof i | |
SuUsSpenduroinng high discharge evemdadgcdhi no kahe't

suspended bacteridanmoupodwainprngnbastbheperise i
hydr aul i ccaghr addiisethnur b t he bi of i (Rms daeatd. ales us

20)Because topography shapes hydraulic gradi
(e. g. steeper sl opes induce stronger gradi e
mi cr ocbhoinamuni ty assemibihy speepessesnore di ssect
where hydraulic gradients are stronger, disp

assembly (i .e. microbes are transported more
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ter rwhieme flow is slower and envir osmareenc tailo mi
becomes more dominant, filtering communiti es
redox colRditeiompalk)023

Aquinfaerr i x pmotp earfrifiegecst t he physical propertie
but al sd heorthreani cal gpoopeéwhai ewo oWwayhsy.s i Fiarl st
factors l i ke water flaoawntabok Bhd mbwvemermtad
groundwater, and second, the waé¢éactichme moBt ws
and rBoecnk Maemaa( 20epgrthydgdt bhogp atadisafolnaw ol

surface water input and associatied aoXy@en ua
aguiAsera trtelsasl groundwater chemistry and subs
were different i n groundwatwart ego d kneptust wiotntp a
i sol ated groundwater pockets .Wwhitéhth .md [(nd mlad ) s

found tphretsetnltee of a confining | ayer resulted
ofFesul phod organiicn cwamdomfi ned groundwat er
groundwawaderf ferent prokagAy oteice ik o alaer gsed i e sy o
French | i me sdteanoen sd g wmitfeedr t hat mi cr obi al rich
more reducing zomnseesnsand vteh aftacrteodasx (Fe. gr e Fe/
strong predictors (faredmmuipibty| f et a@avwenl4)

compared the prokaasymndumrdwatmenuvnd ltcaersi d rtoan a l
aguiafnedr f outnhfehtyhdartogeochemi cal sfhccaesé, shhbsep
potasDOum,ich with higlgemunddakempot antvdigohlcani
calcium, bicarbonate ion, Fe and Mn rich, 1o
alluvi al aqui fert,hecosurrfodde di rbiyh ubeontche naeda ¢
Consequtenet Ingi cr obi ol ogywaf!l sbhediViethe sehmidb er s

(20Ppbserved that i n granitic aquifers of Swe

di stance, similar ecological ni ches provi dec
mi cr ob$iomielZarolew, a( 2f0oeBnd from a national pro
ChinaNahakg, Cl and bicarbonate i onic conceni

geol wgye strong dptekamrywante odbmmunity diff
groundW®Ratenmtblrmham and Clomdaat@e@dpdarati ve st ucd

volcanic and sandy aquifers of New Zédal and
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stinct hydrogeochemical conditions within
e the primary dr pvekacpmmumeitry adbddémrevedces

thoughsthemg dvwiajlaander properties can have
Phekar yotiyc sctormnoutannnrde rence, Biupgpeodhaemisd a
ocesses, comparative accounts of praokear yot
For ex &mpeite,al( 26Gd0¢dtl.eal 20MmMal fet.aaf@2014)

mpared two di f fweirtehn tf raagcutiufreerd taynpde spor ous g

e hydraulic connectivity between them, t h
t ween ,aqwhifcehr swa s So besteraviednidy) i edi .ea( 201 0)
the receAbr ekRamphedoftihe ege2gr2adpm i fc tdhief f e

actured aquisfpebrensduisc at es that the microbial

om aqui fers withoufnohtyhderrabugliowd win.nalexG@ 4 D)n's
utmllapring sourcesndomsno [shchadatnadv f i ssured aq.!

owed distinct mi cr oHoawedv ema c rmmo r @r ¢ga ruids mss. f
ui fer geol ogi es isnhonuat$édc abnea | cs@ulr dvteeytse d a pot e
ati f ferent aqui fer types may be the basi
osystem management cat eg®Ardidedg i onalal ynatiim:t
udihescartefi t gyt udi esf @oeond wmti ichdgathed hydr aul i ca

i sconmaguoui peewent s accounting for the intrin

oundwateraquwi fderdfd$.erent

. Br oundwatcéhrar g e

maj or controlling factosi ofthdersphbesmi$an
oundwater nutrchemngeDeviemdg ¢ r al recharge by
rivemfwadt eat iaant i f,i wigalf arcacrlartiggar at es t hr c
I lpeamads| ané o g rvouvanaiweeet leyi ,n gi ts t waddmsesse mdtoiwanl
cronu,t rammrng which t he ef foercgtasniocf craerpbloenn,i sc
ditrnate wi del YThese¢e plde ebd3CGaend Oconcentrations

und to trigger heterotrophic respiration

(Coopetr. al 2Weldbe reste.nal 2RPDiI8ss. al 29Dt1Ogeetn. al 2016
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Voistnal 20Mdeut . al YAfier t he ogcrcournrdenactde aa fg e
t he i ncprHe asteedmper atur e, EC, and DOR¢r é©ds eadh dc
nitrateot heeste e @ oimdlo ymmhdasn g egsr dthredwat er physi ocl
and the new physsocthemdemrgase!l pcokaryotes v
the -pesharge ambi@Ent | congairA020nas. al Y8é6ber al

studies about t he I mpact s of t he groundwa
communities aSectd@afAddedi onal l vy, recharge fr
use thygpbeesen showntthe mmpaotbi ome in shallow g

di fferences and ahémropbgenpd@€bistatesspr023)

documentg@gdoumawat er ecosystemsweumedee di veres
and spreicdilrest han argeaa scpuoltteunrtailasitirgersd u @ p dto
agri cuwlrtewmsami IKaorrlbyd,|. al 20aénkdahal (ow30 m deep)

groundwat er cnoincprooshiwteimeen sd iufnfdeerre nda §f af e a bl

managemgpes.

Besi depl engs mutrreicenmiragtee nt r odwac e wlulsocht honou:
mi cr oor g artiognmahuen dwht Bough t heebkbeaarswgre to
changes in the community wupon, tiurec armerxaiiwdtl i eod
about tihheowohanges notberaqui-aerachbd sathement i
more oOfr |l essmsehbbbews ngtl e to no change unde
i nfl uenwhsil gni fcihaamgte s occur wi t hin t he pl a
communiftiilssnget 2211 engeait 2;0/A%c . al YWpon

all ochtmiocnrodubsiaadli ng by recharge water i ntrus
fractures or condui tsor( pghtedretr efmltsoua If padctlelo wfan an
source t o goraccunedwaatle rc,elgedad @déBterst nmeedrt inao 66 16

Fiecdlteral 20i1l8l e n.galr 29Prle neste.nal 2DABi ng groundwa

recharge thr oufglhow rpeafgertsdhmigieamlo bes can ,be i nt
making the gueuprpdwatcbomt a(@h ekt iad PIP2r0e neste n

al, 2WulcBienti.cal yManlfy t he cat cltmerrsti slimdanndol fsu,§ ea r
thgroundwater community was found to harbo
resi stanmdtuegeame sal | oc fStnhi oenho uasl Yinhp2utth e ot her he

filtration ofBaatl écrmind t rheonwluts 1 gr odiinldwtait @m @ fe
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concentrations Kapomealtt egh A Copafl evi ideegxciest s
aboutcanrteri bution of t Rhenoalgl d dtet gdoooma ndawndt ta & ra
prokag ko eéelieral 20ed89rntdhed ver water crepatesinemw

ecol ogical ni ches, f osdietr p eV itohuesplryyo kod ai iyf @etr iact
growpd hin the groundwater community or newly
Fillemgeaelr2® ban)d t hawgqunfe@dmwrviitay shifts may

tempor al successairognalilwdye h teho@drmondiss er s out comp e

arriving -roencehsaYmest all 2baandduhabhg recharge

fracturedl|l hgaoh f leepeoausy edo itfaaxcac h(aag.igneam@dal e s

Peribgbeemima domi nant over i ndieg eglioturso sgprioruan
andTher modesul)fawd brmieowvni mar ok ar yiartoi ct hnei gagqui b
enviroheented eadatl @diaver sity of Ithhe croencneunnti tsyt
incl udyegrs | ong dat hamtlimesa@lnedrroundwat er

S

n
n

i solated from frequemudstuscriacskaywedhar de mibiya
el ection pressure on microbial communities
e

recharge showed dompmaneeses shapgihaMatinge com

et . al 2)0I2bbcomttirlastn,gal 20aund t hat aodlalngwisali n

groundwater cagmmwmidiwa tuepre mdeucehtahseget wng wi t hir
i ndi g ecnoonunsu ndiutey tthoe el ecti onbyphecensesw gr oundwse
physicocdaendictad ah htelmgrtohlanf ealalto omt hdB8ome t ax a
studies suggested that the extent to which

al teri ntdh g egnroouusn dwat er ¢e mpe&krdny otthees a | geol ogi
condi.Cheirs a( 2arkw)| | eaeuvake2rmne@orted that all o
bact ecraina di sperse to | arger distamwiedh ifrastea

groundwat er fl ow,hoes egmpracgalo!| Dgi essl dgwiotwhi ng
groundwati er e vsiudgegnecset aldn a mlag dge mgapchuad w h e
groundwater prokaeahgwoges C onmnhees pgor nosuenedcwoaatr egre

in different aquifer types.
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233Grounadwr chemistry

The microorganisms residing in the oligotrop
ei t cenreheot er ot ooghteimo | i t hoa (Dtaontireol pohpioca | 2000
Gol dscledi.gdry 00a6dapt ed t-poa@r remswiuracrement, whe

slight changechaemitdhal pdiywir aemgnt fcaandr shef
mi crobi al commu(@@irctyepapam@riiégals]l er and)Lueder

Numerous studies have documented how the pr
control s t he groundwat er mi crobi al communi

transformation of ot her chemical s.

One of the most i mportant controlling fact ¢
componeahehetrer otrophiTcher essopurrcaet i @fn. DOC i n g
can be either related to allochtihmnbPD€8ucarhb

withhaqui fer(Smaeitr.iaxl »Addi tionally, mi crobi al
substantial source of DEC sienn kdae @P&@r2keg s cau nd wa
20)Recent findingésersaggewat éethabacteri ad comm

suf f iamigeenotduce DOC by fi2xi hg di $3onesedn€O aq.l
strong |l imiting abundance of baab edeeraeeDO® uanndd
to cou@neaerobic ammonium oxidationf ipxatciesrs
(Kumeert . al 201l17n both oxic and anoxi2c€i gabuodw

occurs along with coupled nODteolgehitadRpd/2ar S

Wegnetr. al 2l Tarbonatttheaquadfkors fixation rate
bact e€raina be al mCHIf iexqauualont a ates in oligotroph
Over edl.tal 02T2hese hfiignhdliingghstienp otr h ance of gro
ecosystems itrhgetegal atanbgon budget

Il n the satsuraft eglqubdd@erssuppaeompeadi howe, highl
and evenly distributed heterot@lhggiii @l ®pi0Odr2obi

Th®OG npwitt h sur f acegrwauredwadtuerre aange gbaaaastgeeer | a |
concentHaftmesmn al 2WLI0sts. al 20Mdeut . al Y HaWever,
t hBOG ur gtehheympor hewaszoaekhmataedctto on in prokaryc«
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due tthe@omi naorfce el ective species cafleabtl.ealof ¢
201 5tegem. al 20h6et . al Y Aldsrget mdr modynami cal

bi oavail able DOC from surface water sources
rate in the groundwatderc,r e@wbBiedh DO€s wlothnscenhr
i ncreasedi €Ool ved i1 maDdlg&)niacs ctahrgbrooe siatlr sadnid o n
sti mamia¢creobi al di ssolution of t l{Coocpacirbahat e
2015t eeedn a2l Y20Tthe conckhPOCrmachPhangbse community

structalreo bptomotes ot her men albaslaynadt dcwomd triod rs
bi ogeochemi caMospgr maEGhdasgt s as an el ectron d
DNRADiIi ssimilatory nitr ataendr eddeuncittiranf ificoada nonmo n
et . al Y0owWOQ <1. 3 gmgo/uLn)deavier owae fitoummde t e&nt

heterotrophi ¢Bedre nMatertiafail edtiNcmme dfieeem ¢cent rati on
DOC can reduce the toxi 4%t yZno¥o Heda aydomydNi al s
formirnggani c acid compl efCes | wiomnh| X dreSteh e ad ti loenr:

handQOd acilitates microbiaad é ryi anerdedasdtee sie miem g e r
pol |lgteundiat eatm a | 2Waddgt . al > 014

Anotdarirciooadalroll ing factor of groundwater mic
DO concentration. Aquifer environment i's gel
environment, DO is suppltbdeadmgpropet.dhes ahgai f e
replenished surface nutrients, such as DOC
depth, the ecosystem was focaatdi tiot x haommien dtr e

anaer-adbtiicvity domi n@tedédreicosly He@ue vreac e nt

e Vvi desnucgegsetshtatsi t m oxygen production within t
processes | i kaendlelagher redeati epn (Rudesis iab2é 2 3
Rufeft . al 202™hi s i ndiheatygdent lgatadi ent i n groul

necessarily related to spati al Wheoawgenfron
ri clchawagteenf i litnrtaot esan wunsatmosat ebtdée adO®i fgeert,s

consumed by the aerobic miciVobesnah)Wh®hover

ti me and di stance fr om otxhyegene cchoanrsguemp § 0 0 n C €
respirati o©hRdpeopolleatneds t he groundwater graduall

anoxdamrcd phekarcyoorimuceishange along the oxygen

4 3



gradileentoxi c s,comelnd¢dbioan taxa are found to gro

communi while suboxic to anoxic groundwater
anaerobi(lcuntaax a al 2GEI7 &h . all2bDaéaand that i n a
ol i gotorxoypgpeon@ror ous eamwiirfemrment , the $dhicteedal

froamaer béxda mi ndet.egd.phi ngomoaad®dhloadosplitral al es
aerobidomiaxét. elur khol deri al es, FIl avoba)teri a

upon oOoXygénwagstewat gre

Thei ogeochemical fpreonceeeryoab celsisfetaer obi ¢ pr oc e

along the ignrcardeibeOnito gmfcendr at nekhuamagte., a( 201 7)

reported a shift of aerobic ammonium oxidat:.
decreasing DO conceaguaf ieon grDuueatdivps tessaectnec e
of di fafcetriavhnec r oblh@amoaut otrophi e piat hevag st 0 !
concent pPpatirbbsal2r02@or tear bbdmatf i x @tdino na nporxoicce S
gro
fixation was as smicti rait feidc aw iUtahd e tp r edooxnedsist.i on s
gro

by MNeélxi daltiieotn al YWednetr . al 20dOeldaercol ati on

oOXyagreinch water into karstic groundwater was

undwater associated with sulphur oxi dati o

undwalecomiet r agth hMQr educti ocoasaprogpessssed

bact eNriita osslpummrdance and associ atwhlernaaexifé cat
condswerpeansi ti vely correl at ed Pwiatnlt t onmeyramddxe sb a
associated anaMmex. pt a@®@@ser veidn htghpaotr hej ¢ zon

anoxic groundwater upwelling sbamotieak.eadl mi c
(201fe@undi n hathypor hei ¢ ztohmee,| ade yendiomd rormut
river wat er-poonrd grxoywgredhwat+ educt hg mlmatakeria f:

Geobacteam®eargl f ur o mocnoandterboela @ nnu al i ron red:¢
Ther efoxiyeg,en concemtntr mpooharmtasi nfl uence on

transformation of odarebmoid,r esgiedupths , asdicihr @ars.

Since groundwater prokaryatrew craangarvfi veow
concentr atddinsst,u rsbeavnecre o f c W& mecoantt uaarli neayt | oy
shift the commienmmet .salrucdpugrret. aschcomatami nat e
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groundwat er harboured a di verBwer kphrodakaearryi cat i
Pseudonbmmisrcae | n cont r ashte a vgirloyu ncdommattadmi miatt readt
sulaphe, uranium, and radionucli dabowodtedrais
antdheomi nanRcheo daafn o .bTahcet edro mi n a n c te hesshei ufdto nforncans
popul atihRhodanolpaptuerati on me b-adan thaemivnpamt epdH
groundwater was alCaog | eaovaamewhéd exypl ai ned t h

shift of dominant bacteri al taxa is due to
and hifh MO3AI €d To Zn antdconicensSami bmar |y, i
nucl ear waste cbnhngamynaobedami hated zones hai
selection pressure, whereas moderate to | ow
st resshowed stochast idoo mponcantnewssi t yy @ s sieetmb A |
202.Due to |l oss of prokaryoti c dbiivoegresoicthye nui ncdae
transformation odupmgmreens £a@ad s,i chbafgeei n car bon
nitrogen tureswuvketimpates quality degradati on
Hemmet. al 2015

Pristine aquifer communities have a wide ran

t he same met abnoakiicn gf utnhcet i soynsstaesm | noesrsp aosft a b bk a

species will not coll apsadt Hlaebitmgd dhehemies & In
programmed to perform multiple metabolic f1
modi fy and withst and (Aennavnitrhoareneenmmtingali$c 2 &ls s e s
a.l, 2Helmet . al 2K0drbo ek a al 2KdAr5b e | and ;Hoemeg 201
et. alY0Howdespljitnest eedoinest he effects of ground
i mncont amiquatfeed mi crobi al communities, nume

onither chemizmil hyt dda ral gsuoi.nfael ragoa eyt . al 2005
He mmet . al 2Maltbt :sdom | 2Wilcslkeup al 30 @ral(lgpemer al |y

und®r m dgeeeyndwater systems with @©Oereguent s
et. al2,Kiénd. al 2108 . al 2Dtlefgeetn al 2\W0li88t nal 2018
Wegnet . al YOh®ines cauckinaolwl egdagebotuhpr okaryotic

ecosystems in groundwater amwdt hiimifthaudkcad ec dmi
rechar g& alka&t eorf dcalteaagireca md wa tbeyr hdaursiendk i ng wat «

supplyikelsdladd rt o problems while deducing a
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and thus devising effective managenmenndtwaplean

ecosystem.

234Groundwr residence ti me

Theesi denacfe grionendwatergogabhhsng Ppaokar yoft itc
commun.iTthigeosuggoundwawheirch has recently mixed
can contaidersuvetlana@atrients, l i ke DO, DOC, |
al kaline pH, | owahi ghheducéhpet grhaeangoev ensat er
within the aguQaned ,nitshpee et a n s fvoirtnhe, dtnidme

t he water chemistthr yt icnhea nggred di stance from t
(Coopeetr. al 29tlebgeetn a |l 2\Woliéet nal 20104 der groundwat

haal ongemtact time with the awauiefreri nmaetrraicxt,i
di ssol ve and pr dEligndateen dc hks8u ccharl gsr @ Oddadnwat er
berich wMbhBuFphur c,cemipowiutnfd sl aamwthipgdh conducti v

Ancigrnatundwataes fSomommatdi on water can often hay
as saline wdteeBpristtiosrhedc hjath kedcgali Y sa nati ona

survey of gr ouhdiwst reir b ubtaicotne r iiceo mihaeiw i Ziea$ a wa,
di ffereontdéen water with smdr er etsh adre nTt@l® etiyreanar t
younger counpreirmarritilsy r el at g2l rtioe érneadl 0Yx0 1c3o0 n d |

Howevtehri,s study did not i nclude the taxonomi
Ben Maamaral 28ttedi ed in detail the effect 0

geochemi stry andafmiacrtalrieadl ohgayr datr ock aqui fer

Thydi stingui shed the groundwater according t

to millennium scale) and recent (<25 years).
has high DO due to recharge, high nitrate co
ashigh redox potenti al and consequently h
Comamonadaceace, Ox alnddRaodecygcéaredk ae, ent y o]

deni t,ridlitetrsugh denitrificateandwastko aif e DIOrC.
Al so, the recent water shows vulnerability
was,tass evi denmter esemCleo otfr i dinumhe ot her hand,

groundwater has high iron, manga@ameisti orms gdnc
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| onvi trate concent rraetdiuaccne deeg ac tri @equ Iwti tdhf sur f ac
lowni xi ng with surface watedcompldeéer gedorRdwyt
Fe and S as tehwrirdsrin cfoxaimn@ae i omredildher oxydans,
Feredudinm@r omy x o bsaucla pefsidnie sul f obul bus, Desul f
and s urlepdhwdiersg | f os atl ¢ g entbilbavre.vtelre Isxrage spati a
di stribution of prokaryotic ecosystems i n

groundwat ee trienmcosticichmt wdi ed.

24Current understanding about groundwa

Il n Engl and, groundw8t0éor oif s tthiee | sadwsdt e i af pu
British Geol ogi)cTahlr e®uravgeuyi,f edd Htygpesi, c Peambs t

Cretaceous chal k ant@iodrhrea s¢shirce el imag sotronaequi f e

Al letn. al J.Ya7 the groundwatodr trhiecsrea bdi goul gokgeyy s

unexplTohreavi ew pG&rpeeaethbyyal 20éce¢dordeaodnt Bempor ary
state of knowledge about theMoBnglhiesht hgartound:
ti me has Doousddvadmr pat [Bol goeonméni ocevhedp@nddln i n

et . al 2PDBelt]. al &0 3bi odegr adat i oinn od o nctoannianna tn
ground@atuertr o and;FReéeyt . a Pl PRODBIEyt . al 200Md t hough

informati on about uncontaminated gr cunodwat er

t he cont ainiensag teamadtiiecs sgruoundwat enarsmécamrodi ol
Some sthiaviensc!|l uded usi ng mi cr ohiheli r i dalnattd
i mportance. Fouvhi tiend satwva n ael d Reetse c {iét@r-8altne

reduaindgmonioxmdibaichn@ni @ he unsat urhatnegd | adne
chal k &aquieltetafl 2roel@or t ed t hsuppesermbdacygfer i a
i nt hsandstone Faguegif.eal(20Cp)ortedomi mance of

Betragpt eobantfte rima cot escontaminated sandstone
Utilising molecular techniques to gain a hol
was faegcept for Gme epxtampl & wher e T-RAlEP

mol ecul ar f i ngemw@arsi nitshehtah atl ekc hdgiegaueee Iva( 2 01 4)

suggeshattsystematic survey of groundwater mi
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be undertaken tepandeand staand t tamgdiont dlei warcioattiro
to the subsurface biogeochemical <cycl es.

Si nce ,mihreinmmadaVvancement has been trmgdeundwanerrer
mi cr obi ol ogyA offe wE nsgtl uadnide. sa dhwvaawmec ewt iniicyeod i al
technot ogéxpl ore microbial communities. For
to datedcsel li nconcentration and faecahaplt hac

|l i mestone groun@wae este. soluxScdede nesstenal ¥ 0 210n

another fowdye,ytometry wahanged gtroustdwdyer
concentrations in rdd poifiican gttso _ad . @ govadnvart eest

groundwater macrofauna have been systematica
systems have been classified bas(@aedi Doenit he me
a.l, 2D 7cormstt radfebhaeretDN-Ae quenceichhgn hgqwbeesen used
for syst eimmgtfi cg rsotuundd waatle r e cnoi scyrsot beims i n many
count(@r iesbt epl 2RO er al 2926 tn. al 2Dtldhuebte. A |
2009 t heM&SikEno al YCAR@aord . al A28t Kadri lw@é |

a.l, 29i4eth. al yaAMd New ZLlebarlaahnadm and ;Gliocgdes.enal?2
et . al YThBs type of systematic regiontahe st ud:

sustainable management of groundwater resour

25Reseagasmnd thesis relevance

Sust ai nmamlagge men't of t he i mited groundwa
comprehensive data about, tthaer gmeitcenda bthncaviaa redcso g
their ecosytshwesn threailrt hec old ¥y sette ma | 0PBb ee s and
Hose, ;2ddét . al YO0ASUNndi daB8ecdt 23p n 8¢ dr20 0 Oasn,

increasing numbeil notés tsdaarmat real lhianvger é acd wa tsSe ro |

prokarcommmuwni ty c. oHhopwoesviethigopna-t 8 mp ow arl inat a fo

groundwater prokaryotic ecosy stiae nmsa thiaosn ab e esnc

Siriseenal 20NBred . al »02A3 mentSieecn2odohi h, -in | ar
scale spatial surveys, the role odempagual er
vardmthas neoxtplbdeeesnpi t e substantial research p
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t hat aquifer geol ogy can be a potenti al cl
prokaryotic. Gfcopgstiemellaacgreet est udi es ar e |

temporally repeated, preventing t he conce
prokaryotes can change in response to grour
typebhis ma&sissa novel contribution to this
ways

Fi rtrsittss t he fithgetosndwygt ef mi cr obsast ian nEntg loinse

|l evellThe study was systematically perfor med

suspendgdoumdwatoenr t hr ee maj or aqgui fers of

techniques such as flow cytometwegrusmsredl € DNA
under shtaxcnitdewin@le ntprad k aomyaxtoinomi ¢ composition,
and functional potential s.

