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ABSTRACT: Fish farm waste dispersal modsls are widsly usstl but have only bean directly vali-
dated to a lmited extent, Two shalloy (<20 m) Atlantic sabmon fanms (Bay of Mell and Quanter-
ness| in Orkney, Scoliand were stodieed, Bay of Bleil has perak near-bed currents of 9.7 cm 5
whereas Quanierness has Aows up bo 31,6 cm 37!, Bediment tray traps which allow resuspension
bo occur wora doployed al cach site. The pattoms of particulate organic carbon (POC] deposition
Imta the traps were in broad agresment with the obzerved water corrent directions and results
fraen infaunal benthic monitoring. Degplte the markedly different Bow regdmes at the 2 gitey, mas)
of the deposition eccareed within 210 m of the cage perimesters. POC footprints were then mad-
alled using the particle tracking model MewDREPOMOD, For Bay of Meil, o footprint was cbtained
using the recommanded parameter defaults, but the spatial extent was too constrained compared
to the sediment tray resels. For Quanterness, all simulated parlicles were lost from the model
domain and the crtical erosion shear stress had to be increased to unrealistic levels 10 obtain a
foatprint, Tha fatlure to find a common sel of parameter values applicabie to both sites, despite
their similar depths and sandy seabed, suggests that thers remain unresolved issues, likely in how
NewDEPOMOD handies waste resuspension The sediment rays provided a direct methosd [or
guantifying the organic carbon de posation, facilitating direct validation of the dispersal model and
demonstrating that further research is needed on fish farm waste disper=sal at coamser sediEnent
gltog
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1. INTRODUCTION

Im 2020, glokal peodocton of Atlantic salmon
Lalme salar Teached 27 million tonnes (FAC 202F
with £F% ol the total coming from Marwegdan,
Chilean, and UK |predominantly Scottish) farms.
Most of the reanng takes place in open sea cages,
and this produces large amounts of faeces which,
along with uneaten fish pellets, sink through the
water column fo the seabed, Whils! intoct waste
pellats may be directly consumed by predators such

O s ponding author: o fond sams ac uk

as fish [Wglem st al, M0 and imvertebrate soav-
angers [Sardenne et al, 2020, faecal materal tends
1o e the main contributor to benthic arganic enrich-
ment, The responses of manne benthic communities
1o organic entichment are well undestood from
foundation studies conducked in the 15705 an the
impacts of sewage and pulp mill waste, Those early
misights, incleding the iconic conceptual mode] of
Pearsan & Rosenksrg (1976), have proven fo be
broadly applicable 1o the benthic impacts of open
cage Hsh farming,

& Tha asithais 2023 Open Adcess uwidar Chrative Congmans by
Attrilsilion Lewnds, Ulge, disteibidion and reporosd octlian are jimn-
rawiriciad. Auibers and eriginal pablicaticn st beoeredited,
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Many benthic communities can folermte mild fo
moderats organic enrichment, and this may achaally
lead toincreases in macrofaunal produoction and spe-
cies diversity (Hargrave 2003, Macleod et al. 2007,
Heeley et al, 20136, However, with increasing Ioard-
ing, Mological oxvgen demand will eventually ex-
cesl the system's replenshment capacity, leading to
low oxygen levels (hypoxia). Under mild to moderate
hypoxta, anaerchic microlial respiation becomes
increasingly dominant and releases free hydrogen
sulphide ac & hy-product. At {hix staga, the surficial
codtiment ofton beromes dominated by opportonistic
sperias whirh can iolarate hypoxia and slovated sul-
phides [Poroira ot al 2004, Tomassotti & Porrello
20405, Banmister ot al. 2014, Keslay o al, 2019), Undar
these conditions the abusdance of larger maciobamn-
thic bloturbators tende to decling, which leades bo fue-
ther reductions in cxygenation of the sediment [Kris-
tensen M0, Hellskow & Holmer 3001, Cathalot 21 al
2012}, Undar extrema orgqanic anrichment, the sodi-
ment can become completaly anoxie with hydrogen
sulphide being relased across the sediment-water
interface, and with mnts of sulphide reducing bacte-
ria (Heginatoa sp.) developing, giving the sediment
surlace o charactenstic white appearance [Hamow-
temr 2014}, The Pearson & Rosenberg (19746) model
appears walely apphlicable to organic ennchment
from fsh forms (Wildsh et al, 2004) buat the precise
community responsss will depend on local conditbons
iBrown et al. 198Y, Weston 198, Horgrave =t al
1943, Sowles et al, 1994, Cromey &t al, 15958, Wild-
ing et al, 2012, Keeley et al, 2013b), Important slte-
specific factors incdude the species being reared
(Cromey = al 2009, Weise =l al 2008}, (he feeding
routine [Cromey el al 2002a), seasonality and watber
lemperaiure [Brown elal 1987, Hargrave sl al. 1993,
ihe seabeds physical (Kalantei & Karakassis Z006)
amd Diological charactenstes (Keeley s al. 2013k0),
and the water cumment regime, The latter factor is
especially important as it affects both the dispersal of
the organic waste and the degree to which the sarfi-
cigd sedimsnts are ventilated (Findlay & Watling
1849, Cromey et al. 2002a; Keeley ef al. 2013h0].

In Sootiand, most saimomn farms are Bcated within
sea lochs along the western coasts and around the
Orkney and Shetland 15lands. The biomass which can
b reared at each site is set throagh the Controlbed
Activities Hegulations (CAR) licence msued by the
Brottish Environmental Protection Agency [SEPA) A
key consideration for SEPA is the area of seabad im-
pacted by orguenic wasta. Following the granting of o
licence, the farm must collect benthic grab samples
close to the time of peak salmon biomass along and

arthogonal to the expected axes of maximum impact
[SEPA Z0186), In additicn, henthic samples are ool
lected at a nearby reference location. The benthic
samples are taxonamically analysed to derive the In-
laumal Quality Index [(CH) which was developed un-
der the Burspean Union's Water Framework DMredive
and replaced the ‘Infaunal Trophic Index' (ITT) of
Word (1979, The 100 = a composie of taxa dversity,
the AZTI] Marine Biotic Index, and Simpson's even-
ness [Phillips et al 3014). Samples with 101 valuss
ahowve D64 are olasesd sz baing st a "Gosd” or Tigh'
acolodrical state while thess babow 044 ara clasced as
'Ponr' or Bad' SEPA alco dofines a miving =one as an
arca of equivalant size o that within a path deaan
10 m from the cage edges, bot the shape of the
mdxing zone 19 generally an alllpse determined by the
dominant tidal currents at the site. At the Hmit of the
mixing zorms, the seabed coological status as meas.
wred by the 10 must be 'Good’ or “High'

Far established =itas thore will ba a history of ben-
thic sampling, but for a new sito thx track record of
abserved benthic impact will ba lacking. In thesea sit-
uations, or if a company wishes to expend an exesbing
aperaton, computer simulations are vsed to predict
1he maximum permissihle selmon blomass which will
not fall the benthic envitonmental standard. Thes re-
quitres relating the predicted organie carbon deposi-
tion rate and footprint with the Hkely environmental
impact, be, having a known relationship between the
predicted carbon fhox and 121 Based o analysis of
historical benthic samplng at Scottish farms, SEPA
concluded that the 464 1] boundary generally
colnciles with a predicted waste depositon rate of
250 g m™" miegrated over o year, where ihe Qux is
Dbased on the daily average during the Tinal 90 o of
e compuler sinulation run closs 1o peall hioodss
The 250 g m° vyt threshokl corresponds 1o a wasie
Mux of OF g m®d" end, assuming a fapcal carbon
contentof 30% [SEPA 20159), bo02l gCm™d™" As
mentionad abpve, the basic requirement for o pro-
posad farm (or farm extension) 15 that the predicted
mnpact area at peak salmon biomass with Q1 less
thamn 064 shonld not exceed the miving zone area
There are further requirements in terms of 1he mod-
alled mean deposited mass wilhin this boundary,
which should not exceed 2000 g m® ye'. A further
modificalion was recently issaed by SEPA in relation
1o wave-exposed sites based on (he exposure indes
of Burrows et al, 2008, Sites with a wave exposure
index greater than 2.8 aré permiltted to increase the
mean deposited mass within the mixing zone up to
4000 g m~* yrt with an addifional 20'% increase in
the spatial extent (SEPA unpublished data). There-
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fore, for llcancing purposes Il s imporant to be able
to madel the lkely organke waste deposition rate and
fontprint with suffickent skill 1o allow the setting of
bicmass lmits which will oot lead 10 non-compliant
benthic mpacts. 11 = alse impartant to be able o pra-
dict whethar organic waste may be deposited onto
any nearby sensitive habitats,

In Scodland, the most widely used simulator of fish
farm waste dispersal is DEPOMOD, The soltwara
was orginally developed by Cromey et al. [2002&)
bt kas since been updated several times to the ooe-
rent version, NewDEPOMOD {(SRSL 2021). Table 1
shows the evolution of the main featares m the
DEPCMOD family of models. In NewDEPOMOD
waste is tracked as discrete particles in a Lagrangian
manner, The flow feld can either be based on obser-
valions from one or more carrent meters or dernved
from a separate hydredynamic model, Onice settlad,
material can be resuspended when the near-bed our-
rent fhow exceads an eroston thresholbd, Resuspended
matertal will then be transporied further afield until
the current diops below a oritical settlement thresh-

ald at which point the particles resetile. Layer-based
bed hardening and compaction are also incorporated
a0 that orgente matenal can become bured aver tine
[SRSL 2021). Most of the validatben waork with DEFCH-
MOD has taken place in relatively shellared sea
Inchs along the Scottish west coast where the sedi-
ments are wsually mod to mudedy sand. Al such sifes
comparison of model predictions with resulfs from
sodiment traps placed close 1o the cages (Cromey
at al. 2002a), and with tracing {luorescent particles
added to the waste [Cromey el al. HO2b), showed
gqoad agreement. The tracer study suggested that
newly deposited organdc materdal below salmon
caces 15 easily eroded and a value of 0018 Nm ™ was
chosen for the default critical shiar stress (equivalent
{0 o near-bed current speed of aboat 9.5 cm 57"} and
a value of 7 % 107" kg m™ s~ for erodibility, Howevar,
since those studies were completed, more farms have
been developad or are being propesed in energaetic
locations [SEPA 20196). Several studies have noted
that it has been difficult to meedel famn waste foot
prints at such sites using DEPOMOD dee to apparent

