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LHTROGBUET TON

This is a prelininary report on a study of ox VI E rwmutrmmun%m ot
migratoy  Stlantic salmon {(Ealmo i L. ) and sea trout
Lrwbba Lo I an estuary.  Uxygen gensing transmitbers, attached
Lo fFilsh were dgsed o determine exposuwre of  individueals  to
difterant dissolved oxvgen concentrations as they omoved in from
the =sea  Lhrough the sstosery of the R.HEibble. This estusry is
sulrject to extreme variations in dissolved oxvogen concentration.

The study bas  been wundecbaken jointly by the Water Research
Ceartre (WRD Envivonment:, the Moeth Best Walter Guthority (NREWES)
and University of dAberdesn (80U In the late 1970 the WRD were
invol ved in  an sxamination of the ®velern  requiremsnts  of
migratory salmonlcds which resulted in data comnpiled by Alabaster
B Lleowd (P28 and Alabaster, Bhurben & Mallet (19791, This work
coincidad with the development of a salindty sensing transnd thee
at  the University of dsherdeesn which enabled the salinlities
dperidenced by fisbh oas  they move through sstuwaries to be
morii bored directly (Friede 19R32).  The salinity transmitier  used
an  electrochemical sensor and WRC :mmm:a=|mnud a smtudy hv the

Uniwversity of Aberdesn to determine whether an  oxyvgen se =N Eing
Lransmither would be possible. The ﬁtudy e Iuededd that L

transmitter small enouoh for smolts was probably not feasible in
Lhe foresesable futuwre and recommended that work begin with
tracking of returning aduld fish., This led directly to  the
present  projech. The RH. Riiible was chosenr from a pumbér of
possiblie estuaries  and the NMorth West  bater Suthority  became
actively involved in the research.

The MRS hatd already purchased acowstic fish tracking sguipment
and had  experimented with tracking of salmon in the estuary of
the Fibble using simple pinger {(location only) transmitters. Thes
First trials wsing oxyvgen sensing transmitbters werse attamphed by
Ya jodint WRO, AU, MEMEG temam in 1981, Only a few short tracks wers
accompl i shed at that time bot since then bhere haz been a gradusl
elaboraticon of the tracking btechndoguess correct capture and
handling of fish together with logistics being as  important as
technical  development of the oxygen telemetry system. Mork has
hesn carried oub duwinq‘hm@ ar twe wesk periods gach summaer when
Tow dissolved oxvgen concentrations are sypected in June, July
arnd August. In total 31 fish have been tracked:

1282 4 +$ish

1983 & Fish

1984  drowght no tracking
1985 & fish

19846 13X +ish

Fesponsibiiity far bhe project has been apportioned aporogimately
as follows:

WRC Overall strategy and provision of command tracking boat and
peraornel . :

Mldldesy Logistics, $Fishing eoguipment, tracking eguipment, ground
hase, preveonel , tracking boat , safebty bhoats, +ish bholding
faciiities. '



M. DBesigr  and  marasfacturse of transmitters  and  sguipment.
Serviocing QT @O pment , tracking personel, collation &
preliminary analysis of data.

Tt hhres organilsations have worked together in the field as an
integrated team and the: respnnesibilities do not represent cigid
chemar o atil o, Tracking of fish requires as many as @28 in a weel,
warking  in shifts  round bhe clock, and 1t cannot  he over-
emphasised  that Che man-sanagenent accomplishoent in sustaining
this  work de egual to any technical innpvations which make the
work possible,

Pata is stored on audio tapes which are decoded and  transcribed
i Aberdesn. Thig regort is based on the latest ftranscription
arntd analveis of data completed 1 Ootober 1984, & complets
aralvsis  will be undertaken during the next Financial vear with
more man-how s aliocated to that aspect as opposed Lo field data
collecti:on.

The alm of this report is Lo give an overview of the work daone

aryc conclusions  which are apparent at this stage. Ful i

tramscripts of all data contained in & File for each 4ish hage
already heen delivered to WRE in partial $Fulfillment of the

current contract.



THE RIBBLE ESTUARY.

The chemical ssnsing tramsmitber attached to the fish seasures
directly the instantaneouws 0 levels experienced by an indivicduaal
i . Friede (1YEEY - has already showed how an galinity sensing
Ly amwmi T har s Bre wsed bto trace the salinities experienced by
salmon migrating through  an estuary. Babuariss  are  highly
hetarogenaous @nvironments varying both in time and  space.  The
water ouality skaperienced by the fish greatly depesnds on its
imchihvidual behaviow in terms of depth.,. direction and speed of
Sl miml ng. Thie estuary chosen for this study with oxygen sensing
Lransmitbters swifers from low DO levels in bthe sumnser.

The Rivar Ribible dreains into the Irisih sea on bhe West coast o

Ergl and CEE O 4ETRN, @ B8 W Y., The estuary is approsimately 29km
Lo, furrmel shaped,  tapering from oa 198m widbh abt FPreston dook
o Hkm o at lyiham where it enters the sea. (Figure 1) Im  common

with  other West Unast estuaries this shape samplifies the etfect
of  the tide with btvpical amplitudes of rise and fall of 8 metres

Tt SO ¢ T Tk - The tidal Flow i8 asymetrical wiih a very fasht  Fiood
filling the estuary in 4 hows followed by the Bbh  which lasts
about 8B howrs. The $lood at Spring tides takes the form of  a

tidal wave w bhore. At low water the river channel is often less
than  S0m wide and less than @.5m deep, this means that despite
the =wize of the estuary, navigation for tracking puwrposes s
carntingd to uwse of @ small shallow-draft oratt which can be
marnhandled over sandbanks in order Lo permit tracking at o a&ll
states -of the tide., The port of FPreston is no longer  uwsed by
ships  bubt  the navigation marks which are nanbesred in statute
miltes distance from the dock head remain and are a convenisnt
Fefarencs scale for dats collection. in figure 1 all distances
are sxpressed Iin miles o kilometers upstream angd downstream of
the doock head in accordance with this nomenclature.

