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ABSTRACT: Benthic organic enrichment at 2 high-flow Atlantic salmon Salmo salar farms and at
a low-flow mussel Mytilus edulis farm was studied to assess the capacity of local physical and bio-
logical processes to assimilate organic waste inputs. Geochemical metrics served as proxies for
detecting potential biological effects. High-flow sites are generally predicted to assimilate organic
enrichment by flow- and wave-induced waste dispersion and metabolic processes. However, a
decrease in porewater dissolved oxygen was detected out to 100 m at the salmon farm with cohe-
sive sediments and to approximately 1000 m outside the farm with permeable sediment. Sediment
oxygen consumption was responsive to the vertical flux of organic matter, resulting in hypoxic
conditions. An increase in total free sulfides (H,S + HS™ + S?7) in porewater was restricted to the
immediate vicinity of both salmon farms. Despite exhibiting a high degree of small-scale patchi-
ness, benthic effects were greatest at the fish farms during the pre-harvest period, regardless of
season. Natural organic enrichment at the mussel farm constrained the assimilative capacity for
biodeposition, resulting in substantial free sulfide accumulation. Sediment free sulfide analysis at
a wide array of fish and shellfish farms showed that the ion-selective electrode method that is
widely prescribed for regulatory aquaculture monitoring gave biased readings relative to methyl-
ene blue colorimetry and direct UV spectrophotometry. The ecological quality status classification
system was extended to include quantitative relationships between a wide range of geochemical
and biological variables employed worldwide to monitor and regulate the effects of benthic
organic enrichment.

KEY WORDS: Organic enrichment - Assimilative capacity - Free sulfide - Hypoxia - Benthic
macrofauna - Monitoring - Ecological quality status

1. INTRODUCTION

The effects of aquaculture organic wastes on mar-
ine benthic geochemistry and micro- and macro-
fauna communities are well known and follow the
general pattern of responses to an organic enrich-
ment gradient described by Pearson & Rosenberg
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(1978), Nilsson et al. (1991), Diaz & Rosenberg (1995),
Nilsson & Rosenberg (2000), Pearson & Black (2001),
Gray et al. (2002), Brooks & Mahnken (2003), Diaz et
al. (2004), Hargrave et al. (2008), Keeley et al. (2012),
and Cranford et al. (2020). The effects of organic
enrichment on the benthos are largely attributed to a
combination of oxygen stress and the toxic effects of
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free sulfide accumulation in surficial sediments (re-
viewed by Hargrave et al. 2008). Organic loading can
increase the biological oxygen demand of sediments
to the point where natural processes that resupply
oxygen into the sediment are unable to prevent the
development of hypoxic to anoxic conditions. In the
absence of oxygen, microbes continue to decompose
the excess organic matter (OM) through several
anaerobic respiration processes that occur in a char-
acteristic sequence. Quantitatively, the most impor-
tant of these processes in marine systems is sulfate
reduction (Fenchel 1987) in which sulfate is reduced
to sulfide gases (H,S, SH™ and S?7) that dissolve in
sediment porewaters. These total free sulfides (col-
lectively referred to as S?7) are highly toxic to most
invertebrate species (Bagarinao 1992, Grieshaber &
Volkel 1998, Wang & Chapman 1999, Gray et al.
2002, Hargrave et al. 2008, Cranford et al. 2020), and
the adverse effects are enhanced by the hypoxic and
anoxic conditions (Vaquer-Sunyer & Duarte 2010).
Credible environmental management systems are
required to minimize, mitigate, or eliminate potential
adverse habitat and biological effects associated with
OM deposition at open-water aquaculture farms.
Numerical modelling is an integral part of such a sys-
tem through the ability to simulate the major physical
processes that control solid waste deposition and re-
distribution. However, prediction of the magnitude
and spatial scale of benthic habitat and community
effects can be confounded by numerous additional
factors that can act as natural buffers against the
development of adverse benthic effects. These site-
specific factors include (1) physical and geological
conditions influencing the rate of oxygen re-supply
into the sediment, (2) geochemical conditions limit-
ing S?” precipitation and/or re-oxidation, and (3) bio-
logically mediated degradation processes. Biogeo-
graphic variations in the natural ability of these and
other processes to absorb detrimental effects from
organic deposition (i.e. the assimilative capacity) ap-
pears to explain why carbon deposition rates re-
ported to cause significant benthic habitat and com-
munity effects are known to vary widely across
different studies (Giles 2008, Keeley et al. 2013,
Bravo & Grant 2018). Bravo & Grant (2018) reported
the results of a numerical model designed to assess
the capacity of surface sediments to assimilate orga-
nic enrichment through biological processes. These
authors concluded that the capacity of the environ-
ment to assimilate sediment organic enrichment
should not be exceeded in high-flow environments,
which they defined as having mean tidal currents
>9.5 cm s7!. The effect threshold used in that study

was 1500 uM S?" in surficial sediments, which indi-
cates approximately a 50% reduction in benthic
infauna taxa (Hargrave et al. 2008). The present
study investigated the effects of aquaculture organic
enrichment at high-flow fish farms located over
cohesive and permeable sediments, and at a rela-
tively low-flow suspended shellfish farm containing
cohesive sediments, to empirically assess the capac-
ity of local physical and biological processes to
assimilate organic wastes from aquaculture.

