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ABSTRACT: Maerl beds are formed by the accumulation of free-living coralline algae and have
considerable ecological significance due to the high diversity of associated fauna and flora. The
rapid expansion of the Atlantic salmon Salmo salar aquaculture industry in Norway may have
major impacts on surrounding maerl beds through the release of effluents, including fish faeces.
This study is the first to test the effects of salmon faeces and inorganic sediment deposition on the
photosynthesis, respiration, calcification and pigment content of the coralline alga Lithothamnion
soriferum. In a 6 wk laboratory experiment, inorganic sediment and salmon faeces deposition sig-
nificantly reduced the amount of light reaching the surface of coralline algae. No impact of inor-
ganic sediment deposition was detected on L. soriferum physiology, while salmon faeces deposi-
tion increased respiration rate and reduced net primary production and calcification. The
accumulation of salmon faeces stimulates proliferation of bacteria, with adverse consequences on
L. soriferum physiology due to the potential release of toxic compounds. Burial by salmon faeces
deposition also affects the physiology of coralline algae due to the flocculation of sticky faeces par-
ticles, which may limit nutrient and gas exchanges in the vicinity of thalli. Carbon dioxide accu-
mulation in the vicinity of L. soriferum may lead to a decline in pH and alter the calcification pro-
cess in cell walls. In natural maerl beds, the negative effect of faeces deposition may be
exacerbated by longer-term exposure and the presence of other chemicals released by fish farms.
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1. INTRODUCTION

Since capture fishery production has been rela-
tively static for the past 40 yr, aquaculture has
been responsible for the impressive growth in the
supply of fish for human consumption (FAO 2020).
Projections for 2030 estimate that 59% of fish for
human consumption will come from the aquacul-
ture industry, compared to 52% in 2018 (FAO
2020). Today, about 69% of the world's salmon
harvest is farmed, with 7% annual growth in the
period 2010-2019 (Mowi 2020). The clear and
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sheltered cool waters provided by Norwegian
fjords are well suited for farming salmon. Norway
has thus developed an extensive salmonid aqua-
culture and represents the major salmon farming
industry in Europe, with an annual production of
ca. 1.3 Mt in 2019. This is an increase of ca. 320%
over the last 20 yr (https://www.fiskeridir.no) and
is likely to continue in the future to meet the food
demand of a growing global population.

The rapid expansion of the salmon aquaculture
industry in Norway can have major impacts on sur-
rounding benthic ecosystems due to the release of
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considerable amounts of effluents, including dis-
solved nutrients, organically rich waste feed and fae-
ces, antiparasitic therapeutants and antifouling com-
pounds (Carroll et al. 2003, Burridge et al. 2010,
Haugland et al. 2019). Organic enrichment of the
seabed is a widely encountered impact of salmon
farming (Iwama 1991, Karakassis et al. 2000). During
the on-growth of Atlantic salmon Salmo salar L. in
open net cages, a large amount of organic wastes
(faeces and waste food pellets) is released, sinks to
the seafloor and interacts with benthic ecosystems.
Sedimentation rates vary greatly depending on farm
size, environmental characteristics (such as depth
and current velocity), distance to the farm and pro-
duction cycle (Keeley et al. 2013, 2019). Deposition
rates of 10-20 g dry weight [DW] m™2 d~! have been
measured in the immediate vicinity of a mid-sized
Norwegian farm at a deep-water location (Kutti et al.
2007). Salmon farms operating in dynamic water,
such as shallow coastal areas, can produce compara-
tively more diffuse footprints on benthic ecosystems
(Broch et al. 2017). Keeley et al. (2019) reported dep-
osition of organic wastes up to 600 m away from the
cages. Deposition rates up to 70 g DW m™2 d! were
measured in the vicinity of a farm in a shallow loca-
tion, with high production levels (Keeley et al. 2019).
A severe impact of intensive production farms is gen-
erally associated with poor currents and water circu-
lation, which may drastically damage benthic eco-
systems due to the lack of oxygen in the sediment
(Soto & Norambuena 2004, Yakushev et al. 2020).
The protection of vulnerable ecosystems is of major
concern and farms are now monitored regularly to
assess their impacts on the surrounding environ-
ment. However, current methods used for monitoring
have been developed for deeper soft-sediment envi-
ronments and may therefore not be suitable to detect
subtle and slowly evolving impacts on maerl beds.
Maerl beds, also called rhodolith beds, have a
global distribution and are formed by the accumula-
tion of non-geniculate coralline algae. Coralline
algae species forming maerl beds have a perennial
life strategy and can be long-lived (>100 yr), with
extremely slow growth rates (Potin et al. 1990, Blake
& Maggs 2003, Steller et al. 2003, Frantz et al. 2005).
As coralline algae require light for photosynthesis
and growth, the depth of maerl beds is determined
by water turbidity. Therefore, they usually occur
from the lower shore to 40 m (Hall-Spencer et al.
2010), although some tropical maerl beds can range
down to 270 m deep in very clear waters (Riosmena-
Rodriguez et al. 2016). Water motion is also a key fac-
tor determining the growth and distribution of