Secomdat i-9analle survey of groundwat er mi crob
sequentceicnhgnii gueasnade a r el atively (Beciemttnamldvanc
2031Zhoreg . al 202Bowevieotsht udi es, aqui fer geol
considered a major conv arodlMTihn g fteheoetsars dfs o
because in -shasenauropgyg] samples from diff ¢
coll ectedpraokiareyoetsigcst ems werDeuecotmpamedhydr a
connections bet weeommbei & gu cshveapigpsti tiim:i ¢ t o

aqgui fer type

Thi,akknowl edgemgapsesutt hemoundwater prokyaryot.
changes in trleeegdhmasget process in diff3PERrént agq
This thesis is relevant pgrookadwo ammevd iefdigea lgla:

concentratweocao |deatcaa,ed from the three aquifer
Seascoammarimuni ty cdhanpaoswdrieoncol | ected focusing
Thuan attempt was made to understand tempot

geol ogi es.
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uystthhe prokaryotic community data at differe
en rdaocecument ada but tdieccaelr mi ni ng hpaokary otfi c
mmuwn istt r (Scetcutr2& @ ) . This thesis is relevant
cause in a pamdttcarmmtr waeas thaldkhiesho shiapi on

t ween groundwater residence time and proka

stly, most groundwater prokaryotic c,ommuni
srur f agener &l0imy de,egpnd vul ner abMHeweasdgelnief er s .
oundwater mi crobi al community data from |
|l l ected to define reference microbiology
oundwat ére ngnesa | iat $Hdls®et . al 20WRBed . al 20 ZThi s

esis 1is relevant t o tghriosunlkdnwawlee dgveasgeap | b e
nking water spdmpiang olildn etle@t é&ns) (as.d Bsoptrhi ng
e boaerHbole@ri ng ucsaetdc hamse nd rsisndku rnage sw agteenre r a | |

otected f r onE ncvoinrtcanmmienmatt i ABgnesntceyr, a2mMdl 9% hi | t on

nce the data is from groundwater without s

groundwater monitoring reference for respe
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3 Met hodng cafobi al community anal ysi

This chapter a@bdreec®sTassxe otpteaanise prokaryotic ¢

and analysis methods for groundwater systems
3.1 Ejhobwmetry

FI ow cytometry (FCM) has &deabwyei mqhn dmd eguai

mi crobi al communities within groundwater and
abil ity rtaopipdr,ovmudlet i par amet rcied |i. (HseivigegdEs aatd t
Egli,) 20he working principle of FCM relies
fluor &3 @aemitecdk obi al cell s, which are individu:
for detection of forward scatter (FSC), sid

nucleic acid33)YAsing (iki gwmrdeependentefdfecdulvtei
and rapid technique iIs increasingly utilisec
enumer ate bacterietl. acle2lBIlls@ (. \caynt oNweevterly i s typ

measure the bacterioplankton concentration

not include archaea population within the |
concentration in groundwatteirc ipso goun lagthi ko a h o
Lueders), amwdo9the protocol for flow cytometr
established yet. Therefore, only bacteriopl e

reporting flow cytometric measurement resul't

Theotal cell concentration (TCC) of bacterio
by flow cytometry, i s bei ngtaernntrcehaasnignegsl yi nu snei
water quality a-hdr movuol.aeTsyapbiclallonwrgCC o f unco
groundwat er %tad Ocse Imlistamjgmm dl1 0i n cont aminated g
it can rd®gd O0¢celmib¢dr i ebl er and )Lukdevs] neoal
groundwater with frequent pathogenic cont ami
hi gher than owuée nEC@Qporiimngisy i n &AdpiFEersxhbest ner
et . al 29i0n5r et .cal DA 4tsiemd es analysis, pathogen
spi kes werearriesleatiend TtClC,adf olpT ©OQveas btyhe pat ho
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i ndi cat ode mlu(Brbeed neste na | 2D0lr8e neste na | 2\0u2cOienti. ca |

202.A key devel opment in the | ast decade has
online FCM pl atifmer,-inchapdhencegami cr oBeametsur vei
a.l, yBadterial TCCawas piomosmedoring tool, wu
measurements of assimilatory carbon and baci

contaminated and uncon(fialmlientadald?)0Bledsouddsat et a

cel | concentration, flow cytometryemdwsa al |l o
nucl eic aci d ciomttaecntt wvceerlsluss &dnafimhaegreedn td ealtli so.n
fingerprints is crucialthH#NA ebcaod toagsi scaanha daestsoe s
ba axonomically differen®r bceotmratlhpe 1daGNA @@lplul I8
i ntactness 1t hleaoatmesr iadlo (e dy va md i §.u ywdyta,c t2 ©zd |

count s and HNA bacteri aacacunitmdi warnrer § owrfd

contamiarmd i ant hropogeni o dr st gAdinal bf eeetisa naol
20ITMucienti.cal 2022

Stained cells
in suspension

Sheath fluid \ i‘

8§
Hydrodynamic - DETECTORS
focusing allows P Analogue to
cells to pass | 9% ’ Digital
through in ) Side Scatter
a single file ¢ !
- Dichroic
S~ 9 : mirrors Red fluorescence
: Green fluorescence—
% Blue fluorescence—
— L)
| - = / = Forward scatiere-
Laser : Scattered light

Fi gu3l Schemati c diagram of t he wor king princi
hydrodynamic focusing of stained bacterial cells
detector channel s.

3.1.1 Optimising bacterioplankton staining p

For flow cytometric measurement, the bacter:i

stained with fluorescent dyes tshee tshatt ttehreeyd
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fluorescent Pirgdt. ae?®icdweads. d mpdtreepar ati en,
staining temperaturei apadti tiwleeepb atdiucn bit i imey

cytometric bacteri al enumer ati on Whed el ttshi fsr
experiment used multiple samples, groundwate
the sampl e cparediaCiaam omt | vy, efforts are being
t hese ©protoesoclasl ef oarppllarcggeg i on 1 n major wat e

resear chSagfrfioumpsés and )Bhecfhel |, o wi0o Aivpa € xperr fi aremd d

to assess the effect of incubation temperatu

to estsdhllnidalcdndedi ons for fl ow cytometric s

For the eXxperei mamtundtwat er samptomELhwd rke (Bl |
N) atnmda | | uvi al gravel &b-ABheboltesat édhat the B
LOCAR experimental sRitwealn etylEen.gll BBonlebho hes we
pumped to remove three volumes of water befo
the aquifer could be intercepted instead of

Samples were col | e&tteudb eisn asntde rsitloer efda lacto n4 AC

mi mi c water company sample storage condition

The cytometer used ia Thesme&Mpshhéme Ny t Wwa
cytometer paired wi t h an AtotrunteacCyetrKiad k tal

concentrati B8NFNBRTGECgen | stain was dilloDtXed fr
concentrati @nwaudsirng THillsiogeseernt stain | abel :
cel | nucl eic acids, enabling their detectio
fluorescence (BL1) i ntensity pl ot . Addi ti
di fferenti adlieinc odc ihd ghhasmtuewi ag( HNdher green
intensity, from | ow nucslheoiwi ngcildo wlkeailcotienrtiean
di fferentiate intact cells (1 CC) from damage
SYBR Green | ( I X)o pwidti uml i mgd de in a 5:1 r;

stains nucleic acids of bacteria with damagc¢
SYBR Gr een I | abel al |l nucl ei c acids wi t h
di fferentifdtuwioorsafecit oedl acneged cef |l sof esmegt ekn

or |l ive cell s.
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A Al Exensa - T3a B Saciacie - T3a C All Exents - 736

10¢ 10¢ 10¢

bas live: 1.080
10: Bacteria: 5.820 10

HNA: 0.720
10« 10« ‘ 104
a 103 10: 9 10:
10: X 10: 10:

10 LNA: 5.100 10

dead: 0.180

10 10 10¢
10° 10' 10° 10° 10' 10° 10° 10° 10" 10° 10" 10" 10" 10° 10° 10" 10° 10’ 10' 10" 10°

Fiugr 82 Gates used for A. tot al bactendaC. Bl i H&lADba
enumer ati on, wi blacapr eabmpli gnatf uirnewa twe rt hd oimp ahrey
sampl e

For TCC measu@lemegtouB@®@at er warmmLEmpippeentitoad i n
mi crocentrifuge tubes. EQloli tHoW& WB&¥S8Rs Gaierac
mi xed by a WVort d)xXCmianddoyfsiesach20s0ampl e was st
2.@LSGPand vorTtherxeeed .t ubmmseacwerbeatichcubated at
temperature (22AC), and thEeTeheatmodd A@ru Li.n g

wer e t aken out of i ncumanuboea @aAntTddsal Is&t aiam
condi ti osnsmiwtahresteo used i n threeeséx me rRidmeéretr of
measurement , bacteri al TCC, HNA and | CC con

manually prepared2)gatTehseseFiggautrees 3wer e prepa
previous experiment using a pseudomonas stoc
bacteri alessiwgmat detected from the field of b
pond water sampaleasl, cwmear & i loinse were si mul ated

to damage the cells (not shown here).

The experi mendushogeldCChmeé ampt e me-Ad mdn-PBMH

showea considerabl e chanigrec wlpatni ocBwatnigimencgr etahse
i ncubati on stheonwpesta gat mum o®ld2 fé¢ ek lesiclee case of
Nar2Acubation temperatha®ho@®idgrienrutTe&C iwal
than 20 minuté@é@bheehatbaeti sn.andard deovi a@ i on
replicates of eaamdeampglid fiemembhatceodhdi ti ons
8. 7% fAo,r -WBhtandPrBehs pecA itvwemlyy ANOVA revealed no
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effect (p > 0.05) of incubation tenfpueggat ur e,
3.)RA mil ar r eswelrdelssd or o HINA (not shown) .

The incubation experiment for | CC medsur eme
reacted minimally to changing incubatN on ti
showed higher | CCodlts iamau ROt 2nd MQti ietee satt i ncub
temper alACr e 035mi nutes incubation timeP yield
samples showed similar I CC valwues in all the

| CC up-mhnabe i nQRALtLIiMOO vaatr i ati on -Nas wheomin
| CC value w&@dahfi gihrecumated for A -lsthédAQtes,
mi nutheubation yiel deForhilg@R2,exBhhCG i v &ldue he hi g
(30%), f ol INowWeld %) y-raB(d6 . B3Ed t-waoy ANOVA found
significant effect (p > 0.050r3dBli.ncubation

A) Total Cell Concentration B) Intact Cell Concentration

N P
‘ . : J
251

151
101
| o
: O MLEN
T Y * 13 15

10 15 20 10 15 20
Incubatlon Time ( mmutes) Incubanon Tlme (mmutes)
Temperature (°C) [l 22 [ 35 Temperature (°C) [l 22 "1 35

N N
o o

TCC (cells/uL)
o
ICC (cells/pL)

o

10 15 20

FiguBedad plots of Bacterial A. TCCempdr Btul €€ at
and t.i mes

Al t hough i ncubat i osmi gcnoinfdiictal notaley dayftdfoemettt r i ¢ v .
sampl@& Bbnsistently showed the |.owentc ovmatrriaas
BRAN showed the hi ghest variations WSpuacrh  c hat
variabilitytmaey anirsesfircomproperties of sampl
di fferent aquifer types. However, this was a
begi vent heombove déoxmwenviemenbased onPrtdedgi. asugges
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(2013a constant incubation time and temperat

Thi

S

constant condi2t2iAdnr wh®@ mihmstestfoobeal |

f oorheonveni encabafion

3.2 Environment al DNA sequencing

The environment al DNA amplicon sequencing te
devel opment in groundwater microbi al studi e:
species from a single sampl e, enabling comp
entire ftwiogisaud iowdkial 282820ct . al Y02Compared t
traditiobabedul®entegentoidosher e targeted microbe
in a | aboratory culture for their detection,
mi crobes i n ceoowdfofmencutniivteyl,y aamdh bd egcdVegry of n
sequencCest el | e and )Banlfhieel plr, o c20s1s8 begi ns Wi
environment al DANAV if roemmamuéaddicng groundwater
environmenadrale[DNsAer ves as a forensic proof

organism in a sample, andritextancké!l altahegei
Pawl oswskal 204 the case of classification of
ri bosomal RNA or 16S r RNA encoding genes ar
universally cbasexwddanmn@mhaaeaa and AbbDh-e , V300
V4 region of t hei 41h6eS moRSNtA weernieabl e regi on
popul.dhu®n sequencing this par bincmodfatr a@fr etah ea
prokaryodrigam{fpscrmsed amneevdeml| 02Tthi s genoef s eg me
t he eDNA firsagsmeelnecst ed by universal pri mers &
chain reacthendevbDeleop-gmemér afi naxsequencing t
' Il umi na WMNMhseoa,ghlpiugh and rapid production of
possible at a | ower c®8fueénnahalgretieteiteemd!l Sa
202.1 The sequencesaiaofs,theebasade Unhi GuantiorC
organTlen. uni que sequexaesdme wnudhl eadtei dee sequce
classed as an Amyarn icoomt ASeVq u eTrhcee ASVs ar e mat
gl obal dat abase such tadhe Riilbwas,0 Mm@l e QreG@mrbas,e

which helps to assign (Abd laxamhmhoemyd etradl R thzel AS'
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However, reference genetic sequences from
groundwat er are not ver yhdiobawsver ywhd fc h md reya
sequeitliCcaesst el | e and)Banfield, 2018

Theesul tseogfuetnhcei ng i s a table of read number
and a table of ASV assTlgeeASY or ¢ adcrmenavuenrtd erda n
to relative abundanaeeat h, saimmudcuicanhy CASSIVisi on a
dat(@ oetr. al 01lamd the relative abundance 1 s u.

depending on r esCaalrccuhl adq u @@ rivofins. Bdshgt astecal
met hods sauncahl y&$ ng community differences us
Similarity), or modelling community differer
variations using ReDuwmbargc ynaarya loy hiexy (eRDA)o g i
are analysed based on the.Thilsati v erbed aa u si/een c
abundanASV ofeadost e pr etsremmeg wdunat st axa s$ihna@ae sam
mul tiple technical factors prevent treatin
measuresxammiNA extraction and | i brgeweprepall

mat ePC®l ampl i fication bias can sikdewfxeemdended

sequecaampl i fy with wvareyitmg peafifmeai em csynat c he s
et ¢Gl oet . al 2Erhl| oss aft @ uteha t rarefying the A
randomly subsampling (without repl acement)

el iminated some biases r eUndti &k -dnmeagcareor $ mbeé BNA
surveys where rmhaywbped aor malDNA, i n microbial
individuals are singl e Adelhlosugdf irmadug/hldywadi b
di ffer i n genome Ssize ofr rRNA gene copy nu
di fferences have | i nddmrpl e mpa@ammu mint ybo ed ovieE®OS |
(e. g.4i betsai ty, PCoA, NMD&) oi m nmi ¢)Ryebcizana 3st u
advances aretbeobgamadabsol utcechymearsabi alg & lhwd
tot al 16S gene copies vba hphpPCRddeogaln BPNAK
standamdilst hen combiningbtmda@meve &8 dma retleatt Bweh i

a.l, 2vw2met . al 2)p2a&at hough these methods stil
accoumto-afno faompr i fi caduent bi &€esontent, pri me
Wanet . al 2)0Wistahddi ti onal analytical capabili
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a

c

na

| yeipy,eseammongity composition using ASV r

ommon practice, even in recentf ogxaumpdwat er

Abr

aham and CKorsskdl(202824) etnal 20vh8ygt. al

(

20

2¥apt . a(2dbbepdg. al 26tZ2cmMong ot her s

u

eba. a( 2@ddttagbl i shed a tool called FAPROTAX,

o

> 9 »w < o |O
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- Q@ = ~ O T 0 ”
o n o X oo <
—

Q «

Vv

r

n

=~

O «

-

r
ro
ro

ol

ived evidence to |link specific taxa to t
ctional profiles of microbial communities
gr oummwhweattéeerr e i s a | ack of refeneotatigeme

oa@rover agei naandde diusart seleda al »02Dlespi te the | i

s tool can be used as aamuedexlpd roatear yni tco @lb
e t he gTrhoeu nldewsa treRNA gene sequencing has b
extphe®rdingtri bution and dynamics of groun

. 1 isOmtgi ne DNA neeotlhloedc tfioorn gr oundwater sampl e

sampPNRong prokaryotic sample @nal 9mi ppr ge
8 usdeédbr marine sampl es, it has been demo
ter membrane type and eDNA extraction kit
ni ficantly affecetts ad RNA @yti. edli & B(@LKj¢ wredr y u S

h experiment for groundwater sampl dseewi th
f orTrheudso, snt aseddarmdet hod f or groundwat er eD
raction chhercaftdye extilse si mpact ot ekitledr at
opti mi se efDINAm coil ¢ ercd watrdedri tsi dotmmall elsy., ume o
tered water also i-mfomassesurDdNAeyweal dr ¢
marine or riverine wal etrlo tZoe noebrtagl cl nye artie gDuN ;

BORI! i f (Kuatadrto.nal 20212n conhiramdass | avmp !l e s,

undwater, of t en r e qfuii Irtervadl iiugmeisf.i chnt € yatlt
undwater bacterialtheDNAmseguehat hgrmnrep

umes amynwhfarrgemL .t 2 geetn. al Pt0d a3(Banc zd k al

2028 yet no consensfuisl taomal ameotedxiicwapst ur e eno

eDNA for amplification.
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The following expeanm®ht chi medter and DNA ¢
combination yields the highest DNA Z®dncentr
Wh a 't filtration volume is neededalt obdy/i el d

t hr es(hcooomimonl y asked sleyuenomma g?2Tshalr vei xcpeesr)i me n

design i s provi.ded in Figure 3

This experiment waschahkulRoreahaolsesnng NWDBH an
24 m and 53 m deBoth besekPocléeselwgre flushed
vol umes before sampling to receive represent
t hmodi fi ed sbaomrpddemluendwat er was <coll ected in
subsequently al i-fgouwrt eld0 ilntdor umwse.ntBtfach drum w
Virkeolution, rinsed thoroughly with sampl e
Ysplitmiemseaiwmot eri al concentration (TCC) wvari

Groundwater sampling

,

Aliquoting into 70L then 10L drums

.

Flow Cytometric cell concentration

¥
Filtration

‘ Swinnex Sterivex Sylphium Waterrra
S

PowerWater kit  Quick-DNA kit  PowerWater kit Quick-DNA kit PowerWater kit  Quick-DNA kit PowerWater kit Quick-DNA kit|

(3X) (3X) (3X) (3X) (3X) (3X) (3X) (3X)
!
Qubit concentration analysis
'
Best Filter and Extraction kit combination with highest DNA concentration
!
Filter 1, 5, 10, 20, 50L water using the best combination
!
Optimum volume selection with >1pg/mL DNA concentration
Fi gude DNA col l ection method optimisation experi.
Four commercially available sterile 0.2 Om
cellul ose ester membrane filters (Cytvia, U S
units (EMD Milipore EdiptetUSAWwi 2h Bobeyevaer
membr ane (Merck KGaA, Darmstadt, GekEwanlk), 3
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PES membrane (Sylphium mol ecul ar ecol ogy, (
Fi [Etweirt h Pol yethersul fone (PES) membrane ( Wa
8 L of groundwater wasDNAIle¢extrreactiinomsiwas epéd
three replicates using the Qiagen DNeasyE P
three using tIhNEEKYmopQeptPigei)KiThe Power Wat
kit empl dyesatibegd mechani cal | y DINSA, kwhereass
Protei-basedKchemical thgs DNAt 6reimut he filter
were presemiENA/MWRNA Rihée agent .

Extraction protocols were followed per manuf
specific filter designs where necessary. The
units kept in the DNA/RNA shield weresextrac
foll dwiengnanufprcatuacecal'.s For the Sterivex Fil:

expelled withhndad $hweinngde filter units were cC
physically removed from its pexatsrtascéteqoas i @ rt
both the Sylphium and Waterrawafgidtt epgs siclrlaa
Therefore, onlwamhegedgdhvebdrbuguydwi thin the
out using syringes onto WhatmanE membrane f|
use for extrtaltd i wu dlo!| plrmavtitohgeo Icsase of t hree

use f oDNRukictk extraction, the proteinase K

O o o

wer added directly to the filter unit, mi x
hour s. Then the Iwagmuushdd ooutt hientfd | steeri |l e
processed foll oawimmoTtheotremrsde otfr athi on of tot
sampl ed heexteact wamesatsap Qu kEnftlauor omet er by s

the DNAQwbicds mNA Quantification Assay Kit

The average TCC of KL5HHewdas ghek.sg8 ONA g/i el d
was obtaiBedriuebk@gr-DNA kit comiNiOnd§hi)omnds. 7
SterfvePewer Watcoormbk intatN0o.6§mQ)3.. 4The average T
BGSBH was @GL 2Thkel hisghest DNA yield from this
SterfveRroewer Wat(@.r5 NQym8 The Swinnex filter pr o
yi el ds, while the Sylphium and Whhenmrefaorfa,l |
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Sterifveé-tPower Watceoormblk intat i

on

yielded

consi st er

sampl es with vaan oarst,rbaatoidentshals was chosen tc
DNA coll ection and extraction met hod.

A) N15BH
) B) BGSBH
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Filter— Extraction Kit Combination

Filter— Extraction Kit Combination

Fi gur5eQu3bi t eDNA conadntusitngndi {Ogr ent combi nat
extraction Kkits, for groundwater samples <coll ec
showing mean value and error bars.

Anot her experimentfiwas ther fopnmencal|lt di | trati o
concentrationsmlahoeslbhsoihmg 1t ®g/ St erivex filte
kit combinati on, w e assessed t he opti mal 1
concentrations mexcTeheidsi negx plerGgdent was conduc

groundwater sampl e, reprbesaehner ngl aaabkdy stthaunsc ev i
all owi ngatdieathreonfiri ni mum f iHitvreatfiiolnt rvaol ijuomée .v o |
L, L1,0L2,0 and) 5w0ere tested. Single SkteanldeXx fi
samples, while 3, 4, and 4 Qf,i LZ0eaddis@mlngp | esr, i
respectovreddduce filtration time and avoid po:
preserved in ENA/aRNMtShiaendd membr anes and | i c
in series used for each volume were pooled f
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N} w IN o
®

-

Mean Qubit DNA concentration (ug/mL)

o

1L 5L 10L 20L 50L
Filtration volume

Figu6®Qudit concentration ovoDMNahEaBG8BHTf,g&aDeNoA e § i |
collected using Sterivex filter, Power Water kit

DNA concentratimiwerabobeéaln@gda®01@rati on Vv
@verhagemOg/( gublee 3The highest y#ed)d.Ogthsweate 5,0

1Lf il tration a oDNAnec oyniceelndterdat i on b el5ofw Itthrea tdiec
vol ume st0.l8d mBRNAl ¢@dhcentrati on, twihehete swmad dl, o
but stil lAldtentocewlghaybiS&l.ded t he highest DNA <cor
constraints made it i mpractical for routine
coamdi me (3 hadaurMfdg lftomat b,n)ll Oaan V2ey Isierhes wer
manageabl e, requiring 30 mi Weteonamndefedoth
case of | ow water poésguoendwwasgmpcempaps@s

samples as bwgbl disobgds 3 chabdl engi ng.obTai bahgn.
enough abMAper actiod alsiatmphe ngt andard fwasratio
chosen 1tlof iblet rati on volume or,wh5 cimevetrebtesil

earl i er.
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4 Aqui fer geol blgactceomitamllaankt on co
andeasonals cihma nggreodienrdivvad e rpubl i ¢

Ssour ces

This chapt etrh ea@Idjg eecstsievsea Stsleososnt r ¢ lh®pahi and
seasomabmtdafct er i ogpd nacneknttornat i odsfifaqgeh®et 8r ee

version of this chapter is under preparation

The dataset itshereubmohmedt abataf @emateofEI DC)
t he (Girtoluemdwat er bacterioplankton, fluor esce
concentration of three major-Oaggobéer 2028 &
JanubBelgruaroy 2023

4. 1 I ntroducti on

Groundwater is a daily source of drinking w
Hi scock.,.Grduhldwater I's also the host of a r
comprises around 15% of the total global bio
Babnet . al »Th&se ecosystems, domi nated by b,
contribution to gl obal biodiversity due to t

devoid of sunlight and typical I(hdgeniltiee,d 2 0n0
Gol dscheeti dglr 2G0bebl er and J)LGradwrndwatZze09bact

ecosystems al so provi de numer ous services
anthropogenic contaminant s, pat hogen inactiwv
groundwater consider@diabl argendambmhimey ok 20
and Boul t).olrh,e Z2klbsystem comprises bacteria i
pl anktonic (suspend&rdi)e blcormmuannid i esuEBhle r s,

bacterioplankton fraction IS mo st rel evant
analyses groundwater for faecal indicator or

JQohn and RWs é€d1ti.8010)501 3
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Bacterioplankton total cel | concentration (°
and groundwater ecosWst éaminlgelad,@insdin dil gaLaer
I n uncontami nA€C@duswgal If er s%tnog%dsd Ifikr§@mi el e r
and Lueder siH pggPwency TCC moni t etreirnng ntiacnr odbeitz:

water qualityandi setlwervibaanradesTCC often coincide
occurr Brecerset . al 28d6enstenal 2908ieti cal 022

Persistent i ntdreursiivoend obfa cstuerrfiaacecan | ead t o c
can be wused ttoercm agsrsounyd waotnegr vul nerabil ity t
Farnl ettt pepdi0brei cal YOIFM4 ow cytometry measur e

and cheaply and can simultaneously report

proportionandofnh wwlapediicd cel |l s ( HNA/ LNA) t hat
phyl o@e myettoral and i ntact cell concentration
vi ab@lvey and GuNmEur opltZan and UKamwataowut.
i ncoripnbpghat e me thréiiachso ritarda a@agyd onl i nef mame wonr k ng

as anwaamliwg systewmafer @analk obyabnd ;Baschel,

Nevetl. alD®7to the growing use of fl ow cyt ome

framewor ks of Engl and, it i's becomimdpei ncr e
spatempowraatmtof bacteriopl anlkt gm ocuomaovearn terr a tsi
sour.cAaldi ti oesehycrhechharsmendeécmarifti omr i ng ref el
values which toamadliesdadtugdbdangesoundwater mi cr ol
Filletmgelr2,(H{b%det . al 2023

There are | imited studies investigating ho
tempor al variation of bacterioplankton i n

through different aquifers on a spectrum be
i ntergroaneusl aro prapid conduit flow in karstic
flow paths through Dboth tzhoen eusnns ap huy sait eeall layn dc
all ochthonous bacteri al mi g (Ba toiooE fierhtd®@ OtOH e a
Sinretchkal 20d Dreezain?20lHBowever, research |
temporal wvariation of total bacterioplankton

isestricted to a handfull mfSwitude reilsamad, Ckeingh
parts of an aquiféermebowedhar kia@ & ttdi &Fa re dl easrse
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alluvi al aqui fers, which the authors attri b

controllingertmhefrlegmugncy of all ochthonous K
(Farnl ett péepiOrbr ei ch and;Fioncrheoinch |2Z202144 nat i ona
study in Austria observed similar patterns w
aqguifer was Ilinked with both aldechtwlednduwsmik

organic matiHer enpbaupdDue to the bacteriopl

attenuation, deeper Al pine karstic aquifers
found to possess |l ower TCC than (Sihmarldioome ra rud
Pochon) 2Howevéers have reported no TCC diff

unconfined porous and deeper con@innetd. 4Ir act

20232 Temporally, the extent of filtration ca
groundwactllkar ge. I n karst aquifers, groundwat
i n T(ECLCr enetenal &8 8we l | as YHRA caend .cfl ,C2 2

potentially because of all ocht hongiuserb atch e r
association with E. col i detections.t hlen al |l

response of river water recharge decreases |

(van Dreezam01Bhere is also evidence that g
dilute TCC inaglbl Kerralaeuppapn b 8 2HHowever , t her e
scarcBpaytially extHans iawega( &0 €an)dast empor al l y r
studies, which tri ed -tteompcohreartiaettaefr ibsaec ttehrei osgpg
concentrations in different geol ogies.