Table 1. The evohution of the BEPOROLD software family

Sodtware Mlain beatures Operating sysbem Comments Referenoe
Buen{iBE 2 Initiol wasse dispromal and scetllement s Bl For wrigausie lotals Cromey ct al,
Waste Testsrsensalon, Benthle fram sevwage discharges | 15848
commiEity impacts into the marme environment
DEPORON Initial waste dispersal and settlement DOS Ewpluticn of Ben()352 Cromey et al.
Wasie restspengion Benihic Applied tesalman farms |Z002a)
cammumnity impacks
CODROTE As OEPOR{O [0 Ra-paramaterication o Cromay at al
DEFCAOD for cod farm [ 20Kk
MEBRARICID As DEPOMOD DS Re-paramaterised for Cromey el al
wmalthead sea-bream 12012
Sparus surala, seasluass
Dicentrarchus labrax
Ama-DEPOMOD  hMare wser-dnendly version of Windows "0l Almast all dinlog mpast
DEPOMOLE, Used from 2005 by 1o T centralised 1n one dnl fils
SEPA for modelling discharges from Autgmatic iteration towards
Seathish salmpn Brms: Only wseed solutions; Checked apairst
sinple current flow; Onby dlat seabed: EE M mothod with DEPCOROLY
Limited in spatial extent (1 km?) Liged commercial packape
Surfer® for ploting results
PMACAROMOD  Re-paramatersed tor gilthead Windhows “5H Eszentially MERAMOD Riera al al,
sea-NTedm SParts afals, soa-hass T T reparameiensed tor 12017
Hieentrarahws fabray and meagre Macaroneslan fish farms. b
Argyrasniiis el alsa allowing a Larger spatial
apricl
M DEPORMOD  Rewritten AuinFEPOMOD, Javwa for Mooy EPOMOD includes Black et al
Albows larger model domain for Winndowes 2000 more et chality bid also [2IF16)
slmdating Car-Theld deposiiion ar later or pix.  ablews plugping At aasier SESL (20X1)

Abllity to nsovardahbls 20 swrrant

merde] autpat; ALy 19 inclode
varizhle seabed wopography

utorg upgrading Romovad

ormmercial package Surfer®
for plotting resulis




over-dispersion of the simulated particles (Chamber-
lain et al. 2005, Chamberain & Stoechi 2007, Chang
et al. 2012, Keeley et al. 2013a, Chang el al. 2014).
These problems have been addressed by either Turn-
lmg otf the resuspension modole entirely or by
increasing the erosional critical shear stress boa level
where mesuspension is effectively lrned off, Goen
what is known about the erodibility of waste from the
heavily impacted areas beneath salmon cages
(Cromey el al, 20020, twuming off resuspension is
likely to resull in unrealistically constrained foot-
priots [Broch et al, 2017), The blas asseciabed with
lgnoring resuspension may be acceptahle to regqula-
torg because it will be monservatve in the senss of
owerestimating waste deposition close to the cages,
whare benthic mpacts will be most pronounced
(Keeley et al, 2012a), However, this approach may
mean new sites, or expansions of existing sites, are
erronaoisty evaluated as not worth proceeding with
bhecause the biomass which would pass the environ-
mental lnkls will be wneconomic. Ignorkng resespen-
shon may also mean that the area or shape of the
imupact footprint Is incorrecily predicted with the risk
that the site may fal subsequent benthic moenttoring,
Finally, potential accumulation of waste further from
the cages will not be apparent in the model owtputs
which could be a sigmficant nsk for any nearby sen-
sitiver habitats, =ach a5 rocky reefs and masri beds
[Adrobdi 2003, Hall-Spencer et al 2006, Sanz-Lazaro
et al, ZOHT)

Becauss of the increasing numbers of fish farms
Incated over sandy and maser sediments, there is a
need bo improve our understanding and ability to
model the waste deposition end resuspenston pro-
cesses at such sites. The present study atmed to
directly measure organic waste deposition at 2 Scot-
tish terms Located over sandy sediments but with did-
fering current regimes and to explore whether the
observations could be satisfackerily modelbed u=ing
Mew DEMIMO,

2. MATERIALS AND METHODS
2.1 Study sites

Two farms in the Orkney Elands (northern Soof-
land), at Bay of Meil and Quanterness, wera studied
(Fig, 1} The Bay of Meil (atm (SEPA licence CARLS
LODAERENY 4] lies to the east of Kirkwall and consists of
1 circular cages with a maximom Gcenced bismass
of B4 1, The shore 15 rocky but shelves gradually to s
seabed at 10-17 m charted depth. The cages are In 14

1o 14.5 m of water when tdal elevation is considersd
For site Heencdng, cormrent meter data were collected
between 6 and 21 November 2009 using a Teledymne
RD Instruments Acoustic Doppler Carrent Profilar
[ADCP) deployed around 50 m southwest of the
centre of the cages (38° 50,717 M, 002° 54.0%" W. Lo-
gistical constmints in 2021 due {0 the SARS-Cov-18
pandemic meant thai a current meter could not be de.
ployed caincident with the present stuchy

The farm al Quanterness (SEPA lkcerce CARSLS
10018931M1) comprises elght 90 m circumference
clrcular cages with a maximum leenced biomass of
a0{ 1, The adjacent shore & rocky bul shelves Lo coarse
aand at around 10 m charted depth with the cages
being in 10 to 14.5 m of water when tidal el#valion is
considerad, For site Branong, currenl meter data were
collected between LG June and 1 July 20049 gsing an
RO 600 kHz Workhorse ATHCP deployed slightly
west of the cages 1357 458N, 02759, 148" W), Addi-
tonal current data were collected betweasn 26 May
and 17 June 2018, using an Aanderaa SeaCuard 1
ADCE ar 50° 00508 N, 002750, 134" W amd coverng
the period when the present siudy was undertaken

2.2, Benthic sampling lransects

Weighted lines weara laid by divers from the edge
af the cages out to temporary moasrings along the
axes of expected maximim and minkmiam Bnpact
These transect fines were pre-marked at set dis
tonces of O, 10, 20, 3, 40, 50, 75, and 100 m at Bay of
Weil, and at inkervals of 20 m from the cage edge at
Quanterness o enabie accurate placement of the
sediment boxes and collection of the benthie cores
nsed for sediment particle size and particulate organie
carbon (POC) analyses,

2.3, Sediment sampling by diving

Divers collected duplicate sediment cores adjacenl
1o each sediment tray location during the fiest sedi-
ment tray deployment at each site. Cores were col-
lected uskng 50 ml plastic syringes (Terndmo, Legven)
with the tubes cut flosh at the nezzle ends. Each
aynnge was pushed nto the sediment keeplng the
angke as vertical as possible while steadily withd s
ing the phanger, Once filled, the syrings was with-
drawn from the sediment and sealed with a second
pluniper, Cores were returned bo shore, frozen at
=207 and transporied in insulated containers to the
S5AMS laboratory, Oban for anabysis,
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231, Analysis of eyrings cores for particle size
analysis (FEA} and PO

The syninge coro contents wers fresze-dried (Har-
vest [kght, scientific model) followed by sieving
through a 1,18 mom sceeen, For PSA, sub-samples of
1 ¢ of sadiment from each eyringe were placed in
50 ml centrifuge tubes; 5 ml of Calgon despersant
added, and the volome made up to 25 ml with water.
Samples were then vortex mixed for 1 min and sws-
pended sediment was introducoed inko an L5230
Beckman Coplter laser diffraction partbcie size ana-
lyser, Particle skee conbrol used standard 5000 pm
glass bead matrs (Coulter Control GRIO0A1) ron a
the baginning and end o each balch of sampls
amalyses, [lata were analysed using Gradistat (ver-
sian 6 soltware (Blott & Pya 2001},

For PCHC analysis [Verards &1 al, 19940, the remain:
ing sieved sedimont from each syrings cofe was
O] amnd homofenised at 350 rpm for 3 min in a
ball mill (medel PAMA00, Ratsch). A sub-sample (15—
15 myg) was weighed from each core mie a 2 ml
qlass ampoile and 1 ml of sulphurows acid added,
Vials ware left to degas for 8 b and then placed in
a vacuwmn desiccator for at least 4 h Follbwing
freeze-drying for a further 24 h, the sanples were
transferred into tn capsules and combusted in oa

- 2. 86 -2.9400 =292

BMode] 4010 EAS Elemental Com-
bustion System Total Carbon and
Mitrogen analyser [Costech Analyti-
cal Technologies|. Chaality control n-
cluded calibration using acetanilide
standards and ruaning of blanks.

4. MO sampling

A part of the farms" statotory envi-
ronmental monitoring program, dupli
ciate Benthic sampkes were collected
using a 0,045 m* Van Veen grab by
farm statf, Bay of Mell was sampled
on 31 Awg and 1 Sep 2021 and Qwean-
terness was sampled on 3 and 5 July
2018, On recovery of the grah, the val-
umme of sediment, any obvious smell of
hydrogen sulphide, and the surficial
appearance [coloor, iexhire, presancs
of badarial mats, foad pollets or rizi-
bis faeros) were recorded. Grah con-
tents were then passed through a
1 mm skve amd macrofauna pre-
sarved nsing 4 %% formalin, Subsegquent
taxonomic analyzes weare undertaken by environ-
mental consultancles [Fish Vet Group unpublished
data, Pharmayg Analytig unpublished datal, In the
labogatory, the samples were rinsed, ransiorred o
trays, aml mactolanna removed and storod in vials
contaming PO Industrial Methvlated Spict, Macro.
{auna ware identified to the lowest taxonomic level
possibbe asing standard keys. The caboulntion of 130
from the laxonomic data was performed by osing the
standard fish farm benthic reporting framework nsed
by SEPA.