Owing to uncertainty in model predictions of the
aquaculture zone of benthic effect, monitoring pro-
grams are an essential part of environmental man-
agement systems. Geochemical indicators of organic
enrichment, including S?-, dissolved oxygen (DO), re-
dox-potential (Eh), and pH, can serve as practical al-
ternatives to the costly, labour-intensive and time-
consuming taxonomic approaches used to detect
minor to severe disturbances to benthic macroinver-
tebrate communities (Wildish et al. 2001, Schaaning
& Hansen 2005, Hargrave 2010, Cranford et al. 2017,
2020). S?>~ measurements in particular are widely ap-
plied for aquaculture regulatory monitoring (e.g. in
Canada, USA, New Zealand, and Australia) and farm
certification (e.g. Aquaculture Stewardship Council)
programs. Hargrave et al. (2008) presented a compre-
hensive scale describing the effects of S?~ stress on
benthic macroinfaunal communities that has served
as the basis for classifying organic enrichment zones
at aquaculture sites. Cranford et al. (2020) proposed
that the S?~ concentration limits that separate each of
the 5 'oxic status’ zones defined by Hargrave et al.
(2008) be substantially reduced owing to the large
contribution of non-toxic particulate sulfides (iron
sulfides and pyrite) known to contaminate S?~ meas-
urements obtained using the standard ion-selective
electrode (ISE) protocol (see Brown et al. 2011, Cran-
ford et al. 2017, Brodecka-Goluch et al. 2019). The
development of a practical field analysis protocol for
measuring S?- (direct UV spectrophotometry; Cran-
ford et al. 2017) resolved the multiple biases inherent
with the ISE method and showed that the toxicity
of S?” to marine macrofauna is considerably greater
than previously indicated by ISE analysis (Cranford
et al. 2020). Altering a standard regulatory protocol
and the related impact classification system raises
questions about the potential consequences to the
current state of knowledge on benthic macroinverte-
brate effects from organic enrichment and the impact
on regulatory decisions that depend on S?~ monitor-
ing. These consequences were addressed in the pres-
ent study by comparing site classifications established
using 3 different S*~ analytical methods.
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Additional objectives addressed in the present
study include (1) determining temporal (husbandry
cycle) and spatial (m to km) scales of variability in
S?- measurements to aid in improving monitoring
program designs, (2) conducting further comparisons
of S?- results obtained using 3 analytical protocols
across a variety of aquaculture types and habitats to-
wards recommending accurate, precise, and practi-
cal methodologies for use in monitoring programs,
(3) determining the effect of organic enrichment on
DO concentrations in surficial sediments, and (4) ex-
panding the benthic ecological quality status (EQS)
classification system based on S~ analysis (Cranford
et al. 2020) to include a wider range of impact indica-
tors. Defining quantitative inter-relations between
multiple organic enrichment metrics is meant to in-
crease awareness of the abiotic and biotic effects de-
fined within different sediment classifications and
facilitate comparison of effects measured across a
wider range of studies.

2. MATERIALS AND METHODS
2.1. Locations and sampling

Seasonal and spatial variations in benthic organic
enrichment were investigated at 2 Atlantic salmon
Salmo salar farms in eastern Canada that exhibit
high-flow conditions and contrasting sediment char-
acteristics. Farm A overlayed cohesive clay-silt sedi-
ments in Passamaquoddy Bay, New Brunswick (see
Table 1), where the water depth and tidal range are
approximately 23 and 7 m, respectively. The farm
contained 15 circular net-pens in 2 parallel rows.
Farm B was situated over a permeable sand seabed
in Jordan Bay, Nova Scotia (see Table 1), which has a
water depth of 17 m and tidal range of 1.5 m. Farm B
contained 2 parallel rows of 10 circular net-pens. The
dimensions of both farms were similar at approxi-
mately 500 m long and 200 m wide. Upward-looking
acoustic Doppler current profilers previously moored
on the seabed 100 m from these 2 farms showed that
both sites exhibited a similar range of current veloci-
ties (2-22 cm sl Law & Hill 2019), with average
velocities exceeding 9.5 cm s~!. Farm B was located
on the open Atlantic coast, where it was exposed to
higher wind waves and longer period swells than the
relatively sheltered Farm A. Both farms were stocked
with juvenile salmon in April and May 2015. Salmon
stocking levels are not reported by industry in Can-
ada, but each salmon cage is known to contain
30000-50000 fish, giving a minimum of 450 000 fish

under culture at Farm A and 650 000 fish at Farm B.
The typical grow-out period in open-water cages for
Atlantic salmon in eastern Canada ranges between
14 and 24 mo. Salmon were harvested in October
2016 at Farm A and in April 2017 at Farm B, after
which the farms were fallowed before restocking.
Sediment sampling was conducted during different
stages of the grow-out and fallow periods, including
prior to harvesting when peak biomass, feed input,
and faeces deposition is expected to be greatest.

A third site (Farm C) was selected to investigate
the spatial scale of benthic organic enrichment under
suspended long-line mussel Mytilus edulis culture
activities. Farm C was located near the mouth of Tra-
cadie Bay, Prince Edward Island (see Table 1), which
is one of the most extensively leased aquaculture
embayments in Canada. The sampling location con-
tained cohesive silt sediments (see Table 1) with a
water depth of 3 m and tidal range of 0.6 m. Mean
(=SD) current speeds reported near this location
indicate low-flow conditions (1.2 + 1.0 cm s~ !, Grant
et al. 2005).

Data reported in Law & Hill (2019) on the magni-
tude and directional distribution of tidal currents
were employed in the development of sampling de-
signs for Farms A and B. Sediment was collected at
multiple locations 0-1000 m from the edge of the net
pens along transects situated in the predominant cur-
rent direction as well as in the opposite direction.
Two additional transects, located orthogonal to the
predominant current flow, were sampled on the first
visit to Farm A. Sampling at Farm C, which con-
tained harvest-size mussels, was conducted along a
transect that ran from 30 m outside the farm edge to
37 minside the farm. The transect ran in parallel with
the mussel longlines, and single core samples were
collected at approximately 3 m intervals along the
transect. Sediment geochemical analysis at Farm C
was more limited than at Farms A or B, and only
included physical properties, organic content (%),
and S?” measured by UV spectrophotometry as de-
scribed below.

Seabed samples were obtained at the salmon farms
using a specialized 50 kg coring device (Mini Slo-
corer; Law & Hill 2019) that provided 10.8 cm internal
diameter core samples (92 cm? surface area) with an
undisturbed and clearly visible sediment-water inter-
face. A minimum of 3 replicate core samples were
collected at each sampling station, with 12 replicates
collected at stations immediately beside the net-pens
(0 m distance) to provide data on small-scale geo-
chemical variability. Coring at Farm C was con-
ducted with a hand-operated gravity corer contain-
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ing a 5 cm internal diameter core tube. The transpar-
ent plastic core tubes used in both samplers con-
tained holes at 1 cm intervals along the side that
were covered with clear duct tape to provide access
for porewater extraction devices to be inserted at dif-
ferent sediment depths, as described in Section 2.2
(Fig. 1).

Additional sediment sampling was conducted at
multiple fish (salmon and trout) and shellfish (mus-
sel) aquaculture sites in eastern and western Canada
to investigate potential geographic biases in S?-
measurements performed using 3 different analytical
protocols. See Table 2 for a summary of site and sam-
pling details for these farms. Surficial sediment sam-
ples were collected at these locations using a variety
of coring (Slo-core and SCUBA diving) and grab
(Van Veen and Ponar) methods (see Table 2).

