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Abstract The effects of fish farm activities on sediment biogeochemistry were investi-

gated in Loch Creran (Western Scotland) from March to October 2006. Sediment oxygen

uptake rates (SOU) were estimated along an organic matter gradient generated from an

Atlantic salmon farm using a combination of in situ techniques: microelectrodes, planar

optode and benthic chamber incubations. Sulphide (H2S) and pH distributions in sediment

porewater were also measured using in situ microelectrodes, and dissolved inorganic

carbon (DIC) fluxes were measured in situ using benthic chambers. Relationships between

benthic fluxes, vertical distribution of oxidants and reduced compounds in the sediment

were examined as well as bacterial abundance and biomass. Seasonal variations in SOU

were relatively low and mainly driven by seasonal temperature variations. The effect of the

fish farm on sediment oxygen uptake rate was clearly identified by higher total and dif-

fusive oxygen uptake rates (TOU and DOU, respectively) on impacted stations (TOU:

70 ± 25 mmol O2 m-2 day-1; DOU: 70 ± 32 mmol O2 m-2 day-1 recalculated at the

summer temperature), compared with the reference station (TOU: 28.3 ± 5.5 mmol O2

m-2 day-1; DOU: 21.5 ± 4.5 mmol O2 m-2 day-1). At the impacted stations, planar
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optode images displayed high centimetre scale heterogeneity in oxygen distribution

underlining the control of oxygen dynamics by small-scale processes. The organic carbon

enrichment led to enhanced sulphate reduction as demonstrated by large vertical H2S

concentration gradients in the porewater (from 0 to 1,000 lM in the top 3 cm) at the most

impacted site. The impact on ecosystem functions such as bioirrigation was evidenced by a

decreasing TOU/DOU ratio, from 1.7 in the non-impacted sediments to 1 in the impacted

zone. This trend was related to a shift in the macrofaunal assemblage and an increase in

sediment bacterial population. The turnover time of the organic load of the sediment was

estimated to be over 6 years.

Keywords Fish farming � Microprofiling � Oxygen � H2S � Sediment � Benthic chamber �
Sea loch � Scotland � Benthic mineralization � Organic carbon

1 Introduction

Scottish fish farms are the largest producers of Atlantic salmon (Salmo salar) in the EU,

with more than 105 tons of salmon produced in 2006 (Scottish Fish Farms Annual Pro-

duction Survey, 2006; FAO, 2006). Aquaculture is therefore an important contribution to

the Scottish rural economy. Nevertheless, fish farming activities generate huge amount of

labile organic matter in the form of uneaten fish food or fish faeces that accumulate in the

sediment (Oconnor et al. 1989; Brooks 2001; Mulsow et al. 2006). Such organic enrich-

ment can lead to severe sediment anoxia, impact sedimentation and trophic networks

(Hargrave et al. 2008) and modify the functioning of the benthic coastal ecosystem located

within the fish farm vicinity. Excess organic matter reaching the seafloor increases the

sediment oxygen uptake rate, which integrates microbial respiration, chemical oxidation

and infaunal metabolism (Canfield et al. 1993b; Valiela et al. 1992; Hansen and Kristensen

1997). The risks of hypoxic or anoxic events in the water column rise substantially with

large organic enrichment: when delivered to the bottom waters, the sulphides produced by

anoxic mineralization can exert a negative feedback worsening the anoxia (Chapelle et al.

2001; Rabouille et al. 2008). Organic matter enrichment and consequent hypoxic events

are well known to significantly alter the redox chemistry of the solid and porewater phase

in the sediment by modifying the distributions and concentrations of chemical oxidant and

reduced species (Vaquer-Sunyer and Duarte 2010). These processes also affect biological

and physical characteristics of the sediment. Effective actions for quality enhancement and

management of coastal ecosystems must be underpinned by a sound ecological and geo-

chemical understanding of benthic processes (Hall et al. 1990).

The aim of this study was to examine the impact of organic enrichment from a Scottish

fish farm on benthic mineralization processes over both temporal and spatial scales (sea-

sonal and kilometric scales, respectively). Organic matter recycling was determined by

using a suite of different in situ techniques including microelectrode microprofiling, planar

optode imaging and benthic chambers deployments. These combined measurements

allowed the quantification of benthic O2 and dissolved inorganic carbon (DIC) fluxes as

well as the acquisition of highly resolved sediment distributions of O2, pH and H2S. In this

paper, we examine the heterogeneity of organic matter deposition in sediment located

under a fish farm in Loch Creran, the recycling of the organic matter in disturbed and

reference sediments, its consequence on sediment biogeochemistry and the response of the

benthic ecosystem to the perturbation induced by the fish farm activities.
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2 Materials and Methods

2.1 Study Site

This study was conducted in the second basin of Loch Creran: a semi-enclosed sea loch

located on the Scottish west coast (Fig. 1). The loch is 12.8 km long and divided into four

basins, each separated by a shallow sill. The basin studied in this paper has relatively low

tides (around 2 m tidal heights) and mostly soft, muddy sediments (Nickell et al. 2003).

The loch receives a freshwater input of 290 9 106 m3 year-1 and is well mixed due to

wind and tidal effects. Flushing time in the entire loch is approximately 3 days, over which

around 60 % of water volume is exchanged with external coastal waters (Edwards and

Sharples 1985). Due to active mixing and tidal exchange, there is reduced likelihood of

severe oxygen depletion in the water column.

An Atlantic salmon fish farm, located in the second basin (maximum depth: 49 m), has

been active for 15 years. The site is farmed on a 2-year production: 2 years fallowed cycle,

and the farm consisted of an array of 16 cages, each with a diameter of 25- and 15-m-deep

nets. The maximum consented farmed biomass at the site was 1,500 tons of Atlantic

salmon (Brigolin et al. 2008, 2009).

Loch Creran, Basin 2
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Fig. 1 Location of the sampling stations in Loch Creran
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2.2 Field Sampling Cruises

Most of field sampling and measurements were taken on board the RV Calanus and RV

Seòl Mara during three cruises in May, August and September 2006. Additional cruises in

March and October 2006 were used to collect sediment cores for bacteria and organic

carbon content. Based on an initial survey in March using a Sediment Profile Imaging

camera (SPI, Teal et al. 2008; Godbold and Solan 2009), sampling stations were selected to

describe a gradient of organic matter enrichment linked to the fish farm activity, which had

ceased its production in January 2006. The seabed around and in the footprint of the fish

farm, the area directly beneath the cage group, was examined and three stations were

selected (S1, S5 and S11). Station S1 was located outside the fish farm footprint and was

considered as a reference station, reflecting background sedimentary conditions in the loch,

whereas S5 and S11 were situated within the boundary of the vacated fish farm location

(Fig. 1) and showed evidence of organic enrichment and a thinner sediment mixed layer

(Godbold and Solan 2009). A complete list of the operations performed during the field

expeditions is available in Table 1.