-2 B00

2.5, Sedimenl tray lraps

Because of the likely bmportance of waste resus
pension at thess sites, open trays which allowed faor
Tesuspension of surlicial matesial pGrant 1985) were
used rather than retentve sodiment traps (Wlikte
1480, Plastic bakery boxes [Sistemz® KLIP IT™,
vapacity 3.5 |, B5 x 238 = 264 mm) were flled with
cledn, medium-fine kiln dried marine sand (Spacial
15t Aggregates). Because of the volumes required, it
was oot feasible o use sediment taken from the
study sites, asin the orgmnal method (Grant 1985), At
Bay of Meil, the trays were deploved on 7 July
jspring tide) and 22 July 2021 |spring dde). Trays
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were deployed at Quantemess on 31 Mav {spring
thde) and 10 June 2018 (peap bde). Seawater was
added to each tray and the plastic lids clipped into
place on board the support vessel, The boxes woere
lowersd to the seabed and then bured by a diver
along the transect lines so thal the tray lips were as
fiush with the seabed surface as possible, The likds
were then carelully removed, and the trays left in
place for 7 d. At the end of this lime, divers clipped
the lids back in gty before recovering the bozes.
Onee ashore, the hoxes were frozen al —20% and
then fransporied in msulabed containers to the SAMS
laboratory, Oban for further processing.,

25,1, Measuremant of PFOC in the sediment trays

Frozen sediment trays were freege-dried over 3
drying cycles of 3<% d, followed by a further 2-3 d.
Cinee dried, any veible macrofauna or macroakyjas
oo the sediment suface were removed and dis-
cardad. A sall correction was nol made as the error
contributon to 1he total sediment welght was esti-
mated alless than 1 % based on the volume of seawa-
terin the boxes. The sediment was then gently mixed
in a cdean bucket to remove any lumps and the lotal
weight recorded, To aveid over-loading the carbon
ditection instrument, toplicate sub-samplas of be-
tween 20 and 60 g were weighed out from the dred
amd =seved contents of each sediment tray, Smalker
sub-samples were taken from imays clese to the cages
as thesa were expected to have higher POLC content;
Each sub-sample was placed into a 2.5 | plastc mix-
ing baottle, $00 ml of delonised water was added, and
the contents mized wsing a kitchen hand blender
| Bosch) for 20 8, The sand was allowed 1o settle, fol-
lowing which the supematant was gently poared
inte & vacunm fltrabon fonnel fitked with & pre-
ashed 47 mm diameter GFT filter, The mixing and
filtrmbon steps weme then repeated with another
3H ml of deionised water Both mixing and filtra-
tion steps were then repeated once more, bat this
time povring the supetnatanis into- a secoad clean
GFF filter cup. Vacuum sucton was then appled
for wp b0 several hours after which the filter papers
were pemoved and placed overnight on & perforated
tray in & desiccator over a small amount of 37 % HOL
to remove any inorganic carban. The following day,
the acidified filters were placed in o warm oven
and dried overnight at 33°C, Blank extractions wers
also performed wsing the clean sedimant uwsed to fill
the sediment trays. Dried filter papers were then
individually wrapped in foll and shipped to the Uni-

versity of Essex where the quantity of organic carbon
an each filter was determined using a PomacsMCS
anmalyser [Skalar). Callbratbons were made at bow,
medium, and high detection ranges using desiccated
acetanilide

The amounts of POC deposited into sach sedi-
ment tray weare estimated taking inlo account the
retention efficiencias of the GT/F flters. The est-
mated retention efficiency of POC on a filter was
calculated as

E=1- [POC/POC,) (1]

where E iz the capture efficiency, and POC, and
PO are the guantibies of POC {mg| measured on
the first and second wash fillems, respectively. Any
samples where the capture efficiency was estimated
o be fess than 0.5 were repeated. The estimated
PO i) in each sediment sub-sample was then cal-
culated as

POy = PORC ¢ POz + [POC % |1 = EVE] (3}

Thea POC in each sediment sub-sample (POC, ) was
correctad for the background erganic carbon present
in the clean sand wsed to fill the boxes as

POC = POC 0 — (PO kw2 Saub) [

where PO 50 i5 the mean POC (mg g™') in the
clean sand from the blank messurements and S, is
1he weight of tha sub-sample {g} taken from the traw
The tokal PO (myg) present in each sediment tray
was then estimated as

|=II:":-—:Ir-l:,l . PD"-:“.I'r X E'h:,-'l I'-.L:ﬁ I'*I

where 5, |5 the botal welght |g) of drisd sediment in
the tray and 5. @5 the weight of the sub-sample (g}
taken from the tray, The surface area of each sedi
ment tray was 105 m?, so the estimate of the POC
deposited over the T d deployment period fmg m™ is
given by

POC, = POC,,,  (0.0504) [5)

Thefinal esttmates of the organic carbon deposited
mitn each sediment (ray were taken as the maan of
the tripkcate analyses from each tray, Given that
the trays were initially filled with clean sand, il
was assumed that breakdown of the organic mats-
tial in the traps would be negligible over the ¥
deployments.
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206, Modelling of organic particulale waste dispersal
and setilement using NewDEPOMOD

A full description of NewDEPOMOD vl 4.0-ro(2-
WORLD edition| can be (ound in SRSL (2021). Por
Bay of Meil, the model had to be driven using cureend
data collected in 20080, with the peried extracted cor-
responding o the tidal state during the sediment tray
deployments. Por Quanferness, water current data
was taken from the 2019 data collected during the
time the sediment trays were deployed. Modelled
bathymetry was based on the original site beence
data augmented with any recent Admirally surveys
ittpsfdatahub admirally, couk). Salmon feesd Inputs
and bicmass data wers supplied by Cooke Aquacul-
tire basad on the feed gquantities used and harves
records at each site,

Firstly, models wers run using  recommendad
SEPA defanlls |SEPA 20159a), except for some spe-
cific adjustments required to accommodate the
smaller apatial mesh due to the sediment tray
spacing at each site (Table 2}, Secondly, the effects
of adjusting 5 parameters often usad for tuning

MNew DEMOMOD models were tested dacToss a range
af values from Jow to high (Table 3. Each of the
parameters were afjusted n turn whilst keeping
the remaining parameters set o the mid-value
Modelled organic carban depositions were com-
pared with the sedimant tray resalis using seatier
plots and calculation of the rool mean sguared
arrar (RMSE) A multiple linear regression was per-
formed to rank fthe sensitivity of the results to tun-
ing. The RMSE value for the model fit was used as
the dependent varahble, with the 5 parameters that
were altered as the independent varables. The p-
value was used to assess which paramelers held
the most sigmificance. If a parameter showed low
significance [p 2 0.03), then the SEPA default was
wsed in further model mans: For parameters thal
showed high significance (p £ 0.05), turther runs
were camed oot using values nesr thoss thal
showed the best RMSE values in instial runs, For
Quanterness, models were run both inchuding and
remowing the Hdal residual flow as recommended
by SEPA for modeliing highly dispersive sites
[SEPA 201%9a)

Table 2, Parameter adjusimente from SEPA recommandssd dedaull settings for the Mew DEPORMOE haseling moda] ans, Maka
that the last 3 parametem are anifless

Parameder Lindts - SEPA dedanlt Valua used  Reasan

Hathymetry bl ferdans Width i LU 250 Allows particles ko mave [urther o a tmestep —
bl oraebics il o & aliss Wi Fesaspesion
Is wary active

Hathymetry minimumSerlaoe Y m 24 n Sedimamt trave wore closar o each obhar than
E5 m =g smalker resolubion was recueined 1o allow
sedimaend box locations b be in separate cells

Bathy metry surface DY 1n ] ]

Trnsporis Bed Model surface DY m 25 1D

Trenspocts. Bed hdadel contractkn TS0 Infirity S To allow burung of the bed modal

Tmnsports Bed Model expansion TS0 1 T4 Dbt

Tramspoets, Bed Model g eleas eFarticles.

parbciealerfnes LREAR LT LTS Mmintainsthe setbing of 1 resuspension particle per
hattymetry cell

Table 3. Parameter values wsed in mode huning. & range of valoes were tesied between Low and High levels. The vanahble
names used in MewDBEPGMOD are Besuspension height Transporis Bedbodel release Heightheight; Hydraulic roughnes:
T pod b5 BanamBooghnessLencily emoot s Critical shear steess: Transports, BediviodeliuECiih i Layer mass: Trapsports.
Bodbodel dLayerbdass; Horizonial bed dispersion: Transports.suspension. walker dispersionTC oefficient X and Y. Values for
Frydvanlie romgbnsss ware inersassd i0oa loganthmic mannsr 5o culy 6 valies plis the defaull were 1estai

Parameder IDrerdnult Lo High
Hesuspension height 18§ i} a4 (11555 LS 4 4 1 2
Hydraubic rowghness LO0EETE 0,004 11,100 13, (410 LR 0,1 1
C'rtical shear stress oz (1L IKHEIE 0.2 (TREA ] i 1] 2 0
Laver maoss HIFS 5 £ 45 13 145 1140 3375
Horizontal bed dispersasn o1 ol .25 0.5 075 1 15 2
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3. RESULTS
d.1. Waler currenids

Hay of bMMell is kess energetie than Quanterness with
mean flows of 3.2, 3.3, and 3.4 om 57" at 5.6. 4.1, and
21 m above the seabed, respeclively, based om
the 2004 data. Mear seabed peak llows were up |9
8.7 cm 5! bowards the south (Fig. Za). At Quanter-
ness, mean fows from the 2000 ADCP deployméent
were 154, 131, and 11.3 em &' at &1, 4.6 [net
depth), and 2.1 m [taken as near-bed for lcencdng
purpeses) abave the seabed, respectively. BMear-bed

a4k 20

340 20

260 Ba

10 18 20 25 &0 25

260 s 1080
240 120
L
20 140
200 180 160

Fig & Nestr-twd corment spesds and directions a1 (o) Bay of

bdeal 20618 ddata apd b Quentorness F0EY9 data. Badid in-

dicate speed |om s ', mote the difference in redii =caling
hetwaen the I sites

peak flows were up to 31.6 cm 87" in a predominantly
southeast directbon. Mean flows from the ADCP
deployment in 2019 were higher at 45.7, 160, and
139 cous™! [at the same depths as in 2009 with near-
bed peak flows wp to 324 om 57, again odentated
predominantly to the southaas| [Fig. 2b)

4.2, Partlcle size and POC in sediments

The sediment at Bay of Meil s dominated by fine
and very fine sands Tahle 4], Coarser sands were
found along the east teansect which ran inte bare
rock beyond 30 m from the perimetsrs of the cages
whilst finer sands dominated to the wast and north
Tha mazimumn percentage of clay particles (2,6 %
gocurred 20 m from the cages in the sonth-sasterdy
direction. Sediment POC levels were generally Jow
[=0.5%) but were slightly elevated (1.3%) at the
cage edge along the southerly ransact.