The graphs in figure 1 show RO levels measurgd in the estuary in
a Morth West Water Authority swevey on 14 July 1977 in conditions

oF low river discharge.  The main sowrce of deoxygenation is
HBiological Quygen Demand  (BOD) generated by sswage outfall  from
Clifton Marsh which only receives primary treatment. At low
tide the owvygen sag sxtends to 19Em downstréam of the  treatment
W ks DO is  lower at might than during the day and in the

upper  raeaches of the estuary above Freston Dock daring the  day
supersatuwation ooocwrs as a result of photesynthesis by algae. A
fiwh progressing  through thes estuary could thas  ssperience &
change  in adyvgen partial presswwe of Z208mm Hg, & 9 wvariation
edcesding the tobal normal oxvoen partial presswe of 188mm Hg.
it hitgh tide Righ DU sea water eniters bthe estuary amd the T sag

e diluted and pushed up o above the dock  entrance. The DO
profile thus shows considerable variations sccording to time of
day, state of tide and river dischargs.

The river contains populations of both Aatlantic  salmon =]
alar L) and sea troot (Salme trutta L) which migrate through 2
gestuary and form the basis of & small comesercial net fishery




worling  with dreifting giil nets from emall rowing boats between
Lvbhlam and the condluence with the R, Douglas. Fishing is only
carried out on the last 4 hows of the ebb tide, the $lood tide
reairg too dangerous. Latohes are low, uwsually less than 5 fish
per  boeat per tide and the fishery no longer provides a wviabte
wans for the +i1shermen,

above Freston the River flows theough open countevside  with  no
serious poallution problems swcept for  occcasional agricultural
seepages  of silage and Tertilizer run-ofd.  The upper Bibhls is
wed by anglers Lo e a good sea trout and salmon Fishsry,

)



CAYEEN SENSTING TRAMGMITTER.

The hravmemithter ls similaer in concept to the salinity sensing

traramnitber developed by PFPriede (19820 . It cosprises  foue
glements, & sensor, am amplifier, & volbtage controllsd oscillator
ard cacoustio output pinger. (Figuwres & & 3.

The sensor wesed is a8 Clark btyvpe polarographic  owxygen slactrode
machinegd from persper made to & diamster of 18%mm. A cenbral o023
mm  diametar platinum electrode 19 polarised Lo a voliage of 8.4

negative with reference o a silver slectrode. The arnode is &
Firg oF silwer  wire i oan anmalar Qroove on the face  of LThe
BETSEO (Fig 2ial. Satwrated KL zolution acts as #
egloctrolvte contalned benegath & 19 micron thick teflon  mesmbrane
covering the electrode. The mesbrane is held in place by an “0°
Fing and  ds protected by & Flexibie FVL shroud placed over the

sersoy atter filling (Fig Z (b)), The sensor produces a cureent
proportional bto odvgen tension. Zero current flows in zero oxvgen
Bt in adr saturated water btypiosl cuerents sre 59 nanoamps. The
voltage enerated by this cuwrrent across a resistor is fed into a
B amplifier. Recent versions of the transmitter have included a
tempaerature  compensaiting thermistor which gnswwes  the  sensor
nebtwork bas o uniform output from & - 28 O (Figure 4).

Figuwre 3dal) shows the voltage ouwtput measuwrsad directly on a pen
recorder from oa sansor being transferred betweesn water of 1864

anc 9% DO aatuwration. The response time is typical less than 36
SECONS. The amplifisd DL sigrnel ds fed dnto a voltage
controllied oscillators. Im the Mkl design the whoale transmitter
civeowit  is based on & single integrated circuwit package with 4
apeeat i onal amabifiers as  uwsed in the salimity sernsil ng
tramemitber (Friede 1982y, Two of these were used as anplifier
stages, & third as a voltage sensitive multivibrabor aneg the
fouwrthh as  a butffer fesding the resulting polses to the ouwbpub
stage. 7 Typically & pulse rate variation between 3 anc 1 He is
used. At slower pulse Fates the fish might be overlooked during

a  wmweap search of the river bubt faster pulse rates would drain
the transmitter batitery oo guickly. The tag is designed to pulase
fastest in low dissolwved oxvyogen so during  nmormal ouse  battery
erergy i conserved until the fish enters an intergeting arsa o+
low digsolved oxygen.

The original Mkl "mingle chip" design although sconomical in

Component count  suffers  from several disadvantages. The
Fralationship betweesn pulse rate and oxvgen tension i non-linear

arigd autput pules lengbth and frsguency were difdicunlt to control.
A FMRrZ2 tag now uses 3 integrated gircuits assembled w=ing  the
sueface mounting ainiatuwre printed cirowit techneology and is  ne
igoar than  thas Mkl model. This mnow has 8 linear calilyation
curve. Pulse length, freguency and sensitivity of the transmither
ara all adijuwstable making manufacturs much sasier. Calibrabtion
curves of the two versicons of the tramsmitter are shown in Figure

Al I

[,



The outpult stage wses a transformer to generate an ouwtput voltags
o ; to drive & cgramic ring tramsduacer  at  1ts  resonant
freguency of 75z, Fower is supplied from a &Y pack of lithiam
Datteries bo give a life of abowt 9 days. The pulse length is set
at Ums with an acowstic sowrece level of 14H8dE re ofa at 1o,

Twe var el ors at the fransmitber, i herms o+ ovaEral l
corfiguration bave  been buili. fomingle ovlindrical package

widghis Z2g din air is lémm in diamebter and 79 mm long (Figure Zao.
fodual pack version wilkh a separate battery pack on the opposite
gide of the fish (Figuws 2 enables batteries to he carried.

The +fish is  well balanced with bthis configuratl orn. The
tramgmibtter Casings are polypropylens mowlded  tuhes  and  are

filied with siliconeg oil to protect the circitry and  grovide
acoustle coupling to the owtslide water.