2.3 Sediment Coring, Organic Carbon Measurements and Porosity Determination

Undisturbed sediment cores were obtained using a Bowers and Conelly megacorer, which

collected a maximum of 8 cores (Ø: 10 cm) per deployment (Barnett et al. 1984). Depth

profiles of sediment organic carbon content were determined from a single core taken from

each station (S1, S5 and S11) in March and again in October 2006. Sediment cores were

sliced at 0.5-cm intervals between 0 and 2 cm, then 1-cm intervals down to 20 cm and

stored frozen until freeze-dried in the laboratory. The decarbonation was performed using

10 % HCl and analysis was made with a LECO CHN 900 elemental analyser (Brigolin

et al. 2009). Porosity was determined by subcoring one core with a 40-ml syringe which

Table 1 Measurements performed during 2006 in Loch Creran

Station S1 Station S5 Station S11

March CHN analyses CHN analyses CHN analyses

May 5 O2 microprofiles 3 O2

microprofiles
1 O2 microprofiles

3 resistivity profiles 5 resistivity
profiles

4 resistivity profiles

1 porosity profile 1 porosity profile 1 porosity profile

4 benthic chamber incubations 6 benthic chamber incubations

1 OC profile 1 OC profile 1 OC profile

Abundance and biomass of bacteria Abundance and biomass of bacteria

1 planar optode deployment (48 h)
(78 profiles extracted)

1 planar optode deployment (48 h)
(80 profiles extracted)

August 5 O2 microprofiles 9 O2

microprofiles
5 O2 microprofiles

September 3 O2 microprofiles 7 O2

microprofiles
7 O2 microprofiles

2 H2S and 2 pH microprofiles

October CHN analyses CHN analyses CHN analyses

Bacteria and viruses abundance Bacteria and viruses abundance
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was subsequently cut at 2 mm resolution for the first centimetre and 5 mm resolution down

to 6 cm. Porosity was calculated from the weight of water loss after drying with a cor-

rection for dried salt and assuming a dry bulk density of 2.65 g cm-3 (Mienert and

Schultheiss 1989), except for cores with elevated OC contents [i.e. S11 with OC [ 4 % dry

weight (d.w.)] where a value of 1.43 g cm-3 was adopted (Avnimelech et al. 2001; Bri-

golin et al. 2009).

2.4 Bacterial Abundance and Biomass

Three undisturbed cores, from separate casts of the megacorer in each station, were sec-

tioned onboard immediately after recovery and the upper 5 mm, 2–3 cm, 5–6 cm and

10–11-cm depth intervals were collected in sterile plastic bags. The samples were fixed

with 0.02 lm filtered glutaraldehyde to a final concentration of 3 %. The samples were

stored at in situ temperature and in the dark for a maximum of 2 h before processing.

Bacterial cells were extracted from 25 g of sediment according to Middelboe et al. (2003),

using sodium pyrophosphate (10 mM) and staining with SYBR Gold (Molecular Probes).

Ten fields of view were counted from each sample under oil immersion at 1,0009 mag-

nification using a Zeiss Axioskop equipped for epifluorescence.

2.5 In Situ Microprofiles

An autonomous benthic microprofiler (Unisense�) was used to perform in situ measure-

ments of 1-D distribution of O2, resistivity, pH and H2S at the sediment–water interface

(SWI). The profiler was equipped with 4–5 O2 microelectrodes and a resistivity probe

(Unisense�). In September 2006, 1 H2S microelectrode and 2 pH microelectrodes were

added. The microprofiler deployments included 30-min resting time before measurement to

allow any sediment disturbance to settle. Profiles of O2, resistivity, pH and H2S were

recorded at 50, 100 or 200 lm resolutions.

Dissolved oxygen concentration was measured by amperometric oxygen microelectrodes

provided with a built-in reference and an internal guard cathode (Revsbech 1989). A detailed

description of the O2 microelectrode configuration, performance and calibration procedure is

given in Lansard et al. (2009) and Cathalot et al. (2010). Briefly, the O2 microsensors had

outer tip diameters of 100 lm, stirring sensitivity of\1 %, 90 % response time of 10 s and

less than 1 % per hour current drift. A 2-points linear calibration of the O2 microelectrode

signal was performed against O2 concentration, measured by Winkler titration (Grasshoff

et al. 1983), in the bottom water and in the anoxic zone of the sediment.

Resistivity measurements were taken with an electrode similar to that described by

Andrews and Bennett (1981) and Dedieu et al. (2007). A prior calibration of the voltage

outputs was made by measuring the probe’s signal in KCl standard solutions. Resistivity

recordings were then converted to the inverse formation factor (F-1) values using the

equation of Berner (1980):

F�1 ¼ Rbw

Rz

where Rbw is the average resistivity in bottom water and Rz is the mean resistivity at a given

depth z. The inverse formation factor was translated into porosity (u) using the empirical

Archie’s law: F�1 ¼ um (Ullman and Aller 1982), where m is determined experimentally

by the type of sediment.
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Concentrations of dissolved sulphide (H2S) in the sediment were measured using H2S

microelectrodes (Unisense�). Sulphide microelectrodes are Clark-type microsensors with a

platinum guard cathode to ensure a low and stable zero-current: they had outer tip

diameters of 100 lm, stirring sensitivity of\2 %, 90 % response time of 10 s and less than

2 % per hour current drift. Microelectrode calibration was accomplished using H2S stan-

dards prepared daily from a main solution and preserved with TiCl3. The main sulphide

solution was re-titrated by the classical sulphide titration every day (Grasshoff et al. 1983).

The position of the SWI for sulphide electrode was determined using the resistivity probe

and the relative positions of the H2S and resistivity electrodes. This latter had been

determined when mounting the electrodes on the profiler. Because of the bottom topog-

raphy exhibited in the planar optode images, the error in H2S position was assumed to be

±2–3 mm.

pH measurements were taken using microelectrodes manufactured by Unisense� with a

tip diameter of 100 lm and a reference electrode made of a simple open-ended Ag/AgCl

electrode. Calibration was performed daily using three NBS pH standard buffer solutions

(pH 4, 7 and 9) covering the range of measurements. All calibration responses were linear

from pH 4 to pH 9 with a slope between 55 and 59 mV/pH units. As pH standard solutions

in artificial sea water were not used in this study, we report measurements as DpH, which is

the variation of pH with regard to bottom water. To assess the drift of the electrode,

measurements were taken in bottom water both before and after the profile and we checked

that the electrode signal variation was less than 10 %.