Additionally, nutrient availability can CC
bacteri opl awruktr-g cea@it o utntdevat er environment . The

di ssol ved organic car bon (DOC) and di ssol
groundwater recharge frequent(liy |leorgee?atels p
Hof meenn al 2RLiI0ess. al 29d e neste.nal 20HBut . al 2012

With increasi-Ag0dmet &r §r o-ans Aghe@ads edf acganic

OXYygdeencr esahsaer pl y, the bacteri al number s wer e
16f olPederestenal Y008 oundwater recharge i s als

i norganic nitrogen species aedeinatsthlne wti t h
proliferation of §@ediecal Mlgmeot ot » @ladttadroa gh
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relationship of nitrogen with TCC i sthneot we
prokargfoteel canic andAmdll fueti atedl @2geviheed, t he

bacterioplankton TCC to the organic and i ngc
di fferenti al all ocht hdueutsthdep rl a k aart yi ootnti lte aipratcri
aquifer MBaotmei xstudi es have also relautsea TCC
categorydiddertnon mausd ri ent i nlpauidc & yrpoés rdledf If er en
a.l yaIlt3hough ot hers ({(Fiindemogasd)oh deffects

This sd&aumaguvnevie stoingaew di fferent aquifer -geol og
t empovarninatafo groundwater bacterioplankton
community (using HNA/LNAamatdi d rCaCl meflti scasil)s ac
al so tshteudy rcsaondlieteédi mki ng wattherre es onuarjcoers aodfu
of En g@r arudh.d voaatcetrer i opl ankton WwWeCe HKMNAmMmaned.l
three distamdtdamgiumdg-ree¢gparcageé -rpsn@dh gpreqaekt e ason.
understand geol ogical control saoambalkte erhoeté

aqgui hads fferentamtydroglicelipa cadt er wet ecgl abdl |

i mportantThaegqsue feegui f er s -Twe raes sti lte sRenrdred one, t
sandstone aquifers in Europe, Nort h(Caflrliec a,

Jeaneobonal »00t9he Cretaceous <chalk aquifer, w
freshwaser ve -wenstreomt fEwmeitpeal );,99b5nd the Jur a
|l i mestone aquifer, which is globally one of
Worthington apbhe osdahjderssOivievteo assess the |1 myg
aqui fer geol ogy, seasonal recharge, erganic

temporal variati olnCiofh el CiaagjucderNAf &mg!l and

4. Bt udy area and met hodol ogy

4. 2Sttudy aadeaqui fer characteristics

The study area comgraigue § etflserutspaudatieirc suppl y
Engl and 1)Fi gwthrieceh each have different hydroge

(intergranul ar, dual porodriwsand &amdsiaone
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groundwater flow through both the wunsaturat
through intergranul ar ,8@ptaere s mawnamecotn siegueho:
| oc,dlolmeg degree of preferentealslfleeborwapp® s al

Gi veat hd majority of the fl ow tocicurdendtred g:
Ai ntergranul achaemtui fero in this

The Cretaceous chal k aquifer i s -paerwteiatba |liitm
hi glorosity matrix tha-pei e a mitpear tsgescit tleyal whooyr i hzi
fractures andPrvieae iWwadi8hji omigntosy andGiroundwatDeér

recharge predominantly occurs under piston j
matri x, typi elaln/yy eaatr )a rsaltoew (al t hough more r
through vertical joints canMaccemedlr2iOR@ bno

Sor enete.nal 201Gr oundwater movement in the sat.

through the high permehbchitgnfbactuseseohat wo
Maureteal 22P23kce  WAdOBKHI ngt on antheFocrha$ k2 00 9

denot ad nas al poriosittlyi aquhdgtrer

The Jurassic |imestone is @omodhemat elny akar s

200.9 Groundwater recharge can occur via multi

sinks, common in some areas, and rivers can
in flow while crossi(MagutéieeadliZ2e?sEGroomen domatt cerro [
primarily occur s rapidly and l ocally throu

fractures, fi ssur déa varnedc .esad MWacsainhdi unigttso,n a n d

200&ndherefore the aquifer i s decrhoatpetederas a 0
A tot al of 144 raw (untreated) groundwater s
public water Adyr c eTsh e( Fsiagnprl-eeosn tfirmamus égr pum

boreholes represent the aquifer bacteriopl ar
borehol e c o(ltnamu medtlt .i @ls 2 Ba7eneen al 201Brom t he

intergranul ar, dual porosity and karstic sit
coll ectedreanhdarmege prFr@etpd enb eir n  2a0n2d2 )r essepaescotni Vv €
34, 33 and 8 wer e -rceodHearcge ds @ ai6 @ thre(¢ eywmkiany 2 0
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The preeackharge sampling was planned ahead of
knowl edge of the antecedent conditions.

Aquifers
Intergranular Sandstone

z—+p

Dual porosity Chalk

Karstic Limestone

Samples
O Seasonally unpaired
A Seasonally paired

100 km

Fi guleODutcrop of the three sampled aquifers in E
boreholes with shapes indicating sites sampl ed i
(seasonal I(Bormdiddaecadgd t.i on r eGaadlervckax fdaotma centrebd
scanned borehole coll ec¢mamwno BIGISi sfESUdRrtt a(i 260 23 )o W r
copyright and database rights 2025

Every effort was made to collect samples eve
utilised by the coll aborating water compani e

bot h sebastontshat was not possible due to oper

companies. A total of 12, 23 and 8 of these
intergranular, dual porosity, and karstic ag
as seaysomailrled, with the remaining(Fesgdes ref
1)
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|l al most every aquifer, the sites had an even
sites with rapid surfacexaoea pneors tolnyt ruunscioonnf ivnuel c
frdrmdcual porosity aquwiuflenrerarbd emiodsiattriesys incommu i |
Appendix LlIkewissee,pdiatnadeamr ehol e sourceloprot ec
(SPzZz1) of every ,aqqui her agwei ¢ emi wad associ ate
| atud e c a(Aepgoernyli xI nt er granul ar aqui fdewatsirt es
sour,cefsol |l owed by dual porosityséialt évoweabd Kk
borehole depth and top of @Bpeehbldr eFhooulre opfe rtft
karstic sites had a spring source.

4, 2S@mpling procedur e

Sampling adhered to standard microbiol ogi cal

i ndu@Vvt reyti.sal a0ndd was conducted by water compa

—

aps sameareiblyi Sddami ng and were flushed for t he

source to produce representative groundwat el
ei ther untreatendsoer idlossep!| &90Dt0i ¢ bottl es, de
company. The dosed ndoftll8smgbhbhtaodedmlt hi osu
for neutralising excess chlorine. Analysis
had no bacterial cel | sApopre nfiliuxoArPRels cseanncpel es ibgont a
transpor7tfed uvasddeB 8 hours following collecti
storage. FI ow cytometry and fluorescencel/l a
conducted within 24 hours of sample collect

were analysed within 48 hours.

4., 2FBow Cytometry

Bacterioplankton enumeration HBayt Perklfoow med
Cytometer (Thermo Fisher Scientific, USA) fo
descr iMbreatstti m( 2t0a. 3enumer ate tot al cel | count
of high/l ow nucleic acid content ( HNA/ LNA) ,
HNA/ LNA, waterOkawmetl ess ( &cdfe dl OvMd X hSRVBR Gr een

69



(dilTuted with molecular grade water from 10
sampl esO)N 29W&re stai OGkodf WHSGPIl 2s.t4dain that was
combining 100X SYBRnLBrephdl uandot@li ohg@/ i n a 1:
of samples were incubated in the dark at ro
bef mameal ysis (incubation condi Al bnsampl ;b s eve
prepared and analysed in tripbibdase¢eai herd ead
was measur end raatt eaOdffil ©LOOUIl t r apure water was

samples at the beginning of each plate

Using the Att-unesGytwaxebuilfTCC and HNA/LNA wi
density pkobtoér sliidght (SSC) versus green
intensi ties. | CC was measured using a densi
(BL3) cihnatnennesli ti es. A -m&de odwatreessewa Itloy dprfd er e
and enumer ate baci &iige2) lea Bltcdn scaltlter pl ot

examined for noamdeaamadt &Ir rofr s15 TCC replicat
from disfafmpd erst, along with 2 1 CC replicates
being erroneous (background noi se wi t hin
measurements, the relative standard deviati o

12. 5%andnatxkhenum RSD was 15 %. For the | CC mea
95%f the samples was mwaxihmummIlBSB %ywaan29 %he ]

cell concentration of the replicates was use

Since 8 samples were analysed between 24 and
concentamat il®€f€ bet ween 24 and 48 hours were ¢
from both water companies were analysed aft
Over the period, TCC valuesdi%rHeNvaonedntwi a hi o
values remained wi%bunh aneRS®mpfelbBCC,had ar
and the resundheard (REEDEUW3YP 1L X Si nce t he RSDs r e me
t he RSDs of tr9dgmplcad ewer @ hreotolrdemoved from
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4, 2Edcherichia coli anal ysi s

E. eobhiysis was undertaken by the plate cul't
for recent faecal coBtEamicmadtii omutrCEROMbgadrt h
di ssolving 18.65 g oinLdfh eadogno wvear whaa g iam d5 &l
at 121AC for 15 mi mbht enwsa.s Tdhies pberncsterd (IEnG@ o 90
polystyrene Petr.i di shes. mlacwagrobobuhdewatdr t ¢
0.45 Om sterE Pel Wwhtatiemascaul f one (PES) filter.

aseptical lry idmsthhenPethe agar surface and i nc
aerobic conditions. There was an gaghosndn aoaenionfg |
noE. tcolany.sampl e

4. 2Fbuorescence Spectroscopy

Fluorescence and absorbance analysis of or

simultaneously wusing an AqualogE fluorimetel

samples were analysed in a quartz cuvette of
hour tlo bequie to room temperature (20AC). TFh
excitation wav-eéDé&ngqtmhswidfh 2401 nm step int.

wavel ength800rom ¥006h a 1.16 nm step interva
0.5 secondsgr avbateecrulvaars used as a blank. The

is applied by defaul b softtwarAqual ogE buil't

4. 2Dbssol ved organic carbon (DOC) aamd ysotsal

Groundwater ®mBhmpMease (f50tered t hrEoRE® i l4t5e rO
membr anes into HDPE ©plastic bottl es. Di ssol
di ssolved nitrogen (TDN) analyses were perf.
(El ementar Ananlysensysteme GmbH; Langensel b
wer e faiceiddius mbgf 03 0% HCI and sparged with 99
and N combustion. The resulting CO2 gas was

andn el ectrochemichal N@Getector detecte
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4. 2Ddtaanal ysi s

4. 2 Fl . ubrescence and absorbance dat a

The blank corr-emtesli enxcmat@atixn( EEM) scans a
were exported for(SPARABAC aan)a ByeisdentBi fy fI
organic matter peaks (f OM)(Puuécinga Ithlal OsRt a Rd
v. 4. 3. 2. Themi escionat manri ces wer e cut at

wavel engt-A60b8B5@40m, before correction for t
t he absorbance dat a, removal of t he Ra man

nor mal iismatoi oRlmman standard Unit (RSU) usi ng

bef smaempl e analysis each day. Thereafter, the
Il ndex (FI1), Bi ol ogi cal Il ndex (GEBH &) . anB0 HU mi |
wer e quamotlil foiweed. MARAFMFA G ,moadel fWwasompoanent &,
10000 iterations, 48 tralndroam cet alrehwaglagslioveand
constraintsei gdxicdl mvde muaagient s detected during
performance check, the final model was run W
96. 8% fit, with a Tuckerés congruency value

51. 3d% monstrating the modefli twtaesd.vaThea fa@M mor
from peaks 1 to 4 c ereraksapk@red eM,.a k& ahk nGlo bpleea k

Brespecovied YyAPPEMIdi xThe first two cloimpeo,nent
showed a strongd9daqgr redlQat® mch wWer e aggregated

singl el hkkeni €l uorescent component ( HLF) . Com
tryptopkanfluoresamahtcOmMpdiéemt) 4 was consi st
l' i ke fluoresdemit!| eOMGHOTHAE Fpl ¥ 0 1A | the fOM | o
were expressed in Raman standard units (RSU)

4. 2St.atistical analysis
Statistical anal ysi s was, apdr faocarlpueed <u0s.iOn5g WR

considered si-parameant c Bloati stical tests

examinati-mnoar mdl QI ot sWialnkds Sheasptisr o(l p<0.-05 t hr
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nor mal di stri butdhoanp)i rof awalr) i(Fpbpl eends) i,1x9 Gwvh i ¢ h

confirmed-nohetdafs trrafbou tti eosnt. i f there was stat
di fferences in the three bacterioplankton <c
%l CC) , and organic and inorganic chemicals

aqui fer sWalKlrius krad (Kk_ussukna It easntd ), Walnildh @ s 9hH @ ods
mul tiple comipaminsomwétdstperformed and result

wi cBndvalues, respectively. To test the seas

each aqujtifreea, stfatrisdt i cal significance of di
seasons was tested usumgekhet W esbxon abhksa
season (pair edamd dt huen prad s weldt)s wea ldWwe lepoox a re,d
199.2 Next, seasonal c h avragmes seets sierdd iuvsii dnuga It hsei t

signed rank exact test for seasonally paire:t

withvalWel coxoph, BoxPd ots were prepared for
hi nges rienfgrhes einnt erquartile range (I QR) and
represigoitnts up to 1.5 times the |1 QR and an)
be shown as(MaGelklugall Y098 correl ate bacteriopl e
f OM, DOC and TDN at eaplar aqoulfar seasog, S

correlation test was performed on unpaired
category onl®owhen amdO)Wr iSghgitn,i fi @€@hce t hres

anal ysep<Wed®1 for strong significance, p<o0.

p<0.f® weak significance

4. Resul t s

4. 3Balcteri opdrmn&rntomati eamovar aghli éeratypes

FI ow cytometric analysis showed that bacter:i
was significantly differentrbeWaleeihs 2 hlel .t1hs e
p<0)01Post Dunnds pairwise comparison showed
karstic aquifer was significantly higher th
p<0)0and the da=3d., Pps)b.sldtuyi f(ed-2. ) Ri §peei fica
the median TCC in t héc&lal)s/twiacs aagupirfoexri n(alt.ed Iyl
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of the inter‘gredmisl/amd( Huh0 por osdcteymBsqui f er
(Appe@®di x

The %HNA of bacterioplankton cells also dif
aqui ferc2t y=p e3sXx.q8 .0 1Dunnds test revealed signi

%HNA in intergranular aquifer samples (20%)
2. 15p<)0.&mdd dual porosity ,aqmud(¥.eX ®Bl4-¢. BS éo, 4
Appendli x Os#erall, the bacterioplankton popul
nucl eic acid bacteria ( uiNA) aan880s s Thll maduial
%l CC of pblaacntketronmo c24 Y%sawrass 2 lall aquifer type

di fferences among 42h@Ampdnidns 6 Figure

551 & " - B Q
i 9 — - 751 s
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T |
3.0 |
o\ vy NG u\at RS (i O\ RS cSiC
e 3“0“2\\ - e o ovd i e e ovd o

FigurReBoxpl ots of bacterioplankton pdhapwliadg drhse ir
total cell concentration, B) high nuclear acid p
(%l CRayvsei gni ficant disfifgenn éd n cas c whitopgd O e 80fkorre
p<0. O0ZXf egpr<dd . 05 .

4. 3Se2asonal aateerdi odb@oknhonat iaocnr ovsasr i aagou iefse r

types

Only the dual porosity aquifer exhibited sig
TCC bet weaemd pgpeackhar ge sea4dAp (Wilgooron r an
test, W=686recaregp erakdi aloeTl)§/Wwa&s 1dllM@ost hal
of t hree cphraer ge medi ahc eTl@Os ApPbe®LX This seaso

change is corroborated by a significant c ha
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rank Wv=e2shtO,p<Q. owhEere epbakge TCC was | ower at
porosity s4t3tDe)s. (IFi gcuwornet r ast, no significant s

~

were observed in unpaired or paired data fro
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Fi gufsBeBo& pl ot sanadf ppeeackhar ge changes in bacteriopl

across al/l sites in the three aquiferiagpds: A)
percentage, C) i ntact cel |l percent agieg nisfhioowa mcge
val ues*feorre p<0. 001, ** ffeoi0 ,M0 .00t agndts of bact e
popul ation abundances for all seasonally paired
The unpaired data indicated a signethange I

13%, -peakarge 16%p<W=Phd medi amr eBh@C geprsd %,
peakecharge 41 %p <)W=ReBté6weaemd ppreeackhar ge seasons
dual porosity43aaBguiApepre n(diRixglubries fi nding was a
by observations at dual porosity, p@HNAdIdwaS t €
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higher (V=11, p<0.001)%la@d was Bi2,ghmH)0 (06 S i
the peakbharge season. N o statisticawdrye si gn
observed in the intergranu43aB) or wlkiaaclst was ac¢
supported by observations43dg)Sinmiharpagir ¢dtes %
the intergranul ar aqui fer remai ned unchange
reché&m C€32%as hi ghexr echamnger &l CC (19 %) .

4. 3.3 Cbkearaat er i sdtiifcfse meancieab lasgnudi fseerass o n s

HLFDOC <concenatnrdathiloXxisand werXe itnhde cemsl y vari e
showed statistically sitgmaqfuiicfaent tdyidfefse i @nlLdre s
p<0.;00@Q =,B<®)0uuFigAAppemidiAmong the f OMs,

wa$ hmo satb undoarngtani ¢ matter compareadegai TeEFsan
Medi an HLF in both theéhdkaalstpar ¢ Oi. 2yjuR®B.EYF b aR
was significantly higher than the, i@kK&FQgran:
and F.<60,. Celspectively). Medi an DOC was S
intergranular aquifer (0.85 mg/L) than in th
p<0)01buth hneotkarstic aquifere (fd.u6 emg/eln)c.e An
HI X was signifitdtantklay shii gherquii i er (0. 78) t |
aqguifer (Q. AB)0aldbt FrokgHd t he magnitude of the

BI X was si gni ftihcea dtulayl hpiogrhoesri tiyn aiqrutidregr g rOu 74
aqguifer (0.p80.,.@@wWBtH mini mal magni tude di ff
and FI did not dif fteheegei §erfitypesly bet ween
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paired dat as-é4iBsAp(pFinglanmnel) 4 Medi an DOC concen
i ncr eastlequn faelrls, t hlowmg ht e ginnttercg@gmdanul ar (O
mg/ L; W, =p3t.4dmd the karstic aqui fWxS>S.,50. 87
p<0)05but not the dual porosity aquifer (0.
increases were also reflected in,theOpéire
Karsti,c:p<W=20% significant seasonal i ncrease
to t heordasituypf er (6.1 mg/L to 7.7 mghek) anc
unpaired, (W< . 8B paivVr ed 2da)p.aOMedddilan TLF dec.]
bet ween t2hGe®rishni c atnhden% @¥%girmnul ar aqui fers f.
butestelr swelriensi gni ficant, except forwhehe pair
significant TLF reduction was obserpe0. 001 87
and the median TLF of the unpaired ,whteb,red
however, walsl ystradti stsi ga H fiikcea nt . u oTryersocsei nncee S
significant inceeadasegenseheopeakross all aqglt
doubling from 0.06 to 0.13 RSUgt hehbeggwahhl a

and karstic paired sites and 78% of t he pa

changes in HLF were observed in any aquifer
HI X dropped by 0.2 in al/l t htr hecbu ad q wiofreorss .t yB I
to 0. 8tlhkaamsdifera¢g0i 7 to 0.8). FI significant
onl y hicwma l porosity aquifer

43. 3 Correlation of bacterioplankton TCC and

HLF, TLF and DOC were typically positively c
and intergranul ar aqui f ér)s ITmheRG&tLEndfeCACE & Nns (
relationships were stronger =0t I6 8@ 3 i uhael por
intergranul ary =a0g WAibfeeron@snyegamo m i cant ¢ToCGQC,el at i
prreecharge, dual porosity aquifpepr)wbpoombe p-
four outliers (DOC > 2.5 mg/LJC@reelextcil ad<
weg e sttbhagert RTeCAD O al | occasions in the dua
wer e nNo consistent ThimdndB3 nc oHLrFel at i on C O ¢

seasonally. TDN did not show any significant
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Additionally, TyLF was significantly negatiyv
aquifer in.both seasons
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Fi gufbeCo& rel ation plots oWwi thmctieenobphadkfobnofTEEcC
mat siemr di fferent agodf geackhyapegse isreaprocns. Only sig
Spearmanédés correlation coefficients are shown wh
There were significant mut ual correlations
intergranul ar and ,duvahsihcohwe ds &ty e @amidf esresas on
bet weemnpr@eak recharge peri8QdsHUU&r aaldi MTLFY \
al ways signifijahidPRehr HeFawvas fore rel ated
} =0.60®an TLF was0.(e@®C andDOQ@Frel ati onships
stronger in the intergranul ar -DiOCaeateilons hepsddu
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were weakemedmarpgeeak( |l pntre Dégaan ploarssiginy fmacmant
becomi nsgi gwoinf i ¢cDOC f or TLF

4. Di scussi on

4. 4Dilf ferences in bacterioplanktons are rel a

Me ditaenc tpelramkt on TCC in the karstic aquifer

the intergranular and dual porosityumngu#afers
2A) This differencechccanlcd | arainsde pfhryssm c al di ff e
aqgui fAemeaneven number wefr esacnoplileeset d df fer ent i
confinement categories, cat crhanpesnatr f aaed was e
recharge (phpgpepandiadtsie TCC di fferences in the
not be exelil ahaeadgubiyftehres bei ng covewesed bypa&, p:
or being a confined aquifer, or all $rbes be

t heur f.ace

Bacteri oipn agnik@wtnh i n the groundwahmpresamcdede
of organi(éo fcraaebhrom | 2R2I0st . al 20 st . a2l 012

However, some studies claim that talmo r Bi oav e
i mportant facilitator o f bacteri al prol i f

concent@amdpgesdrn al 20100ur study also reflected t|
concentration in (Bgabgddpe)r otshet yTGQ uwdsrnot tt
(Figwrre) dindicating DOC concentration was no
di fference among the aquifersd:ikhrelClalbApd cal I
1996oncentr at iaognuiivve sesinli, mhheer eas t he -ltaylpiilceal |
huml c ke (CkhlbE e ,))was89® he dominant or(gRingudr.emad t e
A) The concentrationt bla rHotFi oW aeslgluoiigddeusaty 1 n

porositytamredt e hgmanulFiagu+d)ud feue (¢ owd ¢mo rvee d

fOM in karstic than dual porosity and interg
by the higher HI X in kar Ftiigu-daAhdthidalal i poir osi
complex microbially reworked (aad egotae 0i2&1 |y
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Finally, theHLsFt rcoomrgeerl atG@®n in all t he aquif e
that both organic mattlRavandgihadtedr ii aml tdel Isg

were transported t ogetthaer| aitnngtao 0R & groundwat

An all ochthonous bacterioplankton origin can
bet ween the three aquifers. The intergranul
recharge through tight pore th9y®adm, wwhhch
suffigiemall to filter out some | argeOsurf ac
Om) allowing a diminished fraction of bacter
from the surf ac Bl douornentge |lard eY(Chlailrgguér A . Due to
filtration, bacterioplankton intrusion wil!/
aqui(Feedeteral 29d® Dr eé¢zwrh 0 1Iwhi ch i s refl ect
negative correlatibor éoled lwe e werpfClr afithidopn o f bo

perforatijond.de)ptboasé¢ of the dual porosity <c¢h
in the ver yt mracatosw (pioe@®@mano®. 5he unsaturated
di spl aced downwar d towar d t he rseastsuurraet e € r ozn
subsequent recliawmgiet ee mw e Rt0ORr3ibce,) 1RBMBe filtra

capacity of thaoaodw marye exert an even stro
all ochthonous bacterioplankton intrusion tha
a small fraction of begEotoerliva atl @gEEdd ceyw,) t2h0e0 2a
(Figdyb®8) . Conversely, the | imestone karstic a

capacity than the otaHdrowi wg aquiafrgrert ypeo
bacterioplankton t o enter groundwater Vi a
fractures with I2arcgme)r oavpeerr tlufkhegs riditOneebs @)a L & §

Additional ly, the high groundwater flow vel

biofil ms and resuspend the bad3eweiia . ,aldddi8ng
(Fi gu46eC) . Over a |l ong period of ti me, easi er
detachment of biofilm could explain the char

The TCC difference in dual porosi tynlkamsit kar
vul nerability clasSihieathdériOprdB8weasedl piyne

springsvul nemhailse kar st i f jTeQC gwaosu nidnwatt e or de
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celmLs/a value seen in our dual porosity chal
moder ately karstiamediraq sofs Focvedidisd/ur i ng

mi crobially uncontaminated periods, which ma
sampl e. Thus, the TCC in Engl itshlkdegaeborndt e
karstiadmndhusont he filtration capacity toward
ntrusi on. The TCC tvhaaltu etsh ea |l ksaor srteifcl elcitreeds t o r

ulnerable towards pathdgaln gomaeaimi waadgquwinf & m

c <

ncontaminated sandstone in other parts of t

=

apgoftdéaelmLs/with the higher range of valu
unconsolidated sandstone aquifers, underscor
these a@malfeesapb?2alzden . al 1MOI1l ie2z arl 2016