During  the ocourse of the study there bas bBesn & continuous
process of  development of the transmitbter which will be {fully
described elsewhers. For 1786 new low power  amplifier modules
ware wsed which reguired less battery power and degsign reverted
e & single oviindrical pachkage for siopliciity and reliability
The transmitter circuwitry is also now doplemented o & single
double sided mini printed circuit board with msiniatuwrs  surtface
mounted components., LFig &), Liste of the transmititers is now 19
dave in contrast to the 5 day lidte of early designs wsing the
gams batiery.



CAFTURE, TAGEIMGE &ND TRADKING OF FISH.

Fiah  are capbuwred wsing the local cosmercial gill netting
technd gque., Woriking from small boats abouwt Zm long the net is set

agross bthe obhbh tide. The et and boat are allowed to dreift down
Wity bihe tide and Fish cavghtduwring such a passive deidt
tyvpically  from  the 2.9mile mark to the 8 mile marlk. We  have
evaluated  &il obthser methods of fishing, swine  nething, £ wed
@ e, arngling  elo. ared o exclusively se  the  commeroial
dirift netting technd gue. The roesearch netting is ofbten carried

ot during the weeskly class season (with specilial dispensation) to
avord interterence with the comnercial fishery. Outboard motors
are  wsed which ig not perodtbed o the commercial  boats. Thim
eranles ws  bo underabke several swesog of the estuary on are ebb
Tide whereas the comnercial boats have to walt Jor the snd of the

eht hetore thay can get baclk up bthe sstuary. I+ the Fish is
raemnoved Feom the nel owery ouickly {often only  caught vy the
teeth) surviwval iz excellent. A large mesh is used which tends
to grip 4iaeh by bhe girth rather Lharn the gills. fany "gilled"

Fish are unlikely to survive Dut with the nets we now use thisg is
WERTY PRI . '

in  the sarly stages of this work (1982,198%) it was thought that
tagoing a fish very guickly and then releasing it within minubes
of captuwrs was bthe best technioue. This has now been rejected in
favour  of aliowing fish o recover fully in a tank of oxvogenated
water. Fiash were kept in a tank on board a boat for up to several
gdaves  iF nobh dmmediately regquired. For the L%¥86 sSpason  we
intraduaced  shore  basged holding tanbks with an oxygen supply fo
hold fish to be wsed for tracking. The transmitier is calibrated
i ke fileld by ismersion o water of  known dissolwved  oxvgen

concentration  and a zero reference solution. For the ftagaing
procadure the $iseh is  anassthetised with benzocaine., Three
transmitter is attached by means of suwrgical nylon sutures in the
regicon of  the dorsal fin (Figure 2). 3t least one houwr is

allowed, following tagaing Lo recover from the anasepsthetic before
rel @ase.

-

The Fish is  tracked wsing two bhoats sach  egquipped with =&
conventional hvdrophone and portable receiver (Staskeo & Pincock
Y277, Frisde 197%9) The signal from the tag is recorded on one
track of a stereo cassetts tape recorder and a cammentary wikth
times is recorded on the other ftrack., The boats are ahbhle to
commuriicate with one another and a ghore base station using  UHF
portable radios o in more recent work the VHE  marine band.
Mormally  as bthe fiskh proogresses Qe and down the estuary one hoat
stave ahead and the other bhehind the fizsh. One boat alwavs
recordes the transmitbter sigrnal whilst the other carrigs out any
manoeuveing  that may be necesssaryvy.  Boabks are equipped  witkh
MV, temperature and salinity probes so that water guality
can  be logged to check om variations in bthe ssbuary and also o
provide nccasional recalibration of the fish transmitter. -




ALOUSTIC TELEMETRY

Trapamibtters sttached to animals enabling them to be ftracked are

Mo widely wsed in field studiss on animals. For  fish  elther
raclio o acoustic transmitters can be wsed. Radio waves however
will ot propogate throvoh seawater or brackish @ wabters so  din

cuaries only scoustic transmitters cap be used. (e lede %79,

o

Gtaglko & Fincock 1977, 5nlomon % Storegton-West 19875

The signal from &y scoustic  transgmitter 1 detectsd by a

Mvodrophone  immerged in the wabter. The sigrnal level detected by
Lhie hyderophone  dis  determined [y the pows-  owtpat  of The

transmi tier amd transmiesion loss threough the intervening water.
Thwe  Lransmltter  output powsr ds wsually messwed ir terms  of
acousltic prassure level at 1 meter from the transmlther expressed
in decibels relative to a reference presswe, &g dB red IulfFa  at
lm. Figuwers &). For practical fish transmitters a maxinum power
oubput ie abouwt 1 owatt o 170dR rad JuFa at ime Expressing sound
jevels din decibels  means theat sighal losses and gainsg can be

caloulaled iy smimple ardthmetic subtraction o addition.,
Different reterence pressuregs are somebimes used so cawtion is
required  when comparing data from different souwrces. Far

work in the Ribble it bhas been necessary to wse high pos-  tags
with & sowce level of 1468 dB re 1 ufFa at lme  Normally a pulse
Tengbth of Sms at 7ikEHz is wsed, Lomoger pulse lengthe can be used
at  lowsr power levels (with nareowesr bhandwidbh) bot praobability
of detection remains proportional to  the acoustic @rerygy
transmibted.