2.6 Planar Optode

We used an autonomous custom-made planar optode mounted on a tripodal frame to record

2-D time-series images of oxygen distributions in situ within the sediment. The planar

optode module was the same as the one described by Glud et al. (2001). Briefly, O2

quenchable photophores made of ruthenium complexes (Ru(diph)3, ruthenium (III)-Tris-

4,7-diphenyl-1,10-phenanthroline) emitting red radiations when excited in blue wave-

lengths were coated with PVC and trapped in a transparent polyester support. The planar

optode was therefore a double layer and consisted of the support plate and the photophore

layer. Intensity and signal lifetime are inversely proportional with the surrounding oxygen

concentration (Glud et al. 2001, 2005). During each deployment, a set of calibration

pictures were taken in the bottom water before moving down into the sediment. In this

study, we focused on luminescence lifetime images to quantify the 2-D oxygen distribu-

tion. Images were calibrated from bottom water oxygen concentration and sediment images

(used as references values) using the Stern–Volmer equation:

s0

s
¼ 1þ Kq � ½O2�

With s0 being the quenching duration in the absence of oxygen, Kq the extinction coef-

ficient (with Kq = kq. s0 where kq is the real extinction constant).

Images taken in the water column and the deep anoxic zone of the sediment gave us

values of s at 100 and 0 % of oxygen saturation, respectively. During each deployment,

a set of 4 successive O2 images were taken every 4 h. Only the last image was used to

determine oxygen distribution in order to ensure steady-state conditions (Glud et al. 2001).

It was possible to extract 640 vertical profiles on a single image, each profile corresponding

to one line of pixels. In order to decrease the profiles’ noise and improve their quality, a

2-D Savitzky-Golay smoothing filter was applied: each extracted profile corresponded to
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the average of 5 adjacent profiles and thus covers a 1.1-mm distance on the oxygen images.

Random O2 profiles were extracted from each image. The number of O2 profiles extracted

depended on the image’s quality and signal noise. A total of 158 profiles were therefore

extracted (excluding damaged sections and active irrigation).

2.7 Diffusive Flux Calculations

Oxygen profiles, from both microelectrodes and planar optode images, were used to cal-

culate the diffusive oxygen uptake (DOU) rate of the sediment, which was assessed using

two different methods. The first was to calculate the diffusive oxygen fluxes at the sedi-

ment–water interface (SWI) using Fick’s first law:

DOU ¼ F�1D0

dO2

dz

� �
z¼0

where D0 is the molecular diffusion coefficient in sea water at in situ temperature, dO2

dz

h i
z¼0

is the oxygen gradient at the SWI determined by linear regression over 50- or 100-lm

intervals (depending on the profile resolution) and F-1 is the inverse formation factor at the

SWI.

The second way to calculate the DOU is by using the PROFILE software (Berg et al.

1998): its curve fitting approach allows estimation of the consumption rates with depth by

adjusting the calculated oxygen profile to the observed one. A normalisation to a tem-

perature of 9 �C was made using the relationship proposed by Hetland and Dimarco (2008)

and modified to account for a Q10 of 2.5 (Dedieu et al. 2007) using:

DOUT ¼
DOUTi

2:5
Ti�T

10ð Þ

where Q10 = 2.5, DOUTi is the diffusive demand of oxygen at initial temperature Ti, Ti is

the initial temperature and T is the final temperature. With the T values observed here (9 �C

in May and 14 �C in summer), the normalisation factor amounts to 1.6 (Table 3).

2.8 Incubations with In Situ Benthic Chambers

In situ benthic chambers were used to determine total oxygen uptake (TOU) rate, together

with the benthic DIC flux. A titanium benthic frame designed for full ocean depth (Ståhl

2001; Apler 2007; Tengberg et al. 2004) was equipped with four-square incubation

chamber modules (400 cm2). We collected 10 syringes of water samples which were

analysed for DIC within a few hours after recovery. Oxygen optodes (Aanderaa�) mea-

sured the oxygen concentration in the water of the chambers during the incubations at

1-min intervals. They were cross-calibrated with Winkler titrations. Mixing of the water in

the chamber was carried out by a paddle wheel placed centrally in the chamber. During

incubations, the stirring was slow, creating a low shear velocity of approximately

0.5 cm s-1. Five deployments ranging from 24 to 48 h were made during the May 2006

campaign. At each deployment, several repeated incubations were done: the lids of the

chambers were opened between each incubation to flush the overlying water in the

chambers.

The chamber water volume was measured: (1) by collecting the incubated sediment

and water and measuring the height of the overlying water, and (2) by injecting 60 ml of
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bromide (300 mM) solution into each chamber at the start of the incubation and measuring

its dilution after 30 min. The syringe water samples were filtered through pre-rinsed 0.45-

lm pore size cellulose acetate filters and then titrated for oxygen with a precision of 0.5 %

and for DIC using an automated system based on non-dispersive infrared detection of CO2

after acidification of sample in a 4-ml sampling loop. A certified reference material (CRM,

provided by A. Dickson, Scripps Institution of Oceanography, USA) was used for cali-

bration and correction for system drift every fifteen samples. The analytical precision was

0.2 % RSD (n = 15) or better.

The TOU was calculated assuming a linear concentration change in the chamber over

time. The slope of the best fit line was achieved by a least square linear regression of 30

oxygen measurements which were taken 10 min after the start of the incubation at 1-min

intervals. The slope was then multiplied by the overlying water height in the chamber. The

same procedure was used for DIC fluxes, except that measurements of all syringe DIC

samples were used in the calculation of the slope. The uncertainty of each flux was

calculated by using the standard error of the slope, large uncertainties reflecting scatter of

the individual data points.

3 Results

3.1 Environmental Parameters

Salinity was around 33 PSU during all cruises (Table 2). Table 2 shows that bottom water

temperatures warmed up from 9.2 to 14.1 �C between May 2006 and August/September

2006. May corresponds to the beginning of spring and the seasonal warming just began at

the end of our expedition. Such an increase in bottom water temperature induces a

reduction of oxygen solubility by 50 lmol l-1 from spring to summer. In May, chlorophyll

a (Chla) concentrations were relatively high in surface ([100 lg l-1) and bottom

(\100 lg l-1) water.

3.2 Porosity and Formation Factors

Porosity profiles (Fig. 2) exhibited a classical decrease from the SWI to the deep sediment.