coralline algae. They require moderate-to-strong
seabed currents to sweep away mud particles and to
prevent burial by sediment and silt smothering (Hall-
Spencer 1998, Marrack 1999, Wilson et al. 2004,
Coletti et al. 2016). As bioengineers, maerl beds pro-
vide a 3-dimensional habitat for associated species
(Nelson 2009) and have considerable ecological sig-
nificance due to the high diversity of associated
organisms (Hall-Spencer 1998, Barbera et al. 2003,
Pena et al. 2014). They also harbour high densities of
broodstock bivalves and act as nursery areas for the
juvenile stages of commercial species (Hall-Spencer
1998, Kamenos et al. 2004). Maerl beds are listed as a
threatened and declining habitat by the Oslo-Paris
Convention (OSPAR; Hall-Spencer et al. 2010).

Maerl beds are currently affected by a wide range
of environmental changes induced by human activi-
ties and require tight management controls (Hall-
Spencer 1998). Over the past 20 yr, many studies
have confirmed the negative effect of climate change
on maerl-forming species, both through in situ ap-
proaches and laboratory experiments (Martin & Gat-
tuso 2009, Cornwall et al. 2019). In addition, maerl
bed structure and functioning are affected by a grow-
ing number of local anthropogenic pressures, such as
Coquereau et al. 2017, Bernard et al. 2019), maerl ex-
traction (Grall & Hall-Spencer 2003), sewage dis-
charge (Grall & Glémarec 1997) and aquaculture
(Steller et al. 2003, Wilson et al. 2004, Hall-Spencer
et al. 2006, Sanz-Lazaro et al. 2011, Aguado-Giménez
& Ruiz-Fernéandez 2012).

The release of large amounts of fish faeces by
aquaculture is likely to be particularly damaging for
maerl beds through smothering with organic-rich
discharged faeces (Grall & Hall-Spencer 2003).
Waste particles settle in the vicinity of cages and be-
come trapped within a complex structure of coralline
algae, rather than being resuspended and dispersed
(Hall-Spencer et al. 2006). Significant reductions in
the associated biodiversity of maerl beds have al-
ready been linked to organic enrichment from sal-
mon fish farms in Scotland (Hall-Spencer et al. 2006).
In addition to the loss of diversity, organic enrich-
ment from fish farms may affect the functioning of
maerl beds by altering the physiology of maerl-form-
ing species. Fish faeces deposition may reduce light
available for photosynthesis and growth of underly-
ing coralline algae and increase the oxygen demand
due to the growth of sulphur-reducing bacteria
degrading organic carbon (Brooks et al. 2002, Wilson
et al. 2004). The presence of bacteria degrading the
deposited organic matter may also exacerbate the
negative effect of faeces deposition on coralline
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algae by reducing oxygen availability and gas ex-
change in the vicinity of thalli.