Sediments at Quanterness are dominated by fine
and vary fine sands (Table 4} althoogh the percent-
age of coarse sand and it was a lttle higher along
the southwest transect. The maximom percentage
of clay particles was 33% and found 40 m rom
the cages in the southwest direction, Thers was no
avidence of high levels of organic enrichmani in
the sadiments, with a maximum POC content of
1.3% at 40 m from the cages along the southwes!
transect There was alse slight enrichment to o smmi-
lar level near the cages along the east and southeast
directions.,

It must be cantioned that the POCs from the
synnge cores are averaged down to a depth of aboul
Soem and surficial POC levels are likely to have bean
higher, The arlginal infention had been to slice the
cores, preserving the wvertical structure. However,
because of the coare sediment, matenal in the cores
tended o becoms partially mixed during collection
by the divers and recovary of the cores to the fiekd-
wirk vesseal,

34, Infaumal guality index (1CH)

Cage edge impacts at Bay of Mell were apparent
almag all 4 transects, with elevated densites of en-
richment polychastes and low Q1 scores [Table 5]
Aalong the westerly and northerdy mansects, degraded
condifions were confined clese to the cage edges but
grabs with Moderate’ status persisted out to 150 min
the southerdy direction, The sasterly transect could
nol ke sampled beyond 25-55 m a3 the ground be-
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Tahle 4, Average pereentanes by panicle swe class rom M syringe cores collected along sampling ransects st Quaniermess
amed By of Mell, Samples for PSA were taken iTom duplicate syringe coras collected adjacent to the sadiment fray locatons

shown in Figs. 1 & 4. V.= very

Sie Transect W A ooarse Coarse bMed  Flne Vobne V.ocoame Coamse bMed Fneo V fine Clay
direction sl gand  =and  sand sAmad| =ik gt milk =il gill

By of Medl Bt 1 175 14.4 .5 7.5 23.7 t2.43 4.3 3.3 23 [ERE 1.6

Eauth B L 126 147 nry 250 13 1.E 24 1.6 g L&

West & 0.5 4 | Ja.n 41.9 9.4 1.3 8 0B 0.1 0

Marth g (.3 1] i 6.7 418 i3 1.3 Ll g 0ol 04

Quanterness  Bast g Lo 47 140 48B3 16:2 4.4 17 2B 1 OB M4

Southeast 0 1.2 14 s dEE 24 51 TE 93 15 07 12

SEouthwest: 4 1.1 b 146.0 Jia 15.7 7.4 i ] 5.2 io 16 24

Hortheast 4 Z.2 L i | 461 15.00 3.3 2.8 24 1.8 1.0 i3

Table 5 Hesalis of enhanced banthic monitoring 4t Bay of Medl and Guanierness. Digt = distanca from cage edgey BF dens =

demsity ed encichment polvchacte speces 10 = nfaunal Quality ndex (ver 41 Eco = acological stabue from the 100 valae (Mo

mielerat e, Rack: sampling wis med possible due o rocky subsirabe; s Sections 1 & 2.4 for iurther deseription of Eoo desxgmations).
The locations of the grab sampling transects ot the 2 study siics are midicated by the colowred dots in Pigs. 3 & 4
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comes rocky, The infaunal data from this sits sug-
gests that most impact coears close to the cages but
extends beyvond 100 m in a southarly direction.

At Creanterness, benthic Impacts were most appar-
ent at the east and southeast cage edges with high
densities of enrichment pobychaeles and low [LH
sopres (Table 5) Benthic impacts also extended fur-
ther out along these trensects where “‘Goed’ condi-
tions were nod reported until 118 and 165 m from the
gast amd soulheast cage adges, respectively. The
ecolpgical status of most ol the other grab samples
was 'Good' or "High', except for singbe anomalous
samples along the west and north tansects. Owverall,
the 1Q0 results sugoest that most of lhe impact oeous
relatively close fo the cages but extends further out
in the easterty and south-easterly directions, as
might be expected from the measured near-bed
wtter currents (Fig. 2hi,

3.4, Sedimeni iray resulis

The englnal intentlon bad been to deploy sediment
trays during spring and neap tides at both sites bot
becausa of logistical constrmints on diver availability,
both deployments at Bay of Meil took place durdng
spring ticdes, The implications of this for interprata-
tion of the Bay of Meil sediment tray results are likely
to be relatively minor because this site has much
lower near-bed [ows than Coanterness. Far exam-

1020

10127004

10928004

Maorthing (mj

11230

02100
B0

34Z900 48500  B4ATO0  BMBI00  34EI00

ple, under neap conditons, near-bed fows at Quan-
1erness reach atound 25 cm 57" whilst at Bay of Medl,
flow & only up te 10 cm =, even during spring tides

At Bay ol Mell, trays beyond 40 m along the east
arly transect could not be placed flush with the sedi-
ment surface as the ground becomes exposed rock
Mot all the sediment trays were successiully recoy.
ared, At Bay of Meil, one tray was bost from the first
deployment, while at Quanterness, one fray was losi
from e neap tide deployment and 4 from the spring
tde deployment. In addition, sediment trays from
both deployments at 160 m along the soath-easterly
transect were largely emply on recovery so their con-
tents could mot be anabysed. At Bay of Medl, the max-
mmum estimated organic carbon deposition was 96 g
€ m™* over 7 d (Fig. 3h). Despite both deployments
for Bay of Meil being undser spring tide conditions
there was a noticeshle difference in deposition pat-
terns, especially along the northern amd seuthern
transects. Deposition was highest to the south dunng
the second deployment leading 1o noticeabla ele.
vated deposition at the cage edge and out as far as
75 m,

The maximum estimated organile carbon deposi-
tion at Quanterness was 55 g Cm™ over 7 d [Fig. 3a}
This was Fowsr than at Bay of Meil which may reflec
the lower salmon biomass at this site bat alse shghtly
tharther dispersion of matedal under stronger flow
condifions, During the spring tide deployment, the
highest deposition ecourred within 20 m of the cage

348500 348700

Easting Im)

fag. 4. Pabterns of pacbiculate organe carbon (PO deposition st Bay of Meil ecstimated rom sediment trays compared with in-
faunal quality index [103]] valses derived frony bendhic grabs, Grey cicles: WO depesitson is from sedoment trays deployed during
|a} sprngg facles 7= §4 Fuly and (B spring tides 22-29 July; the grey cincks areas are proportions] b the amount of POC depoaied
into the sediment frags over the ¥ d deploymeots. 10E results derved from the benthic grabs — green cordes: High' or Good”,
yvellow drdbes Moderate', and red drches: ' Poor’ or ‘Bad’ ecolegical status, Hatching: approximate peimeter of the cages
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pdge along the east and southeast transects buf thers
wias also evidence of slightly elevated deposition
at around 40 m along the sonthwest and northeas
transects, Dunng the neap tide deployment deposi-
tbon of woste material was ower, especially in a
south-easterly direction and the maximum mie of
depesiton (38.6 g C m™%) was at the start of the east-
ey transect.

4.5, Comparlsen of POC deposition with benihle
[aumal olbservations

Althongh the fransocts for the sadimoant frayvs and
hanthic grabs weare not exactly aligned (Figs, 3 & 4),
poeitions were sefficlently close to guggest compar-
sons hetwaen the results mboght not be nnreasonable:
Ag the total nomber of benthic grabs collectad was
legs than the number of sediment trays, Q1 values
wore comparaed with POC depesition estimated from
the nearest tray. Althowgh some locations with low
ostimated depositon waere associated with grabs
yvielding poor ecological state, the overall spatial
patterns from the sediment trays and benthic grabs
sty 1o be in broad agreement, At Bay of beil,
the heaviest PO deposition sceurmed aflong the
southerly transect which was also the direction in
which the less than "Good' 1QI state extended the
furthest [Fig, ). At Cuantermess, elevated POC dep-
osltbon and poorer 10 states cocorred along the sast-
arly and south-easterly transects (Fig. 4), Conslder-

ingg both sites. POC deposition of more than 20-30 g
€ m™ over 14 d [equivalent to 14-2.1 g Cm™ 47}
tended 1o he associated with poor ecological state
[T < (1.64], although some locations with lower esti-
mated waste deposition also had less than ‘Good
atates [Flg. 5}

The sediment tray results also allow an estimation
af the distance within which 90% «f the orgamic
waste was deposited over 14 d assuming depoesition
declines exponentially (Fig, 6. The decline curves
tendod to undedil the esbimatod POC depasiion
rates at tha cage edges so that the 90% dapasiion
distances can only be congiderad indicative. Bearng
thiz in mind, digpanal of 0% of the mas dopositod
was estimated 1o extend only a further 50 m out af
Oeanterpess, despite the markedly faster near-hed
curment Tegime at this glte when compared with Bay
af Ml (Fig. 3.