Porosity values differed for stations S1 and S5, with an asymptotic porosity at 5-cm depth

below 0.7 for station S1 and around 0.75 for station S5. S11 showed a two-step decrease

with a rapid decrease in the first centimetres from 0.95 to 0.85 and a second decrease below

3 cm to reach values below 0.6. Comparisons were made with porosity calculated by the

resistivity profile. Ullman and Aller (1982) estimated that the m coefficient was about

2.5–3 in coastal muddy sediment with porosity around 0.7. We adjusted the m value for

Table 2 Environmental parameters measured in Loch Creran in May, August and September 2006

Parameter May 2006 August 2006 September 2006

Surface water Bottom water Bottom water Bottom water

T (�C) / 9.2 14.0 14.1

Salinity (PSU) / 32.7 33.2 32.2

O2 (lmol l-1) 318 ± 12 297 ± 15 245 ± 15 243 ± 1

Chla (lg l-1) 133 ± 45 61 ± 27 / /
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each station in order to match the observed porosity profiles. In all cases, m was

approximately 3. Adjustments were satisfactory except for station S11.

3.3 Sediment Organic Carbon (OC) Content and C/N Ratio

A large difference in OC content was observed between stations (Fig. 3). For both seasons

over the first 2 centimetres, station S1 showed the lowest OC content with 1.5 ± 0.1 %

d.w., station S5 showed an intermediate OC content with 2.7 ± 0.4 % d.w. and station S11

showed the highest OC content with 6.6 ± 1.1 % d.w. Stations S11 and S5 had high OC

contents at the top of the sedimentary column and lower values at 10-cm depth. The low

values recorded at deeper intervals may reflect the background composition of the sedi-

ments: 1.6 % at S5 and 1.4 % at S11 in the 10–20-cm depth interval. These values are

similar to the average OC content recorded at S1 (1.5 %). On a seasonal basis, March and

October were similar with a gradient of OC concentration from S1 to S11.

C/N molar ratio varies between 8 and 10 with an average value of 8.6 ± 1.1 in the

upper 2 cm of the sediment at all stations in March 2006 and slightly lower values at

station S11 (7.6). C/N ratios were larger in October 2006 as they reached values of 9–10 at

Station S1 and S5, but were still around 8 at S11.

3.4 Bacterial Data

Figure 4 shows the seasonal abundance of bacteria at the two main sampling stations (S1

and S11) in May and October 2006. Each data point represents the mean of three replicate

cores to account for spatial heterogeneity. There was a general increase in bacterial number

between May and October 2006 in the Loch Creran sediments linked to the temperature

increase (Pomeroy and Wiebe 2001). In most instances, station S11 exhibited slightly

higher bacterial abundance than S1. S11 had the highest abundance of bacteria at mid-

depths in May and presented a maximum abundance of 4 9 108 bacteria g-1 wet sediment

at mid-depth in October.

Fig. 2 Porosity profiles acquired during all cruises: solid line with plus profiles derived from resistivity
measurements, formation factor and Archie’s law. Solid line with minus profiles were measured directly on
samples from sediment cores
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3.5 Microprofiler: Diffusive Oxygen Uptake (DOU) and Sulphide Profiles

A total of 44 oxygen profiles were acquired during the 3 field expeditions. They all showed

a decrease in O2 concentration with depth indicating net oxygen consumption in the

sediment (Fig. 5). Variations at the station scale are clearly illustrated by the variable oxic

gradients and oxygen penetration depths (OPDs). Among all profiles, OPD ranged from 0.3

to 3 mm with shallower OPD observed at station S5 and S11 (average of 1.2 ± 1.5 and

0.9 ± 0.4 mm, respectively) and larger OPD at station S1 (average of 2.1 ± 0.4 mm). The

shallowest OPDs were measured during August and September 2006, that is, during the

warmer period, but due to the small number of profiles collected in May (n = 8), it is not

clear if this pattern is prevalent across the stations. A two-tailed t test showed that OPDs at

stations S5 and S11 were not significantly different (p [ 0.05). In contrast, there was a

significant difference when S5 and S11 were pooled and compared to station S1

(p \ 0.05): the sediment collected from the vacated fish farm site had thinner oxic zones

than those located on the ‘reference’ station S1.

Average DOU values at station S1 were 21 ± 5 m-2 day-1 (n = 7, Table 3; Fig. 6) for

the late summer period. Average DOU at the impacted stations S5 (78 ± 25 mmol O2 m-2

day-1, n = 16) and S11 (63 ± 37 mmol O2 m-2 day-1, n = 12) for the summer period

was approximately three to four times higher than the reference station (S1) at the same

period. There is no significant difference for the DOU values (p [ 0.05) between S5 and

S11. As for OPDs, DOU values at station S1 were statistically different from values in

stations S5 and S11 when pooled together (p \ 0.05). Data from station S5 and S11

appeared to display a bimodal distribution. Different profiler deployments within the same

station gave either large fluxes ([60 mmol O2 m-2 day-1) or intermediate fluxes (around

40 mmol O2 m-2 day-1). This is evidenced on Fig. 6 with hatched bars showing the

intermediate values obtained on a single deployment. These features were consistent with

the DOU values calculated with PROFILE (data not shown). Differences between the two

methods were less than 10 %, confirming the validity of the SWI positioning.

Four sulphide profiles were acquired in September 2006. H2S was only present on the 2

profiles performed at S11 (in the range of depths studied, i.e., 5 cm): the other 2 profiles

indicated that porewater of the upper sediments at S5 and S1 did not contain dissolved

sulphide. The two profiles at S11 (September 12 and 14) showed an increase in the H2S

concentration from 0 lM up to 400–1,000 lM at 33- and 18-mm depth, respectively

(Fig. 7). In Fig. 7a, H2S was detected at 3-mm depth and the mean DOU for this

deployment was 117 ± 7 mmol O2 m-2 day-1, the highest DOU recorded in this study.

The pH profile (Fig. 7c) measured alongside displayed a large decrease by more than 1.3

pH units with a sharp decrease occurring over 1 mm below the SWI, followed by an

increase in pH and a slower decrease down to 2 cm. As some drift was recorded for this

electrode (around 0.3 pH unit), the trend in the bottom water and below 2 cm is attributed

to this drift. The other H2S profile obtained in S11 displayed a deeper depth of H2S

appearance (18 mm) with lower concentrations (\500 lM): it was associated with an OPD

of 1.0 mm and an average DOU of 50 ± 20 mmol O2 m-2 day-1).