The vertical flux of particulate OM at Farms A and
B was measured during the period when each farm
contained 2°¢ year salmon of harvestable size (Sep-
tember—October 2016). Paired 3.8 1 sediment traps
containing steering fins (Model 28.100; KC-Den-
mark) were moored 1 m above the seabed at 50, 200,
and 500 m distances from the farms in the direction
of the main currents. An additional time-series trap
was moored on the seabed at 0 m distance from the
net-pens during this same period; these data have
previously been reported (Law & Hill 2019). Each
trap deployment lasted approximately 4 d. Upon re-
trieval, the contents of the 80 mm diameter tubes
were analysed for total particulate matter (mass of
material retained on GF/C filters after drying at 80°C

to constant weight) and OM content (% OM: percent-
age weight loss after combusting at 450°C for 6 h),
and these data were used to calculate average daily
fluxes (g m=2 d1).

2.2. Sediment processing and analysis

S?- and DO sampling and analysis was immedi-
ately conducted onboard the sampling vessel as de-
scribed in Cranford et al. (2017, 2020). In brief, pore-
water in core samples was extracted at 1 and 2 cm
depths below the sediment-water interface by in-
serting RhizoCera porewater extractors through the
tape and holes in the side of the core tube (Rhizo-
sphere Research Products). Porewater in grab sam-
ples was collected by inserting the extractors at a 45°
angle into the upper 2 cm of sediment. Porewater
was collected under low vacuum for approximately
2 min using a syringe (Fig. 1). The DO concentration
was then determined for the core samples by insert-
ing a fiber optic sensor (NTH-PSt7 needle-type micro-
sensor; PreSens Precision Sensing) inside the Rhizo-
Cera while still inserted in the core (Fig. 1). A
PreSens Micbox 4 fiber optic oxygen meter provided
compensation of salinity, temperature, and pressure.
The sensor was calibrated several times a day and
found to remain stable over several days. After each
DO reading stabilized and was recorded, a 100 pl
subsample of porewater was removed from the Rhi-
zoCera with a gas-tight syringe, and the S*~ concen-
tration was immediately analysed onboard the boat

Fig. 1. Left: core sample processing at sea using RhizoCera porewater extractors attached to syringes (right core) followed by
dissolved oxygen analysis of porewater using a needle-type fiber-optic microsensor (left core). Right: eddy correlation system
being lowered to the seabed
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by UV spectrophotometry (S*7yy). The instrument
(Implen C40 Mobile Nanophotometer) was cali-
brated prior to each sampling trip with 5 serial di-
lutions of an ISO-certified Na,S-9H,O standard
(Sulfide Whole Volume; Sigma-Aldrich). A separate
100 pl subsample of porewater from the RhizoCera
was then preserved in 1 ml zinc acetate:EDTA:NaOH
(1:1:0.8 % weight/volume) for later analysis onshore
by methylene blue (MB) colorimetry (S*"\) using the
bulk microplate method described in Cranford et al.
(2020).

Cores collected at Farms A and B were also ana-
lysed for S*~ using the ISE protocol (S*sg) prescribed
in Canada, and elsewhere, for aquaculture regula-
tory purposes. After processing each core as stated
above, the seawater overlying the sediment was
drained by removing the tape from above the sedi-
ment surface. A 5 ml subsample of sediment was
then collected for S?~ analysis by inserting a cut-off
5 ml plastic disposable syringe into the upper 2 cm of
sediment. The syringes were capped and stored at
4°C for S%* g analysis within 12 h of collection ac-
cording to Wildish et al. (2001). Both the S? ;s and
S?7 sz analysis instruments were calibrated using
standards prepared from Na,S-9H,O crystals after
testing the stock standard for purity by titration. The
remaining upper 1 cm of sediment in the core was re-
tained for analysis of %OM, water content (% water),
and dry bulk density. Water content was determined
from sediment mass before and after drying at 80°C.
The %OM in sediment was determined from the
weight loss on ignition at 450°C for 6 h (Kristensen
1990). Dry bulk density (in g cm™) was determined
by subsampling a known volume of homogenized
sediment, drying and weighing the sediment, and
then dividing by the initial volume. Sediment grain
size was determined using Coulter Counter and
Coulter laser methods (cf. Law & Hill 2019).

S?- and DO data reported for each analytical
method represent the average across all within- and
between-core measurements taken at each sampling
station. This included the 1 and 2 cm depth measure-
ments for DO, S?7yy, and S*;z measurements.

2.3. Sediment oxygen consumption

Sediment oxygen consumption (SOC) flux was
measured using the non-invasive aquatic eddy cor-
relation technique (Berg et al. 2003, Lorrai et al.
2011). The in situ sensing system consisted of a
Nortek Vector acoustic Doppler velocimeter (ADV)
attached to a MicroSquid modular sensor package

(Rockland Scientific) that included a fast response
micro-oxygen probe (AMT galvanic sensor) and an
FP07 micro-thermistor. The sensors were calibrated
prior to each sampling trip according to the manufac-
turer's specifications. The MicroSquid was powered
by the ADV, and the 2 analog signals were synchro-
nized and logged with the 3D current measurements.
The system components were attached to a benthic
lander frame (Fig. 1) such that the microsensors were
positioned precisely at the edge of the velocity sens-
ing volume, which was adjusted to be located 15 cm
above the sediment surface (i.e. the frame base). An
upward-looking light sensor (Hobo Pendant; Onset
Computer Corporation) was attached to the lander
during each deployment to measure ambient light
levels (Long et al. 2012).

The eddy correlation system was deployed on the
seabed during daytime hours at multiple stations be-
tween 0 and 1000 m away from the net-pens at Farm
A (1-5 October 2016) and Farm B (56-10 September
2016) in the main current flow direction. Each day,
the oxygen electrode was allowed to polarize for at
least 2 h prior to data collection, and the system was
placed sequentially at several stations for a minimum
of 2 h with data continuously collected at 32 Hz. This
minimum flux data collection period exceeds the
minimum 1 h record recommended for research on
the spatial and temporal scales of oxygen fluctua-
tions in aquatic systems (Lorrai et al. 2010). Each
sampling period produced a high volume of data that
was initially post-processed using MicroSquid and
Nortek software to provide the appropriate data and
format needed for input to SOHFEA v.2.0 software
(http://sohfea.dfmcginnis.com), which was used for
the oxygen eddy correlation analysis. The data pro-
cessing sequence followed that described in Lorrai et
al. (2010) and included despiking and filtering the
oxygen and current signals to remove noise, apply-
ing a tilt correction, calculation of turbulent fluctua-
tions through running mean detrending, applying
time-shifting to correct for the DO sensor time-lag
relative to the current measurements, and calcula-
tion of vertical O, fluxes (mmol m™2 d!) averaged
over 1 min sampling intervals.