A B : _ _ _
& S8 High filtration capacity
of porous
Filtration — unsaturated zone
through + Piston recharge fi
ge from
pore-spaces unsaturated zone
dilutes cell count
Cells count
reduces Easy bacterial
with depth | movement through
g i fracture network
Intergranular Dual porosity
c Higher surface connectivity
3 o | low filtration of
s _3‘ a °:’ s A unsaturated zone
: P . YW——L | Biofilm detachment
wﬁ., b °5= “Q“' &2 o by fast flowing water
D’an. ugﬂnw.. o
dave P lapa g
Q a ® paal
) . N SR
Karstic
Figu#te€Cohceptual figure of bacteri al i ntrusion f|
white unsaturated zone to the blue saturated zon
bacterial intrusion is filtlkereadt byi hegthy B. heu &I c
aqui fer where bacteri akl hirmtartu ssii ®re iod fmeldti earne d . Ky
unsaturated zone; C. -‘Xaocmtfircaatqwr d ®ralwlhew ee &s i2er
bacteri al intrusion, (figure not to scale)
The i nterpretation of HNA and LNA bacter
measurements is still debatable. While some
| arger celbact@m@anagiL NAIl 009 hers indicate t he
actbaet prioplo(taional »01Tthe | atest interpretat:
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phyl ogenetically different, i.e., HNA bacter

nuc
red
hig
t ax
t ho
aqu
and
ver

i n

Bac
sea
i n
The
cou

rec

mo r
i nt
agu
per
Nov
por
ar e

cas

Add

wa s

| ei,andcitche LNA bacteria represent t he wu
uced nucl einmli meddf wutddicdagae § 0 1Teher ef or e,

her %HNA in the intergd2amyl amayaqgunidfiecrat ®i
onomically different bacterioplankton wer
se from the karsticTlhead%ldOQ@ | wag®2rdo¥aitnydaadju
i fer -2 (CHi gmdir @ahtaitngt he communi ties were dor
mbabl gdDacveelyl sand QuyGendath& P Cwasound to be
y high wirn hs gpmg lheog é/nu ciiand.ice lapvwidrizc h wer e abse
sampl ebi.s study

2 Seasonal change depeqrdeuwn dwataegruilfevelge
terioplankton TCC reduced by al most 50 %
son in the dual porosity aquifer, alongsi
t he ot htenreweegneoi fseirgsni fi cant changes i n bac:
contrastecm@gmsgebsdarmal microbi al communi t i
Il d reflect differences in recharge mechar
harge durpergi ache study

hin the geographical extent of the dual

e rainfall -bentdwepeesackh hregepreampl i ng peri od
er gr anWiltalri nmartelae geographi cal extents of
i fers, there was mor-eanrdaipmeaakhbr pet waepl i
il ods compared wit @Watthee iSn tteiradri pBetReeeariea
ember and January, when groundwater | eve
osity and karstic aquifers, there was 50
as, respectively, than across the intergr
i stent increase Appgndpuxdwvater | evels (

itionally, the seasonal rise of TDN, FI a
consistent with evide(@ceéesdh adrpdkbbdiwan e r
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such change was observed across the intergra
i n any aquifer cawmopirdbxey coofn arsedceht ardgrea | at es
organic mattehi cbobmpaexi hgr ease Jayn dmibDcOCo beiaanl
be both allochthbono¢shteet . pir g aléneds hor t , desrg

sampling being undertakemectar ga,g stehhesroeh ywa sc ar

consistent evidence for rechbhugetherd hewags nt

evidence of recharge in the. dual porosity an
The reduction in TCC in the dual porosity acf
the Adil ywhiomh ewdecnoted i n ahpoab@énaquifen
et . al 202Px evReiuestd.ya( 2&l11Pound | ower TCC foll ow

i hhengl i sh chal& dQual feqouiofet y hrecharge typi
pi ston displacement, where ol der water in t|
newer recharge water E@rrriicwi)ndT9Har/o mwvd ther satrdra

matrix of the unsaturated zone could be | owe
fractures of the saturated zone due to fildt
bacteri al si zbey Ot.hle tsomallO0 Gmo)r e tRrioa¢ s)(.{ med)
Henceduring piston displacement recharge, gr
tharrival of | ohwe T<Le&Ca swoantaelr .r educti on in TLF
season i s al d puppomt idviespl acement of rec

unsatur atAeldl i 2 0o ma.alclr ye,a stehfeotferTONechar ge aligns
t hhabhehal k unsaturated zone (KSsore néseemgbeo&sServ
which can | each i nt o Thhee TaCgQu icfhearn gweist hw erreec haacr

by changes in the,6 dwicdenrdad tclormonwgqh tiyncr eas e
%l CCl.h e seasonal i ncrease i n %HNA and %l CC
enri chment of bacterioplankton with [ arger g
newly available nutrients, such as TDN. Thi
mi crobi al coemmuwms dtyuriant etdh zone matri x, wi t h
hiehc laeciicd, viable <cells into the saturate:

groundwat er can either recover after consumi
obser viedl ebty. a( 2i00B®B®Rr i ti sh chal k aqui fer, or d
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some preferenti al flovalpatwhsngcamgbeaet achi 0t

bacteria into the saturated aquifer.
Despite the observable GWL rise in the kars
seasonal |l y,aundc hTfah@ ewdal ues i n theopaieiedhtdat a

sites had-rleoccvhearr gpee askd dngseiret § CCwi t h uncohmeged T

p
S
e
site with -rhacghheerrgep ela&3. A, FiDQur eThe ofkdregraph
e
u
e

borehole Ahdwspritagi npgea&t gdothedwsdst eaec hi ev e d
about two mont hsr éoelfarge thaempplaankly tpheer i gordo und
|l evel s hadr adeedcelaidnyi mg dur i ng Aphpee mdiai nxpTlhien gr CpCe r
change in the karstic aquifer inlire&sdgromse t C
et. alY0A®S a result, the effect of recharge o

| alget ween aquifer recdahgregeansampHo wiggrveedre a s on
sign of change i n bacpteerrsiiiospt!dadmém oofmehaipgahneart i ¢
%l CCol | owicthh@ r-g e 8rCe) 4

4. 4.3 Study implications, | imitations and fu

FI ow cytometry is gaining widespread accept
mi crobi al water qualitySainf owadt ean ds upipshaoh eiln,d

Nevel . al »BHoawe vier ,t he meani ngf ul interpretat.
di sturbances using flow cytometry, establish
contaminated groundwat er sources i s i mper a
(FEill ieng.eal 2;0H®sbet . al 2 0Th3e s-pampor al vari at.

bacteriopl ankton ntiocnrcoebotrart eatmi-twregel @flr i nki ng \
sourmalseadhe study a stromegf leacaredeiftoiro ndse ffi ri ndg
aqguiferntypesaModgowaee, due toth®B@Adom¥bHMEMpI i
and %l CC valuewmerireatthi asspedgaratayof thet aqui f
i nstperaeds ent ed -sac adeewon &l each of the major aq

Rainfall during preceding days can resul't i

(Mucienti.cal » 0 bt there was no evidence of di f f
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prior to, or during, sampling influencing th

t he -rpercecharge season sampling; however, t her
summer soi l moi sture deficits being overcon
rechairmgel,uding in the | ower st orAapgpee nkda.rxst9 c
There was no rainfall g ercihregagtephled mabn, t ipaii pat «
sampling, there had been -hd dpps excrabmd £ & adch
ext AmptpetniI9 The aBsebokabf samples also confi
no evidence of rapid water movement from the

The key | i nmidgfadrveamcueefs tgledvbr atedudy i s the |
of karstiButs atmipé eisnt erquartile range of TCC
al so néarurtoweari |l I higher .Ahfiart herwast htetreaaguo f «
to pkranned sampling, it was not possible to
bacterioplankton in all/l t he dquitfheer mbtuyepuerse c
sampl est fea okmagat ferecammemMdeddti onal l w)| t he
changes in the bacterial abundancansheeladk be
recharge (exasgies . al 2t0& lunder st and the abunda
i n individlumladdiutinfuehsteitasroeantheet attenopno,r al 'y fr eq
samplaitngach aquifer is suggested so that th
and heesponse of bacterioplankton to rechar ¢
Currently, i ndustri al efforts are being madce

regul atoryt shmpieg these datasets coubd be
observeafteherange of TCC in each aquifer typ
model s for i ndividual aqguifers to use as mq
cont ami.natdidart i onal |[tyhe ithaxdireonfiuwt uaasesembl| age:
mi crobi ol ogically di stinct aaruei OFNeA s a nsphl o ucl odn
sequencing approach to test w hteht eh eir n ttehreg r caonmnt
aquifer is different from the dual porosity

the different %HNArgalame |liam talgeri f er
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4. ®oncl usi on

Thi s study contributed t o t he currehe kno
groundwater bact etr ¢ mpodvieaarlk tad o a sBpaecttneor i opl ankt
concentration at drinking water waurfcesnaoft a
vary at different aqui f eaomgterodlolge & sb y nfdi lwtarsa
of the aquifer towards bacterioplankeohongan
termthe karstic aquifer with higher fractur
i ntirouns tt ennt er gr atnhdduaarl gmd osi ty aquitfherrosatwsi t h
and higher filtration sea@hicg itHlaefdseanTdh e edoounsitn a
TCC correlation corroborated the surface ori
%l C&nd absé&nceaadfal l the aquifers titbhmctiteat ead
i ntrusion event, and %HNA i ndicatedt hppossi b
intergranul ar aquifer comparedThe dwomhiabper os
seasonal reduction in dual porosity-paqguifer
unsaturated zone water entering the aquife
i mportance of considering | ocal hydrogeolyogi
to understand bacidrtp oatpti @mks oinn both space a
understanding of this topic and conceptualis
be expected by temporally frequent monitorin
t he bacterioplankton ugonhnyudnriotgieeosl ogincavarse
bacterioplankton concentration val ues geneil
mi crobially wuncontaminated drinking water p
basis foandeifoafédrfeonrcet he t hfrdratagqei fgerouundwe

moni t.oring
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5Aqui fer geol ogy pliawyhse as psaitgmilfii c

of dameundwater prokaersyoti c commun

This chaptetrha@biblpecdsitasssess the I mpact of ac
on thevapiadantadf gr oundwato&kra cpplodgmukntiotnyi cc.o mp o s i

A version of this chapter i.s under preparat:.

The dataset itsh¥@u b loinahe deatt re for Biotechno
ti tAmgl ihicon sequences (16S) from samples col
UK aquwiwf ¢éBisoPr oj ect accPBR3INAD2 6nBuBnth8e P 68 368
Bi oPr -oNCeBelt

5.1 I ntroducti on

Groundweatresreas darsi nki ng wadrero weers o nimael Il d wind e e
(Hi scock) Hawedever , t he EUDIQreocrlicsvea t eecogni s

groundwater as an i mportant ecosystem and s

resource but afEsoopsaa babathazts@0gély unexpl

groundwabeysthemsookdrcyartmum,i t¢@ssi sting of ba:
archaéayi talthel biogeochemical transformatio
i n grouaddvat lperroeveiydcer e coay st e miyoei nitrmeg s af e

groundwat dror g thaulmatny c g-crasd kmpvitsik@an 2G10i8e bl er and

Avriramov).ThRde 1pl apkobaicwantmuni ti es atempodrsal Isy e

variable and more adymamied tcl@amébhpar bnd Lue
200.9herefore, under gt dheiokgp clelcasrs&p@lk &l yot i c

coomuni tiasneicsess atroywastmapper pr etviamg atlbheyst em

services and effectively ma n a ga Inspor igo roiutnid svia
ecosystemdheaanictéht owncyt oDlBIAr gequedncing techr
havenabl ed the reafpfiedctandke occixptt oec@iniclemt rati ol
prokadyeeirsity, taxombhmygheard mMmomdtyi aarsed as
of groundwater mi croflioalt epcbgPe@Beel heatlt Mos
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20)1 n thehtestut ec hinoliongcioerspioanaegirebda n dlwerd letr h
moni toring(Sfarf d meworaknd ;B/as esdtal al YOHO wever, f oo

t heuccessful i mpl ementati on of groundwater

suggested that di fferent ecosystem manageme
monitoring referencegopné shobhl dnalBlegaimemrlssed
202.3

Al t ho hg@hae cilemarer stoatnadw naggui f er geol ogy contrc
in the sabdbafeanc € al composi ti,onksotolf ogarnowmidont
i mpact the prokar yoctoinct rcod mnouend H g geystsépeh h ie a |
var i attihoens eoanfmuni tsipeag sefudPbdsi cal ciomcsltu daii mgt s
portehroianed aperture sfiizlet eolf| ¢ & llatbhaoent ceusso
ent et haga,ptsi fweeld t ocm@as ement wi t hi{Bn otohneéi aduli fer

20Q0Tayledar al YOOHI gher frequenchyacdfeni gglallaidmm rotnh o n

highly karstiwafd pnlhaet @ gauti fleertassote 1110 ctoinnteesnt r a

than | ess karstic agqbateemsigavia (Fromé sss§t farde que
200%Sinreich and ;PSoicnhroamitc.h210 2 8rih4e all ocht hon
prokaryotic i npudar maansehbboged tthe groundwater

di versity anaverompuwlistiafp lopr glear gowiitch irnetcrhuasrigo
and their adaptat(fomt i al JBbthedpvatviaali ati on o

al | oc htphroonkoauismd r i weesomound to be controlled b
the all ochthonobuav elrdodghe y odiesshreerctearf geampoi nt
karsticdsgst@emeasy di spersapentl omesdd aalglee d r ¢
smal |l er distance fromnitnhteerrge amad g pmPoisnte mi
filtration cdaipsapcdifisyalltewarp® 022

The aquifer geol oggryo uan dswa tceorn trecrdemiasi stthreyn bgr act
andreyul ating thef rreptf riddnsethsnfeandend t he ground
chemistry sel ects tbhee rfokuwatriyloit ®isngc agpwaai |l a
met abo(Fias mows k.ial ¥ OTChS aqui fer matr i X mi ner

groundwater chemistryptdciopigthatihen ddysamiuds o
(El ango and KanThiechemiOst r y o fc ognrtoruonadgweadtf ebry
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mi ner avlacgy oberdanoi mportant thactspratiiafl derddie
prokaryoti c (Adommuwuni tainegls ;Ema s é et 26D 20nhdde ¢

a.l )y Da¥Fing groundwater recharge, al ong wi

nutrientdi ssiechvad organic carbon (DOC) and t
are also remha@anitshltreeddi stance to which these
getting microbially transformed can depend ¢
controlled by matri x plor&0OGCinze Tcaphdc epnet rr naet ai boin
typical | micsruppioalt di versity by providing es:
met abol asim by sealaemdt ignmg udamiactaenr ntea xadsodl h aste  t
nutr i(Conotpsetr. al 2Mdlbc 2zda k al 2;Ku6énent . al 29tle/geetn

a.l, 2Welbnetr . al 0O Afact osssich as groundwater d

use, so signifithantsilpyatiimpacdti stavédiultalbhe off orn
prokar yoDeesmedr comfqgiundders tend to harbour S
mi crobi al communiftiues i etdapteeadi conbédat t ower

and uncamfuidneds | gfrlleaercedchuliy omnt he(BBbukace
Maametr. al 2Meldse reste na | 29mMi& th. al YWil2hin a shall ow

range of uphsepat Bal mvparoikatriyoont i ccfwa @mmwnuintdi e s

tde i nfluencednubtyr itehret tiyrmppedanfd rposta cstoiffcfeeh e nt
rechar g@oatreegma a2l 2002r3leeé | al 2013

Despt heevi desnucgeg e ¢ thiann @ d thief er c@aeo lingtyhepat e al
variatiaondwdt egrr oprokar gét imecetxe dmmu rvies craed gei on a

(7]

tudi es hatetdhaeaivfefsd iiggpprc e sndwat eri ¢ prcaokmamuyatt y

o

omp o s iattd ommtsr aasqtuiinfge r Eatrylpieesr. r egi onal studi e:
i mited information aboutont hteh ei npprdockea royto t tetge |

use of onl vy e DMWA obildimaigtkeed sj nf or mati on abo
taxonomys wel It haes ddiusep etpos ak ar yot es at geogr ay
si t(@rsi el eal 29110 eenal 29t1eAtn. al YDaOot her regi ¢

tudies where eWMA seaqufeonrcithgyx onomihemi daht i

S
di fferences in the groundwater from differei
surface conneewaitveirt yi natnedr arcacdkbons were found
c

ommunity dArfelremcaersd ;Cloawdetn 210282r3et s al
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20926&6ven i f the aquifers weémel hgtlrnab)Wkialld y c«
t his evidence coul d i ndi cat e t hat di fferen

groundwatermaecaggmeriiozseenes| »023he only two

nati onalhawneadddeegsuat el y documented prokaryote

typdsh. New ZZiarliasnednal 2d@dbds8erved no i mpact of a

on the prokarypt pcolbammpsnlaulele snournebperre scefnt at i \
samples from di ff erreelnitacbaipea 4 lsmmi .y g(e2d0cfuimrd

thahe groundwat er magdosriaginonf i cchaenmi sitmpyact on
commun,itmpeésying a podiehtenée¢ gebhd @pButetdBeér e i1 s a
substgapnatrent r e sae arad-d owdhsds ees s ment of grour
prokaryotic e6tosketedadf fhedi ecmacmmu noift i es at di

aqgui fer types

Il n t &8s e8aar cnha t-li owealb tsti madva snder tpakerar i ly to i nv
the diffgrenanadswbbakpookaryoti c c¢ onmdnufnfierieenst
aguigfeeorl a giTehse asrteuad ywiarsg | awhde,ge oundfvaber t hr ee
maj or aiqsuitfheer sso-thcedobfonhnbe pilibése snpplge e
Persfiogiassic sandstone agquwiafnars,a @ringed ree sse rctoantmow
found across Europe, North Afri agl-Jtedner t Mindd |

et . al 200%he Cretaceocooasechbfal khaqumpertant pot e
sourceorohweste(GunEur ape;996bnd the Jurassic
aqui fer, regarded as one of t he mo s t Sign
(Worthington a)nbDesFpdirhcee, nzaG@ G 9 n al i mportiamce of
Engl,aansd wel | as their i hher hia ¢ iodmagrsoruenldevnad re

prokarphavesteen systemati waasl ing abPplaemed ng

technitgda&ismaki ng t hniosv. ddhtqurdgyk ar yot i ¢ weammuni t
compared across diff er esotf aogtuhiefre rpso,t eanntd atlh ee
variables that can i nfWwemrmdacceo acmmusmrsietdy tsot rduec
t he r elfdtedcitesge ol ogyemwnidr confreesssttoard t he prokary
c ommu n.il I€heap4py usefnlgow hcyhiogmetamnd | ow nucl ei
fingerpriitaepeagt abedpotentially diff eveernet t ax
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present in sandstone as comparedvht chclwalkktat
in this chapter using the reevsudletnce from eDNA

5.2 Study area and methodol ogy

5.2.1 Study area

This study focused on Englandébés three most
aqui fer groups supplyiamgd wian ¢ Fs$ gtbay )eT hee pub
hydrogeol ogi cal descri ptiipornovoif®e ditel2a Mihree e aqu
Per ficg i asaynids t oneu raipt¥ofrecrest,er Sthrn ogshir e, St af
we st Cheshire, Nottingwearmeshi eet i aeldy Yoeksehtr
sandstone aqgui fer Samdstthoinde scdatgquay eer i sed by
groundwateramobVemenpredomi nantly occurs thro
the roctlmeetnralx)7heé Chal kofaqgdamesisi re, the C

Lee cat ¢cthmeMNtor t h Downs, and Yorkshire were

chaddui fer i.n Ttae schadluddoympasdderofi shi gh-ly por
per meamiidnagr ywhtidlel ilnemest exdimpihwsir@ageol ogi c
system dominated by 4 dédwwhaqmefadi |lunyamat at ed
by karstic ditshssmaltuutriaotng/df dzoewcei anl 2;P2 3 lwe ). 1987
Al t hough karstic features are pr eksaernstt,i ct,hiass
| arge conduits @mdrea&webs2,62bhnangt on gdnd For

Thdurassic Limestone aquifers wefrceohbkecCtoit savlo
refetraedt he | i mest one.Tahgeu ilfiengegsitnofaeb de r et ed y
karstifi Mdorgwnwstnesrtnon anwh eqoer dg r o2uOnOgdw a tmearr i 1 y o

occurssakcondgary dissolution featugieB8e3 uch a

cm), and i nabogngalalre@aendust 58 0 a @y it huervesto n
al 2022

The groumajwatcehireom stt hsa nadfst one bBa g@uil fye.rv arti a bsl e
controlleédtley noclkracti on, carylboocnaatley cne nxe nntg
ol der awadf ebritvi t aCaMgHC@-SQ*t ywat (©r i fdti .t Hls2 002
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200.9he grouocokdemt etrhlgi nbefst one Cal@tfyepe due t o
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Fi gufleStoudy area in Emgl aatgpudsdheorwiaongt csraompl e si t e
each aogwitfhershapes indicating conBdrmeldo!laemnd | uwncc
retrieved from Geolndex data centreds (NGDC) sc
(2023) , map outline contains OS data E Crown <cofg
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Groundwater sampl es 7weulel iccolwetcdareds Upmlny purm

From Sandstone, Chal k and Limestone aquifer.
respecMovttlhgef si tes were unconfined, i n sand
15, 5 and 4 sites from sandstone, cwerl &k and

confiThheed . sanaguomher had deeper gr o hed wantt earl
borehol e dept he3r9dntghbeog eflpredrrd o dea pft thre otfopx he
borehol e rsgnirnege n9-rdoMm and hehi ckneserlbying str
composed of drift andhangi néda R ibimehnagl kl aaygeuri fwea
groundwater sour c,ews tametrcet aslh ad d roevredll & die p tah
borehole perfangitom@ Odepnt mner adygi hi s konfat a
1-47mMOne of the Limestone aquifer sites in Co
with 30 m of over |l Yheg olsihmeagtaonfepragmewsat er
sourwerse also shall ower t hwaint it hae tsaatnadls tlmmree e
rangi ng -1f2rOotmh®09r eh ol e per forati 8b50demtnd raaang
overl ying strraantga ntghidnkénepsmse h@® i x

5. 25ampl e coll ection
Groundwater sampling was per f amnikad cle t2we2e3n

Raw sample taps were sterilised bymapphktegesng
or the time specifietd atol éach sampplesentpti

samples. The sampling rig was disinfekted wi
tabl et s, Palintest, UK) RBawr gu mdwat ewi tvma ss afm
through 0. 22E Oml tSéregs i wexh PES me @bt amds 5(3Me
sandstone, sda/impdempl es and out of thewd&r éi mes
coll ectadrfeigll nmr asdmedpaarmd | ehe r est o f the s
coll ect edf iulst emrgs f @tutr aFcihletdr aitni opna rvaollluenhe. f or s a
was bet waed 2%bi5Lh twooBakplbes filtration vol
vol ume for chal k saapd e 20 withs t e tewdasriamp e s

filtrati®inl tvrodtuimen volume for | i masdord d4a3mrg

with one sampfel bfaunMnfowalruantei.on vol ume ver

was generated htdtog | enatren vol ume di d not [
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communities (Alplpenhidixen2)werreLZynDbBAVYBRNAwWI t |
Shiel d, transported to the | abor &t0AArCy a@amdi ¢
processed withRanw 1Iwatmantshasmpl es wmmlkst ecroilllee c 1
centrifuge bot til7e Sk @arn df |sotwo rceydt oandmt& fi ct haen arl ayve
gr ouatevr sawmeprlee filtered throud&hPES 46i IQner
me mbr anecsl ethP& p |l as tfioor bcotetmiecsal anal ysi s.

5.2.3 eDNA analysi s

The filters were defrosted at 4AC, and the f
of al | the filters wused for each sample wel
Tu lEe The remaining DNA extraction was perf
Power WEtDNTA extraction kit, foll owing the ma
elution volQlmewiwtats DNA concent i% tad(nBubbriangi n
dsDNA BR @dakBsaVd .rtehgg6®&n r ®RNA gene was amplifie
chain reacti oong (tFh@R)P CRo Iclyocwii ng Nawh ®icdoéa | des
(2042%) aRdBd oPCR C100 theRmd) UKEr) eusi(Bgo515F
GTGYCAGCMGCCGCGGTAA) and 806R (Reverse: GGAC
PCR pr (Amerl-Samnegetienl YO2PICR products were pur
Zy mo -926R DNA -ucpl ekaint before performing a secon
Final PCR products wer e Noommaéa liksisté d(oNwi rt ghe nt,h el

pool ed, -cwancctelnmr at ed, and run on a 2% agar
excised, pur iQf agirdtb et eggéeheextraction kit

OgiL( Qubit dsDNA HS assay). The pooled librar
reagent kit (v2) on the Il lumina MiSeq2 pl at

5.2.4 Flow cytometry
Raw groundwater samples were analysed within
3i7 ACnd the storage time had mini mal effect

(AppeRBdBacterioplankton concentratiorE was n

CytPiFx ow CytFoome tteort.al cel |l concentration (TC
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( HNA/ LNA) <cell fOlngegpoundwager 2 0@asf mi x®X w
SYBR Green | stain and incubated in the dark
The anal ysamsd plbraodtoecroilal tghaet essa nues eads @reecnetii com e d
3. The relative standard deviation (RSD) for

%HNA was calcul ated as the percentage of TCC

5.2.5 Dissolved organic carbon (DOC) and tot

The analysis wadnloefriflotrenteedd ogor oundwat er samp
the same procedurXectdi.op®@ibssohegeddi nrganic car
and total di ssolved nitrogen (TDN) were ana

(El ementar Analysensysteme GmbH, Langensel bo
5.2.6 Land use analysis

The 220KCEH Land Cover Map (LCM) was access
reposiVMebosgbonal TEEnvironment Agencyob6s 2019 S

Zone 1-1jSse&dtaset wasr odwowrhleo ao(headi i s ounmeet Ager

20239 Spatial anal ysis was conducted in ArcG|
Statistics tool to detewmiene ypples dvi $1hi inb vetai
surrounding the groundwater pumping station:
classifioeld aas, wgrassl|l andr ban awiltetnisma nela.c h S P 2
The relative propoesetcamnegdr gawas!| ahedn cal cul
of the {lotaaleaSRPHDr each site.

5. 2Da7ta anal ysi s

5. 2.B4d.01l nformati cs

All data were an®@leyuedcesidmag aRwe4 .e3 processed
pi pe(Ciané selfam| Y0 I1lepwal ity r esadby ewi tbhel Qw 30,
and reverse adapter sequences, and Phi X geno
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with a maxi mum expected error of 10 were fi
reverse reads. Ampl i con sequence variants
sequences were removed, and taxonomy was as
(accessed Aphking2®@@adntucatl evel s.