3.6 Planar Optode

Planar optode data measured in situ showed irregular microtopography of the SWI and

variable OPDs directly viewable on oxygen images (Fig. 8). The DOU rates calculated

from planar optode images collected in May were 11.1 ± 2.6 mmol O2 m-2 day-1

(n = 78) at station S1 and 14.6 ± 2.5 mmol O2 m-2 day-1 (n = 80) at station S11.
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Fig. 5 All oxygen profiles
measured during May, August
and September 2006 in Loch
Creran at the three station S1
(reference), S5 and S11 (fish
farm). Differences in bottom
water reflect the seasonal
variations in temperature and
oxygen concentrations in the
environment
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As previously observed for the microelectrode DOU fluxes, these diffusive fluxes were

higher beneath the vacated fish farm site. A two-tailed t test showed that fluxes at S1 and

S11 were statistically different (p \ 0.05). This tendency was also indicated by the OPDs,

which were shallower on S11 (average of 2.16 ± 0.83 mm) than on S1 (average of

3.48 ± 0.61 mm).

The variability of DOU rates was observed at both stations S1 and S11, in a single set of

measurements (i.e. one image), using the coefficient of variation (CV = standard devia-

tion/average) which gives an estimation of the dispersion of the variable; for instance, the

CV was about 18 % at station S11 (Fig. 8a). In comparison, the CV factor was 14 % at

station S1 (Fig. 8b).

3.7 Benthic Chambers Measurements

TOU rates were calculated from benthic chamber measurements taken at stations S1 and

S11 in May 2006 (Table 3). The results show larger TOU at the impacted station than at

the reference site (S1: TOU = 30 ± 6 mmol O2 m-2 day-1, S11: TOU = 46 ± 12 mmol

O2 m-2 day-1). A nonparametric Mann–Whitney test showed that TOUs at the two sta-

tions are statistically different (p \ 0.01).

A bimodal distribution was found at station S11: TOU measurements of May 9 and 11

were substantially larger than TOU on May 7. Comparison between TOU measured in May

2006 and microprofiles DOU measured in August/September 2006 is discussed later as the

temperature difference was noticeable (9 �C in May vs. 14 �C in August/September).

Fig. 6 Diffusive oxygen fluxes distribution for the 3 periods of observation pooled by station plotted in
Whisker plots. For S5 and S11, hatched bars indicate lower than average fluxes to highlight the bimodality
existing at the impacted site. Each date indicates one profiler deployment. Bottom and top of the boxes are
the 25th and 75th percentiles. The middle bars in the boxes are the average values and the error bars extend
to the 10th percentile for the lowest and 90th percentile for the top
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As for TOU, measurements of benthic DIC fluxes were taken in May 2006 at stations S1

and S11 (Table 4). There were two valid incubations at station S1, which showed average

DIC fluxes of 20 ± 5 mmol C m-2 day-1 (n = 2). DIC fluxes were 41 ± 27 mmol C m-2

day-1 (n = 10) at S11. Unlike TOU and DOU, DIC fluxes displayed no clear trend for the

deployments, mainly due to the high variance of fluxes in each deployment. The ratio

between the average DIC and oxygen fluxes at each station displayed large variations

(Table 4). The DIC/O2 ratio was on average 0.85 ± 0.3 for both station.

4 Discussion

4.1 Comparisons Between In Situ Profiling Techniques

Two in situ profiling techniques, based on single microelectrodes profiling and planar

optode imaging, were used during this study. The methodological issues arising from each

technique have been discussed in previous studies (Lansard et al. 2003; Tengberg et al.

1995; Glud et al. 2005; Boudreau and Jørgensen 2001; Rabouille et al. 2003) and thus will

only be briefly covered here.

Fig. 7 a, b H2S, O2 profiles performed at station S11, 12 and 14 September 2006, respectively. c pH profile
measured in sediments from S11 on September 12
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Table 4 Summary of oxygen and DIC fluxes measured with in situ benthic chambers at station S1 and S11
in May 2006, and the associated DIC/O2 flux ratios

Station O2 flux (mmol
O2 m-2 day-1)

DIC flux (mmol
C m-2 day-1)

DIC/O2

ratio

S1 21.9 ± 0.9 23.2 ± 6.7 1.1

S1 25.0 ± 0.9 16.6 ± 5.4 0.7

S11 29.6 ± 5.6 36.2 ± 5.4 1.2

S11 26.0 ± 4.2 10.2 ± 3.7 0.4

S11 23.4 ± 4.1 17.5 ± 14.1 0.7

S11 62.1 ± 2.1 101 ± 75.4 1.6

S11 46.6 ± 1.2 25.5 ± 10.9 0.5

S11 49.2 ± 1.1 52.3 ± 41.3 1.1

S11 67.9 ± 2.8 63.6 ± 10.4 0.9

S11 51.9 ± 1.7 23.8 ± 1.8 0.5

S11 40.2 ± 2.0 26.3 ± 14.6 0.7

S11 62.2 ± 2.0 49.4 ± 1.7 0.8

Fig. 8 Planar optode oxygen images; a heterogeneous microtopography at S11; b irregular penetration
depth at S1; c burrow at S1

Aquat Geochem (2012) 18:515–541 531

123

Author's personal copy



For microelectrode measurements, the variations in DOU values observed within a

single deployment most likely results from natural spatial heterogeneity: in such high

porosity environment, the uncertainty associated with the SWI positioning is unlikely to

significantly affect the calculated fluxes (Reimers and Smith 1986). Similarly, planar op-

tode images highlight an important microspatial heterogeneity in the sediment. A single set

of profiles displayed a wide range of OPDs and diffusive oxygen fluxes. Hot spots of

organic matter degradation, from millimetre to centimetre scale, are tightly linked to

oxygen consumption (Rabouille et al. 2003; Glud et al. 2009) both by carbon minerali-

zation and oxidation of reduced compounds. The large variability in DOU rates on single

deployment likely arises from the microheterogeneity in the sediment.

Oxygen microprofiles extracted from planar optode images displayed a thicker diffusive

boundary layer (DBL) and a noisier top part. Indeed, compaction as the optode enters the

sediment, edge effects, changes in the local currents and alteration of the sediment surface

structure affect the oxygen distribution in the DBL (Glud et al. 2001). Nevertheless, we

found a SWI O2 concentration
bottom water O2 concentration

ratio of 0.75 ± 0.11 indicating that the DBL thickness did

not significantly influence the DOU fluxes during the planar optode deployments (Boud-

reau and Jørgensen 2001; Røy et al. 2002; Wenzhofer and Glud 2004; Tengberg et al.

2004).