In open sea water this sorbh of transmsitter can bhe detected with a
gooed  quality receiver and directional hwvdrophone at & range  of
1end Lo Z2990m. { In deep freshwater much longer ranges  may  be
achiieved} . For convenient tracking it iz mormal to keep the fish

weEll  within  the maximum range. Mocirele of radius 199e9m isg
afiown tor scale in figurs 1 to give an dndication of  bhe
prohability of detecting a fish in the sstuary. To cover the
wherle  estuary 18 o 1% listening stabions would be necessary.

i

Figure 7 shows how transmission loss inoreasses with rangs from
Lhe tramsmitter. Bpherical spreading predicts a loss of 2008 oer

decade increase in range. This is a wseful rule of thumb but at
longer ranges Frequency depandent absorption losses Iy e ciines
significant. Low Fregquencies( eg 19 Khzd suffer less loss  but
the transmitter would have bt be Hcom diameter instead of  the
1Zmm di ameter emitting transducer regsonant alt 73 kEH: uwsed in

this work.

iy 8% dRE. transmission loss at extreme range is a reaschnable
practical 1imit for the svstem. In open water this gives a range
of about 1984m but in the estuary with high turbbidity and conples
mising lavers of @ waters of different salinities transmission
losses can  be sugh higher. Iy muitreme cases atbt a salinity
intertace there can be total reflection of the signal with f#o
transmission to & recelver placed in bthe wrong mass of watear,

Within the estuary the ability to detect the signal  doss  not
depend on recelverhydrophone sensitivityi detection is  limited
by  the ability to detect the signal above the ambilent noise.
Figure 8 shows the level of amblient nolse in open  seawater  atb
different frequencies (Clay & Medwin 1977).  Waves, currents, and



tides produce nelse mainly at low freguenciesi  the graph shows a
general  decrease with increase in frequency ug to  ahout 56 FHz
whien thermal noise becomes important. The 75 Ehz chosan for the
Fitible study ds theretore a compromise bebtween avolding high
absorption at tigh frequencies and high nolse at lTow freguencles.
Show ey conditions increase the neise level as  indicated. Gale
firce winds generabte saa nolse 280dB above the base line level.

The high tidal welocities i the Ribbile generate noiss egquivalsnt

to storoy condibions at ses:d particularly duweing & Flood tide
molse levels  can wery  hilgh. Agsuming a  working SRdl
tranaemission  loss, b of nodee will  reduses the permlitited
transmission loss Lo S9dR. This, reading off the 7ikhe line, in
Figure 7 gives a working range of only E8@m in bthe Ribble  whean
Lhe Tide is  ruondng. This accords well with our practical
erperlence of bhis rdvar, The 280m radive clrgle i Figure 1

indicates how easy i may be to loosg track of a fish under such
minditions.

Ay nolse from the boat hall or the notors also serves to mask ths
sigral  and  reduce range. Cartain kinds of oubbosed motor  are

more  nelisy than others  and caretul attention to detaill of

maunting of hydrophones and layvout of the boats can do more Lo

enhance tracking performance than any breakthroughs in acoustic

transmititer design. The boats and their souipment are an integral

part of the telemetry svstem and dessrve aolose attention.




CATE ARGLYERTE.

ALl data is recorded on awdio cassebite tapes togebther  with
iricidental rmotes i variouws records  kept by indiwviduwals  on
i fferent boats at different bimes. All tapes are transcribed,
collated and t 2 of the fish plotted out in terms of distance
wpr amdd down Tihe DLLE

ALl goad seguences of transmittsr pulses are  then  replaved
Ehrough & systenm which logs the intervals betwesn poel ses.
Suitakle Fiitering iz applied and pulse intervals loaded into a
somprucliee Eore further analysis. Calibration ourves ares  Rpreparced
from  bthe prereleage calibration recordingsg of the transml tber.
nopot recaliibrations are also carcied out based on oxvogen and
temperatuwre readings taken by the boalt whern olase to the fish in
vl 1 gl xed conditions. The calibration of the s may orift
over  a period of davs and application of  corrections may bhe
P B ST Y .




TEaELE 1. Summary af Fish tracked

Salmon onlva.

Mo, of Moy goming Mo going Direction
Eal mon wpstream downstrsam not clesr
183 & e 1 - i
19683 é 3 - @ 1

1985 g v 1 e 2
178& & 3 1 & - #*

NET- e

Total Al 21 a 13 &

# 1 +ish was recoversd dead.



RESIN. TS,

Tracking has been carried ogut in the summers of 1982, 19HZ, 1965

ang 1986, In the drought of 1984 insufficvient fish entered the
petuary dwring bthe summer mornths to juastify a  $field  progeammes.
Tabhle 1 swnmarises  the deta obiairned. The total of 21 fish

raoresents 272 houws of data of fish bhebaviows in the sstusaey al

variows  oxvgen  leswvels. Table 2 gives debtails of all  the fish
e kel .

Figurs % gives & plobt of all the odvgen reasdings  taken  from
active fish both from the bhosat and from the trangmitter. The
wrtreme  limits of the range were from 38Y% 0 satwration  to  LETE
saturation. The extrems values were observed high wue the sstuary
towards Freston dock. The lower limit on $fish achivity seems Lo
be betbwsen 49 and 599 saturation al though the expesrimental  work
was  biadted by bthe fact that when G0 concentrations are very low

it owes cdifficuwlt to capture fish alive for the experiment. Fish
whern gill netted in the worst water conditions die very guickly,
fighermen describing  them az "chokers". Therse was little

evidencs  bLhat fish were able to avoid low DO conditionsd  once
Cembarked upon apertwver movensot bheowgh the estuery the fish
wonalod  bhe  exposed to whatever bhappernsd to bhe the srevailing
condi tions.

0 the Ei1 +ish trecked 2l were salmon and the rest were sga

trout. The: mea trowt particularly, if released well up the
astuary, showsd a strong ability to sscape up into freshwater
even swimming against a strong ebb tide on occasions. This ida

wiall exemplified by Fish 44(8&) (Figuwe 18). The DO readings from
thie transmitter and bthe adjacent tracking boats are compared  and
show a close correspondance. The $fish seemed to remain in higher
B wvalues at around & miles by swiaming close to the south  bank
whereas  the boats were in the middle of the channsl. This fish
aleo showed reactions Yo indlow $rom a pipe at this point on  the
riorth bank and corossed over the siver.