A rarefaction cwrape ecsfenttlead daomplheosy adequat e

was achSegwances were rarefied (AppeiEkipt h of
retaining only bacterial and arWhhaeealr aArSMsa cft
is the be@thppoaeti 2®e&€rde i s a chance of wunde

Therefdomwemstreamrasal yrsacgde § Bgdencerse siesnt e d i n

Appenld2i X o ensure consistency with rarefied

The clean eDNA sequencdshMwer epeaaecdkalgyds dadt URS i n ¢

a.l Y. 0 2Ttheel aaabhhwredanc e s, al pha and betuasicdcigvers

t hR*SW ountns each.TsheempBCreayt i s di ssiwasl agdttiymantaetc
based on the differences in relativandbunda
SBr enBieatki ssimil arity matr i X was calcul ated
pattern of the ASIVse irneleaacihvesampunedance of f
was calcul at ed Usiwhgi clhA RRDOsIihgKn st | smpe cit foi ¢

prokarmgyantearra speiciplesvreent abol i(Lco ureoal.easl T h &

donut pl ots presented the relative abundanc
pot entwi dtlhheper agretsepr e s & htenieram relati ve abund
respective taxa infoatgatt iwhweltGuerrtasgahiediieBra.a y t y
among t he wsaasmpéerepl ai ned by t he g ngweiorl coongmge n t
confingmeunhdwatleandepgd, DOC and JTONscamcent I
basedDuRdandclhyRDPAnal ysipserwasllmegde ndre and Ande
19990 ensure romosetrmpeses avi on, another dbRDA

SBr enBieada ssimi |l arThear gpgahal x of f ec@tc hsiemesi r onm
vari@bhlpéanat oorPopowach avareirakcloen Baetrad r i tnegr ms )
and hetati sticalofesaicghnhplfananoeyapoeesedvawi t h ¢
per mut atiitoerr attsiisotlgsaps ¢al ¢ uncti on i n itrhAR Vegan

poshtoc Mant el test of sicpteww&Eenaini Coamediast @amc e
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environment adndvhae | Bl g3 s di ssimilarity mat |
commureist was peor ftdremeacssodi afeopaneksi n onmédet al
var i almlded he di f ficeornenmucrefStmao mee. al )9 8Towhiesh

t axadt hel ass and family | evel s, and which fun
di fferent aanbounngd atnite, algbkifi heea by dii near di scrim
anal ysi s mfafse pter fSiezyeneidh al y@&rnkdox pl otstpeesent

resul ts

5.2.St.az2 i stical anal ysis

The flow cytomdtCCi anda B&B) asd TDN omerrceent r a
non parametric@hapWidoksstr i pBe@5) o and). Wil k,
These var ipaolkeasSyaatnddad v er s dtignest he t hree aqui

were vVvisualised wusing boxpl ots, with the bc

range (I QR) and the medi an, and the whisker:
any data point beyond thi(dcGmaihlgel roOoA®i deseéed
t hei fferences of these variables were statis
aqgui feKsysWahlld i s r ankr ussukma It easitd )wéap éri fsogr med,2

and results wece¢’eabucetsiedtear ibybl es wridgchessi gni

amomg@gui f erfho,c Pauxntnds mul tiple comparison tes:
t he -wias e di fhedenrcesul t s wer e -vpalegeemtne d Wi
l960.&8&pearmamnr el atwieapee t fecnmewh e oh@€ and Shannot
diversity indices were rel atFeodr taol |la nsys aetnivsitric
the significaece<G.hOob shwelak spgaifbolrc amocdee,r at e
signi fancda npc<edD o O Odstirgonnigf i cance | evel s.

5.3 Results

5. 3Rell ati olbaschtiepr icofpbanck htamat ie;oxrvi ronment al vart

Thbeacterioplankton total cell cercém8B80pdb on (
di fferent across tlhennbse@abagwi 6ertegpesndi
hi gher TEEI msast one aquhébkbal Kk h@B=2.n5,t hp<0. 05
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sandstone (Z=1.9The<®med?5 p naodtChidd nedasstuoeh ¢%0 ( 2 . 3
celmbsvas al2ma shmegsh e rt htahtahnefnsl st bin 26 g Imbsa/n d
chal kT 13® eTmiDsa/qui f Eurrge2 .). TAh e

per mdnthager nucl ei c

cell s GEWEYNAX i cant |Ityh ev atahjneddd e(@’=tdys,PBpe® ). 05T he
%HNAvas significantly highmedi=R2mbt Béct hlamm st one
t hehal k (Z=rRedipd® %P 5and | i mestdnEk, apmedlif @%;

=14. B(%urge2 B .

The DOC concentration varied signrii=filhanaly
p<0.)00dand was highest fme dit hefigdhal,k |aogweirf eirn
|l i mesOoW& /L), and | owest0.ifng /tLh)e asgaunidéskt.Bo n(eF i(c

C) TDN concentrations did not vary signific
sandstone had a | arger dA48n8gemgf LYDNh
the chal k1Q I @dR/=16). 5and | i #®e$t ongeé L) @Red Bkr s (
D) DOCconcentamd i odthCowe d

POECT E@vwe r el)at0i.@rEQ( 05) ,

aqui fer

significant Tphoesi t i ve

sandst on e haogweidfwesra k
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99



showing |linearj-vaelguessi emr eanalnti ng Spear man cor |
pl ots are divided by the three aqubDfiandéstsypesnd an
Spearmanoés cowerel*a*t*d om<@.ex&@l, ** p<0.01, and * p

5.3.2 Rel gtriokmasrhyiopp iocf community structure ant

A total of 39,032 unique ASVs were identifie
taxonomi c aAsrsairgenfnaecnttv.e n s h oswefdf itchiaetnt sequenc.i
was achi evewnhodtot ledo vieapapendiAdile) onadrmhyl, e t he
filtration volume did not i mpact the species
12 Thé&hannon divemweirgeygninfdiicceersamgngli f her ¢ mtr ¢
aqui @er S4Sah)dst one aqui fer haannsoing ndiifviecrasnittlyy
(medi antha#h) the chalk (2zZ2=5, p<0.001; medi an
(zZz=3. 8, p<0.00@0Fi gnBrde. ®&Shamnon diversity in
significant negatb @re hcool rer) extt@58,t1 paOn.00wa rt da

significant positive cor (jeD abp&l.60).wi t h DOC co

A 8’ *kk B
s *kk
| | J Aquifers
2 — | _1
>6 ‘ 8\2 @ Sandstone
) . : ® Chalk
e N
o £ Oy @ Limestone
= N
© < — g
S 4 E Ton| Confinement
E % 11 ® Unconfined
i a @ Confined
()]
2 ‘ ‘ ' =21
66\0“6 G‘\")\Y\ 69\0(\6
g2 S\ dbRDA1 [27.7%]

Fi gur3eA.Bi f f er eSitceersnoinn di vame®ingy tiheddxlresedaqaun f er
prokaryo;ti @8bRBANsbi pl-@ur toifs Bdiayt ances of ASVs an
| oading of environmental variables along the two
to aquifer type and shaped by aquifer confinemen
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dbRDA dbRDACapseRl e Mantel <cor
(Marginal coeff@-wmneénq

Eigen values 1.9 1.7
vari abl ¢
Aqui 5.5% **
Confine 1. 3%
Borehol e 0. 33 0. 914 1.6% * 0.22 *=*
Perforat.i 0.75 0. 6L 1.2% 0.27 *=*
Overlying str 0.99 0. 0O€ 1.7% * 0.34 **
DOC 0.1 0.99 1. 6% 0.4z *
TDN 0.98 0. 1E¢t 4. 4% * * 0.23 *
Woodl ands 0.25 0. 9¢€ 1. 4% -0. 03
Grassl and -0. 8 -0. 6 1.4% -0. 06
Arabl e | an 0.92 0. 4 1.4% 0.07
Urban area -0.47 0.87 1.3% 0.01

Tabl-te%planator¥y pobwemchRvari ablveal andds Srpaenaremant e
correlation -Oerntwieen diBs afmcdandii sy a mexmlviorfonment al
vari aktlreess al | ,sitdgrei faiquavWeres|*e pexlOs 001, **p<0.01 :

The dbRDA analysis indicated that environmen
confinement, bpe ethoidetpitden@tr h .y i ntgh i sctkrneetsas , DO
concentration, &BbhNMheoco®et agteusoeh cfaduwergolraneds |

SPZ1, <conasttroad &éleldddf of -Ctuhrd i Br alyy ssimilarity. T
was statistically significantte(sRhR=1wi9t h prdr. @
ef f schtosved t hat aquifer geology had the high
expl anmawery=%R foll owed by TDOMN.)doidbentDOaLt i
concent(rRa16), omorehol%Eldéptihe(Bverlyhngksessat
(R1.7) haddl weekly sigekplanatofpi<@ BXé BS
Tabl-le)The dbRDA modteH®Rren8dcaes si mi | ari ty matr
t hat DF. % e community dissimilarity was co
variabl es, andextpheanat oopwgestwer s wer e of t
(R=8 . 2%) TAN dconcenRPAatlin) n$ Apendi X

TheMant el correl atCiuon i sedgti sef mBrayi ty and E.I
environment al valr)shbwesl ¢ haldl ecoSnmuni ty di f

moder ate but significant correlati @Qmre0B8wi th th
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and overlying (stB3itaadt ai muetaksisgni fi cant cort
DOC <concent=r0at2ivgtnal ( boreho0 e2 e ppérr f(or ati on
()} =0.AAd™ditional I-d’le c ay Darsd layemsnese vsehno weeda k er cor
with geographic di st ab&m< @NEpyp ettBdd kei tcdha | K

and | imestone aquifer prokaryotes were asso
and shall ower borehole and perforation depth
were associated with | ower DOC(&mndu3de.eBh)er g
The effectrs coonfadmeinfaaetpitdn and coverage o0
categories did not have significant &kxplanat
dbRDA bipl ot showed that only in the sands
apparently different communities than the un
| ow TDN concentration anditghi3r. ek BSjHowe hek yi ng
model parameters suggested noacrganyg falclantth e fz
typée€bBese resultsuweaeesiemdl aequences (Append

5. 3Pr3okaryotic pasomfbbmhee cagqwui fers

Upon mathceaB8i9n P32 wunique ASVs to the SILVA <
assignment was othgsenomidctasasi gnmenti rdgovanme po
t he t axroammdkrmhiec aqui f erpr dimar A djstedoofngi ng t o b ac
ki ngdoman=81%SMshalmel omgicmgke anlgdame an =19 %) .

76. 8% of swénree ABSYsi gned t o &@mld.utn% qaufe tphhey | AASV s
cl as xitf ttheks s. llenveclondi5 adgtw, ADWY ywere assigned
l evel , onl yf a2nri.l6@nlidhetw eillhye 16. 5% atAmbeggeme s3 §
domi nant ASVs with rel at i% el nabautn dlaenacset goreet s
bacterial ASVs eveer athygtl menAippieatd)i .x 1
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Sandstone Chalk Limestone

A 13.5%
23% 24.5%

19%
7%

3.2%

S 1.4% 7.0% :
: 1% \ 4%
13.9% 7 ‘Q\\n'i m/°

b ¥ 15.4% Dz?s%
6.3 ‘ 2%

3% go, O

23.9%

-

7% " gop O:T%

3.9% 3% 3.9%

. Omnitrophia Methylomirabilia . bacteriap25 Polyangia Others
- Gammaproteobacteria . Alphaproteobacteria . Brocadiae Phycisphaerae
Class . Nanoarchaeia . Nitrospiria M Gracilibacteria Elusimicrobia
- Parcubacteria . Bacteroidia Dehalococcoidia Saccharimonadia
. Nitrososphaeria . Vicinamibacteria Planctomycetes ABY1
B e e o — T C . . ¢« —{ 11—
¢ Omnitrophia B = f__Omnitrophaceae o jl_)i -
4 p % L 2
. Dj i 4 . x*
c__Gammaproteobacteria- —J— = f__Gallionellaceae 5
A
. . $ e—={ il f__Xanthomonadaceae{ -1} o
c__Nanoarchaeia DK - S !
e i} oo —T—
| f__Gemmatimonadaceae | = °{El;~ . *
gz | -
c__Bacteroidia —ED—{:_ 8 " | —r )
- ' T ~__Microscillaceae| —{1 +— |
c__Gracilibacteria 2 D-EE- e = el 1§
f__GWA2-50-131 ﬂ
® el
c__Dehalococcoidia . -% * —— ) | T -
f__Diplorickettsiaceae £ —£~
*”
* e S [ o
c_ABY1 f_GW2011{ 3+ 0 -
e = e —a
c__OM190+ _D:_—Dj— - f__Oxalobacteraceae| ——{ L=
0.01 0.1 1 10 100 0.01 0.1 1 10
Relative abundance (%) Relative abundance (%)
Aquifers []Sandstone [JChalk [ Limestone

FigudeAlbonut pl ot spodkadmoynd neinthlet @ st eneenamled% at i ve
abundamceeacht ggpeniofwdrng t he mean roefl add ovha salbausnd a
percenafagtelse t ot ;Bl.Bocxopmnmoutnsi toyf prokgnydicant &yadw
relative abundancesaof@. pfakaltyesicaodaasase®rding
significaoftet heveai sf*er eorcdle O lwearned * p<0. 05.

The donut plots of the mean relative abundan
showed apparent differences a#monAf) t hEBhe hdemi

prokaryotic classes were the same inlBoth ra
The LEf Se analdy.siB, (&) gueaweadl ed that among |
sandstone aquifer had al most three ti mes

Gammaproteobacteria (19%) than the other t wc
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GammaprotepbadtaennG@anlelsi onel | aceae, , Xa nanrhdo mo n

Oxal obactwerrec edlaoemi nant in sandstone, foll owec
Di pl ori ckwittthsii mamlaeagps ot eavladsc tdemiamant i n the
|l i mestone aquifers than iBad¢therwsigdhideemomeanaq
the sandstone (2.5%) and | i maMstcome c(wd .t hd)a azeq
this class was dominant in the sandstone aq!
hi ghed agd b wredea nocf OMh@®l as s . The chal k and I im
possessedr esliadiblvaerd ances ©Omnictl a@GBEAR3s%®) (family
Omni trophaNamear c h@ & 8la®. 4 %) ( Gavahiol ¢ and

Dehal ococktod%) a whitlhthwegeteey t han those in t
aqui fer. Only t heomnihmdrkceah@s&deis!l ieklc? %) i and
ABYQL1%) than other aquifers. The | imestone a
of c3acscshari n8naéb) a(C4Fi guyr.e 5

5. 3Prdokarfwmntcitdad onalbfpoheretei algsai fer s

Due tthe presence of many wunohhbygsift.BeVsequen
classified to a genus | evel, there were mor
agui fhas there were(khownéli@uotitsiuemrts tahned
redox conditi oo reecqthi rfeummecnttison ar e6.AHmoonvg ded
the known functions, ¢cbmimoidelh e r sandphypnevasaq
(15. 9%) tdhhhal(l K. M %) henedt one7 agithjedmsd st one aqui f
hadhi gher abundance of aerobiccbohékollé&t drRdt
' i mestone . 8@ nédersbi(d chemohetwaotsiomhlyampoi e
three aqu3i.f9%%lseafphstl s one andskaal i miqluarf eabund
ofhydrocarbon ,cheghadatmedphiyyi,otrophy, nitrite
nitrogen fresptiranalobpepo wesd¥), dwdi ch wer e absen
Il i mest on@&haagnadisfteorne aqud drek iarlsm dxaiddati on po
nitrifli%%ataoghpoosynt hetic( lchpPanntybk omeast oa e
aguihfaglr a domanamabk parasites and syanb4d %)n.t f u
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Sandstone Chalk Limestone
0 o, 4.8%
13% 3.7% 228 o
59.8% 9.1% 75.7% ] 4
2.9% V% 7.3% 83%
1.4%
1.4%,
= 1.6%
15.9% 11/0/1 —
1.2% /
1.3%
1.3%
1.4% /
0y
%94
aerobic_chemoheterotrophy chemoheterotrophy methanotrophy [ | nitrite_respiration Others
Function anaerobic_chemoheterotrophy dark_iron_oxidation methylotrophy ] nitrogen_respiration
[ | animal_parasites_or_symbionts hydrocarbon_degradation M nitrification i} nonphotosynthetic_cyanobacteria

Fi guheddomnut sphloommagn rel ati vé%pbumdmaotciesmwalt hpot en
more than 1% mean rel ahiree aQuntilanse

5.4 Discussion

The observed bacterioplankton concentration
that of both the sandst one taanxdo noohmaiigk sa g u iofne rc
the prokaryotic ecosystem in the sandstone a
compared to the chal k dard sl ipimredsitesa nhey paodtadeyssit se
the sandstomadi &gertat prokdarhebtail & aynpged i mea

aguiwas strue.

5.4.1 Cont r oblalcitnegr i foapd taonekntgofnat i o n

Groundwater bacteratoipcrmnksohh@CQgqIHv ggrdr.eegAhi f er
wasonsi stent with -Z.hdAQtherp t/de ri( tAuwgagxe et @vde it hat
the | ondg ftfeerrre,nces i n all ochthonous bacteri o]
aqui ferodés filtration capabisycpeppbedededumC
eviddrmad t heed ongmd ee qna k h © ¢ h tbhaocnbopur sa niknt pount

into the | imestone aquifer resulted i n high
sandstone aqui.fCdnrasinict i onal pot eaartiimdls e eerl aadiet
and symbBiwhi gl namraallloyc h tphaotnhoougsensdr oundwat er
syst,evles e deotneicyt dtdhmmest ondhaqpr toefenchee eDNA fr
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knowmi corrogani s ms wi t h ani madi dp gnradstidt a tc tf huen ¢
pathegemrce.i veti |l |, ithanltyleen owatocbreewn ani mal
par asiint etshe recent past, a nbde fsoarnep | telse weD BA c

degrade in th@gaenwidponnme&it® hough the ani mal

signature was | inked with TCC in |Iimestone,
necessarily dominated by only arabl érbmnd o
where the ani mal sy mbi o(nA psp ecrbduil xdih dhdai vcea toerdi gtihr
the TCC im@ptutr evlaptaed i taol atry d eacntduyu sreel at ed t o
easily and frequently the allochhéoabssnbacho
ani maslsoci ated functions in chal k| asgsasgands:
surface bactdeei ab dfohtii ayge oowrdy amadtsemrst i al degr

and | oss of anxyrpachdie mirc

Thabsenaemiofal parasit hehadikandtowrte tihrei r pres
t hlei mesapuiedles@f | ected the differ einfciesaftiinon h
t hese twa &Lhuwilfkerisarat mc@wmagquhfegton and For

wherag oun@®0% of t he groundwater ae cnmaatrrgiex o
domi nated uns@itawmatced| 2)ad halt i mipiolstersatai on ef f
t hael | oc htbhaocrbopsankhoosgh thethaoabw pOGmedi an 0
(Price).lIn9870ntrast, the moidme st e h(/o kiqainish @ ic 0 i ¢
and For)Y, wi@ho |l ess filtratiaomec a@mpfeirkt gurrdetsip®
di ssofruwutecitegsi®-52 c.m) nrei cal 2dllatssi fied al pine ka

and found t hat |spw idreggsr evei toff kar sti ficati on

pathogenic indicators and 3hcedmlsl/iTwB&tasw t he
observedchal kt h@quitfheir§ 8ldMwaeymls/ The moder at e
karstifiedhispiri@agsmore frequent spikes in pé:

had TCC ifomelmhearnpetkre observed TCC ininhe |
this (s2.udytelids/ Thus, werei atd®dn in English k
reflected the degmeéhe cobbkat sctiohit aaigniamiiloanr v u

t ©o hel pkaesatqiuc.f er s
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5.4.2 Controlling factor of prokaryotic comn

FIl ow cytometry data pr ovpirdoekda f yuonthiheceirt yi nsstirgihd t
Al t hough some earl i er stthiddNiAe sb alca we | @ar ap es d da
t hleNA b a¢/faewrgita al %0 00%Xshieggeeds hat HNA bacteria r
metabolically active (picurit iad . BHafwvetvle ey rc o dnmatu n i t

per spedthinw@NAsbaatrer pmeltog@asti ynct and posses
genome size, capable of a variety of metabol
di fferent types of wultrasmall olPgaaondits.msl wit
202328his study Bdowedkahwnot it ct lcsoamniusrt iotniee sa qaufi

were dominatedubly GatmmapteeseobaAkltphrapr ot eobact «
Pl anct omyrckBd ott ear( il gidar. e, whi ch ar e ploscwEmsger
genetic materi al capamétcalmd | peirdwindenge yaf i
environment aBowcowndi bl gdMn&te. al 2WdlBoert® al

202.0n hehal k and | i mestone aquifer,s,swdhrasm
Omnitrapd#édaaoar ¢ haeinma nat ed, which are Kknown
genetic mat e+« ifdl cf enh theendstitaghpoa nicct i ona (Gipoost ent |
et . al 29e2y3meur al Y0Zhese obser Vvhagi 0 o9nisb isldiptpwo rtt h ¢

cytomdiNAA LFNAnNger pannbiengsed tignu atnht e cféylu tt uhcee u n t

of taxonomikadcdgl @dnusittohm cstmal | er or Il.arger gel

Thenhi glhannon di vebsd.)ff itntde daglii f @ppesd sence of
a rgcbundwabé&arhyaddtiitiah Engl i sh .Amgandg et e m, t h
sandstone aquifer showed a | ower medi an di v
aqgui fers -3(A)IRpured asti on and filtratioB® volun
confirmed that seqguencing depth and sampl e
esti mhhes, the differenceisn ithhd htehrde ev ea cpuitfye |
due t o wone emaSiomislamromi ¢ cowmpokihmesnhone and c
agui mays r efhlaetc t ggirmiulnadrwat er , <thaepm ¢t bwaetsea c k

inter a8fiamdhsal 0071 ected the growth of si mi

types. The groundwater chemistry of the san
proliferation of di fferent. Thed dbBPA Wi plot:
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supportedt axicantoatmpeosi ti on of the chal k and |
si mil ar safmrshocmt t he s andAslttoenren &hogaumiafbepr, . di ver si t
consistently hi gher i n shall ower borehol e:
concentrations, l i kely due to weasier i nfil
prokaryotes or the sustained prb@Qcsupmpl|l fin
l onvut ri ent (Romddi. tail ?WsleOt . al 2 Thé& mest one and ch
aqguisfeempl| esolwteaiened f r donor & hdmdlpdetohwse rt han sands

potentially supporting the idea that easier

adaptatibnghed doversity(@Bieme&ktshal PYoawsta.qauli f er

202.Whet her the rseamddrm-dfi are pthliadwa si ndiec essel ect i
communi twiag rby teemitgtotyhedabui ber t mat ail kocht h

intrusiehall owerwagrraanmndwdadtuert her i nvestigati

n sandstone aqui feksayybohec Gamammgpaot piokbact e

(Gallionell aceace, Xant homonadacea, Oxatobact
areepolrffadul t ati vaendaearrcebelonopvenr f orm compl ex
degr adegtairamatn . al 2G4 a&y . al 2Gudi err9zhe2019
abundance of chemohet er otsruopppho rct ef du ntchtili so noabl s ep
the deeper sandstone( Apmamdiwvkd 2 ) soaumrace sof &
chemoheterotrophic taxa and functional pot el
oXxic environment I f mee@iepn gdiossadwva® @ mgx L gea m:

Chapterhe6)oxi c environment mary dedp eoex \pgueeu nt dow
repleni shment from the bsogfnasd&ydiemi mg ordaich a ro
processes such asubaphei trreidfpi ocsastiRholimeisoa | » 02 4

Additionally, tthfeamiBhikie onrenhlodcche aies known to
dark 1 ron oxidation, +4wadecaieaetderheti mmpacn oh

pyrite in the sandstone matr i x ac aknn ocawcnt fausn ctthi
ofi shf @mikleys. al 021

I n the chalk and | i mestone aquifers, hi ghet
Omni t raomphha o ar cnhaaye iiantd hperaetseence of cryptic or

and nitrogen transformation pote@tiaks bwndt
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Neufel dGi @924l 2923meur. al TAEEryptic afrmemeti ons
we | | und@esteoeodand Nk ufeend , t,2dréedfeorvea s a | a

proportion of unconstrained funcAddnhaliompalle)
the -A®osoci at ed ABYals,s eGr ddikleidDmanc tt e oipdii @aat ed a
pot entsiialu isrource of,asr gdrise marcbhobes help
mi crobi al ardcroebhegSeesDOICk al YAR2 abundance o
dehal ogmerefso rdheihnagl oc o ¢Scad iychira. al YO h@i cat ed t h

presence of anoxic pockets with high chl oric
aqguifers, which are reported at af(Seasedwi t h 1
al 2007

The dbRDA anak3 §iBsb 5é4F)i gs haweldear distthetion
carbonate (chal k tahfeé rskiid mecsattoah ®€t) o @ @bdo vaeqwa rf ,er s
the environmental coanst aBr eGutrhtei esd dtiesxspil naii Inaerdi t
onl2y6. % the variance in tha Cammeniptriopo,r ti
unmeaswaridalimlhe s maatyudynmpaommubBéetysttuuries possib
t hat analcyosncnegn ttrreadaij onrsi inoft he groundwaner S &
i mprovexpglha&natory power o0Thedrmeu nddonRaDjAe rmoideen
chemistry of most of the <chal ki €Caabll€Q@t ymest on
due to bicarbonate dissol ut(Bear clicokm | 2lWe 5c ar
Ne umaentn. al 29WaBred . a2l 2IMe83d lee¢y al 2PtO0lart and Smed
200,9 but sandgtroruen dawau iefrreamnigeesC dHO@&M € aM g

HC®ESQ* typaeri féithb290R2red . al 29M@&dledy al 2005
Ty |I-VEhri tettl.ea | 2The groundwater majoont riobhedhdmi 3

water inwesatouonditgmitdetcammi mammumifty di ffer
in grouindwatlkeer r e@ibomalamstamdi @dnasé et 2mb4
201C@outeotn. al 20R8Bred . al YAPBhough gsowmadwatdermpt h

coulpday a part i n camuownm@i tt ) ediatgiue f emseoser y po
ofbor ehdeelpeahd perfor ataison odvept hand | ess signi

explanatory power of different geologies (Ta
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The groundwd&tngrd aDbN mam i |y aegmposné d Iatdes r t
and Lapwo),thbuh@sadhcebhbesbi ggest watartfual:
counfEoyter and ;Bieateéal 2Wa2Bgt . al 2Thé dbRDA

anal gwsese revealed a strong influence of TDN

prokaryotic community differences within eac

was higher in sites of all the (aFgugeBedyr 8 wi t F
Il n Enqliamda,tered in the unsaturatedaquwuinfeesr of
and slowly | eaches into the saturated zone

repl entsdi ggoumidiwalSeanr nstenal 2Wdrbgt . al 012

Thus, TOMeconcentration in thwi tgh otwhmidwrdyrg m go
strianédi hatweseasi ly recharge water can | each T
ithe heat ur at dlespone. the higher nitrate concer
denitrificatiohowsDOC mec oe(Eewmmtea HiofiA0A71 i gni ng

with pieviegiak uts e sdteundiyt ri fying functions wer e
of the lmgat, édadpdhesence of cNiatsrsasaisrtia hsasphaer
i ndi detagd | mdr ggeinc opxaitdhawsauyosh as nWeminfercati o
a.l JWébe more dominant nitrogiemhsamdstfomreanat

andhadd&ui.Howse ver, as 1 nditchet epdr epreenwcieo uosfl yt, h e
i norgani coxnidticsogiami S ms does not necessaril’
presence in thetgroaphwateeni tri fication in
possi bl e, where tHemdiGhwndaoamedanaipeearfeor m dar k
oxidation coupled (wén hVMama iha malt 2Oarkiemdsu @t . 04 1

Theri totael of TDNciommauanttryolcloimpg@si tion within

with the strong influeneeo®ystiennorgtamuct uriets
regional(Asuavaysand ;Ebo®e]| 22 QRi2rdi ste.n@al 018
Mor eoveirmpadcte TDYr onndwater ecosysbees bBuUMgE:

sl ow | eacnhihmrgo poofgeni ¢ ni tsr,atees piercti@a |l tl lye tahgpsief
overlyingart athkhteer gr oundwat er prokaryotic C (
bi ogeochemi Das$pictyel st rate concentration bej
guality issue in England, the | ack poseknow

concerns regarding nitrate attenuation.
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5.4.3 Study implications, l i mitations and fu

By utilising modern ecosystieamn|ads eags md mtw tce/c
eDNA metabarcodi ng, t his study produced t h
prokaryotic ecosystems in gr &wnmgdwlahtdesr sftruodny
makes a substanti al contribution to the gr o\

to charactrengi @ anltali a-pdalle vpadmalbf groundwa
mi crobi al communiddaessy s tiennc olr gpaoirtalt i anggs e s s me n't
resour ce mgMmbargeelmemtand ;Bloo e | 22 @DiLrd se.nal

2018mieth. al 20hBe . al PARBhough different aqui f.
not adequately addresdedel ngJurreiesyesnuas| AL E on

Zhomrd . al 0RA3this study, the comparison of h
di stinct aquifer geologies revealoemd bat$it rt direg
bacteriopl ankt on cpornockeanrtyroattiico nc oammndu ntihtey st r u.