2.6. Modelling uilng NewDEPDMOD

For Bay of Beil, the best fittmg model was pro-
duced using the SEPA default parameters except
lor resuspenson helght which had to be increased
to produce any spread of resospended material
|Table G), However when compared with the sedi
ment tragp results, particle resuspension and 1e-dis
parsal appeared to be oo constraied with the
southerly extension seen bn both the sediment tray
results and 1Q1 states not beling reproduocad (Fig, 7

PO cleposrmd
ower [ -days
1041 M0 i Gy
o
@ =0
]
E 1 01 35000 =:n
181 3700
]
[ ] [ ]
1015500 T T T T T T
343400 S4AR00 As00 229400 349000 43680
Easting (m}

M. 4. Patterns of POC depositon at Quantemess estmated foom sedomest trays compared with (21 decived from bensthde

grabs. Gray crcles: POC dapeiton from sadimant trays daploved dunng (a2 spring ks 31 bay-F Jeno and |b) neap thda

10 Jume=17 Jume; the grey arcle areas are praportinnal bo the amount of POC deposited intao the sediment travs over the ¥ d

deployments. MO0 results derived from the benthic grabs = green decles: ‘High' or ‘Good', yellow Groles: Soderate’, amd red
clrcles: 'Poor' or ‘Bad’ ecologpeal status, Hatching: approximate perimeler of the cages
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d. DISCUSSION

4.1. Modelling waste dispersal
at Bay of Mell and Quanterness

Even thowgh Bay of Meil has rela
tively weak near-bed currents com-
parad with Quantemess, the seabed
al both =sites is sandy with POC con-
a pent of <1.2%. Thus, neither location
B strongly depositional, and trans-
porl needs to be accounted for when

1.0 B
a b
O
(.E = -1 o
l:rq"::'ﬂ l% o
e e ety | | e e e e
O 06- ° o o 9 5 8
— o =]
D
0.4 - o ]
o]
[ T |
(]
.2 - a ] -
T T T T T T T T
Q &0 &0 Bl 3D 100 ] 20

POC deposition (gCm®)

Figp 5. 1430 from heatkic grabs agamst ssiimated PO deposition s the sum of

thee bwa ¥ ol sediment box deployments fromn the closest sediment troys at |a)

Hay af Meil and (b huanterness, Dashed honzontal lines: the (G hoandary
between 'Good’ and “Moderite’ ecolomcal states

For Chianterness, application of the SEPA defaulls
led to all waste particles being moved oot of the
mode!l domain. Removal of the tidal residual corrent,
a5 recommended by SEPA for high-energy sites, also
faibiad to prodoce a depositional feotprnt, To prodoce
a depositional feotprint the critical shear stress
itawaerit] had bo be increasad substantially (Tahle &},
Althongh the modellsd feotprint did extend a little
further out to the easl and southeast compared with
the wasterly and nodherly directions, the sediment
tray and I results sugoested that dispermsal was stikl
hamg underestimated [Fig. 8),

T modelling fish farm waste dispersal
&0 (Broch et al. 2017} Although a mod-
alled footprint could be obtained for
Bay of Meil using MNMewDEPOMOD
defauli parameter vakaes, the foot-
print appeared to be o constrained
when compared with the sediment
tray and 1G] results. In contrast, mosd-
elling of Quanterness using the de
{ault parameters falled to produce any benthic foot-
print with all simulated particles belng lost from the
model domaln. This linding agrees with several other
maodelling studies conducted at higher energy sites
[Chambsrlain ef al 2045F, Chamberlain & Stucchi
2007, Chang 2013, Keebey et al, 200133, Chang et al
2014) Ower-dispersion has besn reported when
maodelling sites with peak near-bed current speads
above 20 om 57! (Chang 2012, Chang et al, 2014} or
30 cm s~ [Keeley et al, 2013a), while at the Canadian
site studied by Chamberlain ot al. (2005}, the maxi
mum near-bed current speed was 362 cm™', which is
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. a h
,?'E" 100 - 4 B:]-—“
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2 T " Bl e
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L dil - B
& 40- ‘\\\\
& %, ®
m—
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"-\_\_\_\_ - N
- T ——— 5 i . e i
] ] L] ] r L 1
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Fig B, IMIC deposition aver the 14 d sediment ray depkrrments fitted with exponantial declines with distance tor the maxi-
mally impacted frmnsects at (a] Bay of Mall and (b Quantermess. Blue open eireles and solld lines: the easterly tmesects; red
flled circles end dashed lines: (o] southerly iransect al Bay of Meil and (b)) south-pesterly tansecl at Quenternaess
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Table 6, Faramoter valwes for the hast-Fttieg Beed aros

sional entcal shear stress NewDEPROMODD models for

Guanterness snd Bay of Meil using the full oerrend metes

diata [without the Hdal residual corrend removed ), Valoes

cormesponding 19 Mew DEPORMOGD delaulis are indicaies

in italics. Thoe FRSEs are coloalated swer both the sedimont
ray deploymeniy

Parameder fay of kel (hwanirrness
RMSE 2L5TA7 H 1EH:S
Resuspension helght i 0,44
Hydrauhr ronsgph Lo (ki
Critical shear sitess 2 i
Layer mask ANEE A
Drisprrsion [ 1

gimilar to thal at Quantormess. Thes, despite baoth
Orkmey sites being shallow (<20 m deap) and with
sandy sediments, wa were unable to ldentdy a comm-
mon el ol perameter values which would prodaece
modelbd fooiprints comparables with the sedinse=nt
tray observations, DEPOMOD v2 was previously
validaled by Cromey & all [2002a) al 2 Scotlish
farmms with near-bed peak corrent speeds of 3008 and
24.2 ¢m 5" and which were described as dispersive
and depostional, respectively, In thal validation,
miodel predicions were compared with the contents
of sediment traps, although these were only deployed
for 24 b, and throwgh model comparison with IT1
resulls from benthic grabs, It k= nof clear why Cromey
et al, (2002a) were able Lo cbtaina modelad banthic
footprint at the diEpemsive site, although I may be
theal the perkods ol stromg fow o their data oooarred
[of shorl enowl hmes o avoid removdal of parbicles
from e model domaine AL the cage edged o the
present study, modelled and observed depositon
pales were Droadly similar, belng up © 100 g C m
ouvel 14 d. This suggests that the converskon of [ed
inputs and simulation of the initial sinking of waste to

the saabad nre probably reazsonably accomto, sogs
gusting thal thers is somathing incorrect in how
MowDEPCOMOD traate the resuspansion and further
dispereal of sattlod organic wasia from coarser sedi-
ments. Tha affocts of arconnting for sediment spe.
cifie differences in eroalonal critical shear atyass have
algo been demonstrated by Carvajaline-Fernandex ot
al [20200), In that study, Ragienal Oeean Modeling
Systemy (ROMS} hydrodynanic models were coupled
with sediment-dependant resuspansion thresholds o
simulate disper=al of salmon farm waste within the
Altafjpdan and Freya Archipelago, Morway. bodel
rans were also parformed with no resuspon=on or
with & finerd erosional cribical shear stresg of 0018 ™
m™ The shapes of the resulting particalate organic
matter [FORM) footprints were elearly affectod by
the chobce of resuepension schoma, although com-
pansons with sedimant trap data sugoestad that the
spatially varving threshold model was still andear-
predicting PO deposition out o 600 m from the
CEAJES

Ta date there have been a miied nomber of stad-
ies whers laboratory or field wmes have been used
jo directly measare fish farm waste resospension
Law et al. (20106) used a Gusl Merocosm Eroston
Chamber wherse laecal particles began to resuspsend
at a stress of 001 N m™ but a large increase o resus.
pension socurred ab .08 Bom™, regardless of sub-
strate 1y pe. However, much less faecal matarial was
argdled when the underlving subsimile was= coamer
O cobible, less than 25 % of the material was eroded
whereas nearly complete resuspension of the fascal
particies ocowrmed when the substrate was mud. Aver-
ayed over sieesses up o 06 N om™, the erodibility
parameter estimates for salmon washe an mud were
extmoates] ab 1.3 & 107 g m-? 677, sand at 3.5 = 100 kg
m? s, gand gravel ai 6.0 1077 kg m &', and sand
poblle 4f 5.8 % 1077 kg m~™ =1, Ukdng & borkeomtal
{lumie. the resuspension of intact salmon lascal pel

Tabla 7. Extlmated distances from cage edge encompassing G0% of the PO daposition along tha rassects of maxiniem

li=persal as estmated from exponential dectme curves fliited o the sediment ray rap data, PO deposilon =
Intereept* expiSlope” Distance). BOM = Bay of Meil, QUA = Quaniermess

Site {Hredtion Interoapt Slope Total deposition k' of tatal IHstanca
nlong 1 m wide deposition corresponding
transect exiendad (i} b G0 % of fotal
s ZEWHE 311 (] il poasition (m)
Bk East AH M0 — ERA a0 L [
Sogth i 2T ~0, 0544 i AHFD 156
LA Bast 55,758 =027 2T50 2115 1E}
Smuthzasi 19t =0.08 0 1760 1564 23F
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Plag. 7. Modelled deposition lootprint rom the best fiiting NewDERORMOD moded lor Bay of Meill. Lorge open circles: salmaon
raagper; fillad comtaunr: predicted erganle carbon depasition ovaer 7 o; amall eolinl sreles: ohsarved organde carhon deparibion
from the ¥ d sediment trey depl oyments dunng (a] spring tide deployment and (b)) second spring tide deployment

lets was stodted by Carvajalimo-Fermandez et al
(2020a). Pellets began to saltate at around 5.4 cm g™’
and resuspend with current speeds of 5-I0 cm 5,
Substrate type did not appear to affect saltation but
didd influence resuspension. Mean values for the crit-
icol erosional shear stress were 0,06 N m™ on slate
and 0.07 ¥ m™ on mud bui 0,12 N m™? on sand and

.32 M m"® on fractured rock. However, Carvajalino-

Fermandez et al, (2020a}) cautioned that these resulis
are unlikely to appiy to broken down and floceulent
material, for which lower critical shear stresses were
axpected, Althowgh omeaten feed pellet=s usually
comprise a small fraction of the overall waste, under-
standing their transport has also been of interest, In
flume experiments, fead pellets became wadged in
cobble crevices bul on muod, pallets bagan o saliate
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Fig 4. Modelled deposition iooiprint from the best fiiong New DEPOMOD mode] for Quanierness. Large apen circles: salmon
ragpes; filled contours: predicted arganic carbon deposition cver T d; small salid circles: observed arganic carbon deposition
from the 74 sediment fray deplovments during [a) spring e deployment asd (b peap de deplayment
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at .08 M m~* while on sand cobble, this did not ooour
until the shear stress reached 0,16 N m™ (Law et al,
AR} Omiee pallets ware moving, thers was litle dil-
ference in the overall horizonkal distance traveled
[2=Fcm s at 0, 16=0.24 N m™2), At stress brvels above
16 N m™, exposed pellets began to break up but
buared pellats regquited shear stresses above 048 N
Y e hecome re-exposed. A general coneluskon from
these labomtory experiments 8 that coarser sub-
ctrates prowide spatial refuges for waske particlas
whoreas consolidated mud or heawvily organically
anrched sediment provides less protection from ero-
swnn. Furthermore, sedimants freg |.1-n1'|I'J'|.' rontam b
films which render the subsirate ‘sticky’ affecling
resuspension. This may be espectally true of shalbow
sodimeonts with sufficlent illuminatkon for films of bon-
thic ciatoms to dovelop (Grant ot al, 19486),