Figure «11 shows a Salmon Fish 6860 escaping to sea from similar
low DO concentrations.  This fish was very interssting in that it
was btracksd into shallow water and was ochserved to have hausled
partially  oult of the water and this was reflected by  high DI
Freadings fram the transmitter although the prevailing DO in the

main channel was some 389 1 ower. Thige behaviowr might have besn
dimmissed as asberrant 1§ it were not for 2 obther §ish (el Thout
tage ony doing bthe same thing in the same area. This indicates

the possibility of & behavioural mechanism for overcoming low DO
leveala. '

OF the 21 salmon bracked only 3 owent upstream  into  freshwater.
12 fish were detinitely identified as going put to ced. 0+ these
bwo wers ditimately recaptured and tags returned  from North
Wl e, Thi=z suggeste thal owver 48 W ot the +ish in the estuary
warg non-Ribblie fisb.

Most of the fish showed a strong cyolical movement up and  down
the estusery Lied to the tidsal cyecle. The fish woald move up with

il
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GIECUEETOM.

e Fofe Harden—-Jones aubhor of the classic work "Fish Migratioaon®

: zmamad the view bhat any study on fish migration reguires
abouwt 19 vears from conception to final completion. Hisg team atb
the Fisheriss Laboratory, Lowsstoft studied the migration of
[21 &t e L e o s sl Poin bthe MNorth Sea using  acoustic
tracking and  discovered that these fish alternate periods  of
acltive swimming nesr bthe swface with periods of rest on the sea
hed. After some yvears of study it becams appacrent that these fish
were  usEing & system which they named Selective Tidal Shream
Transport (STET) wherebhy the fisgh only leave the bobttom Lo 2wim
with  favouwrabkie tides (Grese-Walker st al 197, In the early
stages of their work this simple model was obecured by the varia
tions  in individual bebaviows.

Studies on tragking of retuwrning adult salnon at sea show that
salmon  do nob o use H5TET. They swim at a wniform velocity in the
chosen  disction and any Ffluctuwations in the tidal +low prodecs
macillations in the track as megasweed over the grouwnd (Bamith et

al 19817, The fiasbh swim at & spead of about 1.3 Body lengths per
sgcond and  thus  often move bhackwards wiith an adverse tide in
gontrast to the plaice which would rest on the bottom. The
mwimmming  speed vwsed corresponds o optiman speed as defined by
Waikes (1973, Whaen they reach the ceoast-line salmon follow  the
coast often in very shallow water less than & metre deep in  the
st zone of Lhe bhesches where they are cauwght by cosstal nets
{Tesch 1989, Hawhins al 197%), Az they pass sstuaries during

this cosshtal following belaviow they are likely to enter none

natal egtuaries BDedfore eventually fimding the appropriate
BT LAY Y PMalinin et al (1974 describe tracks of “#almon

ericountaring  non-natal in-flows and found that they rapidly move
on atter a brief suwcuwrsion inte the mouwth of the stream. RBarbowr
CIFEE) using salinity sensing transmitters has shown that  salmon

require less than 39 ssconds wposwrs to a freshwater inflow to
Faject 1t oand move on Lo an appropriate hosme stream,
-

The Ribble is a very large estuary with a very strong +flood tide.
Fish  swissing along the coast encountesring the estuary are veary
likelv to be carried in the flood tide well wp the estuary
before intercepling significant guantities of freshwater whioch
may induce non-resident to fish to move off to another  estuary.
The estuary should be regarded as an inlet of the sea into which

Fiwh  becomg entrained by the tide. The entrained Ffish will
compriase a mixture of both Ribble and BMNon-Fibble fish. Oy
indications are thalt bhetweern 59 and 99% of fish  are non-RHibble
fisha It iz not unusual for et fisheries in eshtuaries Lo catch
a majority of fish not destined o enter the siver concerned so
the Fibkle wouwld not e exceptional in this  respesct,  coestal
saarching being an  important  aspect of the salmon homiog

mchaniasm (1973 .
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''Pleuronect.es

agrntrained in bthe estuary the fish follow a very stereotvped
pucllliation with  the btide as expressed by the curves In filigure

L

1%, Fisbh  eay spernd one ar more cyveoles in the sstuary following
this pabttarn before either sscaping Lo sea or passing wp  into

treashwalter. Thies curve now enables wus to predict with & hiagh
degras of certainty the locatiaon of fish at different stabes of
b T de. Indeed the fishery within the sstuary = based on this

Mighly predictable behaviows of the fish with best catches being
madse at aroundd the 8 mile mark om the last of the ebb fide when
The fish are ocomntined to a mareow restdoaal ochannel at the last of

iy b e, Therse wazs no evidence bhat this ovglical pattern was
gdisrupted by changes in DO This opens up the peossibility that

i the location of fish ig highly predictable then theilr exposure
o discharges wiithin the estuary will be highly predictable. 1Lt
L mlanmed to incorporates bhis dnto & model of exposure ofF  fish
to low U3 the Mibbie.

Tt shouwld be emphazised that the movement of the fish 1 not
passive dreidti the  rate of  novement of  the +{ish  doss not
correspongd sismply to bthe rate of ebb and Flood  tidal  Flows.
Legaet and Trump CI977) and Trump & Legget (1959) dismess 1n
cdetail the swimning strategies likley to be adopted by Fisgh in
tidal esstuaries.

Imn  an glegant seriss of experiments Westerberg (1984 has  shown
that gsalmon  dn fioneds makes vertical exoursions i the water
column bto sample the vertically stratidied lavers and then  gswim
within the laver which contains the appropriate home  stream
alh RulRY ol The FRibble has strong currents and is well mixed so the
+imh rarely have the opportunity to make suach subtle cholcoes, It
might have been reasonable to suppose thalt fish would seel  out
lavers with higher D levels. Our only indication of such
behaviow was in  fish 4{84) which wae seen Lo nove Into  very
sainal Low, well oxvgenated, water. In such shallow waters scoustic
tracking dis diffioeullt since the signal can be blocked by  =sand

anks and if the transmitlter, o the back of the fish, energes
from  the water no signal will be heard, I fact 1t was not

unusual for us  bto lose track of fish in shallows  wherg hoats
could not follaow. Thus the *hauling ouvt® behaviowr to aveid low
DOs  may e more common than wowld be supposed from owrs results.
fApart  from  this possibility 16 seems tish have lititle control
v bLheir exposures o low DOs in the estuary.