4.2 Spatial Heterogeneity in the Area Impacted by the Fish Farm

As expected, the sediment impacted by the fish farm (stations S5 and S11) showed larger

oxygen uptakes than the reference station and a large spread of DOU rates (Fig. 6). The

DOU values range from 25 to 123 mmol O2 m-2 day-1 (Fig. 6; Table 3), and deployments

were statistically different (Kruskall–Wallis test, p \ 0.01, n = 31) highlighting a spatial

heterogeneity within the station at the metre scale (i.e. between deployments within S5 and

S11). Nevertheless, S5 and S11 were not statistically different (Mann–Whitney on DOU

rates, p [ 0.05, n = 31). We therefore pooled the DOU rates from both stations and split

them into two groups of deployments shown by plain and hatched bars (Fig. 6): one group

with intermediate oxygen fluxes (\60 mmol O2 m-2 day-1) and the other one with high

fluxes ([80 mmol O2 m-2 day-1). This arrangement is statistically relevant (Kruskall–

Wallis, p \ 0.01, n = 31) and DOU rates can thus be grouped from intermediate fluxes

(average 40 ± 11 mmol O2 m-2 day-1) to large fluxes (97 ± 19 mmol O2 m-2 day-1) for

the summer period (Fig. 9). The spatial heterogeneity observed at these stations can be

related to the patchy deposition pattern of unused fish food and fish faeces (Hargrave et al.

1997; Lu and Wu 1998). In fact, unused fish food and faeces have higher deposition rates

Fig. 9 Resorted sites with
average and standard deviations
of oxygen fluxes in Loch Creran
sediments
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below the fish cages and lower accumulation rates in between cages (Brigolin et al. 2009).

This patchiness at the station scale (metre) allows us to consider station S5 and S11 as a

single but heterogeneous impacted site (referred as S5/S11) with intermediate and large

disturbance.

Despite the small number of observations, the dual nature of the impacted sediment site

is also evidenced by the TOU rates measured by benthic chambers. Deployments in May at

station S11 consistently showed two groups of fluxes (Table 3) with May 7 deployment

being in the intermediate range and May 9 and 11 deployments being in the higher range.

In order to compare these fluxes to the DOU rates measured by microelectrodes in August

and September, a normalisation to a temperature of 9 �C was made using the relationship

proposed by Hetland and Dimarco (2008) and Dedieu et al. (2007) (Table 3).

As mentioned above, TOU rates in May are split between a group of intermediate fluxes

around 40 mmol O2 m-2 day-1 at 14 �C and a group of high fluxes around 80–90 mmol

O2 m-2 day-1 at 14 �C. These fluxes are in the same range as the DOU rates observed in

August–September and display the same bimodal distribution with intermediate and large

fluxes.

The TOU/DOU ratio at the reference station (S1) was 1.7, highlighting the importance

of irrigation and bioturbation by benthic macro and meiofauna in the reference station. The

impacted station S5/S11 displayed a TOU/DOU ratio around 0.9, discarding irrigation as a

major process in this sediment. This value close to 1 holds for both the intermediate and the

highly impacted sites of S5/S11. It reflects the exclusion of large macrofauna and hence the

predominance of intense microbial mineralization activity of both oxic and anoxic bacterial

processes (e.g. sulphate reduction) and the reoxidation of dissolved reduced components.

The differences in TOU/DOU ratios highlight again the station scale variability with two

distinct types of benthic habitats without and within the footprint of the vacated fish farm:

well-oxygenated macrofauna dominated versus macrofauna-excluded/microbially driven

sediment, respectively. Under the vacated fish farm, highly sulphidic sediments with DOU

rates up to 125 mmol O2 m-2 day-1 were found. Visual inspection of the muddy sediment

in this area revealed largely sulphidic with fine-grained black smelly sediments. Scuba

divers also reported the presence of Beggiatoa spp. bacterial mats on the sea floor, which

are well known to live in sulphur-rich environments of the Loch Creran (Nickell et al.

2003).

Spatial heterogeneity was also evident within the impacted S5/S11 station as some

sediment associated with lower oxygen fluxes (September 11.) showed the absence of

dissolved sulphide over the first 5 cm. Similarly, Fig. 7b reveals an increase in H2S

concentration 18 mm below the SWI, indicating a moderate sulphate reduction–based

mineralization, commonly found in naturally OC-rich coastal systems. In highly impacted

areas, sediment cores were black with a strong H2S smell and displayed little visual

evidence of living macroinfauna. In March 2006, a SPI deployment at station S11 showed

a loose and flocculent black anoxic sediment which appeared to be anoxic (Godbold and

Solan 2009), corresponding to what is referred to as ‘fish farm sediment’ by many authors

(Mulsow et al. 2006; Brooks et al. 2004; Brooks and Mahnken 2003). H2S microprofiles

performed in September at station S5/S11 showed an increase in sulphide concentration

from only a few mm below the SWI (Fig. 7a). High H2S levels up to 1 mM at 3-cm depth

are indicative of strong organic carbon mineralization by sulphate-reducing bacteria in the

anoxic sediment (Mulsow et al. 2006; Brooks et al. 2004; Brooks and Mahnken 2003).

Similarly, the DIC/O2 ratio obtained during benthic chambers deployments (Table 4)

did not show any clear pattern. Close to 1 at S1, it indicates the predominance of aerobic

mineralization processes at the reference site. Oscillating between 0.4 and 1.6 at the
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impacted site (Table 4), the DIC/O2 ratio highlights the bimodality and variability within

the vacated fish farm sediment. Indeed, this variation suggests a patchy distribution within

the impacted station S5/S11 of predominant anaerobic (DIC/O2 \ 1) and oxic (DIC/

O2 [ 1) mineralization processes.

In summary, the sediment below the vacated fish farm (at S5 and S11) was heteroge-

neous with two separate classes of sediments: intermediately impacted with DOU and TOU

averaging 50 mmol O2 m-2 day-1, DIC/O2 ratio \ 1, and the absence of sulphide in

sediments, and highly impacted sediments with DOU averaging 100 mmol O2 m-2 day-1

associated with black suphidic sediments, DIC/O2 ratio [ 1 and H2S gradients in pore-

water in the first centimetre.

4.3 Differential Organic Matter Remineralization Activities in Loch Creran

Enhancement of organic matter degradation in sediments beneath fish farms has been widely

documented (e.g. Hall et al. 1990; 1992); for a review, see Brooks and Mahnken (2003). It is

worth mentioning that station S5 seems to display lower OC contents than S11: nevertheless,

OC contents and C/N ratios are based on a single core measurement when planar optode

images (Fig. 8) and microelectrode profiles (Fig. 5) clearly show a microscale heterogeneity.

Based on their higher OC contents and DOU fluxes compared to S1 and their location within

the fish farm vicinity, we coupled S5 and S11 and referred to them as S5/S11. The sharp

transition at depth in the sediment OC content and lower C/N ratio profiles at S5/S11 (Fig. 3)

clearly reflects the massive organic matter inputs from the fish farm. Such a transition does

not exist at station S1: the average OC content at station S1 corresponds to the OC content

found at depth in the sediment of the S5/S11 impacted stations. The high OC content in S5/

S11 sediment is indicative of the organic enrichment that occurred in the recent past at the fish

farm site, through high inputs of fish faeces and waste food.