Whilst laboratory studies: have provided inslghta
intoe how fish farm waste bobaves undor different wa-
ter flow stresses, it can be difficult to fully smmulate
ficbd conditions {Adams et al. 2020}, Using an annular
feebd fume, critical weter specds for sediment resus-
pensian were eslimated al between 33 and 55 cm s
bt 100 cm abowve the bed [Dudley et al, 2000), How-
gver, Cromey et al, (2002b} noted that applying thess
critical speeds to Scottlsh Hsh farms would result in
virtually 2era resuspension, which was considered
untealkstic, & seres of experiments are described by
Adams et al, (2020} at & Scottish farms where a small
annubar flume was deployed chose o the cage edges
arnd a larger (lume at distances of 100=300 m. Sadi-
mienits ranged from coarse sand 1o sitt, and all showsad
sigms of organc endchment. The fume results sug-
gested an average erosional crilkcal shedr sipess o
002 N m* [range 0.01-0.04 N m ™) for heavily srgan-
lcally eiriched sedimenis such as those fownd choss o
the copje edges. This value i very closs to ihe defaull
critical erogional shear stress of 0018 B m? wed in
DEPOMOD, However, away from the cage ediges
higher critiral shear stresses were requited to initiate
resuspansion (mean 0,19 N mF but up to 0,74 Nom),
A revised astimate for the erodibility constant was
also calculated a5 0,031 kg m = 57" and this was ap-
plied n MewDEMOMOD. However, it should be
nobed that the form of the relationship betwesn aradi-
hility and sxeess shear stress was also changed m
Mew DEMIMOD, so that the erodibility constants are
not directly comparable [Fox et al, 20221 However,
none of the studies ciled above have suggested that
the erosional criticnl shear siress should be as high as
20 M m 4 value which practically shuts off resus-
pension, but which was required when modeling
Cluanteress 1o abfain a benthic footprint.

An important ohservation is that despite the wery
differant curren! regqimes at Bay of Meil and Quoan.
terness, the distance within which $'% ol the waste
was deposited was only about G0omogreater at the
maore energetic site (Tahle 7], NewDEPCOMOD mod-
als resuspend materkal as disorete particles with sm-
lar properties to the initdal waste, but the real-life
process may be more complex, Baphd consalkdation
af arganie matenal, perhaps by the formation of bio-
films [(Droppo of al. 2007), may maan that sotiled
waste bacomaes harder o erode than proviowsty
thought and that the characteristics of the waste
changa quite qunckly following settlament

The decomposition of organic particies within sur-
taca sodiments ie alzo only parthally vnderstood, The
concept of assimilatbon capacity [AC) B mtonded to
axpreas the ability of blological procosses to mineral
lze organic matter withou! depleting limiting sub-
atrates, especially oxygen [Bravo & Grant 2018, For
example, when sufficent organic acoumulation oc-
curs, angerobic decomposition via sulfate reduction
allows the concentration of free sulphide to increase
which is a result of the AC of the near ficld benthos
being cverwhelmed, In highly dispersive sites, AC
should pever be excesded becausa the accumulation
af POM would be small enoagh to be aerobically
degraded [Hravo & Grant 20018), However, that as-
sumes that the organic waste 5 rapldly dispersed
aver a large area and does pol acoamulale close o
the farm, [ processes such as organic material be-
coming wapped between sediment grains, or the
development of Mofibins increasing cohesion, are
sigmificant, then the residence thme of POM in the
sodimen! can become sullicien! for enrichient o
aocul, resulting in lncreased bepthic oxygen demanid
and measuralile changes o sediment chemisly and
binlogy. Accumulation of POM In the sediment frays
and measurable changes o benthibe ecological gual
ity wera ohserved at both Bay of Medl and Quanter.
ness, despite the latber site having strong water
flows. The presant results show that high flows
should not automatically be assumed to resull in
wide dispersal and dilutdon f organic waste bom
Hah farms, at least tor shallow sites,

4.2, Study caveats

D o fogistical constraints coused by the Covid-
148 pandemic, we were unable to deploy an ADCP
concurrent with the Bav of Meil sedimeni tray de-
ployments, so the current mater data collected for
llceneng pumposes in 2009 had o be dsed to drive
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the MewDEPOMOD model. A shart set of ADCP data
collected at Bay of Mell in Aprll 2018 also showed
higher and more varlable divection for water spesds
at all 3 reported depths, This was Hkely dus 1o wind
forcing, and demonstrates how fpcal mateorological
conditions can impact water flows at soch shallow
sites, Buch elfects may explain the vardable direc-
tions of waste deposition seen in the first and second
sedtiment tray deployments, which were not repro-
duced by the model when driven using the historical
current data,

Forcing disperial models using data collectad from
single current meters can also be coticlsed as i may
nal capture bocal spatial varlability (Broch et al. 2017).
MewDEPOIMOD does have the ability to accept mul-
tiple current meter data or spatiaily varying flow
fields from a hydrodynamic model such as FACOM,
However, given the computational complaxity in
runming high-resalution 3-dimensional aceanographic
models, they are not widely wsed in the aguaculture
industey, and remaln lergely a research tool. Al-
though the high-resolution hydrodynamic model
WeStCOMS, which covers most of the Seottish west
coast, s avallable, it has not yet been sxtended to
include the Orkney Islands (Davidson et al, 20215

Tha presend stady used an approach describsed in
Grant (1965) where clean sediment was deployed in
metal trays at & Nova Scotian beach bo measurs
orgamic carbon depesiton during fleed and resus-
pension dudng ebb tides. Whilst sediment traps have
been previeously deployed around fish farms (Cromey
et al. 20024, Stucchi ef al. 2005, Riera of al, 2017),
clossical cone or paraliel-sided traps do oot allow Tor
resuspension of the settled matedal and &0 measure
gross rather than net deposition. In contrast, owr
approach was designed to allow materal bo be resus-
pended and redistriboted in a more natural manoer
Although the carhan deposition results seemed cred-
ible, there are several unceriainties with the tech-
niguee, Trays were deployed for 7 d which may be
in=ufficient to capture varability in deposition due to
periods of strong wind or freshwater run-off, al-
theugh our deployments were over longer perbods
than those in many previous studies where collection
was oaer only 24 b [Croomey et al. 2002a, Suechi &
al. 2005, Riera et al. 2017} It should be noted that &
deployments of fray traps are too long, then the sedi-
ment will be réplaced by ambient material, and the
conbents of the tray will reflact other waste reduction
processes inclading biological degradation. Depley-
ments of 7 o were assumed to avoid substantial losses
dus te bBiological degradation whilst allowing deposi-
tion of sufficient organic carbon tr permit quantifica-

o, The main practical llmbtation to the technbjue
was lhe dive time required for postboning and e
trieving the trays. Diving at Scottish lsh farms gense-
ally wses surface supplied compressed air, so botbomn
tmes and depths are lmited and at degper locations,
a different approach would be reguired to deploying
and recovering sediment trays, Tt would also have
heen preferable to place replicale sediment trays al
aach location to better caplure small-smale spatial
vadability and hirther traps to act as references
measuring background carhon deposttion. There are
lew megsarements of background carbon flux for
Scottish waters but Overnell & Young [1995) esth
mated a background deposition origivating from
phytoplankton of B2 mg € m™ d™' in Loch Linnhe
whilst Bngolin et al, (2008 reported a hackground
carbon flux of 38 mg € m~ d-' in Loch Creran. The
lowes level of deposition imle the sediment trays was
recorded ab Quanterness and was 140 mg m™ over
7 d, or 20 mg © m* 4~ which s a similar order of
magnitude to the estimates of backgrownd depoasition
mentionad above, This sugogests that the sediment
tray method should have been sensitive enoagh o
detect organic carbon depasttion rates down 10 typr-
ical background levels, Unfortunateby, setting ap ad-
ditiomal reference trays would have increased the
dive time beyond whal was available. Parther comn-
parisons bebwesn classical retentive sedimend traps
and the open sediment trays could be informative as
this could provide a direct measure of how importanl
Tesuspension i at more energetic sites. Monetheless
i ferms of spatial coverage, oor data reprasent seme
af the most detailed direct measurements of organic
waste deposition around fish farms ever achieved,
The relationships between organic carbon depost-
tion and henthic community responses can also be
quite variable, especially when considered at fine
apatial scales. Resulis from different studies ae thuos
hard bo compare because of the ose of different
measures of impact For example, Findlay & Watling
| 50T | suggested that many marine sediments shoald
he able to assimilate guite high amounts of orgamic
material {520 g C m~> d-'), However, other studies
have noted negative biological lmpacts at lower dep-
asition rabes. Hargrave et al. (2008 suggested that
bioturbators may begin to decling at deposition rates
above 5 o Cm ™ d™" whilst anoxia may develop at de-
position rates as low as 1 g C m™ d7' (Hargrave
1554). Al a =ile in British Columbia, ransition be
tween oxic and anoxic states was noted at ~1 and 5 g
€ m™ d' [Chamberlain & Stucchi 2007). Current
speeds are clearly also important asa flux of 3 g C
m™ 4" may resull in notceable impacts al non-
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disparsive sites while at dispersive sites 11,2 g Cm™

A" was required ko elict similar effects [Keeley et al,
201 3a}. Rased on sedment sulphids standards wsed
in Canada, the safe assiEnilative caparcity far poorly
flushed anvironments was sugoestad o lie bebwabn
N&E-Z21 g m™ d%, but might be almast indater-
minate for well-Mshed locadons (Brave & Grans
20118 Based an thesediment tray results, a transition
from 'Good' to “Moderate' 101 seemed to he agg040-
atard with carbon daposition rates of botwoen 20 and
I g m™ over 14 d for the Orkney sitos studiod. This
equates bo an aversge daily Fux of 1.4-2 g m~2 d-%,
which i at the lnwear and of the ranges cited ahove,
bui highor than the SEPA threshold of 033 g © m™
d™!, where a transitien to an 131 of below 064 s
oxpected, Some bow acologleal state graks in the
Cirkmoy data wete alzo associabed with bow or modor-
ate carbon depesition as estimated from the noarost
sodiment tray, but as grabs were noet collocted
exactly where sediment trays were placed, such di -
ferences could have arisen from small-scale spatial
varnability m waste settlementl or retention, patchi-
ness in benothic community response or inaccuracios
in the sediment tray results,