The movemsnts of the ssa troul have not vet besn statistically
anal veed séabtedttratioreet . It seems they show simllarities with
the salmon bub we camnot be certain regarding thelr  patitern of
migration. Bea troutr are likely to move in and out of the
estuary Dboth into freshbwater and sea water and we doe not know if
iy every cast  we are studving a fish  that is atbttempting to
migrate up an appropriate river from bthe sea (Mall 155480,
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There are Lbwo agspects to bthis gquestion.

ta) Do low DG conditions inhibit +igh migration amd i+ w0 at what
threshold doss this effect ocour?

(hy T4 suposed to Low GO0 comditions, 1w probability of mortality
increaged and st whalt bthreshold woold that effect be significant?

The tracking data provides detadled information on expasuare of
fish bt different D0 levels. Fish were captured and replaced in

the @sstuary . We theredfore Jdid not obtain information on whether
Fimh  were detered from entering the estuseryd we sioply studied

e yaslvasw i ouy of  those wivi i had  entersd. Betting aside
that congideration theees o Lo e o inbdbition b mdgrabtion
By B levels down bo 48030 4 satwation, This corresponds well
with existing minimuanm  levels &z Tentatively recommended by
European Inland ¥isheries Advisory Comnission O BEIFSC) .

EIFAD  has revigwed Lhe literature on dthe dissolved Eawl:1s
reaguirements of freshwater Fish including migratory  salmonids
(Al abaster & Llowvd 198665, The information available ig af  Lwo
tvpress labroratory data and Field ahservations. Blavonic
Titerature reviswed by EIFAT gives lethal levels of DO for
zalmonide in  the range @.9%-32.4 og/l. Alabraster, Shuarben &

Mallet (1979 found that the median lethal threshold concentration
for smolts of Atlantic salmon (Salmo salar) was 2.6 mgdl in water
of 148 to 28 pl.p.t. salinity typical of estuarine conditions.
ELFaD reporte that salmon were killed in the River Don, Sootland
at O levels of about 4 mgsl {at 18-323 C) and in the River Wye,
Erngland on a decrgase in DO from % to 1 mg/l (temperatures wp  to
27,5 LY in both instances at high ltemperatuwres for Ahlantic
salmon. Inn & more recent review (Hugman, 907 Domnmeli & Mance 1984)
it was  Found that fish kills atbribubtable to low 00 levels are
assotdated wilth minimuam B levels i bthe range 90505306 msl. Fope
adult migratory salmonids therefore ELIFAD tentatively reconmend
that the 53 and 3 percentiles of DO in arm estuary i sumser at
the worst location showld be 5 and Zmg/l respectively {859 and
8% of satwation at 15 £, Extended zonge of low 00 or elevated
temperatures, would reguire standards to be ralsed and higher
standards would be needed to protect migratory soolits.

EIFSC considersd that to allow juvenile and adulit fish to swrvive
e 4R the DO showuld not be  less  than 3 miys . The
Faecommeandations foar migratory fish were weary Lentalive.

Whern  this  shudy first began on the Ribble it seemed sarpeising
that Ffisgh werse active at all in the estuary i low GO conditions,
Fiashermen could still  catebh fiekl din low D0 and  one working

hymothesis ab bthe timeg was bthat the fieh cowld find pockests of
migh OO which esnabled them to suwwvive the otherwise adyverge
corndi tl ons. The tracking study has shown byond all doubt  that
fish are active in wabters of DO concentrations  down o 58X
saturatiam. Tz  only  behaviow corsistent with  the high DO
pockat  hvpothesis ie= the "hawling out" behaviowr shown by some
+ish. ITmaidentally wuch  behaviows  would  makles T i ey e 8



gueceptables  to predation. Birds were recorded as active in the
"audl out" aresa suech fish would be nore readily caughl by 2eals.

1+ there iz little evidence that +Fish migration ie inhibited by
the DO sag in the Ribhle, is there any evidence of adverse
effects on the fish? It is seld avident that a DO concentraltion
of  BeY satwration  is nobt oa celv Letbal but  salmonids show
moticealyle circulatory adjustments to hpoddia al DO wvalues el ow

FEE, dabhie  {unpublished)  fas showan that as DO decreasess the
maximnun  s=ustainable swimming speed decreases a8 melabolic scope

ie reduced.  Fish can be indeced to swis at low DO concentrations
in the laboratory but at the supense of large oxwvgen debts. The
Fieh is Fforoed bo owork oalt oleoss to its metabolic limits. Frriside
{157V 1984, 1985 has  shown how probability of men-bal ity
increases wilth @ metabolic rabtes as the marimam asrobic  Timit  is
=P =T I Framlying . bthat thaory  to Bibbklie fish 1t should be
possible  to  model the sxpeched increasse  n omortality rate
senociated  with the sxposure o Low DO, Dy sample of fish  is
tog small  to  messare any eorbality effect directly  althowgh
mortalities were observed. It was difficult to ssparate these
from the stress of tagging. There is Lititle doubt that when in
0O concentrations of less than 72% fish arg progressively less
able to withstand suceh stress. The sffects of exposure bto laow DU
are alec likely to lead to a delaved death possibly after  the
fish leaves the estuary. Wood el al (1983 have investigated the
post-ererciss  death syvndrome in

almonide which occwrs when fish
are edercised to exhawstion. fSpparently healthy fish can die for
no oapparent reason somg time after sxercise, during recovery 1in
fully ouvgenated water. Thus although fish may swvive during the
cowrse of  owe tracking observations there may be & delaved
mortality which we are urnable bo nonitor.

The study has now olaced us in & position where we can pracisely
praedict  the exposure fto different D0 concentrations i fish
grtering the estuary. This provides the hasis for modelling  the
phveiological effects and mortality prebabilities resulting feom
that exposures. :

L&
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1o There is mo apparent inhibition of fiabh miceration down to DO
concentrations of 49-30% satwation.

Za There 1s no effect on bthe pabtern of movement of the fish
within the estusry over the rangs of DO valuss observed.