The sutudtgirsoundwater from dri nkiinmng Bwagtlearn dp u np
produthbgr st fdaodarsientki ng watAseDNAe@quescing

t e ¢ h n obl eocgoyme s mor e accessibl e, t his techni c
i ncorpor ataitem isnutp@ !l fyori ngdrusumd east er ecosyster
nd mon{Waarsommgal >8P minlagdri-ecna@all e groundwater e
onitoring of drinkeogmgmacreeagiers@luy cneesces s ar )

monitoringlhisefdateansceet. fr om grwdurhd wait rir mad

ont ami nat i oanst It @ nd astreagtdecti i Indo deemrenf er ence f or f

-

oundwater ecosyst &m.gimwansdtaolrsiongcl ear that t
osystem of wgid osuplwdwiad lelry v @rriianalre | §bhd mpact
ui fer Mpeeloovegy.,, despite the geographic sepa
d chal k sites, t he comnwenriet i reosr el nd idfiffefreernet
osystems in geographicallpyr goxiomalmaBsr ése st e
i fferent tgheeo INBOgrstehso i BN gghtda)Bde corr el ati on b
ographic separation and &0 Amp elbdaynxddci ft fheer e n

RDA,ptbae communities from same gathegi ¢ & aw

co@ o o P ®» OQ 0 ®» 3
O S o O

< T O

erl apping wi t h( Fotghu@.re .BheTod losgg res wi t h a pr
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observatiMdah rwheéeerdea | 20@dagdographically separa

aqui fer had-mscmobaomeodee to similar ecol o
|l itholl mgiaensy. future spatially extensive stud

considered as a potential fact orariicaftl uenci ng

A notable observation was the dAotwayenmncmint alge
Only 7®f8%SVs were assignadndind yalphploumol av
| eveduteotn a( 281230 repoi i @ad f hgardouwngdswatner of Al
where many ASVs were not <cl| @abesbf castd rbiabtuot ead tt

the presence of numer ous novel taxa i n gr
sequencddhe scwhobewomd sequences i n ground
prevents the c¢classification of many species,
functions and t haleirogeaoudrie mawtcila m gEuomfc t @ loenrad n t
assignment usi ngp rFAIPIR@®TMEawp sexapl ori ng the gr
prokaryotiwhifamcwaosnal, so mepamtdevd t iiio skt allelmn te s
et . al Y02Howéhviesr ,approach relies on assigning
genel3ans ega al 2m0epot hadf urhet i onal assignment

rel ivaibdheo wermropoofti o@axonomic asaitgheepmants . 0evAaeSs)
Thereforeet angemomi cs sAtnuadnitensa ref enaagl( 220 1&1 e

necessary for characterisimnvgrihmhaof agooamidawa

prokaryotes

Th&ey | isaft atthiome rdeghwed p al asnacnepdl e amilhkeack of

sampling campai fiuembecpre s ampbas f r o mvassa nmdusctho n e
hi gher thaohalhlatardd oimi. Wweshomhegbhetesand a mor
sample count from each aqui fer, Ftaxwo uvlfd eaalcst
aqui fer, although -ttdixa tdeteesrhmil datoifoncoirse ar b
vol ume of samples (130 t e, (ZMm303eds. aamppldePs3) tvmaes
threshol-daxd @®rtaxa available in at | east ¢

rel ative abundance, whereas with a smaller
treat men@, Iwoir.ka, | »9elté6 t he t hreshold as taxa a:

1% relative abundance with no prevnalmbrce tF
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dependent thrt¢+sahkal cdadbtcukcateon, It was not p
cofeaxa of the three aqui fer s Bwistihl eussnobrad earn ctea
define the reference ecosystems, multiple sa
should be undertalded fenebbheatt@tuhe tange of
variatioencoosfysomm variati on unde Wi temvimoo ®me
samprlg r epiett itoiuolnds al so be passi dl eeotf o seyasEthe @ |

aqgui fer type.

Al t hough this staudgl ehaas driesteaanlcéad on bet ween
di fferent aquiferd,ndiicatéowasf akpat aal vari
structure within each aquifer. | mans aampdatr eme
variation of ecosystems al ong @& ogrcddeikeenti nof
|l i mestonel naqaui fecent study of athReemauh hbr m
suggested that the baseline ecosysthmen Ilvaaadle s
chemical sgHagnneaitsuarle)l 0 ZTthi s suggreestisntédm@msi me s a
of chalk and | i meshoneomagnt avearmt théfpd teisalt h a
di fferences of € otmuanqoutitefyegsre svi t hi n

I n the future, more work should be done to
ecosystem variations and i mprove thé&hexpl ana
the environmental variables used in this stu
variation, it i s commoRurirse ngr oluintdevrataheartr es t qu

selection ophemisawale VdHraivaeblae swida&n variety of e
on the microbial commuloXs (Vy |l vaertasbh®3d%B such
(faet. al »64250%Vanet. al 20X 5wadrei ati on in groundwa
communiOttihe@emvironment auchhaasableeharlgZ80®an ex
Wanegt . al 2,/2%®%b . al 6pati al cainstextpBépianet . al

2020f the communhnint g adcabod@huey. al f02u3n d

tha?92% of the community variation remained

separation and environment al vari abl es, and
increased with deptshurdfacehai agur b.alnns efsascgto,t

selection gryges ssdrrdoynige r near contaminated ¢
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uncontaminatesitschasti whprecesses, such as d
domi n(a>t6e0as) communi ty ass@mbday. prpB8escsest he

groundwat er samples in this study were fre
explained community variation by knbwnweasvir
al so observed t haitn dawsiepbebrgshaelr phryodcredsusisi d egrsa d
i mpact of envir ommdrhtealo bg eall e offoenianeuenri z i ye0s2 3

which is a suitable explanation for | ower im
near the abstractiypnkcabgehbydsaswin bt ge afdu tewnrt
t he domi nansteo phaa dteircasc oenmluiny t groaud els es ex pl o
Addi ti ooniamp ry¢vhedl b RDA model , cnmomet ra@aompsr ehensi
physicochetoemc abe clomp @ rptthaysti c oc hemi c,al s pah a me
as dissolved oxygen (DO), spuHapheempetBabger, sp
maj or i ons, and concentr ahta voen sb eoefn Fseh oawnnd t NN
| arcgopenssr @ammsystem (el ki apb20elM Maatapl
2018Baret sal 29i2rhisenal 20hBedg . al 2023

OQur Capscale mo d etl h ®esvhreaweyd n ¢ h estt kr lae sas and T
concentprlatyi an cruci al role in the community
it i s possible that groundc&wyt errol reecihmr ge mre
composimTheohrequency nofearcdénc mayjrugd er can be as
groundwater rechargetagas Poewnwidoudlay freque
water fromctame beumraf an@a¢ or ocfo nctornom (BriéimtgiMeisama o r

et. alyxsiimi lSarlipienal 20bls3er ved t hat bacterial b
showed differences in groundwadtOe ry evsiitshe ncewe

ti mea fthture,f cscdwesdeeddsh aquifer shouadsdsebses per
the hypothesis that recharge age wialhui peay
prokacymmuaiatry.ati on

5.5 Conclusi on

Thehrmee aquiferBngl and host different prokar)
influenced by t he gedchoengcye notfr atthieo nasq uo ff ebrasct e
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ntrolled by the frequency of all ochthonou
ich 1 s i nffliuletnrceetdi dory dehpaci ty ofHoweveespe
taxonemimposi tpopaoakaroyfotiicescomenuai tdi fferent
ui,fearsd similar in aquifers with comparabl
erefore, theathyploée heandstone aquifer wild.l
osystems from the chalk addili meagt came eaqd
okarcyantmuani ty csampoesdadni drhe chemi cal compos
ui fers, specifically whether .Thheegmmeniet g i |
ffemenhbensn eadbpagdaeathenadi ent of TD&Nndconcer

e t hi cokvnkeeysisn ga fishtursa,t abesi des aqtuhief ea mominnte ra
emia@adesmpanying surface recharge appears t
di vi dutay p@mari teudy reveal edméeheupreeeakteAS
oundwater that may not havliéhebearmkprre/witd s le
ta from drinki nagl sveartwea & ua creesf ecraemnce f or

nit.oring
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61 mpact of groundwatervaearhbaafge a
pl ankt oni c copmmnouknai rtyioetsiT ¢ ina PPir ano

sandstaguef er

This chapt etrh ea@idgeecAsiecnseastsles si mpact of rechar
t he syparniieafli pnolcamynatniid y ¢ o mpao ssiitnigdnre wnhatj hoirn a
type version of this chapter is under prepar:

Thespart of diahteansseatmeé oned i n pCuhhalpitsahteeb atn d
Nati onal Centre for Bi ot e cAmpoalliocgoyn asnedq ulennfcoersn
from samples collected from @r owundwdBti @ePr Dy re\
accessi oM RUUWNWMOLErG(IBIE 6B2 6-88 6 & r -oN CeBel t

6.1 I ntroducti on

The groundwat er sspyesctieantsi sheadt bpg Woekya r eysost eerst i a | r
gl obal bi ogeoc(haea mk ceatd k iclyjcdlnedsont ri dueeosystem

services, S U c hs aafgeu anlaifdtmyii anikm inf@g wabeer and Avr

20235 Consequently, monitoring and phraovtee ct i n
become a significant priority wiHohsien . enviro
202%atsem. al Ré@dearch has indicated that gr
ei ther naturnfaalncpgdkcelszZ®E06d entupme 2022t . Al
2022hoeut . al YdAdrt igricda@s esklteral 29i1dBdHU. al 2015
Voisetnal YOdmBt r oté¢ mpovatiioant of groundwater pr ok

recharge water, nutrients | ike oxygen, car bec
taxaarreensported into the groundwater. The ¢
selection pressur e on gr ouncdweagigeo | iifrediag d mm
domi nanwht akRkacan wutilise the mo@aodpeetd. aclhe mi
201Bi1I Il lengal 2,51 aectn. al > DU e utha estand tferdequent

repleni smmemti enfs anrdecdcxagdpeenh | byw uncosfined

harbour aerobic taxa, whisepacahtidnédodaapeh:
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har bour anaerobic aBu ®Ewut et PABRIac rteaskua t of
di fferences in chemical repleni shments from
cat chsmentn sahgaulilfoB¥sn deleapn)d use was found to
groundwater prokar(@mutiecin . caol mirfuéhd teeile sa | » 0 1 3

although in deepecahngmpacdwaaser (3ot | s nsghent

20)%o0ome odl Itdheeh tthaoxnaoousmi gr at ed awi clompedclleawgef
in situ microbial community for | imited res:
enviro@muekt . al 2PiIlddelte.ral 2Va@t . al 202lln shall o
aqui,f esresasonal recharge changes ¢e@emmuuanisthye st
neeatrri gi nal stpaotgete dluvan g ntdeessi on period, re

tempor al (Vdaynnga miad 2;002%8bh . al 2 DA 1deaenpde ri spd ratt = d

of aqui fers, wi t h l i mited surface connect.i

recharge ar e | etstsehprrd ffoauencamddk 4 In2;/1 64 ea uve
a.l, 2W2igt . al 2)0Dwe ttheepati ally variable reche
groundwater prokalygyoseatiladargeéudi es should b

recohe spatial differences of r e ahalradrcekiirseg po

from current |l iteratur e

It has been spartsheel i esgiguadu reddw ehtoeva geainmpaa g t

the groundwat eArnapgri ®lmanogytMdesw Zeal andisgmagundw
bacterioplankton mol ecul ar profiles showed t
o0ld>100 wedr g)educing versus young and oxi di

—

axonomic identification (Wasi @aw.balplAsftiurdnge d |

ofractured hard rochashowhahe idnsEFEyabageon o
groundwaderol der groundwater, conftlroow |,pdt Hosy
sel ethedproliferation of diff@erentMaatbppbic 8
20)Howevrea ,knowssclhhegespati al studieds eltdvenfa

groundwat er r @ rcthhaer pgaet vi aarg ioant f groundwater pr o

communi ti es.

This 8satmdg to find the grreduantd wantsehri prtebceht avwegeer

spatviaarlomt of groundwater pr bk arryemteiacc i o g mmnsueral
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sampl es and Dbtyhlemetagsrum i mgchar ge age Foofr gtrhoiusn

regionally extensive monitoring waslrparsfsorcme
sandstone aquifer wunits in England, which i s
sources in(Atthestncauna@adTHmi s aquifeexamphkeseda t
sandstone aquifers in Europe, Nor t h (CAfl-rliec a,

Jeanegtonal 00N Engl and, these aquifer units a
groundwat er abstraction and have been affec
organic pollutant i nputs, and applications r
i nje¢oildmway and ;Medage, ahdo,Revett 20PQR0O 7

However, no research was found to explore th

aqgui fer by swegiuregtcadhgAiThuess . st udy not only air
a cruci al undersgptaaviahiladnrgt paffo k a hg ot i iceacnadmmu nii
roundwater recharge age, but the dataset wa

g

prokaryotic communities of the nfsammdsmnhane orn
groundwater ecosystem health management str
n

ewer pressures, such as emerging pollutants

Groundwater samples were collected frtohme act.i
drinking water supiphny. wse a pewd ldwehssatdiipd re

commuponibheg groundwater recharge season change
Al so, groundwatveas rmearsaurgeed atgemmuend tt yi fc otmpe s i
can be rteHetleelngtoh of ti me since recharge wa
atmospheri d&memgt ahte. environment al vari abl es
concentrations, icgc bamisetteg rmemlsyus ed wadr yt hese
dependimegchoanr ge catje hment | awnads uasses e atetde rans i
control the nut,riaqgnuti fceorn cceonntfrianteinoennt and gr o
wer e me astuhreesde acsan | mpact how |l ong it takes
the samplkensGhapeethd, bacheei opl anktamd cel |
flow cytometric community metrices @©Hi g/l ow
aqguifer did not show shubhpsottahretsiiasle dc htahmag e ss,e aistc
woubhtdso have mini mal i mpact loBh atphtee rc ocSmmurnda & |

i ndi caactoendsi der abl e variati on of sandstone a (

118



along a gradient of decreasing total dissolywv
of over | yiimdyi csattriantga a p b o a gtrnmatlr iiempta citn pouft f
surface on the spatial wvariati oOhapft ecommunmnitt
hypot hesigrseuwn dwatthrar gg@d udbge r el alhsepda tioa linat i o

ofppbrokaryotiicescommuni t

6.2 Study area and methodol ogy

6.2.1 Study area

Groundwater samples were collected from untr

pumping borehol es -maeageWabgr Seveoss anlle Eng

East Mi dF iaguls)e. 6A1 | sites abstracti avaagiea rfa
sandstone aquifer uni t s, composed of hydr o
Bridgnorth sandstone groups. The sandstone

St affordshi rWor cSehsrtoeprsshhiirree, and Notti nghamshi
collectively termegdii tee Bandatbee. Groundw
interconnected pore spaces within the sandst
capacity gi ven aqu3agow%,r pwtr osvihi ¢ h of i M@i5t s fl
permeability. Hori zont alergydr aul ecri2o @dlu ¢ 1 iQV
m/ day) is approximately twice asilhilggh masawer,
l eading to sl ow rechHAalrlgen maftf.é dT/h(e~ 1h em/eyreocagre)n e

the aquifer further i1influences groundwater f
size distribution, cementati A |ldlegréd99@and
Mi crobi al studies of sandstone have encompas
smal |-t popoat 9©0z&m)O0.of the aquifer matrix of
intrusions, although preferential flow paths

from t heBlswmo maiceh d2PMOvlelt]. al » 00 3

The 47 sites were sampled twidMarahyear 202189 e
again in sumept e(mnbuegrusa2023) . Wi nt-eec hiasr gteh e

season, and summer i s t ke cthyapigcea ls eraesscoens, s iacsn

119



from historical British weather ttédeds and
borehol est hweeornef i inred aduwiofreerhoé edt IBeenrceo nifn ned
aqui fer. Borehole depthsamédmgegpgerfoma7?7 6 om Oe
of the borehole screen) was from 9 m to 147
on the aquideafh/docroofFuding | ayer, arnalindg2ze dnm.bet w
Groundwater l evel s ( GWL) from Environment

(Environment Pwemeyused?2ho visualise GWL chart

recession season. Mo s t of ad éehxl iume oinf | GWId fsri a
recharge-r e ohaprogset season, while confined si°
seasonal chang)e. (Appendi x 1
470 ™6
|
335 mas
e 3::20 :(?55 %3
7
o
Confinement T
@® Unconfined M 1.
® Confined » 2117o°1€112
7
8
6® &.%0
-4.9 -
1"'2 100 km
|

Figuflest@udy area showing | ocati onbksshoafd esda ngprl eea piusmy

outcrop of the sandstone aquifer, ana@anmdumbhampesi n
i ndi a@uicfoenrf i na@tmenh h g Bwoirtechsol es | ocation retrieved
centreds (NGDC) scanned borehole collection BGS

data E Crown copyright and database rights 2025)

6.2.2 eDNA Sampling and analysis

Raw groundwater was filteredE 61 hgrdhweeho
membr anes ( Mer ck,paUk) IFetlittarcahteidoni nwas per f or me
maxi mum of 15 | itres, whichever was reached
L to 15 L. The rest of the eDNA collection
menti o®edtsibn 2. 2 and 5. 2. 3. The eDNA sequen
the Mi Seq reagent kit (v2) on an Il 1l umina Mi
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6. 2P.h3y s-¢c t®miamall ysi s

After eDNA sampling, field measurements of
di ssolved oxygen (DO) were conductEegr ailséd sng M
connected to a flow cell to avoid atmospher.i
using appropriate standards: pH (4, 7)., con.

(100% at mospheric saturation).
6.2.4 Flow cytometry

Raw water samples welse ecol eecteend riihufe bott
40C for a maximum of 48 h before analysis.

concentration (TCC), high and | ow nucl eic a
bacterial intact cell comcant EaQyutoBRFI(dWC) a
Cytomeher same protocol mentusoendke.d i n Section

6.2.5 Dissolved organic carbon (DOC) and tot

A Gmsample was filtered tlhPEGgMmembaANEAmMf What
dry HDPE bottles, and dissolved organic car |l
( TDN) concentrations were measured using an
Anal yseGmbHpi kangensel bold, Germany) wusing t
i Sectd.on.

6. 2.6 Groundwater recharge age measurement u

Groundwat er recharge age, or the apparent a
three Chlorofluorocarbon (CFC) compounds, [
C2ClI 3F3 (CFC113). Measuring these anthropoge
resi dencfe tthiemewaot er , t hat i s, the time since

the atmosphere. The apparent groundwater age

121



| aw constant calcul ated at the recharge tem
(Goodaety. al 2006

CFC sampling and analysis were perf oGsneed f ol
et . a(l®&w®dQodelly. a( 200EBFC samples were coll ecte
under a water jacket to ensure no atmospher.i

chromatography with an el-CD)r oanf-¢ceampctgumrteer ad e toe
using cryogenic methodsCFTCTheodeerttabnohi mas
and the concentrations were determined aft
temperature, pressure, salinity, excess air,
to the bul k air standar dmondadlolra cmtge s taatt i aom a tr
net wor k.2 ¢RR& been shown to be the CFC | east
UK st Harelsitngal Y&nd® hence was wused for recha

hereafter in this paper.

6.2.7 Land use pattern analysis

The UKCREHLan0d Cover Map (LCM) was obtained
reposMboesy¥bnal YTAenvwi ronmensodAgee@cpyprotection

(SP1Z) map was downl oadedEhvomobhmenoppoddheuvur ckg

percentage coverage of eacii wasdcade®iudattemor

ArcGl S Pro 3.2.2 ( Egsarsi )meznotniaoln esdt ai.tni sSteicctsi otno o

6.2.8 Data analysis

Al | data was analysed in R v.4.3.2.

6.2.8.1 Bioinformatics

TheDN#&equence data were processEadl bsitmag |t he

20)®equences below a quality score of Q30 w
adapters were removed, reads with a maxi mum

reads matching against the Phi X genome were
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reverse reads were merged. The sequences w
sequence variants (ASV), the read frequency
calcul ated, and chimeric sequences were remo
the SILVA Sliatvahases g2@2PAprahnhd the taxonomic

ASVs was done in Kingdom, Phylum, Class, Ord

The sequences were rarified to a uniform se
filtered to include only bacteria ammwhidrechae
rarefaction is((Sttimé obesthepedctsi ae chaned of u

di veThieref ore, downstream analysis result of

in App2thdhsgsure consistency with rarefied dat

Processed seqwemei amgaldyad &d cuoierc @ itpia@EReatg e

a.l 20ZTthe rel ati vienkeSVeasaocnakdof abeved by Shar
diversity i-€@dexiandi Bsawmi larity matrix (betse
on the relative adbmudd&fcRiscsedmdiASSSVismi | arity

calcul ated based on presence/ absenAealppnsitern
of similarity (ANOSI M)t iwmae| gteirvieo rareuwn i an ccehse ¢
t he samparged signifibentkbghimpeegasedatsbn

recession sampl iTng fsedsosnmampl i ngprsoiktaersy o wi ¢
commuti es, hierarchical clusteringCuwas sper
di ssimi |l gandyamdendrxogram was constructed u:

Murtagh and L®ASntHheuettDé4dpdPpt st Awaeachretheat
seem to be an opt Dommt fipvetsl| wdt erresl.ati ve a
domi nan(itmgamxar el ati ve abunidmn&z ehimorar)dtthianall?

eachhh erarchi cal cluster was @amedgt o heiTel alsit £
identify t he domi nant prokaryotic t axa whi
abundance among the five HCs, a |l inear di sc
(Segatn . al Ywas perfor med. To assess t he r

environment,dalncVtadiralglheash ggen tldhgge okar yoti ¢ comm
di ssimi dadisthasereDundanfogl ysi s (LaelhRDAY e and

Ander sonnwadg99per,facnrdteadl ueenvdrmr onmentoff idgacvhal u
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environment alcavanil alilea usiwmags eme.gdloorn t(edndsuu e c t

robustness of I nterpretation, anot h&rn cebRDA
di ssimi |l aApbshtoma tMainx e | test of sBpeaweman Cor
Euclidean distance mat r iaxntohfe é&BRrwaiyriosn meing @il miv

matrix of pr okiaersy owai sc pceornfrournmetd t o test the &
in the environmental variables ¢&nmoutstee adi ff e

199 &inally, boxpl ots of environmentwelr evar i a
prepared to check which wvariables significa

community clusters.