Currently, the effect of fish faeces deposition from
aquaculture on the physiological response of free-
living coralline algae remains poorly documented.
We conducted a 6 wk laboratory experiment to better
understand the influence of ecologically relevant lev-
els of salmon faeces deposition on the photosynthe-
sis, respiration, calcification and pigment content of
the free-living coralline alga Lithothamnion sorife-
rum Kjellman, 1883. L. soriferum was previously de-
scribed under the name L. erinaceum (Melbourne et
al. 2017), but recent DNA sequencing from different
Arctic and Subarctic Lithothamnion species revealed
that L. soriferum is the correct name for this taxon
(Pena et al. 2021).

2. MATERIALS AND METHODS
2.1. Sample collection

Lithothamnion soriferum thalli were collected from
10 m depth in Skdrasund, Vestland County, Norway,
(60°8"30" N, 5°9'56" E) using a naturalist dredge
(width: 0.5 m; height: 0.5 m; net: 1 m long). Selected
thalli were fully alive (pink colour on the whole thal-
lus). Samples were transported to the Institute of
Marine Research (IMR) Austevoll Station and
cleaned of epiphytes. L. soriferum thalli were ran-
domly assigned to 12 flow-through aquaria (15 1
capacity; 90 g per aquarium) and acclimated for 2 wk
at ambient temperature (8.8 + 0.2°C [SD]) and salin-
ity (34.8 £ 0.1).

2.2. Salmon faeces and inorganic sediment

About 5 kg of dry salmon faeces were collected
from Bioretur (Indre Arna, Vestland, Norway), a pro-
cessing plant that receives aquaculture faecal waste
from closed and land-based fish farms. The drying
process was performed using the Fishsludge Re-
covery System® (https://bioretur.no). No chemicals
were used during this process. Dry faeces were
transported to Austevoll Station and sieved trough
100 and 400 pm sieves. Only particles between 100
and 400 pm were selected for the experiment.
Desired particle size was determined prior to the
experiment in order to have quick sedimentation
(>100 pm) and avoid flocculation in pipes during the
experiment (<400 pm). Particle size in this experi-
ment is consistent with observations made at an

active salmon aquaculture site (Law et al. 2014).
Dried faeces were stored in the freezer at —20°C
pending their use for the experiment.

Inorganic sediment was collected from a producer
of artificial sand (Fana Stein) and was composed of
crushed granite rock. As sediment grain size influ-
ences the biological characteristics of coralline algae
(Bordehore et al. 2003), the sand was also sieved and
particles between 100 and 400 pm were selected for
the experiment. Collected sand was burned for 6 h at
550°C to prevent bacterial activity. Dry inorganic
sediment was stored in the freezer at —20°C pending
its use for the experiment.

2.3. Experimental setup

L. soriferum thalli were exposed to 3 different
treatments: (1) control, (2) inorganic sediments, (3)
salmon faeces, with 4 replicates in each treatment for
6 wk (25 March to 5 May 2019; Fig. 1). Each experi-
mental tank was continuously supplied with natural
deep seawater (pumped in front of Austevoll Station
at a depth of 160 m), at a flow rate of 20 1 h™*. Inor-
ganic sediment and salmon faeces were added
throughout the experiment using 2 header tanks (80 1
each; 1 per treatment) and peristaltic pumps. Each
peristaltic pump had a flow rate of 0.4 1 h™!. The 2
header tanks were filled with new seawater every
day. Dry inorganic sediment or dry salmon faeces
were added to seawater, depending on the treat-
ment. Circulating pumps were used in header tanks
in order to keep particles in suspension. Desired con-
centration of salmon faeces particles in header tanks
was determined prior to the experiment in order to
have a depositional flux of 15 g m™2 d! in each tank.
This flux is in accordance with the total particulate
matter depositional flux measured by Keeley et al.
(2019) between 100 and 200 m distance from a high-
capacity farm (annual production of ca. 9000 t of
fish), during mid-production (31-40 m deep). Deposi-
tional flux for inorganic sediment was estimated in
order to have a similar number of particles deposited
as used for salmon faeces treatment (particle size was
similar between these 2 treatments, i.e. 100-400 pm,
but particle mass differed). We estimated the number
of particles in 1 g of dry faeces using a microscope
and a counting cell and compared it to the number of
particles in 1 g of dry sediment. Calculated deposi-
tional flux for inorganic sediment was 45 g m™2 d*.
Salmon faeces and inorganic sediment depositional
fluxes were monitored during the experiment using
petri dishes, arranged at the bottom of each tank.
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Fig. 1. Experimental setup composed of 151 tanks (n = 12) supplied with natural deep seawater. Four replicates were used for
each treatment (control, inorganic sediment, salmon faeces). Inorganic sediment and salmon faeces were added using two 801
header tanks (1 per treatment) and peristaltic pumps