- There is  some evidence bhat $ish may Lry Lo avoid  low DO
conditions by "hauling out"  into very shallow waters but overall
opportunitiss for choloe and avoidance of low DO conditions  are
Limited,

4. A matority  of the fish (B9-P0%) active in the estuary fre
prrobaily non-FHibkble $lah. I the sstusry has adverss stfects on
Tish bthese may manifest salso themselves o popuwlations other than
bhe Mibbhle salmon and teout.

Y. Fish adopt a stereobvped behaviows palttern in the estuary
meving  te and fro with the sbb and flow of the tide for one  or
more cyvoeles bhedfore making a decision whether Lo move back out  to
sea o ho move up into freshwater.
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TaBELE 2 LIST OF all FIgH TRACHED

The fiah movement i given ag the number of tidal cvcles the fish
Lakes Lo escapg. A one oyvele filah is one which leaves the estuary
an bhe tidal cvele within which it was releassed counting from Hi
Liverpool . "oUp" denotes movemnent into freshwater or bthe track
wass abandoned whilst the fish was moving upstream. "Down® denotes
movement to ses or bheading i s seaward direction whien  tracking
was abandonesd.

Fiwsh Mo Species Date Track Commants
& Dy ation

Mo

[t
e

1 ee2) gal mo 1 1. 68N FReleased on ebbk, abandoned

atter it Fraacd trema e

Desd stationary for B8R 188&m  from
release, presumed dead.

2482y sal mon 1377 2,730 Feleased by slip at  Lytham.
1 ovole ’ Lost going te sea at 12,75
nfwlis} mile marb.

aog sa&lmon 1EK? 2. 18h Felessed by =lip at  Lyitham
1L ocyvele _ on ebh, Lost going to ses
F Cuear at 19.25 miles.

1493 s@a troult  L&/7 27.ER Feleased by & mile mark. Lost
A oocyole - going to sea abt 11.3 mile.
deawn 1777

ol 8= 6 @al mon 1877 19,580 Feleased at 4.89miles. lest to
5 oeoyele — sea at 12 miles.
ol oW 1977

........................ o rrbmg it Shpek b ke Aith LS St et S Siabh HSR bl inh LIS S SALAS fofih AAbik SRR it s {aia [Ltns 1hims mems ruirs rarn ] b ared Tk b s srmia s s e Trd slaby i At aH S i AHH sk i P S SLia) el LR S S S L L e

T ] g@a trout 2077 12.44hk Rl eased at 4.5 miles. L.ost
£ ocvele prozabliy to sea at 12 miles.
e :




TrRLE & CONT IMUED

G 0HI =al e 2177 WL.8ih Feleassd at 5,25 miles went

B

2 ocvole - Lo sea and recoversd from M.
ceawn EEST Wales.,

{83 sal mon AR/ 14,451 FHeleased at 1.9 miles.  Tag
2 ocyole fell off o Fish disd  at
Lifa Ze7Smiles. Track abardoned,

RN 7 Ty 3.0 FMelessed 100m below ald
Femworthan bBbriddge. Reoowvar-—
e dead at relsase site.

1i8m) wmera Lok 29/48 5. E8h Released abt 1.2% miles. Lost
1 cvole abrove Dock head going  wpe-
LArs : stream. Fish wags found o
) AOSE/ES in a pool dmmediat-
el y uwpstream  of A& road
bridge. Shill there cars

/7787,

2485 sea Lrout RGih Z2.12h Released at 2.29 miles. lLost
i cvole going down stream at D miles.
down

ZigE) gaa hrout AT 22,80 Released at 2 miles. Ladti
Sevele going out to sea at 5 miles
dowr

4 (235 gal mon BE8ST .7 Relesased at 1.4 miles. Lost

I evele going downstbream at 3 miles.

fuFultH High digcharge “"washed" fish
dewnstrEan.



TEBlE 2

s
I ovele
(ol

s ] mir 29LT

e W] wal mor meSY
L avele

o P

2147

85085
1 ovole
up

salmon

1{Ba&)
Derad

s@a trout 2878

R Y
1 evele
Lg

el mon 29/ &

I (E4)
1 cvele
i Cm

sal moan L

4 LS
I oviole
Lep

sea trout 177

CONTINMUED

T a7 miles. Lot

{direction

Released at 4.8
at  EL.TFE miles.
uncertain:

1.78h Relegassd at 4 miles.
caught at 9.78 miles

T BEa.

Fish
aoing

Lost at
aebb. {fate

I miles.
the

Feleased at
5 omiles  on
uncertain?

1.32h

9. 7%h Felessed at ~5.8 miles. Lost
wp into fraeshwater at ~2.4
ini 1es.

4.%00 Dead fish recoversd from
release =ite.  Suspect fish
gwam into outfall.

F.17h Released at 7 miles. Lost
going upstream at Penwortham

power station. {(~1.4 miles)

1,880 Released at &.E25
fhardoned at 7.89miles. Tag
apparently fell off fish as
it passed fishing nets.

niles.

4. 480 Releaged at 2.9 miles. Lost
going Wwpstream at —9.% miles,

£



TakLE 2 CONTIHUED

Bia&) sl Mo 177 11.8h Feleassed at &.9 miles.
Desaacl C Fecoversd dead alt 7.7% miles,

UG mal mor R F.531lh Released at 7 miles. I.@aft

P oovole going out to sea  at 135

i ]Tit! milee. Fish Yhavled  oug"
wikh several obther $ish.

FRRET:Y) sal mor iz 1.3 Released at 5,75 miles. l.ost
- =

2 ocyalae going seamard at 4.9 miles,
clomn .