6.2.8.2 Statistical anal ysis

ShapWirloks test val ue of p<0.05 indicated a
cytometric TCC, %HNA, %l CC, DOC, TDN, DO, p F
no-nor mal |y (@Sihsatpriirbou taendd). WAmM&ng 19MWé& descripti
t henterquartile range (1 QR) anmde peoerdti aMsnt @fr
typirceaclhasre@qegondata were plottead pagaiensssti osum

seagondata to observe seasonal changes i n €
Wil coxonr ssnkgnexlaad persfformed to test,afnodd si gl

results were wap@iet ed xwhi, PAd PP nci pal compone

(PCA) was performed to find the ass@oidti ons

et . al os8Boxplots were prepared for visualisa
variabl es across di fferent hierarchical c |
interquartile range (I QR) and the median, th
the |1 QR paonidntanbyeyond that i s(Md&emed|l Y®Baobde an
al |l statistical test s, the significance thr

p<0.01 for moderate significance and p<0.001
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6. 3 Results

6. 3Rell ati on of seasontadr mercdhamaragghea nalddvanegr

bacteriopl ankt angl wadheennirsattriyo n

Groundwater samples exhibitedahoexbeasgeial
(1 QR=5BF207Fd®Im)s/with a | ow proportion-of hi
33%) and i nf22¢éd) .cdDlilss ol ¥2d organic carbon (L
| ow €00 .93 mq/ lc)ontrast, tot al di ssolved nitro
10.7 mg/ L) were high due to [(Reg/eedy anixtOor0oat e
Groundwater was3.s2ulBox@Gd abO@water pH was sl icgc
(7-726), with | ow780n08ctt-inprietcthFafudgxx9d at a i ndi cC
variable groundwater recharge age, ranging f
with an | QR spanning 1968 to 1988. A distini

sitwaswbserved -ZFiAQu,yrewi6t h unconfined-14i tfes h

mg/ L) and-OD@®C mgd.L§ <concentrations compared
0.-4DOC® .-#.meg/ L) . The confined sites 4xXWAChited
compared to the unkdhkG)lined sites (10.6

Themedi an arad uierst er guafr td thywesdricemmgveasali abl es di d
change significantly .i rBultee e we a edigrt fmeor@ae nacgeus f
i ndi vsiidtuwedsli ch were refl ect eWi licno xtone tpeasitr wsihsoew
among the flow cytometric pasbgpeiEreanbontdyo
winter (medi an=26 %) to summer (18 %) (v=257,
there was a drop i n TDNcdwWeEert, ¢ ¥Ed0n N0sOpl< 0 . aOn0dl
along with an coctcemrg®aethiBIdydPOP<0. 05) , pH (V=C¢
and temperature (V=1178hdipr<éc t0i0dn . aHdb wena @ n |
seasonal change of any variable showed no ¢
( Fi gtrAe 6
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PC1 (35.3%)
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Fi gur2eA.6 Groundwacdpelrantka@omemni r aaxtuitagn ent ammcentr

physdlemivcaarli abl es showing summer versus winter
Wil coxon paired test results for seasonally sigl
reference; B. Principal component pl ot oafndt he en
l ength indicating | oading direction apnsdhaagnmeosunt
indicating confinement and colours indicating sa
A principal component analysis (PCA) showed
(PCs) with eigenvalues greateri nérami 8h e xdd taa
and the | oadings of each variable along the
18 The PCA bi 1. osBhdq We ldjautr et e unconfined gro
shall ower deptbseuvhgenmgpnketiayaebanger r echarge
strong positive association wi t h DO and T
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association wi t h DOC <concentrations. The C
perforation deopvtehrsl yainmlg s shpgicakietri vel y associ at
and al kaline groundwater with | owMolrDeNoveDQC
bacterioplankbdaomtiT668g hpdsitive association
correlasOip&m0. 001) and a negative assg&iation
0.46, pkOatoOobLygher %l CC and %HNA bacteria wer
groundwater. PC1 & Rien eaa bndeach a3d5 .p30% iotfievceh a rogaed i n
age (0.24) along with TDN (0. 36), DOC (0. 3),

(0.28), t e p Sr8gteurl gy i (tdhi < tkndaetBar ) ( perforation
0.34), -06HN)A dnd0.®W3OC (PC2 explained 13. 3% of
a strong positive |l oading of bacterial TCC (|

(0.55), and negat iOve& 31) b eachedh g 6 e-@ .8 2(@YPphpE(n d i x
18)

Anot her PCA was perfor med tuws easpatstse rtnhse ienf f
protectitlon SBPZnen groundwater cHemiThter yP C(AA pd
showed that most samples with an unconfined
arable | and celvegslgwed na SHiZgher TDN concent

relationships between-uslee miagtergyorard aterer olba
6 . 3S p2a tviaailioant r mfk ap y ot ei eosf mmithrei tsandstone aqui f

Amplicon sequencing identified 28,691 uni quc¢
comprising 85% bacteShanaod dbWwemsichweandi c
from 4. 8heohbe8archbaagkdcbus@ubdretiilBgy adyi st ance
communsehowed that t he pr okapotodnbce acbolnarsusnii ftii e
nto fivVeiglBrsetAvhsi ch was found to be the opt

using a Silhoue2@Aknapllyydi £ Apfpexnidmixl ari ty (ANO.
seasomiafft s in relative abund@nke, weaCa®)}t ofi
the sites in .t hTehefineegadliwset eR sval ue al so 1in
variation within a season was | ar d&ragrhaam t h

and Under wpbhle de&mdr ogram shows that seasona
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The percentage of ASVs classi bwed antbowet al
76. 2% ASVs were classified into a phylum | ev
an order level, 30.1% into a family I evel an

potential s of the ASVs werelLoassessgedO0dsing

However, due to | olweviedvedssigfBgmsenusuncti on
assignments were dEemecddaantl YTdleirabhloe e, a re
comparison of functional pot entainal s oitn rtetpe r ft

in the(Appeadd} bx

Significlammvtelc| amde vied midliyf f erences (p<0.001)
identified using LBf SEHaPmhlbyusnidan@rRrisgtofepti a,
Nanoarchaei a, Met hyl omirabilia, Ni t r,osansdp hae
Vampi vi bhaonioa hec hearl aucsttesrrissed cl ustBhes HELILIN ¢
di fferences between HC1Pandu bl&@&dtuenadraan cteh @ nh iHg
and theGammgaemrot edlaand Te redsar iaancBRehaoed ocy cilmc e ae
HC1. HC3 had t he hi g hGasmma mbathnadamamt e b & a
Gallionell aceae, Hydrogenophi |l aceae,an@omamo
Bacterdiadnotames OPGCh tli7Tnoph aAlapcheaper,ot eo@adt er i
Pl anct ontylceest seess . The HC4 and HC5 <clusters h
Gammaproteobacteri a, N a n,o aaNridt ar eoi sao, scplPaasesrai daa c t
The differences between these clusters were
Gammaproteobdatmrliii®al | i onel |l aceace, Aci di f e
Commamonadaca&me higher Ebonoaaoi a&mi dIC&SLT
AAAO-DA, GW2011 _GcwealN“vdtZr @as5odmhdd iyramsopumil ace
| n contrast, ghHeCBa mmapdr ohieobamt ETemsler i aceae,
Aci dithiobaciahldacda@mnliitersophaceace, Met hyl or

Nitrosot &€haéeceaehagacea
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6.3.3 Controls of eannvdi rroencnneanngag r avgaer ri yaootl iecs

community differences

The dbRDA model parameters showed that 32 Y%
abundance was constrained by the explanator)
dbRDA1 and dbRDA2 axes representing 35.9% of
of the dbRDAA2 aonrddidibaRD ons indicated that th
separate fields ovie r @lsissa aii abtueted owi talmdcertain
vari abl es4 . ( FADgudd® R®A model bas®ddcendiiBBesi B &
matrix &howmaid atrB4®%30af ttkwée community di ssi mi
by the envvaroinghalpgpsahdEIxe2&n outsi ebedfoinfgteede nt o
HC1 andclHCSHSt md sASWvsaddeaeper ,grmlucdhelrwat er sour c
DOC, DO and TDExpet wateenf.oHUO4 saintde sH@dls tcl ust
of the unconfined sites belonged to HC1 and
bel onged to HC5 <cluster and the ASVs had
groundwater and higher DOC, DO and TDN conce

Among phesdhlteemi wafri abl es, significant (p<(
environmefnheal cémstrained portion of the prok
were made by TDNMyv,eD®|, 0omDgPOCwWi th weaker but si
contributi-lo2nsecbtrg@evCr |l yindhisknats, perforat
and temperat2Qire Th€EeaMaet & | test of Spear man (
the -Buayis distance of prokaryotic communi:t
(p<0.01) <corirfefl ant ecov@e sniytint gdi skmnat s , perforat
TDN, DO, temperatur e, pH, ahe wealkyer gaenar r e
borehol e de®t.h L(alnadb lueseb c-avdrdgeotnsBB®W any
explanatory power or Mant el correlation wi
communiAtdide g i onal | vy, the geographic distance

significant corr-@unrati ®nc eovinhinnitthy @irfafyer ences
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T HA? ITHA? ZEU2RI YW ~¢c Uqlla WHY
¢cUipueci e U HY WO RARPIU
RUI RA¢CqYIl t2¢lde JWRUI
ERNDUU2c¢cd 2. 8 1.5
Aurécl nyo. 9 0.43 0.16 *** 0.17
§211 G!RU-0.95 -0. 3 033 **~x 0.43 *~*
AJI nYl ¢q -0. 96 0. 27 0.25 *=*=* 0.32 =*+*
i Joaawl G -0. 98 -0. 15 0.17 =*** 0. 17
N ? 0.99 0.07 0.67 *=*x=* 0.42 =*+*
?8 0.7 0. 71 0.64 *=*=* 0.31 =**
?789 0.7 0. 71 0.6 *=*x=* 0.13
Gc -0. 99 -0. 014 0.11 =*=* 0.33 =**
NIJGGUIl ¢q/-1. 0 0.00 0.28 **~* 0.4 *~*
9YUT eAHqRO. 27 0.96 0.12 =*=* 0.11
| ¢HOG WG 0. 47 0. 88 0.01 -0. 02
]1e¢ttaeU-0.35 -0.93 0.08 0.05
i YYTaeUT 0. 59 0.8 0.05 -0. 02
Ol AeOwWwel 0. 48 0. 87 0.01 -0. 05
Tabl € .Tabl e of |l oading of environment al vari ab
environimentoffietach variable and Sped&mamart)hcenfr el a
Mant el test of cor-€Ceftatsodi EvaivediafafiBairaggnce mat r |
environmental variables. Significance | evels wer
and Irramgle al ues are in bold |letters.
Boxplots of environmental vardi.abBl)e ss hibrivetdh et hfe

prokaryoti c acocmmu mitteideswi t h younger grmoundw;
clustel$ QREFI098&Nd HICR7203Ber e pri maiinl ¥ hgr es
unconfi newi tahgusihfeelrl ow gr qumMRReat edapbd 52 s
m; bor ehol e-27d6empa mhd= Mil@gh TDN Go-128 amgt/)ridJahtei o n
mai n di $bfeetrveenecre HC1 andveld@?atc ltubsed eHG2 cl uster
DO6(A my/ boded DOO69 nrgdnc)entwiathi anshi nner ovVe
strdfajdmnd the HClhchhert(el®OBaghut) | o@Be+5 DO
6 myddncentwiathi arhi cker 2lvlejnPryoi knagr ysottriact ac o(mmu
of HC%6179 §®er e associ at ed rweacthha rggred uagpuivisd dyre r
than the HC1 anpdndHCRO%|lwfsttehds he@onkeisnaever @q uinf
However, al |l the sites in HGH perifgirmdt edi fdre
2057 m; bor eholl2c06B8eanpoher | ying st-B84t)a atnldec k ne s
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rangersDbNo-8.46 mg/ L3 . 8 Didog /(14) a-06d6 Dm@m@/nlcPe.nSt r at i on
were | ower than HQler apkdec HER Mmu ntelsnHEEA isn t e s
originatéendomfm newli tahg uti Hiem ov edr INPluchee psetrr at a
groundwat erpes ¢ wrdeedpst h0-52 m20 bodepo R 8-27 6)m
However, the recharge ages of two sites wer .
showemodern (2023) Trheetdar giet mxgeal so Bad | ow
mg/ L), -BDO6(igB8BL) and mol.e§ ancgd NR) @@ t.(O& d& s h s
groundwat er rechaasrsgoec i amagesd waerntér the communit
(19-3336wWwhjch were mainly composed of confine
sour (pegs fodapit dRl2 4888 b dreeph ni3e28m) with the h
overlying stralh6 tThiec kgrireosusn d(wla8t e r -1wla s9 ) w aarnnde r
mor e al kal.i9ne w(i #.h5 t he -0l. dwersgt/ LT)BN. EOWChd(/®n d

DO (.42 mg/ L) concentrations.

6.4 Discussion

As hypothesi sed, this study f,oubdctéraito plnant
concentarnadt iroenl ati ve abundance of prokaryotic
winter recharge and summer recession season:
true for both the shatéoweandveeepberhsi tasch
But agreeing with the second hypothesi s, [
communi hi es ar nohi d alamcel puesrt earnsda gcuoi sfdeirmears e

associ atnad rrwietnt ol der groundwater recharge ¢
from the commanat chksdailwsrcallul sotweerrs anaqg winfceorn f i
which were associated with vyounger rechar ge

concentrations.
6. MReason for the | ack of seasonal <change in
Three waasbsaemnce of significant shifts in bact

6-2. aM)drokarcyommuai ty compo8it ApnbéFwganer 6c he
recessionsse@asdtnisng s(rew hae glelh rrggdyee ar pugh

133



sandstone inter(AlrlesiuladnpY@gaerts seasonal c han
commun.i tTihees @& fefcehatr goef odtelpee nddiss t agmr weau nadfw attheer  f r
the surface, as Wweatt aset(owmmuti dvecdhongppp.r e sur f
connectivity reveal eadderreicvheadr gbea citnetrrioad,u cwehd csho

to the groundwateandiemgi tonmemntni directional

strudWaureet . al 2;0/2a%®hld . al Y02Clonversely, Lhinhheal | uvi
shall ower aquifer commumi depshrebodedgmat e a
changes than de eppreersaetnotenbm odiet(@temsc 2a k al 2)D 16 b

indicating that with increasing depth, rech
intergranul ar aqui fer. Addi tionally, rechar
agui merse than por ousumrgeus tfirgirtcst leddi ent o f al |l oc
prokaryotes through | arger fr@gct wreeest utaHan s

202.2 Thleowecharngeo the sandstobhemadquwi fledr2 tmh rtol
overlyimag stimat gheagrnottbkbead to changes i n w;
all ochthonous prokarwiottheisn ionnteol sieiebsfoatg t1i t & e
groundwater hadofrer%@a4 germadedead y 11 sampl es
groundwat er riencdh actabtenonsggepf t he groundwater

very slowly over many years.

Notabl vy, 11 sites showed recent recharge ag:
seasonal shifts in prokaryotes, nutrient con
Recent recharge ages can be due to the prese

fraes(@rroreitn al 32003 due to sampling or analyt

possibilitiesamnwkseenwitngt etshteedr ol e of pmefere

seasonal sampling was not.within the scope o

The | ack of seasonal Kaemplliimg trme patpi. toiMn 1t hwea ¢
peak toe@lantge changes in groundwater pr ok e
signiftcaastpossible that with the slow recha
in groundwater prokaryotes may anooual stample
in recharge and recession peiwbed. eavVéa@d®dnyul t i

Wanegt. af{ 2)Vt2ccbobserve the prokaryotic dynami c:¢
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6. 22Rel ati on of prokaryotes and recharge age

The swatrdmltaof prokaryotic communities reveal
groundwat er recharge age antbhedoya rnagd o | col gai scsae
such &ammaproteobacteri a, Al phaprotamdact
Pl anctomyespectingdCl3y, IiHC4 &andwilkdtCth deeper and

wat, @i ghlighted the reliance of the ecosyste
processes and specialised nutrient dyeding,
Maamet. al 2MaolsSleety. al 2We2@netr. al YOAPpeadi xXA | arge
fraction of the communities in thehd®lal | owe
HC2, HC4 asnidtveddiC& composedOmmfitcbpbbsas?Parcut

bel ongi @gndtiadat e phyl um radiation (@@RIR) b e
Nanoarchelkomaging to the and DPAGHNs agiclhmle al s
201QG1I s . al 29e€283medr. al Y02Me mber s of these cl as:

to perform cryptic carbon a-ndtmiigmtoggnolwcrya

environments and are capable of heterotroph
parasi ti Casitfeelslteylersd ;Bhatdbbdil 20i2d&st . al
20Z28ehr sétadal 202A1 conceptual modeffemédnepeese

prokariygoitveesn i n5 .Fi Qlue e 6prokaryotic communi t
related toptdhejinmirsylatdi dlhe rechar gea agpmpatoiralctht
gradient ZJAppendi x

The sites bboitOG2dg{ Rigg)tomead t he youngest groun
agde QR=1-2DP23) and the highest TDN and DO conc
influencecbhargkeprocess on the communities.
wateod| be due to thinne2r. 4amyeranydi ngh asltliroant ag r(
source via per f3c6rnat i(odl gaudBpet. 6Th23 hi gher DO co
t heC2 sites could be dbevétbs tihet d ractkr copfhiZOC
oxygen.piTchel togl i gotrophic groundwater suppor
domi nat ed by ul trasmal [Ommiettreaphira,p h P arl cawsk
Nanoar cwiatth acryptic carbon andamdtpogenticgklk
parasiti(BebhivéestywleNdc&ufes!|.dal 2B@BMmeur al 2023
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Ti et . al YyMdmi nantkteyopfi c al ni tNn it fr yismg uadnmadnialc g a
the amoanidd aimiNdg yr osotlal gleilcieglet s the I mportar

oxidation and nitrogen cycli Mpqginetrt heYehallo

|l nterestinglPar csudbiakcrti k@i gpeéy genetic streaml
al most half the size of genetic material whi
environment resultin@hbndabsgympo diiec albiuhaelany

oParcubachteareifaor e may further strengthen the

surface influence and younger age in this cl

Groundwater recharge biigSON, DO etc.

JL Lo ] ||\|\|\\

'\I|lll

: 4 s B
7 7 o 5 P
50 8| H Y i M ud Unsaturated zone
] 0~Hi o P i DO=2 5mgiL
3 Sy et i il n DOC=0.6 mg/L
© g [ 7 2 o -
ol ~50 r. old
b e v
% gl 7 m Chemoheterotroph
&, | - 1 |
s -100 H m E?yr::giunctlons Hcs_
o TDN=10.5mg/L ' TDN=9.5mg/L = m = Autotroph TDN=7mg/L
- 1 DO=7.5mglL DO=4.5mg/L % Lai v M DO=6mg/L
= DOC=0.7mg/L DOC=0.9 mg/L 4 gty nd
-150 — ~40 yr. old ~45 yr. old 2 pe & ;N !
Chemoheterotroph f{ Chemoheterotroph, M i, g g 3
Parasmc Parasitic, A ' Chempheterotmph, T
-200 — Crypt|c functlons ;Cryptlc functions = Parasite, X =

‘ﬁ i = —— -ﬁ- wr--—.,.h Cryptic functions
ﬂ r_* -5 ._f .74 Autotroph

Figur-2.Cénceptual mo d e | il lustrating groundwat
groundwate#t rofasBRercmesandst one aquifer where each
t hei erarclhi ctadr s and medi an concentrations of |

rechargedage pamtk ar yote types are given in boxes
orange | ayer is intergranul ar aquifer with grolt
| ayers are i mpermeable | ayers.

Sites beltdhi@icn gu ttroerc harlg@R=algk®@ 5 represented
communities which had the closest resembl anc
commonalities wi t h ol der grouh)dwatTdesas sem
domi nat ed byaqunicfoerrf pssietsless sed t hick-@dmdpvbut yi
similar perforati omhlaG2p tshist ecso mpwahriecdh tmeay e xp
recharge ddge dwegteds travel distance of grour
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saturated aquoeferf. tHewever, DOC concentrati
cluster, which could explain the | ower DO co
Despite | ower surface connectivity, the high
indi clagreesence nof®0&mWm soGCreecs ek al 29R&nt . al

20235 Li ke the HC2 assemblages, these sites h

but | i ke ol der water, GallsioompalslBecdeady abaoedac
Ben Maemapl 2alkbes. al 2021

The HC3 cluster had the ol de@R=0QADIH 7 d Tehtee r
deep confined sites with the uniqu®2wecC8 pro
domi nated -obiydiisrioorg Gaadtldtornceih éh c esauel xpihduirs i n g
mi xot rtbypchr ogenophi hdoege wptéasenbe of deni t
Rhodocycl aceace, Co ma moro = s dnichkei ater o sopumhbdaceace
anaerobic carkkanw. PP&EeEls's Magma |l 2DdKas . al
202Wegnetr. al »Cafmamo n a dancBlaaen ct o myrcee tkensown f o
t heir ability to degr ades compmekete@ e mpn r e p
Maamet. al 2015 the ol dest part of the aquifer

and TDN repleni shment from the surface, ch

sustain complete redox cycles of nutrients &

expected inatkd deepndsater in the fractured
pristinegBagquiMdemspl| 20I1yatn. al 0I1A3 a result of
rechargiaged perturbations over a |l ong periao
adapted to efficiently cycle the availabl e

species for each other.

ThelC4 and HC5 sites had many similarities al
young and ol der grounfwatdhesages wg Fcuise e
intermediate gr 6 Q@QRdWa2602r0 ))mdjiecsat(i ng | ower i n
surface wahtee rHQHIC@nn dbaus mor e i ntf HHCe®nictee 3 thea n

entry of recharge watslroweing ot ® htelse matlesi taa
the deep unconfined HC4 sites44mjl oherthiog
confined fAndednkEGS sites. Lowert hDd@C4a rsd t leisg h
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compared to higher DDh ea NnHHC 51 oswetré sD@CFiignught 6|
related to the fact that the presence of DO
the HCS5 Motreswver, hi gher DOC concentrations
Il i mited surface connectivity furnthhem gann engt

carbon source wihuthimott hiers et s tseist es bel ongi ni

DO poor amidc DOKEC4 sites, the dominant auto
communi bhg©6s orfail potenti al t o perform redox
Gal l i ongAdiaciefaeer r obaammoaceaeo Ni daobisopuimmiyl ace

anaerobic denitrification andComamwmlinex acaaéc
Jakes. al 2M®slleety. al 202z asvta. a2l 2Welgpbnetr . al 2019
The higheDOfFrDdhamaddoDOGHCS5 sites al so possess
and S cyclmenfpanei bxi dati on potenti al i ndi c
Acidithiobacill aceaéleandnaMephyYylODddi natbohli s
201 Moslety. al 202BRohlHC4 andsiH@Pedss sessed similar

younger water babergbhggGeoandeHC2. Li ke youn
ultrasmall pr okarOmmtiégs owihtihai,n Pcalracsusheaser €r i a,
al so prthlseOd4t ainnd HCS5 sites.

6. St udy i mplications, l i mitations and futur

An interesting point prevailed in the study
along the TDN concent rdat iAn gwha cihe nata s( Fhiygurt €
an artefact Chaptdamartghee igm oundwat er of Eng
nitrogenrase, with trace amounts (Bfuethermnidn
Lapworthln?2EAdagl and, nitrate contamination of

and point sources has been (R _vmeatjioar|l YWwWadl/lee qu

nitrate in sandstone aquifers i s stored in
released into the groundwater wi tlanddawmwar d
202322 The nitrate arrival into the water tabl

and reached a pl dgWeenaeut .ianl YtOhle2n 1®880s study, t|

age and TDN cwenrteenndatioome rel at eda rmeanmn he

groundwater recharge age of more than 65 yea
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foll owed by i ncreasing TDN concentration é
decreased45 rymand in HCA4, HC5 and | ess than
(Figtr)e The gradual change in prokaryotic col
indicated that ant hhropogeni c nitrat@€heont ar
presence of some autotrophic taxa may sugges:
nitrate removalotihse rhsi.g hFetrhgeehacammp@d te | nelr @taisv e

abundance of chamdh@aisbt onahBhodaeycilmcH&ze,

HC4 and HC5 could be related to denitrifice
functions of t@EesetproRBRALCHOUusL,S nitrate conce

prokaryotic community structure in groundwat
test the impact of anthropogenic nitrate pol
the nitrateportemdfdiadh e e efwrstybsaregnss. al 2025)

demonstrated that even withiinalmimasganadnde gaodil
the 6baselined bacteri al communideipesnds hgwo s
wat er chemistry, @Gleanvalsitmread i g hbat a singl
constrainedmanwelad paw.adglfifa btihlei tgyr oundwat er eco
in the minimally polluted gromaumtdiwau ocus ISy umaocrei
over a long time, potentially this rfarngre of

nitcaneamination related variati ons.

Thi s study al so showenmmutnhiatty pveaprl aadtgiootainc t h
hydrol ogi cal conditions of t Bencdimsecrlairadlat ed
(208hpwed that tthe@empleptihs olfess I mportant tha

flow |l oops and how far thosealobbppstuonadbroofg

case of sandstone aquifers, someckbanwétutagee
a thiovlked yi mgrds tdreaetpaer gr ou wekewat eorb.sed wresle ¢ s

possi ble because of the |l ow v-égrfiBcanl dhydmau
aqui fer. However, outliers I n each HCs I N
hydr ogeodxmlyaitno regi onall yoeatensiaceéupast enap

pat hways for surtf hekee pvart ep ari tng (Edof r ietmesée.nagqui f e

2021 Similarly, fractures in deeper sandsto

mi crobes and nutrients. These scenari os can

139



prokaryotes, similar to shallower unconfined
wholalcxounted forAdadi ttimmamodslyddpe emphasized
hierarchi cal clustering (HC) approahdetegappl i e
reveal groups of sitewhiwiht hi nsc¢ tmeéaiaal r h acribdm maugne
Simi |l 8uidadess .not defifneafefanc | addhelssdsddpuielf er .