This material is known to be very labile due to its high protein content (Kitagima and

Fracalossi 2010) and is rapidly degraded by microbial respiration or eaten by mobile

epifauna, which feed beneath active fish cages. The proteic nature of this material may

explain the lower C/N ratio observed between 2- and 10-cm depth at station S11 (&7–8 vs.

9–10, Fig. 3), which showed a large enrichment of organic matter in the top 8 cm (Nickell

et al. 2003).

The current study began in March 2006, less than 3 months after the fish farming

activity had ceased at this site and a proportion of the most labile organic components

deposited in the sediment could have been removed. Still, during the 7 months of the

Table 5 Comparison of sediment oxygen uptake rates under different fish farm sites

Study Site Oxygen fluxes

(Pamatmat and Bhagwat 1973) Clam Bay (SW Canada) DOU: 166–179 mmol O2 m-2 day-1

Hall et al. 1990 Gullmar Fjord (W Sweden) TOU: 90–180 mmol O2 m-2 day-1

Hargrave et al. 1993 Bay of Fundy (E Canada) TOU: 71–149 mmol O2 m-2 day-1

(Meijer and Avnimelech 1999) Two ponds (Israel) DOU: 70 mmol O2 m-2 day-1

Nickell et al. 2003 Loch Creran (W Scotland) TOU: 295–575 mmol O2 m-2 d-

Mulsow et al. 2006 Pillan and Reñihue Fjords
(S Chile)

DOU: 152–1,200 mmol O2 m-2 day-1

This study Loch Creran (W Scotland) TOU: 23.2–67.9 mmol O2 m-2 day-1

DOU: 23.2–127.8 mmol O2 m-2 day-1
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present study, it was apparent that high oxygen demand of sediments beneath the vacated

fish farm supported high rates of benthic metabolism and organic carbon degradation.

Recycling of organic matter was more intense in the impacted area (S5/S11) as indi-

cated by larger DOU fluxes under the vacated fish farm than at the reference site S1. The

highest fluxes (97 ± 19 mmol O2 m-2 day-1) observed at stations S11/S5 are consistent

with previous studies of fish farm sediments (Table 5).

H2S porewater profiles were also very different between the impacted and the non-

impacted sediments, reflecting the difference in early diagenetic processes intensity

between the two sites; for instance, due to the buffering capacity of reactive iron towards

dissolved sulphides in sediments (Zhu et al. 2012; Giordani et al. 2008), the presence of

sulphide close to the sediment–water interface is a nonlinear function of the OM recycling

intensity (Middelburg and Levin 2009). Once the threshold is reached, sulphides are not

confined to deeper sediment porewater but reach the oxic–anoxic boundary where they get

re-oxidised directly by oxygen (Canfield et al. 1993b). According to our measurements,

sulphide appearance close to the SWI only occurred within the impacted S5/S11 site when

the DOU rate flux was above 100 mmol O2 m-2 day-1 (Fig. 7a). Indeed, during the

September deployments (i.e. when H2S profile was performed simultaneously with O2),

when the DOU flux was lower than 100 mmol O2 m-2 day-1 (mostly around 50 mmol O2

m-2 day-1, on average), sulphide was not recorded in the upper sedimentary column either

in the impacted sediments or in the reference station (see Table 3).

We estimated mass balance for carbon in these sediments in order to assess recycling

efficiency of the reference and impacted sites. The OM rain rate to the sediment at the

vacated fish farm can be estimated by the predictive algorithm of Brooks (2001) which

links the fish farm characteristics (cage volume and fish population density) to food supply

and to the deposition of OM under the fish cages. Assuming a grow-out cycle of

24 months, a fish density of 10 kg m-3 in a 16-m-deep cage, and using the following

relation (total volatile solid = 0.009 ? 1.59 POC, Brooks 2001), the average deposition

rate was estimated to be 2,665 gC m-2 year-1.

10 kg fish �m�3 � cages 16 m deep � 0:094 kg TVS kg fish�1

730 days
� 0:009

1:59

0
BB@

1
CCA � 365 days/years

¼ 2; 665 g POC �m�2 � year�1:

This result is in the same order of magnitude than the value reported by Brigolin et al.

(2009) for the deposition under the fish cages (3,600 g C m-2 year-1) in the same area

based on the statistics of fish food delivery. Assuming that the OC degradation rates are

equal to our DIC fluxes, we combined these two deposition values and estimated the

mineralization efficiency at the vacated fish farm site (see Table 6). In order to compare

Table 6 Mass balance calculation for the carbon budget in the two sites of Loch Creran (in gC m-2 year-1)

Recycling rate Burial rate Total POC flux Recycling efficiency

Reference (S1) 88 ± 13 32 ± 16 119 ± 20 73 %

Impacted (S5/S11) 175 ± 118 / 2665a–3600b 5b–7a %

a Calculate from the OC deposition underneath the fish farm
b Estimated from Brigolin et al. (2009)
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those with the reference site (S1), we assessed a benthic carbon mass balance at S1 using

accumulation rates of 1–2 mm year-1 as reported for Loch Creran and Loch Etive in

previous studies. These are standard accumulation rates for eutrophicated coastal zones

(Moodley et al. 1998; Howe et al. 2001; Loh et al. 2002; Schmidt et al. 2007). We assume a

dry bulk density of 2.65 g cm-3 (Brigolin et al. 2009) and use measured porosity values

(Fig. 2), OC contents (Fig. 3) and these sedimentation rates to calculate OC accumulation

rates (see Table 6).

Hence, the share of mineralization over the total deposition of organic matter (miner-

alization efficiencies in Table 6) is 73 % at the reference site (S1) and only 5–6 % at the

impacted site (S5/S11). This difference between the two sites could be linked to the

exclusion of large macrofauna and the shift to bacterial-driven benthic community in the

more impacted sites (see next section). In addition, this difference reflects the different

nature of diagenetic reactions regarding their oxic/anoxic nature (Pastor et al. 2011;

Canfield et al. 1993a), the non-steady-state conditions in the fish farm sediment with OC

accumulation over 2 years of exploitation and the relaxation evolution afterwards.

The turnover time as calculated by the inventory/recycling rate reaches 6.4 years with

the values of the inventory calculated using 6.5 % OC over 8 cm of sediments and an

average porosity of 0.85 (Figs. 2, 3). The estimated recovery time needed, and the shift in

infauna community composition, underlines the necessity to assess exploitation modalities

of fish farms in order to avoid a saturation of the system that would lead to hypoxia events

(Dedieu et al. 2007) and consequently large changes in infauna habitats (Rowe et al. 2002;

Kutti et al. 2007).