3. RESULTS
3.1. Sediment organic enrichment
The seabed at Farm A in Passamaquoddy Bay

consisted of cohesive silt sediments (Table 1) with
an average %OM of approximately 5.8% at sam-
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Table 1. Sampling details and sediment characteristics at Atlantic salmon and bivalve farms used to study spatial variations in benthic organic enrichment effects.

Mean = SD Mean + SD Mean + SD

density (g cm™®) organic matter (%)

Median + SD
distances, and cores grain size (nm)

No. of transects,

T
(°C)

Sampling dates

Farm location and species

porosity (%)

66.7 £ 2.5

6.4+09

0.41 +0.04
0.39 + 0.07
0.41 +0.06
0.43 +0.04
0.42 +0.03

9.8+0.8

4,22,81
2,10, 44
2, 14, 54
2,12, 52

13.5

October 2016: 2nd year fish
April 2017: Pre-harvest
July 2017: Fallow

Farm A

684 +4.5

9.5+53
7.6+1.1
6.6 +0.4

6.9+0.3

+1.0
9.8+0.9
10.3+1.0

2.9
12.3

Passamaquoddy Bay
45.032°N, 67.006° W

Salmo salar

66.8 + 3.7

65.6 £ 2.5

15.0

September 2017: Fallow
February 2018: Fallow

659+ 1.6

9.7+0.5

2,6,28

5.0

2,14, 46 111.8+5.3 1.26 + 0.09 0.6 +£0.2 28.4 +3.5
1.40 = 0.02
1.40 = 0.03

14.5

September 2016: Pre-harvest

May 2017: Fallow

Farm B

22.4+0.9

0.4 +0.1

107.5+ 1.5

2,516

7.5
12.9

Jordan Bay

209 +0.3

0.3+0.1

108.6 = 1.8

2,6,25

October 2017: 1st year fish

45.700° N, 65.194° W

Salmo salar

25.1+6.2 0.32 +0.08 99+1.8 728+ 5.4

2,21, 21

17.5

September 2017:

Farm C

2nd and 3rd year mussels

Tracadie Bay

46.409° N, 62.996°W

Mytilus edulis

pling stations >200 m from the net-pens (Fig. 2). In
October 2016, when the salmon were in their sec-
ond year of production, %OM was enhanced by
up to 2% within 100 m distance from the net-pens
and in multiple directions from the farm. During
pre-harvest sampling in April 2017, mean %OM
increased to between 11.8 and 13.4% at stations
within 10 m of the net-pens and declined rapidly
to near-baseline levels at 100 m distance (Fig. 2).
Fallowing of Farm A after the fish harvest resulted
in a gradual decline in %OM, and background
levels were largely achieved at all sampling sta-
tions within 6 mo after the harvest. The relation-
ship between sediment %OM and porosity showed
a progression of changes in sediment properties
over the fish production cycle, with maximum
changes observed prior to harvesting at stations
located within 50 m distance from the net-pens
(Fig. 3). Seasonal sampling indicated that the max-
imum degree of sediment organic enrichment at
Farm A occurred during the pre-harvest period
when water temperature was 2.9°C, and this farm
effect was localized to within approximately 10 m
of the net-pens.

The Farm B site in Jordan Bay contained highly
sorted fine-sand sediments (Table 1) with a natural
%OM content of approximately 0.3% as indicated
by measurements collected in May 2017 during
the farm fallow period (Fig. 2). %OM was highest
beside the net-pens in all directions from the farm
during pre-harvest sampling in September 2016.
Mean %OM was slightly elevated in the main
directions out to 1025 m (mean 0.6 %) relative to
levels measured in May and October 2017 after
the farm was harvested and fallowed (Fig. 2). The
porosity data also supports this indication of wide-
spread sediment organic enrichment at Farm B
prior to the fish harvest in September 2016. Aver-
age sediment porosity was near maximum at all
sampling distances from the net pens during the
pre-harvest sampling period but declined to rela-
tively low levels after the farm was fallowed over
winter and after it was restocked with first-year
salmon (Fig. 3).

A 1-tailed independent t-test was employed to
assess the hypothesis of enhanced organic enrich-
ment of surficial sediments located within Farm C.
Mean (+SE) %OM of 18 sediment samples col-
lected inside the farm boundary (10.49 + 0.10%)
compared with the 24 samples from the reference
area (9.50 = 0.23%) demonstrated significantly
greater organic enrichment inside the farm (f =
1.765, p = 0.043).
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3.2. DO and S?" in sediment porewater

Mean DO concentrations in the silt sediments at
Farm A were low at all sampling sites throughout this
study (<1 mg 17!), but the highest values were meas-
ured in April 2017 when water temperature was low
(2.9°C; Fig. 4). Porewater within the sand substrate at
Farm B generally contained higher DO levels than
observed at Farm A, with the highest DO concentra-
tions observed at sampling stations located farthest
from the net-pens (Fig. 4). Hypoxic sediment condi-
tions (DO < 3 mg 17') were observed out to at least
70 m during the first year of fish stocking (October
2017). Sampling conducted immediately prior to fish
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Fig. 2. Sediment organic matter content (%OM; mean =+
SE) at Farm A and Farm B relative to distance from
net-pens during different seasons and husbandry stages.
Letters in the legend refer to sampling transects (A: pre-
dominant current direction; B: opposite direction; C and
D: orthogonal directions). Note different distance scales

harvesting in September 2016 detected hypoxic con-
ditions in surface sediments out to 700 m. Porewater
concentrations in sediments located within 10 m of
the net-pens showed a return to oxic conditions dur-
ing the fallow period, albeit with some indication of a
patchy spatial distribution of hypoxic and oxic condi-
tions close to the farm (Fig. 4).

S?- concentrations in sediment porewater during
the latter stages of salmon production at Farm A fol-
lowed a similar pattern with distance as %OM
(Figs. 2 & 5). The highest S?~ concentrations were
measured in sediments within 10 m of the net-pens
during the second year of grow-out and during pre-
harvest sampling (Fig. 6). Replicate core samples re-
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vealed a high degree of S?~ patchiness in sediments
collected close to the farm in April 2017 (Fig. 5).
Although local S?- levels declined during the fallow
period, average concentrations at the cage edge and
under the fish pens (0 and —10 m distances) remained
above 500 pM for 5 mo after the fish were harvested
(Fig. 5). S?~ concentrations measured at all stations
outside 10 m at Farm A were low (<250 pM) during
all seasons. Farm B sediments contained S*~ concen-
trations below 500 pM at all sampling stations and
dates, except for a single core sample collected in

ent seasons and husbandry stages. Symbols represent the
distance range in which each core sample was collected

May 2017 which greatly skewed the average to-
wards the high value shown (Fig. 5; 1450 pM). Exclu-
sion of this core resulted in a mean (+SE) concentra-
tion of 435 + 170 pM.