3, COMCLUSIONMNS

Open sedinent tay lraps were deploved al 2
salmon farms at shallow sandy sites and provided a
novel approach bo directly measuring organlc waste
depesiton whikt allowing for resuspension, The
general spatial patterns in both sediment tray and
benthic impact ([Q) resulis were consistent with (he
expected directions of maximum lnpact based an
gistsry el waler currents al fee siles. How ever, de-
epie the different Dow regimes at (he 2 gites, disper-
sal of alganic wasie appeared Lo ooruE aver similap
disances, Based on the sedimant tray resulis, amound
B0% of the POC was estimated to settle within 150 m
of the cage perimater at the slower flow stte |Boy of
bleil) andd within 210 m of the cage perimeter at the
faster fbow site (Cuanterness),

Attempts to find & common 6t ol parameter valnes
which would allow the NewDEPOMOD modal to
produce POC fostprints with reasonable agreament
to the obasrvations failled. The only approach which
produced credible footprings was ad hoc tundng, which
resulted in substanbaliy different values betwesn the
sites for important parameters such as the critical
erosion shear stress (tau cnb), This suggests that fol-
lowing sattlement ko the seabed there is a problam in
how MewDEROMOD models particle resuspension

and transpart, an issue which seems fo be partico:
lathy relevant for sites located owver coarser sedi
ments, The present stody adds to the body of litora.
ture whera partiche-hbasad models have been appled
to simulate the benthoc footprint of fish farm waste,
bt where predictions have failed to mateh either
direct andfior indirect olmermvations (Chamberlain ef
al. 2005, Chamberlain & Stecchi 2007, Chang 2012
Kealey et al 200133, Chamg et al. 2014; Carvajaline-
Formandaz ot al. 20T00).

At the presant ime, modellars are spending oon.
siderahla amounts of bme fitting MewDDEPCWMOTS
modals o mdividual farms by ad hor honing, and
aztablished trmeseriss of benthic infaunal manitor:
iy are roquired for impact validatbon, Such an
approach is neithor desisable from a scentitic viow
nor ecenomically optimal, This swqgogosts that barther
resaarch iz required into both the real-life processes
and modelling of organic waste dispersal from fish
farms.

Acknowiledpemends, The aothors geiclully adenoowledipe
lunding from the Scotiish Aqueaculture Innovaben Centre
projecis INCREBASE and BxPARNDE. The management and
administration feam gt SAIC are thenked for their sopport
anil undemtanding n ralatlon te delays and diffiouites
expenenced due o the Covid-19 pandemic, The projed
would pot have been possible withoot the soppord of
Malakoli [hviog Scervices [((rkoey) who deployed and
meoovered the sedimoent bowes, often under chollenging con
ditinns. The authars thank Mr Jobn Gresn (Umyversiby of
Essex| for runming the carbon analyses and Frof. Mok Inall
fo7 kindly prowiding a batlah script for extracting residual
cirrents from ADCP tmeseries. The approsch ases tidal
prodichions prodweed by the Matlab Tidol Analysis Teolbox
Vargian 130 (Pawlowicz ot al. 200E. The suthars ales
acknowledige the ¥ anonymous reviewers lar their helphl
queeries, comments, and suggpestions

LITERATURE CITED

A adams TP, Black K. Black K. Carpenter T, Hughes A

Hednnrmdy HC, Weeks B 2020 Parnmelerising resuspen.
sion in aquarnlore wasie depasition modelling: Aoguoa.
aalt Emvlion Interact 12:401-415

Adroledi L (2003 The effects of sedimentetion oo rocky coast
assemblafges, Oceaneqr Mar Bial Anma Bev 41:161-Z.3%6

"':J.I-n:l.nnm.ﬂr B, Woldemarsen T, Hansen PH, Halmer B, Ervik

A& (24} Changges in benthic sediment conditions under
an Atlanfic salmen farm at a doep. well-flushed coastal
site; Aquacull Environ Interact 5:E9-47

Black K, Carpenter T, Bedeeley A, Black KS, Amos CL U206
Refining sea-bed process models o sgquacalione, Pew
IFEPCIMCD tinal rapeart, SARMDIMAZ. Scaltish Assocka-
tba [or Marine Scence, Oban ktbps:f'pursaadmin.ubi
a1k fweei porta Hiles porta L E 4B U646 Rediningsea_bed
Black _ed_al_2016.pdf

A Blott 51 Fye K 2000) GRADETAT: a groin siee distrilation

amg statlstice packane far the analysis of imsaneolidatad
sefliments. Earth Swrface Processes and Landiorms, 26:
PP -1248. Latest vershon avallable from Kenmeth Pys

267



Associates, Wokingham. bt wowew Bpa los.okfgradistat
him]

A Bravo I, Grand J |2016) Modelimg sediooen? assundlative
capadty and crgumic carbon degradation officiency at
miarine fish tarms. Aquacult Erviron Interact 10:3069-28

,' Bngolin O, Pastres B, Mickell TD, Cromey Cf, Aqolera [NE,
Regniar P (200 Modalling the impadt of aguiculiurs on
aartly dispenctic processes oo sea loch sediments. Moo
Gral Prog Ser BRR:AE A

A Broch O, Daae KL, Ellingsen [H, Nepstad K, Bendiksen EA,
Reed JL, Sennesel G (2017 Spatiotemporal dispersal
and depeaitaon of fish farm wastes: a madel study tram
oentral Morway, Peoa har Scid

A-Brosam TR, Gowan BRI, Moeluglky DS (I0ET) Tha affect of
salmon farming on the besthos of & Scolash sea loch
J Exp Mar Blol Bool 1068:38-51

,I Burrows MT, Harvey K, Robb L 2OE] Wave exposure ine
sbices from digilal coastlines amd the prediction of rockey

. ahare cermmunily etructiura, Mar Ecol Prog Ser 35501-12

A Carvajalino=Femindez bA | Keeley BB, Ferl, Law Ba, Ban-
mister BLF (2020a) Effect of substrate type and pellat age
an the resuspension of Adlantic salmaon feecal matenal
Agquecult Environ [nteract 82:117-120

R Carvaalino-Femidndez MA. S@vik PN, Johnsen 14, Albret-
sen W, Keeley NB (2080b) Simulating particle organic
matter dispersal beneath Adlantic salmon Gsh farms
u=dngy kifferent resuspenyion approschess. o Polbe Bl
161111685

A Cathalat C, Lansard B, Hall POJ, Tengberg A and others
(3K 2) Spatial and temporal varlablity of banthle wesplra-
tinm in & Scothsh sea loch impacied by fish farming: & come
binabion of st technagues. Aquot Geochem 18:515-541

F Chamberlain |, Stochi B Q007) Simulating the affects of
pammeber wicertainty on waste mode]l predictions of
marine finfish squaculbere. Aquaroliore 272:206-51 1

Chainbedlaln J, Stecchl D, Lo L, Leviogs O (2003 Thie sulis
ability of DEPCRMOD for use in the management of fin.
sk agquaculture sites, with partiqalar reference o
Pagilic region. Canedian Science Advisary Secretlarind
Research Document 2005905, Departroent of Fisheriag
and Oreans, OHawa. ps:fwaves-vaques.ddosmpo.ge.
cadibrary-hibliathraque/ 216635 pof

Chang B}, Fage FH, Loslar B, MeCurdy EP (2008 23 Predict-
ing organic earichment onder mariee finfish farms in
souihie estern New Brunswick, Bay of Fundy: comparisons
aof mode] predictions with results from spatially-infenaiye
saifiment sulllde sampling. Canadian Sciance Adviaory
Seoredariat Research Dooament HTZ0FE, Department af
Fisharies and Oceans, Ottawa, hbbps: waves-varpes. dio-

- mipr. ot cas Hbrary=bdbbode g ues 347 8 4. pod

ﬂ': Chang B, Page FH, Losier BF, MoCardy EP (2004) Organic
ennchment a1 salmios farms in the Bay of Pusdy, Can-
ada; DEFOMOD predicions versas observed sediment
sullide concenratlons. Aquacall Bnwiron Interac &

o 1mfA-20M

A Cromey CF, Black KD, Edwards: A, Jadk TA {1988] ModeTling
the deposition and biological edfects of argaric carbom
from mirine sewage discharges. Bstuar Coast Sheli Sci
& 29 S-200

A Cromey €1, Mickell TD, Black K¢ (2002a) DEMXMOD —
miodelling the depasiilon and biological effects of wasie

 solbdds from manne cage farms, Sapeaculbore 214:21 1-239

A Cromey O, Mickel T1, Black K, Provest PG, Gridfiths C&
|2 Valdabhon af a Bsh Rrm wastc resuspension
molel by use of 0 particulote bcer dischoanged from
A poiit sonrce in 8 coastal environment. Estuaries 25
91 6~925

FA-Cramey £, Mackell T, Treasurer J, Black Kv (oall b
(2] Maodellicg the oopact of cod fedus morhwa L)
farming in the madne cmdronment — CORRMOD, Aqua
culhire 28 4E-53

& Cramey 1 Thetmeyer H, Lampadariou N, Black KD,
Kopeler J. Earakassis T (2002 MERAMOD: prediching
the daeposition and benthic impact of aquaculiure in the
pastern Medilermaneen Sea. Agquacull Environ nteract 2
157-176

A’ Davidson K. Whyte C. Aleynik D, Dale & and others (Z021)
HARreporis: onling early warmng of harmful algal and
blatoxin risk for the Scottish sheliiish and fintish aqua-

o cadhwre dndustries. Pront bar Sa B

N Drappa G, dackat O, Melsan T, Milne 1, Charhom k4 (2007
Mgquarnthre waste sediment stabality: implications for
waste milgration, Water Alr Soll Pollui 183:2—68

ﬂ Drudiey KW, Panchang Wi, Mewell CR (2000) applicstion of
u comprehensive modehing strategpy for the management
of mEkpen afuacalines waste fransporl. Aquaculiirs
1875 10-140

Fad (Food and Agroutore Cegenizatlon ol the Upited
Madlons] (20225 Global Agqoeculiure Production [ 15594
220, FAQ, Bome. hitpsy fwerw fan.omdisherpfend opic’
62 35%en (aooeesnd, uxing FishStat), Jannary 2, 2023)

Findlay BH, ‘Watling L (1994) Toward a process [evel madel
ko prisdact the sfiercts of salmor net-pen agquamlhore on
thie benthos, Can Tech Rep Fish Aoquat Sci 1547 -77
httpe:ffwavas-vagques.dba-mpooge oadibraryg- b biloPhegus)

P pdd

A Findlay RH, Wathing L {19975 Prediction of benthle impact
for salmon net-pens based on the balance of benthic
cygen supply amml demomd, Mor Ecol Prog Ser 155
147157

Ferg 2, Hicks W, Webb C, Grant 1, Brain 5, Fraser S, Abell R
{2022) INCREAZE and MAMAQI project ceport: im.
prawing undesialiog of fish facn of ganic waste dispers
sal in higher energy environments, SAMS Iniernal
Raport, Mo, 313, Scottish Assoclition for Marine Sciance,
Oban. htpsy S paresdmin. uhi.ec ukdwsd portalfiles/portal!
ZHOTETNAANA_Fox _INCREASE MAMAL FinalProject
Aapor_Hev2, pdl

& Grant 1 (18835) A method for messuring hoozantal transpart
of arganic carben over sediments. Can J Fish Aquat Sci
42:505-602

A Grant J, Bathmann UV, MUl EL (1986] The interacion
between bentluc diatom Hlms and sedipent ansport.