4.4 Impact on Loch Creran Benthic Ecosystems

General effects of organic loading from salmon farms on coastal benthic communities are

well documented (Hargrave et al. 1993; Strain et al. 1995; Brooks 2001; Hall et al. 1990,

1992). Massive increase in abundance and biomass of OC tolerant opportunistic species

generally occur in the fish farm site (Brooks et al. 2003, 2004; Brooks and Mahnken 2003;

Kutti et al. 2007; Duport et al. 2007). Samples from station S1 (e.g. cores and SPI/planar

optode images), with well-oxygenated sediment, showed more evidence of numerous and

deeper dwelling infauna, predominantly polychaete, than at the impacted S5/S11 site.

Evidences of macrofaunal activity in S1 were also present in some planar optode images

showing active burrows (Fig. 8c). On the contrary, macro and meiofauna seem excluded

from the sediment under the vacated fish farm (S5/S11), as illustrated by a TOU/DOU ratio

of 0.9. The difference in irrigation between the reference and impacted sites (TOU/DOU

ratios of 1.7 and 0.9, respectively) matches the difference in bioturbation rates calculated

for the same area by Nickell et al. (2003). They found a lower bioturbation rate by a factor

of 5–6 in the zone impacted by the fish farm, as a consequence to the dominance in

abundance and biomass of capitellid and dorvilleid polychaetes. These two species are

well-known opportunists, capable of tolerating sulphide concentrations up to 7,200 lmol

l-1 (Hargrave et al. 1993, 1997). As a matter of fact, high concentrations of sulphides up to

1 mmol l-1 at 3-cm depth were recorded in the porewater of the impacted stations (Fig. 7).

Heavy loading of organic matter by the fish farm clearly induced a change of the

environment promoting anoxic conditions. Macrofaunal species non-tolerant to H2S were

excluded from these sediments and bacteria predominated. Relatively high bacterial

abundances along with high sulphides concentrations were observed in October at station

S5/S11 (Fig. 4). This is likely related to the growth of sulphate-reducing bacteria

throughout the core (cf. Fig. 6). Indeed, at the same location, Nickell et al. (2003) noted a
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thin and patchy, white, sulphide-oxidising bacterial mat on the fish farm sediment which

they attributed to Beggiatoa spp., and similar observations were made by divers at station

S5/S11 in October 2006.

Godbold and Solan (2009) reported the faunal assemblages along the enrichment gra-

dient in Loch Creran at similar stations as ours. Species richness decreased from the

reference to the impacted stations (S7 in their study is equivalent to our S11 site). The loss

in species richness was associated with a change in assemblage composition from irrigators

(e.g. Mysella bidendata) or tube dwelling/burrowing polychetes (e.g. Melina Palmata) to

capitellid and dorvilleid species. The change of species richness can be related to a change

in the bioturbation function (sediment mixed layer—ML) as a result of the enrichment

gradient: indeed, a strong statistical relationship links OC content, species richness and

ML. The processes behind this relationship are only hypothesized by Godbold and Solan

(2009), and this study allows going one step further in the understanding of the ecosystem

shift.

We report that, together with bioturbation, the irrigation function of the ecosystem as

indicated by the TOU/DOU ratio was also largely diminished along the organic enrichment

gradient. It is noteworthy that TOU/DOU represents the actual irrigation of the sediment

compared to the potential irrigation as can be inferred from the faunal composition. We

also report that changes in porewater composition, linked to organic matter diagenesis,

influenced the ecosystem function. High sulphide concentrations in surface porewater are

highly detrimental to the macrobenthic infauna and thus play a role in shaping the faunal

assemblage and its bioturbation/irrigation capacity.

We can also make a scenario of the evolution from a reference sediment to an impacted

sediment (Rosenberg et al. 2002). The large input of organic matter leads to the rapid

reduction of the oxic layer to about 1 mm. Further accumulation of organic matter leads to

stronger reduction of the oxic surface layer and the appearance of sulphide in organic hot

spots of the sediment. When the limit of the buffering capacity of reactive iron towards

dissolved sulphides in sediments has been reached (Zhu et al. 2012), sulphide concen-

trations begin to rise in porewater near the sediment–water interface pushing motile

invertebrates upwards or out of the sediment and reducing bioturbation and irrigation

(Peterson et al. 1996). This reduction further limits sulphide reoxidation, promoting H2S to

spread upward within the sedimentary column and this positive feedback continues until

most sulphide-intolerant fauna is pushed out of the sediment.

Regarding the fate of sediments after the displacement of the fish cages away from its

position, biological remediation of the site will probably involve colonisation by bigger

and more diverse organisms as the sediment is re-oxidised and the microbial community

evolve (Rhoads and Germano 1982, 1986; Pearson and Rosenberg 1978). Nevertheless,

due to the degradation turnover time (about 6 years) and the lack of large irrigating fauna

in the sediment, the timescale of recovery is largely uncertain.

5 Conclusions

Different in situ techniques were used to investigate the sediment organic matter cycling in

a Scottish Loch impacted by fish farming. This multi-technique study describes the multi-

scale benthic variability together with oxygen flux measurements. We showed a variability

at the centimetre scale with benthic structures and organic hot spots, at the station scale

below the fish farm with highly organic-loaded and moderately loaded sediments
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underneath the vacated fish farm linked to the fish cages location, and at the Loch scale

with a clear gradient between the reference station and the vacated fish farm sediments.

We provide further evidence of the fish farm impact on the sediment when compared to

the reference background station. Large spots of organic rich, sulphidic black sediments

were present below the vacated fish farm and exhibited large gradients in dissolved sul-

phide and extreme oxygen consumption. The large input of organic matter from the fish

farm leads to a larger bacterial biomass and a shift from oxic–suboxic to anoxic diagenesis

and induced a rapid shift in the sediment biogeochemical processes. The sulphidic nature

of the fish farm sediments induces a change in ecosystem biota with smaller opportunistic

species tolerant to sulphide (cappitellidaes) replacing the larger more diverse fauna present

in the reference stations. We showed that this creates a large change in irrigation activity as

estimated by the TOU/DOU ratio which decreases from 1.7 in the reference zone to less

than 1 in the impacted zone.

The residence time of the organic loading is about 6 years, but due to the lack of

irrigation and the large presence of sulphide, resilience towards the initial state could be

much longer. Such recovery timescales should be considered when setting up a legal

framework to regulate fish farming activities.
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