S?- concentrations at Farm C varied substantially
along the sampling transect (Fig. 5), with concentra-
tions averaging 2707 = 569 pM for sediments col-
lected beside the mussel long-line inside the farm
boundary compared with 653 + 94 pM measured in
sediments outside the farm. This farm was located
close to an extensive eel grass Zostra marina bed,
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Fig. 4. Sediment dissolved oxygen (DO; mean + SE) concentrations at Farm A and Farm B relative to distance from net-pens
during different seasons and husbandry stages. Letters in the legend refer to sampling transects (A: predominant current
direction; B: opposite direction; C: orthogonal direction). Note different distance scales

and all sediment samples contained decomposing
grass detritus.

As noted above, the mean S?- concentration deter-
mined for stations located close to the edge of Farm A
was heavily influenced by small-scale patchiness.
A total of 18 grab samples were collected beside
Farm A (0 m distance in all 4 orthogonal directions)
in April 2017. S?7y concentrations ranged from 117-
6768 pM with an arithmetic mean of 1537 + 524 puM.
These data were positively skewed by several high
S?-yv values and followed a lognormal distribution.
The geometric mean SE concentrations (542
1.0 pM) provided more appropriate descriptors of
central tendency and precision in these data. The
collection of 18 replicate core samples at this location
provided an opportunity to estimate the sample size
(n) required to maximize S* yy measurement preci-
sion while minimizing sampling costs. This retro-

+

+

spective analysis of measurement precision was con-
ducted using the arithmetic SE because aquaculture
management decisions are typically informed by the
arithmetic mean. SE was calculated for n = 3-18 by
repeatedly conducting randomized draws of S%y
concentrations from the pool of 18 replicate stations.
Up to 7 draws were performed for each n-value to aid
in determining the sample size at which precision
approached a steady state. The results are shown in
Fig. 6 and indicate that 9 replicate seabed samples
are sufficient to constrain S?7yy precision to less than
50 % of the mean.

S2- data presented in Fig. 5 only include results ob-
tained using the UV spectrometry method. The same
sediment samples were analysed using the MB and
ISE methods. S?>7yy concentrations from all sites listed
in Tables 1 & 2 were strongly correlated with S™us
data (Fig. 7, n = 927) regardless of the farm location.
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Fig. 5. Sediment total free sulfide (SZ‘UV; mean + SE) concentrations at Farm A, Farm B, and Farm C relative to distance from
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rent direction; B: opposite direction; C and D: orthogonal directions). Note different distance scales and negative distances
for stations inside the farm

In contrast, comparisons of S*7yy and S?7 gz data
showed much more variable results (Fig. 8), with
large differences apparent both within and between
aquaculture embayments. For all locations, S*igg
measurement methods differed by up to an order of
magnitude from either the S?7yy or S?"z measure-
ments made on the same samples. Although S* gg
generally increased with increasing S? vy, the rela-
tionship remained highly variable and inconsistent.
For example, S?7;sz measurements tended to overes-
timate S?° in Clayoquot Sound and St. Anns Bay

while underestimating concentrations in Whycoco-
magh Bay. All 3 locations contained silt sediments of
similar grain size (Table 2).

3.3. OM flux and SOC

The vertical flux of OM at 50 m distance from both
salmon farms in September—October 2016 was ele-
vated relative to fluxes measured at greater distance
(Fig. 9). The average %OM of particulate matter col-
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uy Precision (SE; uM)

2-

age OM flux, measured adjacent to
Farm B net-pens during the same pe-
riod, was also lowest beside the farm.
Daily averaged SOC rates at the 2
salmon farms are shown in Fig. 9 along
with the OM flux data. The SOC of co-
hesive silt sediments at Farm A was
highest at the farm edge and decreased
to stable low levels at and beyond the
200 m station. In contrast, peak SOC in

° the fine sand substrate at Farm B oc-
curred at 97 m from the farm and then
declined to what appears to be baseline
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Fig. 6. Relationship between the precision (SE) of total free sulfide measure-
ments (S%7yy), based on UV spectrophotometry, and the number of replicate
sediment samples (n) collected at the edge of salmon net-pens at Farm A. The
data points show SE values calculated from randomized draws of n size from a
pool of 18 replicate S?";y measurements. The horizontal line is the SE for all 18

replicate samples

lected in traps at the 50, 200, and 500 m stations also
declined with distance from 11.7-8.8 %. Simultaneous
measurements of OM flux at the farm edge, reported
in Law & Hill (2019), are included in Fig. 9 and indi-
cate that OM flux was lowest at the farm edge. OM
fluxes measured near Farm B in September 2016
were higher than observed at Farm A (Fig. 9). Al-
though the average flux declined with distance from
this farm, the %OM content of particulate matter col-
lected in traps from all distances was similar, with
mean + SE 22.6 + 0.4 %. The previously reported aver-

levels at 500 m distance. The relatively
low mean SOC measured within 50 m
distance from the farm corresponded
with the relatively low OM flux meas-
ured near this farm. The maximum
SOC rate measured for the sand sedi-
ments at Farm B was considerably
higher than for the silt sediments at
Farm A (684 and 256 mmol m~2 d', re-
spectively), and this is consistent with differences in
the mean OM flux at each farm. The cumulative 1 min
SOC fluxes measured over each instrument deploy-
ment period increased linearly, and the stability of in-
strument responses resulted in low variability in the
mean SOC measurements shown in Fig. 9. Light in-
tensity near the seabed, measured during each eddy
correlation system deployment, was less than 1% of
surface measurements, and it is therefore assumed
that photosynthesis had a negligible affect on oxygen
flux during this study.