With | arger sample sets or under di fnfoer ent

al wabyes cl assfiifyve dcliwndtoer s

The prokaryotes present at different sandsto
which can control the | ocal bi ogeochemical

these functions were not we l | described usin

uses kmokmrpgotic genus to as(lsog@ad f ahgoiloénal

However, gi wyem-uelvaet ®@lsesi gnmentverfytpeorAS¥Ysen
16%), the functional assignm@é&nt swame trhatn gr élhia
al so obsEhapbieafeat’ oh. 4) . This resonates witdt

Couteotn a( 202h)i ch emphasised the | ack of grou

in gl obal dat aboarsiecss. aMpoprreo ameéntess s houl d be ap
groundwater prokaryotainad deéireoneatsadqusersc esshoul

with the prokaryotic taxonomic classificatio

6.5 Conclusi on

Groundwater e DNA md thasbaanr dcsotdoi nmneg  aogfu itfheat r ev
groundwadt¢crraggeempacted wvheoampaft i ahe pl anktonic
communities. While seasonal r etchram gree cshawged
of groundwater controlled the nutrient conc
prokaryotic commaal astesri By appmgach on the
similar community structures were related toc
similar chemingtrnynpalkthe odtrt ot @aTDdpeasehvedt no
on the commeelates to nitrahe sngputof aadt hhc
pressure was observed on the prokaryotic co

aqui fer wer e general lhyar boaohi nghn Mmeaitteri etnrtsp h |
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organi sms, and as the groundwater get s ol d

depleted in the deeper zones of the aquife
autotdomhwpn.at EBhe application of amplicon seq
understanding of mi crobaa@ui,fodainmveemaiingy li inmistaen
assessing functional tratltevel Assttulde esumlmergr
mi crobiicsmesr easi ng globally, t he groundwat e

considered as an nigmpfoarcttaonrtv acfroindtireodtdipa tpir mlk ar y «
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7Concl Wdisrcgissi on

Thi s chapter adbiexcHew et Menit $ fy k notwd eeyd g e
l imitations and future directions to charact

in other parts of the worl d

7.Qverviewkaftyptic microbi olodg)¥nagfl adidf

Thi s t hesi s investigated pl anlkvtidrtinr egr ok ¢
hydrogeol ogically dTisitascitc agandetrend PeCmet a
Jurassic | imestone) using a combination of f

(Figulr)@h&es uletveeal eodn tthhaet -havdilbfnfadr ent aqui f e
possess Hatfereoph amdkdpoaek ardy orteircsi t vy, taxono
functional potentials ast hepht eampocdat fodni ent

prokarcyaotmhct(iFegu) ¢h& key findings obtained

thesis objectives wer e:

ObjectToeopti mi se prokaryotic sample coll ect]

groundwater systems with | ow prokaryotic con

Key outcomes:

T For fl ow cyt oonfietbraicct earniaolpylsainskt on concentrat
condition wa si ncchuobsaetnil®tnb oabte 1202 mi nut es, and
was applied for all the samples analysed f .

f For eDNA , $t éthrfagktoer s with Polyetheamsdl fone
0. & pore( Merzeek KGaaA, Dar jns wad e, ,saéntde mfacery
eDNA extracti onQifargoenm tDhNee afsiylEt ePrasas r $Vat ec Ee K

and used for all the eDNA sample collecti ol
condi tisehmewdsed to be 15 L filtered water or
was earliest.
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Obj ec®iTwe assess the controls onvaheaspéati al
bacterioplankton concentrations in the three

Key outcomes:

T Spatially, the bacterioplankton tot al cel
di fferentThgeodiogn eB CaLb ometr et woi gthiemesi n t he Kk
|l i mestone th-porosi thwecldalak or i ntTdregrkamrwsita
aqgui fer with higher surface connectivity a
had hirg@leéran the intergranul ar, aviarcghumdr @ or
I i kefliyl ttaor s whust anti adl Ipoolptomanmno@ums ofr okaryot

T Seasbhml| yot haquisfadhexd0 % diolfutlu@@nn gr oundwat
rechapogteenti al |l ycadmuteaitmi nvptleaw cel | count s
fam he unsat uormdgerds-pzooansesTurCe atartshte &knd sandst
aguisfigares r emad wnendt sdiabd esieghaameead dry wint
warranheomlgl ecmomen fofeqaeaeimodat @ xpended of

ti me

Objec3Toeassess the Iimpact of aquwiaffiimtgel!| og

groundwater planktonic prokaryotic community

Key outcomes:

T The spati al vari aommumniitny pcrsoskpaprsyeotteidcn tco b
strongly rel gteeod. ding e asgiwdiibkceant des agpuwnief er had ¢
groundwater prokaryotic communiundawodteh a |
Gammapr ot ep b aBcatcetrearmacdO M1 A 0T h e carbonate c hal
|l i mestone aquifers had similar prokaryotic
ofOmni t r,cNmmioar chrma®e bhal ocoamndi dihae, main di ff
bet ween the two aquifer sGwasi lai dnradgBh¥elmi a b un
chaln@ahi gher abuSnadcacnmmaen adglfna | i mest one.
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T The prokatrhgeainelstiome aqui fer are knowh to hi
capabl e soef nteitvaebrol i ¢ functions. The <carbo
aquifersulhospsedgkadrrcyyommuan, twietsh small er genet
and reduaole da enggttradba | i cThuschai ogesed with the

ressulshoai hggher proportion of high nucl ei

sandstone aquifer and a higher proportion
chal k and | i mestone aquifer.
T Insicttal k and ascpuElfsbm oen tgrraatdiioennt s i n tot al

nitr dgemi nated &iyd nthirgatadissht overl ying S
contedl t hevarmasttiodl t he prokarkHowe\cerc,0o mnuawr
prokaryotes with demeirter infoiticrafdo whad @dgeert ti iad |
f oarnt hr o proigternatce attenuation in the aquifer

T Large numbers of wunclassified amphkoownsedq
functional i nditceanttesdalb s tgaarmpt i iah reference da

prokaryotic genetic sequences.

Obj ec4iToe assess the i mpact of r evcahraiagte o& g e

prokaryotic community composition within a s
Key outcomes:

T Low groundwater rtéehasraga sit atnehsa argauseudletr ama 'y
seasbpwpathanged pr okarcyoontpiocs ictoinoomuni t vy

1T Overdeaxapati od, groundwsh &Ir | aogesirf eert ghel winre h
overlying strata resulted in higher TDN anc
of agaoVvVered by thickemsovdrl|l yiendh astighea tag e
TDN and DO concentlrnatdieoenpse sde calnidneodl.d e st gr
and DO concentratiThes pwekar mmobhi malcommuni ti
the graciuemt eonf concentrations, which was
recharge age.

T The prokaryogesumdahwatoa(ngkd upweamnmres)domi nat ed
ul tr acmamét er omamadplipsarfasi pweadt rlaynsi ti on bet:
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chemeterocanmnph padami hated communiti-es t o
domi naoendhuni ni @34 der g(r4do0n dyweaatr@sn)d ua o t-r oph
domi nat ed c o mmuon idtefs~t6i5n ytelpg sy ndwat er s amp

Prokaryotes known for chemoheterotrophic m

with al/|l ages.

N Aquifer outcrops
Permo-Triassic
Sandstone
Cretaceous Chalk
s m
o Jurassic Limestone
| ]
o
[ o
L .
L Sample sites
L]
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.‘. 8 ®
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Si tweist Bandstcdhmmd ktli mesda puief ers werergeéagi aphiy
cl ose in Nort heast Engl amntdd | ftfheer ea 6 mmuwun i tt h e
geol oNjoesower satmpl e | ocati onise d tsoetp asriamielda rb yi
| arge distances, gtoimmlu ns K ¢y w exb. mtpfoasri & éoxbaemp | e

Permoiassic sandstone units of the Midland
bacterioplankton TCC, %HNA hanedr a%dcl@ @ sctadarss weefl
prokacymmutawesr e ahothysgp aitn al apnardo xDimgicdayagye pl ot

al so sugoemuadty erences did not possess a s

spati al d AppeRkdnceSi mi |l arl vy, chal k aqui fers

Yor kshire, and | itnhe@ntt snwea halqg wWior ksdri o had si
%HNANn®SW CC rmngde dbRBRPApptetthesepgeathimdmhi c
and | i mestone samples always badmplaféttetent

sandstond Fagudrfee@Hht.hough tHWecBiystpamee showed
correlation between geomgnuaphiyc ddisst aamd¢ ar anyg
sca(Appendi xt hle5)correl ati otnh asa swicwhebankitetr&a |t haamd
borehole dep(Tabilviithasi observation hasfoirmport
groundwater ecosystemHbeatl t hi( m6Bggemead. t ha
e
0

ffective groundwater ecosystem health manag
f the management areas. Siagei fbr sgetolidyy e

significanmvtetrtenprokaryotic ecosystaemsei f em a

geol ogihes | dcomes i degs edli fferent marnfagemewnt urar
management .stWiattheigni eas si ngl e aquifer type in
wi t h similar recharge age and similar nutr
ecosystem management zones. Thi si nsttreatde go/f

classifying the manatylegmeeongtr aaprhei acs gobraosxei dnwethye ro |
bodi es.

7.2 Key cotntt rrubruteinan st ate of research
Through addjfec®i dagdescr iSeecdtliiaZn, t he thesis h
t hfeol | owi ng sd¢ @n ttrhieb uwctuironent s & g & egdrodhugnkdnwoawt | eerd

mi crobi ol ogy.
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First, the thesma&t igeemaellreatgerdoundwadc emmuyprmiotkyar y
data Engllidmd y atwiosmall e esseuade port &Nk wf Zeml and
Siriseenal Yadnd C@ihmad . al ¥ 0 2ah e r es eegDuNeAMecai sn g

used exgprioumrdwat er . pilfbkargobesityscafn rat iamn a

obstacle towards effecti ve gsrtoruantdengaiteesr, swohuerr
ecosystem servi ctehse psitpevhipdoe !l lbypr ok ar gbtes a
considered f or. dTFthiesBiaosn maadkei nag si gni fi cant c«
growi ng numbsecral ef sltairdge s t hat are currentl
Kor mal. al 29@i4eh. al 201INBew Z@a&dlramdédm and Cl ose,
Sirisenal »01GhEnared . al ¥ 0 2t3h éMeUSento al @@

many Europea@meotrt nime Belkkt . al 20d Bteotn. Al

202.3 By optimising moldelvino mapscshummd watyerf ogyst
i mportant ecosystem health indicators were n
Second, i n national surveys, aqgui fer geol og)
ecosystem classification par ameter for gr ol

0
s

effective groundwater ecosystem management,
S

ecosysteais@Dbsetcrau 20ZTHhhi s thesis esaanpeisphadi @
scal e, such as a nati onal scal e, di fferent
mi crobi omes wi t h uni que environment al dri v
di ffertemeet hmee aquifedsegdepentfieduohathbheconn
prokaryotic taxonomic awear & udicftfhesrngadgiuaiédnree mb |
dependinnd he ragpeéterveni neral ogyr e mlse nwiesl hh meand
controlled by theobuthacahbaohkectfiuviutrye, nat
should include aquifer types based on their
survey design.

Third, depending on the recharge mechanism

dynamics of prokaryotes wetrhee fcoluanldkwh ag eb & e d

rechagomgege omioncacnutrilsy by pi ston pressure, bacter
dilution af ttehre rsemhdasrtgpen.e lamui fer, where sl o0\
intergranul ar spaces, seasonat cbaangeablne pr
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communities shifted over mul tiple decades,
communi ties with the r echhaarsgp# e asgteu.d iTehdi-si nt elnap
regional studi es tpheefvfieocuts | oyf. rBecsh alregse age ol
community structure has been stu@eed Mameneri n
et . al %0 1Tehrei mecsadlage reveal ed iins tthleatc utriree ntten
dynamics of groundwater prokaryotes depended

Fourt h, in this study, t he gmiaumawdatl @ e a sy mg
chemical t iootnheami nvwaoul d make t hedrwatke rngu nwag &
making this an ideal first step to define re
monitoring and manaaoeme osttivadMeesst ionf tthhee Engl i
have been performed in heavily contaminated
contaminant s, whirkee goouacwaaert milcaodpeloy og
igno(Gedgetyal 0IMMsessment of a fAbaseline ec
require pristine groundwater samples during
Nt hropogeniZch oseidgg.nzaltuor283 nce the data in this

-

om boreholes consamdcmesit defc adles g@ggoundwat

a
f
England are contaminat@dvéwytagytia@@dmnmnunilt yni t
composictaincmmrogd r bley c oanbkdisdeel cendamudi fyom a ~dApris
sourtee currenbndbébtasetri oplanktomommooehyr a
composfirtonon ess contaminated groundwater can

ference for the drinking water sources.

o ® O O O

contaminated sources was proposed for grou

Edmunedts al 200r2h)e reference was different depe

can be used for future detection of <changes
abstraction, emeogilngnad ®ntcaminmgant s

Fifth, this study procowmmediit ynp cdidnpavsae thi ofno d m
numbegl eothal |l y under spedi £had kkiu yafnelr asgauni df setrosn e
Thehacl k aquifer i s one of the most productiywv
Eur o@enet . al Jypénmbi cr obi al dat aa fscoamr cteh.i sSamgadus tf ¢

aqui fers @&rsesegaltnaddaeolksy pr oduc tMavne daegu iGueir,s 20
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Previous rebBAasBdodofersok arcyanmiuasi toihehal k

aqgui fer wagsexncoetptf ofuonrd some fl ow cytometric
unconsolidated sandstone a@bi hakbas aneé ;€Ebmmen
Coutetn. al 2R@1Beedl. al 202deeper consolidated sa

communities have been r anelpywaistehdoduidgend ,| eevsed e
contami(at e@on al 1RArledl. al 20&14| ieztz aarliy 0 1T6h i s

t hesi s cr esatad ke Iparoggemmy odiattgaset s from t hese

aqguifer types. The datasets stored in public

the prokaryotes in similar aquifers globally

Finalbgckground research showed that groundw
performed on s(thadrmhmonlayy ulid 3 ststpan nFDosm)wrmc e s
et . al 2iI2688cklteral 2@rli8edti .ea | 2KAlI0ee | Al 2RLidsts. al

20139t egeetn._ al 29t1letn. al Y0I1These are easy t o samg

borehotesactivensphiehaoweevtehi mi $ atciamnfaroins e
sampling osbyr.efalshlel swhal |l ow aqui fers are cl os
are rich -ral atedanegecteiheeryt snay not represent ¢
agusfleeper50t mawhmacyh not be enri-tdleat e metcrhia
Pederstenal »008econd, i f the boreholes are

community studied can be prokaryotes growi-t
prokaryotes within the dalgarilddelralf Zolriernesim nt h e

a.l >0IMHowever, in this thesis, through indus

pumping boreholes, a new possibility of sour
This afbowetde study of groundwater sources
deeper (up to 3da6d mgpgsbarkgespumping borehol
from within the aquifer. I n future studies,

explored.

7.3 Study Il imitations and future direc

The research is notamwdtadolkinowlt esdhdoiiuningdt tpleaevre n s

path for further research.
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A balanced number of samples from all three

ideal for comparison of gr oundwattheer sparnodksatroynog
aqui fer had more samples than chal k and | inmn
amplicon. afal ysits gate erroneous interpretat

sampl e bsoixzpelsoot s were usediemntoe reqnusaurrtei ltehartang:
cytometric variables were smal ( Fi gw®} emdgdt onc
both chal knandampimps-2% bn Chtatpd elri egst one s a
al so showkRramr t ow dfiffdmreacden dtthtee shhio B A

that the | i mestond isedmpdiesst rfidgtdraeoB8d ghB8b k h

and | imestone sampWwietihbeadi ebd owk estaenpdmsd sotn eo f
sampl es we(Ffi ptBroda BBar ed es pi, ueabtaha@anced zseampl e

the differences bet weecnomsqiuddileerd lItlag egori es w

I n the future, more flow cytometric and eC
chal k aquifer samples should be collected toc
groundwater ecosystems in these two aaaouikf er s
and | i mestone aqui fers, asti mvillalr allsucs thkea i n@s «
i Chapéetro reveal ecosystem classes within th

Al t hough t heChsaapsipeldi nagnads oper f ormed in typica
recharge and recession seasons to analyse

communi td ctsa stehswamp |l i ng per i od adcitdy anboutn dmaatt cehr
rechargeTlheenampl i ng campladamgmed weasedpren t he
dat at olew pi c al groundwater rechar gemosnnedoon.ngsG
boreholes showed that ,ondryoumdwaherc hralckh aa @t
reducdtbhiaocnt er i opl arCihtagp® eh@Couhdwater | evel dr
recharge to recession period in thediudncnoontf i n
change the TCC or taxonomy. I n the | i meston
seemed ttowmacrctdhesf ¢ he sampling seaspbpechaoge@os
response magnhmiCeapd@ddi ti onally, the season
not repeated, restricting our understanding
arise in every season.
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A future study in bothquaifi@e&stsengei aprd bymeas
data from atmospheric rainfall, groundwater
change to detect tAh ehsfeg et geumpndciydle ws ltiyft tosnet r i ¢
i nathk a@eidfoerye nestenal( 2)may) reveal ftolmda ermpaos an
TCC drop observed mary G@hampt srhod4, tdred process

Similar high frequency study in sandstone an
temporal fluctuationMof eD@@rinmome ¢ ya @ DiNfAe &a
sites could beppnmadernibasketywthomi cr obi ol ogy of
aquisfieare responds to rechaThe beamdporalesst oai ¢
al so be repeated over Ymwltt iapl2e0 lwsae rsy e (velxiaant

seasonal changes persist over multiple seaso
Past studies have shown that groundwater <che
the prokaryotic organi smswbemeédbohi ¢ hacti i
availabi |l i (Ayn aonft hnaetarmaen@Welpnetr. al Y0 However, a
the nut rmeympadthathe commopoutyg dot f,bemaiomrlby s
due tiomated research budget. By makiagtamgdbR
was made to find the c¢hemistursye, dgerpoeunnddenwnactieers
the taxonomic assemblage di fferences. But du

dbRDA model explained only 26% of thkbet bommu
aqguifers (Chapter 5) and explained only 32%

sandstone aquifer.

I n the future, more chemical daetat ér oenx p ha
community di fferences bet weamd arsd r evin g thh ean
redundancy model . The adcgdiotuil an able cchoennsiicdaelrse d
wor kbased on ex(Fstilangpogre8&a®kbenal 20BN g
et . al 20RBaut . al YO nhelcuodrecent rations of nitrate

oxygen, met hane, assimilabl e organic carb
magnesium, iron, sulphate, and chloride. A s
community csovmpdsibtei celsssenti al to predict com
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on groundwater chemistry and the | ocal aqui |
data is not possible.

Using eDNA metabareddgieng oiod$ & o lemradssseergcsel nayf
species in an envtihiemn me ptodt a kthielooruegshul t i ng da
very <chal ITeohregierDONA i s enwhiro@mmeme aéi DINAr i nt |
DNA of an organism peasematceil hutl me DdNMAplkséded b
previpusdgnt i (Paavl stemspklae 0 ZTGtthse, presence of

doesnecesgsardiilcyat e the aazmirganprsens dnudce mafy s u.

some point oirmgatnii men, wtatse i n contacttwetwi abel b

of a microbe in a sampl e, tatgbbedt baxacuel
Howevthe groundwatheareei mmaeip d retr sd i nhatdhea t he
subordinate community of i ntact prokaryotes

noxmi able to gréwrithensdculotfurntédhe gr bandwaboer

been seqaedcadyel taxa are stildl being disc
grow and identify viablteo ndiesriogoih ia$ <staddes. i Mh
to two seri otuhbhgerquwersdwaotnesr icmont ext . At what s
cont act with the groundwater, and whether t

suspaindeerm. Thewergubsesybodsttties stclopei o.f

Fundament al research about eDNA degradatio
di fferent envirien memtod ir eddemplred t he rel ation
presence and active taxa presence. Di fferent
taxa shoul d hbehedome idwr iofg a new borehole in
eDNA samples from the sedi ment matrix and po

Functi onal assignmelbouvesi agFadsP RATSAXown | i mi
Sansempmaa(?2r0oeplorted that i n soadefs aAngpMse sa,s siifg nt
to a genus | evel ipso t lecavisesra, g ntehde tfou ntchtei ocnoammu n i
|l ess reliable. This is probably true because

functions to the known gentulseaosret sogfa mpkes of
analysed for tthlee ttak®niosd fc talsewiaAsh\Vmsenaty It &vw
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family (26 %) anea¥%)g e nMasn yl egvreolusn diwlat er t axa | &
sequences, making their functional assignme
regarding eDNA presence and taxa presence |
whet her the functdiuendlo g dtee iptrieasdecnwiaseo fmi ccu rorbe
ormi crobes that encountered the sample in t
FAPROTAX was also performed in aKoelkeenhg!|regi
202.4 While this approach i s ahand oinmgt eerxprl eotr aat

mi crobi al functions, | ots of unknown microbi

More robust and ex,pennwsdhveasald@2NAamdatvaege n o mi
transcr isphtoaurhidc h,e used to determine the acti:
contribution to biogeochemicadfbicggeéesherioan
activity may requireAameond tsiswalryi actaen a pnpdri ccaact b
prokaryotic ggMaeasnt Mmaeta. saamplelesnetr. al 20 1US i ng
the 1sotOgpeCsanidf S hebhm delinealtwndichemiadl |

reworked fractions of chemical scafribmal tyedt h

find whether the g@glkuwrdarcoes ephedewiced ot habse
of electron donor or accaepmtdourn cct@ noecnesmit.rzalt i on
2017ieut . a1 2022

Groundwater microbiome is also composed of e
although theirl owtehbaenr sp raorkea rfgpaort es and )Lueder

Despite their | ower abundamc ei, mptohod seen ti enu ktahr €
ecosystem. Fo rsBesxedtmpd (e2@nBi)ent . a( 2f0dd®nd t hat t |
protistadempmemberon the nunmbred by aatcitwealiva gr

prokaryotes, they help to control their numb
groundwater. The f oocnusp hoefk arhyi ost itdh ecsa mmunvaist vy,
not provide a holistic view of the microbi al

Astudy of holistic groundwater mi cr obi ¢

met abarcodi nignitshe effhteumpaelot i sts and fungi mi
identified wusing 18S and |, Tesmetbhbmebpdring
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groundwater macrofauna data carm mpdpaitoddblergea at e
t hgeroundwater ecosystems.
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29.1) 40.2)
HLF ©0.14 0.15 0.14 0.21 0.23 0.21 0.25 0.25 0.27
(RSU)(0.-09(0.-04( 0012 (0.-00.32( 0.-00.42( 0 .-01.33( 0-023)( 0-023)( 0-02 3)
0.21) 0.23)
TLF 0.04 0.06 0.03 0.05 0.05 0.04 0.05 0.06 0.05
(RSU)(0.-01(0.-02(0.-01 ( 0.-00.30( 0 .-00.40( 0 .-00.30( 0 .-00.50 ( 0 .-00.50 ( 0 .-00.50
0.07)0.08)0.06)
TYLF 0.06 0.02 0.15 0.04 0.03 0.1 0.04 0.03 0.1
(RSU)(0.-03(0.-01( 0.-01.22( 0 .-00.31( 0 .-00.20( 0 .-00.71/( 0 .-00.30 ( 0 .-00.20 ( O .-0.62
0.16) 0.04)

DOC 0.85 0.77 0.93 1 0.94 1.05 0.96 0.87 1.1
(mg/ L(0-170(0.06.8(0-180(0-1830.17.21( 0.-18.14( 0 .-18.61)( 0 .-08.39 (D . 12
TDN 7.8 8.2 7.7 6.8 6. 1 7.7 6. 7 6. 1 7.1
(mg/ L(513. (212.(519) (5865)(5-82 (6839) 395 (&) (3956)

HIX 0.67 0.77 0.54 0.74 0.78 0.61 0.78 0.82 0.7
(0.-52(0.-69(0.-45(0-067i 0.-07.48( 0 .-06.47( 0-D7 82( 0-08 8 £ 0 .-6.87
0.77)0.84)0.66)

BIX 0.68 0.68 0.68 0.76 0.72 0.81 0.74 0.7 0.8
(0.-46(0.-44(0.-48 (0 .-06.88( 0 .-06.38( 0 .-07.38( 0-07 8 2( 0 .-05.57 ( 0 .-07.48
0.78)0.83)0.75)

= 1.52 1.54 1.51 1.45 1.35 1.51 1.45 1.42 1.48
(1.d271.-B.71.385 (1.835(1. 26 4(1. 44 5(1. 41 5 (1. 38 4(1. 46 5

1.65)

Appendi x 6. Medi an and (Il nterquartile range or |
%l CC and f OM, DOC and TDN concentrreacthiaorngse ianndt hr e
peakecharge seasons of all samples includinng pai
bold are median and inside brackets are interqua
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Aquifer ® Intergranular @ Dual porosity @ Karstic

Appendi RPaivred sites for nutrients corroborating

on seasonal changes observed in Section 4. 3. 3.
Aqui fer I ntergranul ar Dual porosity
Season Pr-eechar gjPearkechar gPr-eechar gfPearkec har g

DOC vs HL} =0.B8Y0. 0% =0p%0.05)4 =0.p560.04% =0.®2%0Q. 0
DOC vs TL}§ =0.p660. 04 =0.p0%60. 04 =0.p4<20. 0% =0.®280. 0
HLF vs TLj =0.p/¥Q. 094 =0.p4<FQQ. 09 =0.p/80. 09 =0.®0<XL0Q. 0

ra-1

ra-1

rx.1

Appen8dSpxe ar mam edcaoteifdnj)ainaw |l fsgreong HLF and TLF wit
in different aqu-reehsargt perasand pbahlvhi ng stronge
correlation afn@M ooveerrradll athiOcCn st ronger in intergr
aquifer
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A Intergranular Dual porosity Karstic
,E\JO
Ex
B ASO-
%e’ti()‘
gw-
E 2]
3
°% EE T & o
C 1.00
i 0 ,‘:
Month Average rainfall (mm) | Average rainfall (mm) | Average rainfall
in intergranular | in dual porosity | (mm) in  karstic
aquifer aquifer aquifer
July 2022 25.6 7.4 13
August 2022 27.1 274 275
September 2022 59.9 71.3 66
October 2022 99.2 91 105.7
November 2022 110.3 134.1 149.2
December 2022 52.8 83.5 89.3
January 2023 81.8 53.9 86.1
AppendTiixaseer i es of (A) daily rainfaldl (mm), (B) s
standardi sed groundwat er I-poredsiatcy,o sasnd nk arrsgtriacn u
bet ween July 2022 and March 2023. Bteehaegeical
samplig periods. The daily rainfall data and grou
(Environment Wwreowciyde@p@hAde€over nment)ahdcsock 3. (
moi sture data w@snirtelt j(i @29 ide ¥Ceodsnmdfieco msoi | moi st ur
monitoring netwofmThe|tabEBE®ROprovi des the average n

aqui feur

types
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https://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://cosmos.ceh.ac.uk/
https://cosmos.ceh.ac.uk/

A B c D

Confinement [l confined Il unconfinea 4001 150y R :
E
T 3001 £ a
% 40 £ £ 1007 £
% %200— § ‘ i
-gzo §1oo- | g 1 ) é N :
=z [N E
N | ™1 %Q I ég oo_ﬁsﬁ
Sandstone Chalk Limestone Sandstone  Chalk  Limestone Sandstone  Chalk  Limestone Sandstone  Chalk  Limestone
Aquifer Type Aquifer Aquifer Aquifer
Appenlddi.x A. number of confined and unconfined si
showi Mgt BFrebol e deoppt hosf, tth.e bordccamtlleamerd.orati on
Overlying strata thicknessbkbexofhi hgesthepeesagni fE
interquartile range (1 QR) and the median, t he wh
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Appenldi.x A. Negative correlation between groundw:
sandstone aquifer, B. Boxplots of TCC in unconfi
Lanudse pdBased upon LCM202Jlatt dKICEdMr 0t22geol ogi ca
the Source pflotodcteiach mone, vadiukro@e erilks/ i ndi cat
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ering maj oraintdy dooft ttelde |tiaxa shows 1627 &f dcetaidesn
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