_ Estuar Coast Shalf 5o 23:225-238

A Hall-Spencer J, White N, Gillespie E, Gillham K, Fogoo A

20Kk Tmopact of thsh farms on maerl beds in strengly tdal
_ areas, Mar Beol Prog Ser 3268:1-9

A Hamoutene D (3004 Sediment sulprhides and redox poten-
Hal aseociated with spatial coverage of fegqianed sp, al
findish aguaculume sites in Mewfoondland, Canada.
B ES J Mar Bl FE1153-1157

Hargrave BT (1984) & benthic emichment bndex. T Plars
grave BT (ed] Bodelling benthic impacis of orgamie
cnnchment fom marine agquaculture. Can Tech Rep Fisk
Aypnat Soi 1 E70-01 hitpsd S aves-vagques,dio-mpo g
calibrary -babhothees ques LDl

Hurgrewe BT (2001) Far-tield environmental effects of mar
et tinfish aguacnltioe, Can Tech Hep Flsh Adgual S
H50-49

A Hargrave BT, Duplisea DE, Pleilier B, Wildish DT (19035
Seasonal changes in henthic floxes of dissolved sxygen
amd ammanium asecintod with mariee culbured Atlanbe

~ salmon, Mar Bcol Prag Ser 86: 2409257
A Nargrave BT, Holmer b, Mewoombe CP (3000 Towards o

268



classification of organic enrichment i manme sedim ents
basad on Wegecschamical dicators. Mar Pollut Bull 56
B10-B24
A-Heilskav AC, Holmer kM {2001 EHecls of benthic launa on
argane matber mineralization 10 fish-farm  sediments:
imporiance of sze and abundance, KKES J Mar 5o 58
£27-414
A Kalanizl 1, Kamakassis 1 {2006) Benthic impscte of Hsh farm-
ing: meta-apalysis of community ad geochombeal data
_ Mar Pollut Bull 52:4 54 -497
A Hedley ML Cromay CF, Coadwin EC, Gibbs MT. Madeod
Chd (2047a) Predictive depositional modelling (DEPC.
WD of the inberactve effect of curme sl fow and resee-
pension on ecolagiical impacts boneath sabmon farms.
. Areacult Enviren [nteract 27 5-25H
A-Beeley BB, Fores B, bMackeod CE (20135] Novel obser-
vadlans of benthic enrchment i contrasting flow regimes
with imphostions for manne (arm momdbarng and mane
agement. bar Polld Ball 66 105-116
A Kaalay ME, Valdem asen T, Woadcock 5, Helear b, Hosa
V, Bannigder B (2009 Resiience of dynamic constal bene
thic ecosystemé in responss bo lage-scale finllsh farm-
. iog, Agquacult Enyiron Inderact 11:061-1%9
A Kristensen B (Z000) Crgunic matter diagqopesis ol the oo’
anowic interfece in constel manne ssdimaents, with =me-
phasts an the rele of rrewing arimals, Hydrobiologia
: A6 1-204
A Law BA, Hill P3, Milligan T, Tioos ¥ E016] Erndibiliy of
aquackliure waste from  different bottom substrabes,
. Aguacnll Environ Interact 857 5- 504
M-Maclaod CE, Mobischanbwaky] NA, Crawford CM. Pothes
EE (3007 Bological recovery from arganic ennchment:
some eysiems cope Telier than sihers bar BEool Prog See
HL41-53
A Crragrall 1, Youmg 5 112660 Sedimentation and carbon flug o
n Hrottish sea Inch, Loch Linnbe, Estunr Coast Sheld Sci
41:061-376
F-Pawlowice T, Beardshey B, Leniz 5 (2002 Classical tidal
harmanie analysic incuding arror astimates in MATLAR
xing T_TIDE, Comput Geosed 2893017
Pearson TH, Rosenberg B (1976 A comparative study of the
effects on the manne cnvironment of wasbes from celhs
Ioser ireduisiekes iy Sodard and Sweden, Ao 577 -7
htips s Cwne jatar ongfatable 431 2170
A Pereirn PRMF, Blacde KD, McLasky DS Nickell TTF {2004
Keoovery of sediments affer cessation of manne fish farm
production. Adquaculture 255315530
Phillips GR, Anwar & Brooks L, Marbina LI, Brior &, bdiles
AC (24 Infaunel gquabty index: Weter Frameowark
Directive classiication sehema bor marine henthic inyar-
iebrabes, Evidenon Report Mo, SCOEHILG, Environment
Arency, Bristol Mips: & assets, pubilshing servioe, gov u ks
government'uplosdwsystems aploadsf attachment data
Fled 31673 Water Fromewerk_DMreoive classification_
. scheme for_marine_benihic inverebrates - _raport pdf
A Rieca B Ferez O, Cromey C, Bodrigoes b and otheos (2017)
RACAROMOL: atool to model particalat e waste disper
shon @il Dot mpact Irem ofEhore sed-cege agia-
culture in the Macanonesian megon Boob BModell 361
123-134
A Sanz-Lazaro ©, Balando M, Marin-Guirao L, Navarrete
hdier F, Marin A4 (2011 Relationship belween sediment s

Editorial maponsibitity: Dror Angel
Haifa, Erada!
Reviewsd by ¥ isen, [ Brigelin end | aoomymoos referes

tion rates and benthic impact oo Maérl beds derved
fram fish farming in the Mediterranean. Mar Environ Bes
F1:22-30

F-Sardenne F, Simard M, Roblnson SRE, MeKindsey OW
{2020) Consumption of organic wastes from codstal salmon
aquaciliure by wild decapods. S0l Total Environ 711:
134863

SEFA (B0 B Aquacalinm modeling regulabry madelling
guidanca tor the aquaruliure soctor, July 5010 — waraion
I.1. Scottish Envimnment Prolection Agency, Stirlmg.
bt s W wrwew, sepa.og ukfmediad 45 07 regulatory -
madelling=quridance-far-the-aqusculbone secior. il

F0FA (2078b) Prolection of the manne epvimonmend, dis-
charges from marine pon fish farms: a strengihoned
raquelatory framework. Scattish Environment Protection
Mgpency, Stirhng. hitpsyYeweaow, sepacorg. ukimedia 43380825
Hndish-aoquacwlbure-anmee- 2019210520059 pdl

Hovrles AW, Chunchall L, Silvert W (1994 The odect of ben-
thic curbon leading on the degredation of botbom condi-
taes wmder farm sites. Can Tech RBep Pigh Adquat Sei
194531 46

SHSL [SAMS Resenrch Services Limited) (2021) MewXERO-
MO user guide. Srnitish Asocatian for karine Soence,
Ohan

i‘g'I.IJI.'I:hi: [, Emtherlend TA, Lewings O, Fligos D [20605] Mear.
fiekl depositional mode] for salmen agquaculture waste,
In: Hargrave BT (ed) Envionmental effects of marine
findish aguacilinee, Hand ook of Ewvirenmenial Cham-
lstry b4 157170, Springer, Berlin

A' TomameHi P, Parrells S 12005] Polychaebes as indicators of
markne fsh firm erganie enrichment. Aoquacelt Ind 13
iae-128

Al Uglem |, Toledo-Guedes K. Sanches-Jorez B, Ulvan EM,
Evensen T, Sxtler BS(2020) Daes wasbe [eed trom salmaon
farming affact the qeality of saithe (Pailaching sirenme L)

I ottmcted to fish Farms? Aguacult Tes 51017 20-1 71

A Vernrdo I, Froelich P, Mootyre A (198} Determination
ol proanic catbon and iogen U mogioe sedimenis
using the Carlo Erba MA-1500 analyzer. Doop-Soa Bes

. & Qreancgr Bes Pap 37:057-16%

A Waise Akl Cromey L, Callier M Archambaull P, Cham-
bedain 1, Mdiindsey W (20080) Shellish- DEPORM O0:
mededlinng the Dlodepdsiton oom sespencdel Shalllisk
wgeaculhire and assessing henthlc effects, Aquacaliure
M -25T

A Waston DPF (1990) Quantitative examination of maooben-
thie cominunity changes along an organic enrichment
gradient. Mar Bocol Prog Ser 81295244

A White J (1800} The uso of sediment traps in high-energy
enyironmane, Mar Gaophys Bes 18 145-152

M Wilding TA, Cromey CJ, Nickell TD, Hoghes D (2T
Salmon farm impacts on mddy-sediment megabenihic
aasemblages on the west oast of Scotland. Agquacol
Envirom Internct d:145-156

Wildish 0], Dosed B, Sotherland T8 Lewings CF (20043
Mearfield organic enrichment from manne finfish aqua.
rulture. Can Tech Rep Fish Agquat S 24501 -66

Winal JOI | 1879) The infauesl woplhiic index, SCCWEF (978
Annwal Beport 1 59-4 1, Southern California Coastial Water
Besearch Project. Los Ancgpeles, Californan. C4. htbpe/iTep
seowTp o pubidow rkoad OO UMENTS Anmoal Baport &
197 AnnualReportia 1 pdl

Subymittad: Febnrary 13, M23
Accepied: Juma 9, 377
Prioafs Focalved oo witbors): Augst 1, 2023

269