Table 2. Sampling details at fish and shellfish aquaculture farms used to study potential geographic biases in total free sulfide
measurements. These sites are in addition to the 3 bays described in Table 1

Embayment and Farmed species Sampling dates Sampler n Median + SD
farm location grain size (pm)
Clayoquot Sound

1) 49.49° N 125.73° W Salmo salar Aug 17 Van Veen grab 21 -

2) 49.21° N 125.77° W Salmo salar Aug 17 Van Veen grab 20 -

3) 49.21° N 125.77° W Salmo salar October 2018 Van Veen grab 16 134+ 7.7
Whycocomagh Bay

45.95° N 61.13° W Oncorhynchus mykiss Sep 18 Ponar grab 35 8.4+4.0
St. Anns Bay

46.23° N 60.58° W Mytilus edulis Aug 18 SCUBA core 30 15.1+8.8
Lime Kiln Bay

1) 45.06° N 66.83° W Salmo salar February 2018 Slo-core 14 102+ 0.6
2) 45.06° N 66.83° W Salmo salar Sep 18 Slo-core 14 8307
3) 45.04° N 66.82° W Salmo salar Sep 18 Slo-core 17 87+07
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Fig. 7. Relationship between sediment total free sulfide con-
centrations analysed by UV spectrophotometry (S?7yy) and
methylene blue (S?") methods from all aquaculture sites and
sampling depths included in this study (Tables 1 & 2, n = 927).
The regression line and correlation coefficient are shown.
S? s data below the 200 pM limit of detection are excluded

4. DISCUSSION

Aquaculture sites have been characterized as
‘high-flow’ or ‘dispersive’ if the average current
velocity exceeds 9.5 cm s™! (Keeley et al. 2013, Bravo
& Grant 2018). Tidal currents above this critical
velocity are believed to resuspend and disperse fish
farm organic wastes (Cromey et al. 2002) and
thereby prevent adverse effects on benthic macro-
fauna. Salmon Farms A and B are located in environ-
ments with maximum current velocities of approxi-
mately 20 cm s!, and sediment erosion studies at
these 2 farms have shown that seabed shear stresses
at Farm A in Passamaquoddy Bay are dominated by
tidal currents, while those at Farm B in Jordan Bay
are dominated by wave activity (Law & Hill 2019).
Under these hydrodynamic conditions, accumulation
of OM in surface sediments around fish cages is gen-
erally assumed by regulators to not occur. On the
contrary, the %OM in the cohesive muddy sediments
at Farm A was approximately doubled within 10 m
distance from the cages in April 2017 prior to fish
harvesting and appeared to be slightly elevated to a
distance of at least 100 m. The permeable sands at
Farm B also exhibited a doubling in %OM during the
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Fig. 8. Relationships between sediment total free sulfide concentrations analysed by UV spectrophotometry (S?7yy; mean for 1
and 2 cm depth samples) and ion-selective electrode (S*"gg, 0 to 2 cm depth samples) methods for multiple aquaculture locations
(Tables 1 & 2). The unity line (1:1 relationship) is shown in each plot
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Fig. 9. Vertical fluxes (mean + SE) of
particulate organic matter and sedi-
ment oxygen consumption (SOC)
measured at different distances from
the edge of Atlantic salmon net-pens
at Farms A and B. Measurements
were made in the predominant cur-
rent direction from each farm. Or-
ganic matter flux rates shown for the

0 m distance are from Law & Hill
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pre-harvest period (September 2016), with evidence
of organic enrichment out to 1000 m from the farm.
Sediment organic enrichment was detected in multi-
ple directions from both farms and corresponded
with changes in sediment porosity.

The assumption that benthic impacts at open-
water, high-flow fish farms are negligible can be
contested based on the measured sediment geo-
chemical changes associated with organic enrich-
ment in cohesive sediments at Farm A. An examina-
tion of international aquaculture regulations for
benthic organic enrichment at open-water marine
fish farms indicates that severe effects on benthic
communities are generally permitted within the farm
footprint (the area immediately below the farm pens)
and that moderate effects are generally not permit-
ted beyond approximately 25-50 m from the farm.
According to the Canadian Aquaculture Activities
regulations (Government of Canada 2015), the 2
high-flow farms studied in eastern Canada cannot
exceed 'Hypoxic A’ status (S?7gg < 3000 uM) at the
farm boundary (the edge of the net-pens). This is

(2019) and were measured simulta-
neously with those shown at greater
distances

400 500

equivalent to not exceeding a ‘Moderate’ EQS
(Phillips et al. 2014, Borja et al. 2019) classification
outside the net-pen boundary. Although the mean
S?7 sk data indicated that Farm A did not exceed the
local regulatory limit, both the mean S? yy and S* g
data indicated that the impact on the macrofaunal
community beside this farm is more severe. Spatial
variations in the macrofaunal community at Farm A
have not been studied, but published relationships
between S?7y concentrations and benthic macro-
fauna community health metrics measured at Farm A
(Cranford et al. 2020; species richness [S], proportion
of first-order opportunists, polychaete/amphipod
ratio, Shannon's diversity, AZTI's marine biotic in-
dex, and AZTI's multivariate marine biotic index
[mAMBI]) indicate that sampling stations outside
10 m from this farm largely contained communities of
‘Good’ EQS (Cranford et al. 2020) while stations
inside 10 m can be classed as being of ‘Poor to Bad'
status during all sampling periods, including fallow-
ing. Multiple biases inherent with the standard S% sk
protocol (see Section 1) can strongly influence ben-
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thic quality classifications and related regulatory
decisions (Cranford et al. 2020). Additional research
and monitoring at multiple marine farms are re-
quired to more thoroughly assess the impact of im-
plementing alternative S*~ methodologies and ben-
thic quality status thresholds for the purposes of
aquaculture and habitat management.

The direct UV spectrophotometry method pro-
vided similar S? results at all study sites as obtained
using the MB method. The latter is based on Stan-
dard Methods: 4500-S2-D, which was adapted for
bulk sample analysis using a micro-plate reader (see
Cranford et al. 2017). Both protocols require porewa-
ter extraction to eliminate particulate sulfide contam-
ination and use equally small sample volumes
(0.1 ml). These methods also prevent errors associ-
ated with the oxidation and volatilization of S?~ dur-
ing sample collection and processing. The major ad-
vantages of the UV method are related to the
inherent analytical robustness (capacity to produce
unbiased results despite small changes in the
method), the relative simplicity of direct optical
methods, the high analytical precision and low limit
of quantification (5 and 37 pM, respectively; Cran-
ford et al. 2020), low per-sample cost, and the capac-
ity for near real-time field analysis on small vessels.
Both the UV and MB sulfide methods can be per-
formed using a wide array of sediment core and grab
methods. S?7\s analysis requires preservation of the
sample followed by multiple analytical steps and re-
agent preparations/additions in a laboratory. Unlike
the UV method, a notable disadvantage of the MB
method is the relatively high limit of detection
(~200 uM), which makes it difficult to detect the bio-
logical effects of low free sulfide concentrations.