Bi(B&: gal man 2E77 2.0 Released at 2 mile=. lost at
1 cyvele 4. Gmiles, going seaward.
oW

F{Ea) a3l mor 247 H.807h Released at S5.0nmiles. Lost
1 cyale at B.9 miles, going seaward.
lerwr

ofin s japeb rarrs s nrare rear i ok e b I oS S MR B Sifin SLMf Riaig LiL{ e e lfaE LRmj (TRY W RS Sais iRjab tRrer i e e HE SLH drbek veras sfeif SRR fidb ik s B dbby ki 2rib A b el i ek s e paims e e Smes Linis b e ek SR i dm

-

16 (867 sea trout omsT L 9,750 Released at %.5 miles. Lost
1 cvele at 6.3 miles. Tag recovered
ol o From M. Wales.

11 (R8s wal mon REST F.9%0 Peleased at Hl.fmiles.  Lost

2 cycle at 11.3% wmiles, going ssa-
chorwn : ward,

H
i

12{fhH) salmon P 2,580 Aeleased at 2.5 miles. Lost
1 ecyvcle at 9.5 miles going szaward.
dowm



TaRLE & CONMTIMUED

130684)  saa troul 2877 2o 4Eh Released at 4 miles.
Ueac ) Frooverad dead at 4.5 miles.

Mot e,

1o Fish trachked each yesr are given & ssedal nuamber followed by
the vear in brackets Lo Qgive & wnigue identity code.

En Dates are the day  and month when the fish was relesassd
tallowed by day and month when tracking ceased ifihe track was
gpread over more than one dav.

e Track duwrations are givernahowrs and decimal fractions
thersot. .. Fo.0h dis F houwrs and 39 minubtes.



FIGURE 1. The Hiver Ribble sstuary. In the map the shadsd areas
indicate sand and mudflate exposed at low tide, The mile scale
ig  in statute miles and corresponds o the nomenclatwe of
navigation marks situated along the main channel. The Circles of
dgifterent radii indicate thes working range of  the acowstic
transmitiers under ditferent conditions. The graph  shows
dissolved oxvyvgen levels mesaswed on 14 July %77 at  different
states of the tide. Dotted line - High water at  131.,93h, Bolid
cirgles — Low water at 97F.adh. Open circles - Low  water  at
18.35&h. Note the effect of photosynthesis compared with the sarly
marnicg low water. :
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FIGURE 2. The oxygen sensing transmitter. fa) Bingle package
contiguration. The protector fits over the sensor. ()  Dual
pannier arrangemant.



@ DO transmitter single package

batteries

teflon membrane

silver anode

platinum cathode_

sensor protector 50mm

@,) DO tr'ar}smitter dual packalglé‘

dorsal fin

. circuit

oXygen sensor



FIGURE 3. The odvgen sensing transmitiber, (a) Black diagram of
the transmitter, (il Bensor oubput response time at 29 . The
voltage output (messured aoross a series resistord  from the
serscr when bransfered from 18990% oxvgen saturated water into &%
and then back again. (i} Transmitter calibiration curves $or the
Mic T {(logeerithmic YOO and Mk II (Linear VOO versions.
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FIGURE 4. Variation in wvoltage output and response time of a batch of
10 sensors. This variation has to be allowed for in building transmitters
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FIGURE 9. Layvoub of mini pripted circuit boards for dizsolved
arvagen sensing transmitters. () layvout of circuits on & strip.
il Copper  bteracks  on bthe two sides of the board. The edge
connector pads allow testing of transmitters when the circuits
are assenbled on the stock board before separation and assembly
inte individual transmitters.
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FIGURE &, Souwrce levels of acoustic transmitters. Conversions
between Decibels sound presssurs and power (Hatts). The level is
converrttionally measuwrsd at 1m from the source.



dB ref 1pPa at 1m

i source level
A .3

v
. ref fupar } %

100 dB .

Jr k4

200 , 100 ' ref 1Pa at 1m
180 80 ’
- E

) - TN
160 : 60 §
140 40 8 .

e | AR

120 20

10._.5 10_3 . 10--'[ 10 P 103 R ,-:_ | I -.
Power Watts A ‘ |

i : L, o LI I . i AL !
) B . te e H ;':;'1.". - -\: 32



FIGURE 7. Transmission loss in ses water with range at different
frequenciaes., 7ikhz was chosen for work on bthe Ribble.
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FIGURE B. Ambient neise spectra at sea. Noise levels are higher
in coastal regions particwlarly in estuaries. Nete that  7Skhz
coincides wilth minimun neise levels for mode-ate seas.
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FIGURE 9. Secatter diagram of all DI values measured for salmon
and sea Ttrout in the Ribble as a function distance from the dook
head. The solid lingeg indicate the extremnss encountred by  Fish
in the estuary.
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FLEURE 1é. Track of sea trout , Fish 4(84r. Comparitson of boat
readings  of DO and readings from the transmitter. The maximum
reading  possible from bthe transmititer is 198Y satwations  the
reading  therefore remains constant as the fish swims wp into
super—-saturated conditions.,
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FIguRE 11, Track of Salmon, Fish &8&). This Fish after
ceciilating te a fro rapidly moved out to sea on an ebb  tide.
The high DO readings at approsimately 98,4890 is where the fish
moverst  oult of the channel into very shallow waber whers 41t was
abserved to have "hauled out” in the company of obher Jfish
anparently to avoid low DO concentrations.
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FLEURE 12, A& plot of all salmon tracks superimposed on & uniform
srale related to the tidal cvole, P e DT i e i i ey i 5
ep—e g e gyl - el ek . A distinet sinusoidal
ageolliation asgsociated with the tide is inmediately apparent.
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FIGURE 13, Analysis of salmon tracks. Flob of pm%itimﬁ wf Fish
during  the tidal ovele.

Solid line ~ mean of &ll data in Figw-es 11.

Dashed line - mean of &1l data of fish which remained within the
entuary  on the subssouent biogh water, e &ll tracks of Fish

leaving the estuary wers sxcluded from this. This can be taken to

reprasent the normal pattern of movemnsnt of  fish within  the

gatuary,

PDagh & Dot line — mean of all fish lgaving the estuary to go  to
s@a. his shows that fish lsave the sstuary with the ebb fiow.
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FIGURE 14. Tracks of all salmon together with DO readings.
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