The highest S?7y, concentrations at Farm A were
measured prior to fish harvesting when water tem-
perature was only 2.9°C. These data indicate that the
timing of peak fish biomass, which can be assumed
to occur prior to harvesting, is more important than
temperature in determining when the peak benthic
impact will occur. The timing of peak fish biomass
consequently provides direction on when benthic
monitoring is most appropriate.

The muddy sediments at Farm A have naturally
occurring low oxygen levels owing to the constraints
of molecular diffusion-dominated transport of dis-
solved materials across the sediment-water inter-
face. The effects on macrofauna from organic enrich-
ment in muddy sediments are therefore largely
attributed to the accumulation of toxic metabolic
products such as S?>* and ammonia, as opposed to
oxygen depletion (Fenchel 1987, Gray et al. 2002).

Permeable sand substrates are typically well-oxy-
genated owing to advection-dominated porewater
flushing, preventing the accumulation of these re-
duced compounds in surface sediments. Despite the
presence of permeable sand sediment, benthic orga-
nic enrichment at Farm B appears responsible for the
widespread sub-oxic conditions. A decrease in sand
permeability through the trapping of particulate mat-
ter between sand grains reduces porewater flushing
and appears to have contributed to the ability of
microbial aerobic mineralization processes to deplete
oxygen levels. Oxygen depletion at this farm was
limited to concentrations above the 0.5 mg 1~! thresh-
old at which S?~ begins to rapidly accumulate (Gray
et al. 2002).

Middelburg & Levin (2009) reviewed the effects of
hypoxia on benthic macrofauna, which include stim-
ulation of migration behaviour, mortality of some
taxa, reduced density and biomass, changes in func-
tional diversity, smaller community body size, and
the shallowing of macrofauna distribution and activ-
ities (bioturbation and irrigation). These authors also
noted that the duration of hypoxia is important for
determining the severity of impacts. Although the
sand sediments were largely reoxygenated during
the farm fallow period, hypoxic conditions developed
after the reintroduction of juvenile fish to the cages.
Information on the macrofauna community at this
farm has previously been reported for the October
2017 sampling period (Cranford et al. 2020), al-
though not in relation to spatial variations. Further
analysis of those published data using mAMBI as a
proxy for macrofauna community health revealed a
positive relationship with sediment oxygen concen-
tration (r? = 0.73, n = 17), which indicates a negative
biotic effect from increasing hypoxia. However, the
impact on the benthic community was negligible,
with ‘Good' EQS indicated for sediments collected
immediately adjacent to the fish cage (0.68 + 0.06)
and 'High' EQS status indicated by an average (+SD)
mAMBI at 200 m (0.85 + 0.07). Apparently, most res-
ident taxa were able to obtain sufficient oxygen at
the sediment-—water interface to counteract the
potential effects of sediment hypoxia.

Physical waste dispersal processes are important
for maintaining natural benthic habitats and pre-
venting the manifestation of benthic community im-
pacts. However, the waste assimilative capacity of an
aquaculture site also depends on inherent biotic pro-
cesses, including the oxygenation of surface sedi-
ments through bioturbation and bioirrigation and the
mineralization of excess OM. Biological and chemi-
cal waste assimilation processes appear to be impor-
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tant at both farm sites given that physical processes
did not fully prevent OM enrichment in either the
permeable or cohesive sediments. SOC rate meas-
urements serve as an indicator of total benthic meta-
bolism and chemical oxygen demand. SOC rates
measured at both farms largely followed a similar
spatial pattern as the vertical flux of OM. An unex-
pected observation was that both the SOC and OM
fluxes were relatively low adjacent to Farm B com-
pared with more distant locations. Differences in
sediment trap designs (cylindrical tubes at distances
>50 m [this study] and funnel-type at 0 m [reported in
Law & Hill 2019]) are known to affect particle trap-
ping efficiency, with funnel-type traps tending to
under-collect particles in turbulent flow conditions
(Butman 1986). This type of measurement bias may
explain why the OM vertical flux appeared to be rel-
atively low beside both farms. An alternate explana-
tion stems from 3D hydrodynamic model predictions
that show that fish cages can enhance the water
velocity in the bottom layer beneath the cages for
farms in relatively shallow waters (Wu et al. 2014).
Farm B, which is located in shallower waters than
Farm A, occupies a larger fraction of the water col-
umn, and faeces exiting the bottom of the cages may
have been rapidly advected away from the farm prior
to deposition on the seabed.

Although the muddy sediments in Passamaquod-
dy Bay contained considerably more natural OM
than the sands in Jordan Bay, SOC rates were con-
siderably higher at the sandy site. Martinez-Garcia
et al. (2015) reported that sandy sediments have a
greater metabolic capacity than muddy sediments
to assimilate high levels of organic enrichment from
aquaculture. Oxygen uptake by muddy sediments
can be diminished by reducing conditions, which
favor less efficient anaerobic decomposition path-
ways compared with aerobic ones in sand substrates
(Kristensen & Holmer 2001). Rusch et al. (2006) sim-
ilarly suggested that decomposition rates of OM in
permeable sands can exceed those of fine-grained,
organic-rich deposits. The maintenance of bioturba-
tion and bioirrigation would help to offset the
increased biological and chemical oxygen demand
of enriched sediments. Although both farms were
of similar size and had a similar range of tidal cur-
rents, a combination of physical (wave-induced re-
suspension and advection-dominated oxygen trans-
port) and biological processes (high metabolic
capacity and bioirrigation) can largely explain why
the effects of organic enrichment on the macrofau-
nal community were greater in the muddy substrate
than at the sand site.

Sediment oxygen flux at aquaculture facilities has
been measured using a variety of in situ, shipboard,
and laboratory incubation methods, but the eddy cor-
relation technique employed in the present study is
the only approach that retains biogeochemical and
biological conditions in the sediment and preserves
boundary layer currents and vertical exchanges
across the sediment—-water interface. Measurements
also represent a relatively large area of the seabed
(Berg et al. 2003, 2009, Chipman et al. 2012). Coring
methods cause disturbances that can alter the avail-
ability of OM and oxygen to the microbial commu-
nity, resulting in measurement biases (Mogg et al.
2017). Sandy sediments have been a particular chal-
lenge for measuring oxygen uptake because sedi-
ment enclosures exclude the advective circulation of
porewater. The previous maximum oxygen flux rate
previously measured at a salmon farm was 434.9 +
139.7 mmol m~2 d~! (Nickell et al. 2003), which is
lower than the 684 + 22 mmol m~2 d~! value reported
herein at 97 m outside Farm B. These oxygen flux
rates are not strictly comparable, owing to differ-
ences in methodology and sediment grain size; how-
ever, previously documented spatial trends in SOC at
marine fish farms are comparable with results re-
ported here. For example, SOC has been shown to
decline away from cages to about 50 m for muddy
sediments (Hargrave et al. 1997, Papageorgiou et al.
2010) and to approximately 600 m for more coarse
sediments (Keeley et al. 2019).

The waste assimilative capacity of any marine
environment is not an absolute measurable property
owing to the contribution of a wide variety of related
abiotic and biotic processes. However, the point at
which S? concentrations begin to rapidly accumu-
late in surface sediments provides an indication that
the impact-buffering capacity of the system has been
exceeded. Although very low S?- concentrations can
affect some infauna, the inflection point above which
macroinfauna S rapidly declines with increasing
organic deposition occurs at approximately 250 pM
S2-yy (Cranford et al. 2020). The extremely high S?-
levels measured inside the boundary of the mussel
farm at Farm C illustrates how farming in an area
where the assimilative capacity is already stressed
by autochthonous organic enrichment (e.g. seagrass
detritus) can profoundly affect the accumulation of
S?- concentrations inside the farmed area. Oxygen
depletion near the seabed has previously been ob-
served in Tracadie Bay, presumably the result of the
high chemical oxygen demand of these highly re-
duced sediments (Cranford et al. 2006). Surficial sed-
iments with naturally occurring S?- levels exceeding
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250 pM should raise concerns regarding the capacity
of these sediments to effectively assimilate additional
organic inputs. The natural organic enrichment sta-
tus of surficial sediments is an important considera-
tion for assessing the potential impacts of proposed
aquaculture sites.

Environmental management frameworks include
activities that identify, evaluate, and address predic-
tions of environmental threats. The results of the
present study show that environmental impact pre-
dictions at both high-flow open-water fish farms and
low-flow suspended mussel culture farms are subject
to some level of uncertainty. Monitoring programs
remain essential for ensuring that actual effects do
not exceed what is authorised. Owing to apparent
gaps in knowledge on the complex array of physical,
chemical, and biological processes that define the
waste assimilative capacity of a particular area, the
results of organic biodeposition modelling (i.e. allow-
able zone of effect predictions) should not presently
be used in isolation for defining where monitoring
stations are to be located.

Numerically characterizing the quality/health status
of benthic communities with a single indicator is
highly complex, and numerous studies designed to
identify an ‘ideal’ index have been unsuccessful (Daly
et al. 2018). A multitude of abiotic and biotic organic
enrichment impact indicators have been developed
and employed for research and regulatory purposes,
but this diversity of metrics makes it difficult to com-
pare results. The uniformity of geochemical and biotic
responses along an organic enrichment gradient sup-
ported the development of a unified quantitative scale
for classifying the status of benthic communities (Har-
grave et al. 2008). This 'oxic status' scale was linked to
a nomogram that describes inter-relationships be-
tween S?7gp concentrations and a range of variables
used for aquaculture monitoring. Keeley et al. (2012)
reported inconsistent sediment ecological classifica-
tions based on S?* gz and a wide range of biotic
indices, with an apparent tendency for oxic status
classifications to underestimate the magnitude of bi-
otic effects. A revised benthic classification system
was presented by Cranford et al. (2020) to rectify
S?-sg methodological biases (see Section 1) and to
link sediment S*";y concentrations with the standard-
ized descriptions of normal to severely impacted
macrofauna communities that underpin the EQS sys-
tem. The elimination of site-specific S>~ methodologi-
cal artefacts and the intercalibration with biotic or-
ganic enrichment metrics (Cranford et al. 2020) was
meant to improve confidence in sediment ecological
classifications. Published information was used herein

to broaden this initiative by establishing numerical
boundaries between the 5 EQS classifications (High,
Good, Moderate, Poor, and Bad) for an expanded
range of organic enrichment indicators. This quantita-
tive scale of organic enrichment effects on abiotic and
biotic variables is shown in Fig. 10. Normalized met-
rics that indicate benthic EQS at farm sites relative to
values at reference sites were not included in this
analysis because this approach alters the standard
normative descriptions of community EQS, and the
results are therefore specific to the farm site where
they are employed. Fig. 10 is meant to show how geo-
chemical and biotic changes in marine sediments are
quantitatively linked and to provide a means of quan-
titatively describing and comparing organic enrich-
ment responses across multiple marine aquaculture
research and regulatory/certification monitoring pro-
grams, regardless of the intensity of culture operations
or species farmed.

This study highlights several key issues relevant to
the provision of a credible, efficient, and measurable
performance-based environmental management sys-
tem designed to minimize, mitigate, or eliminate
negative impacts from seabed organic enrichment at
marine aquaculture farms. First, the results of the
present study provide further evidence beyond those
in Brown et al. (2011), Cranford et al. (2017, 2020),
and Brodecka-Goluch et al. (2019) that the ISE
method typically provides inaccurate readings rela-
tive to the MB (Standard Methods: 4500-S2-D as de-
scribed for bulk analysis in Cranford et al. 2017) and
UV methods (Guenther et al. 2001, as adapted for a
broad range of concentrations by Cranford et al.
2017), resulting in a high likelihood for erroneous
benthic ecological quality classifications. Second, S
concentrations around fish farms tend to be highly
patchy, and the results of replicate sediment sam-
pling in Passamaquoddy Bay showed that maximiz-
ing measurement precision can require high sam-
pling replication (n > 9), particularly at the farm
edge. Third, near real-time shipboard analysis of S~
by the UV method provides accurate results and is
analytically robust and practical for routine monitor-
ing purposes. Rapid field analysis by the UV method
permits the immediate interpretation of preliminary
monitoring data, and this property can inform deci-
sions on the need for additional sampling. The capac-
ity for rapid S? analysis supports the potential use of
a tiered monitoring approach in which a rapid as-
sessment of S?~ conditions at a farm can be used to
trigger a more rigorous monitoring program that in-
cludes additional abiotic and biotic indicators and
more widespread sampling.
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Fig. 10. Numerical ecological quality status (EQS) classes for benthic organic enrichment based on abiotic and biotic indicators.
Equivalent EQS boundaries for total free sulfides, redox potential (Eh), Shannon-Wiener diversity (H’), species richness (S%),
group V opportunistic species (GrV), and AZTI's Marine Biotic Indices (AMBI and M-AMBI) are from Cranford et al. (2020).
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and number of species among 50 individuals (Sso) boundaries are derived from relationships in Hargrave (2010). Benthic quality
index (BQI), benthic quality families index (BQI-f), infaunal trophic index (ITI), and BENTIX boundaries are from Rosenberg et
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