Every 2 d, salmon faeces and inorganic sand were
collected in petri dishes using a syringe and filtered
through pre-weighted GF/F filters (pore size: 0.7 pm;
diameter: 47 mm). Peristaltic pump rates were ad-
justed to maintain depositional fluxes of 15 and 45 g
m~2 d7! for salmon faeces and inorganic sediment
treatments, respectively.

Average irradiance reaching the bottom of each
tank was 40 umol photons m~2 s7! (before particles
were added to the system). Light was provided by
36 W fluorescent tubes (n = 4; Lumilux), with a light:
dark photoperiod of 14:10 h. Irradiance (pmol pho-
tons m? s7!) was checked once a week in each
aquarium using a photosynthetically active radiation
sensor (LI-190R quantum cosine-corrected sensor
coupled to a LI-250A light meter; LI-COR). At the
beginning of the experiment, HOBO loggers (Onset)
were placed on the bottom of 3 aquaria per treat-
ment, in order to measure light reduction induced by
inorganic sediment and salmon faeces deposition.
Light level was automatically measured every 30 min
throughout the experiment. Results were averaged
per treatment and per day, and light level was
expressed as percentage of initial irradiance (initial
irradiance = 40 pmol photons m™2 s7'). Measured
light level was considered the proportion of initial
irradiance reaching the tank bottom. Temperature

and salinity were recorded daily in each tank
(LabQuest® 2 multimeter, Vernier).

2.4. Photosynthesis and respiration rates

After 6 wk of exposure, thalli were incubated in
600 ml rectangular chambers (width: 5 cm, length:
15 cm, height: 15 c¢m) to determine net photosyn-
thetic rate (i.e. oxygen production under ambient
irradiance, 40 pmol photons m~2 s7!) and respiration
rate (i.e. oxygen uptake in the dark). Inorganic sedi-
ment and salmon faeces inputs in tanks were
stopped 24 h prior to incubations. On the day before
each incubation, thalli were gently cleaned using a
smooth brush and rinsed using a syringe. Sediment
and faeces were thus removed, as well as epiphytes
which may have grown during the experiment.
About 20 g of coralline algae, randomly selected
within each experimental tank, were placed on the
bottom of the incubation chambers. Chambers were
filled with the same natural seawater, and a mag-
netic stirrer was used to prevent oxygen gradients.
Background respiration was measured in control
chambers filled only with natural seawater. Three
incubations were performed for each experimental
tank, both in the light and in the dark, and results
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were averaged per tank. Incubations lasted approxi-
mately 5 h in the light and 3 h in the dark in order to
keep oxygen saturation above 80 %. Oxygen concen-
tration was measured in each chamber every 2 s,
using an optical fiber system (OXY-4 SMA®, Pre-
Sens). Immediately after incubation, the volume of
seawater was determined for each incubation cham-
ber. Thalli were collected, dried at 60°C for 48 h and
weighed to obtain DW. In each tank, thalli that were
not used for incubation were frozen at —80°C pend-
ing chlorophyll a (chl a) and carotenoid pigment
extractions.

Net primary production (NPP; pmol O, gDW=! h™)
and respiration (R, expressed as oxygen consumption
rate; pmol O, gDW~! h™!) were calculated as the re-
gression coefficient of the linear increase or decrease
in oxygen concentration, respectively, in seawater of
the chambers. NPP and R were calculated using the
package ‘respR’ (Harianto et al. 2019) in the software
R version 3.5.2 (R Core Team 2020), according to
Eq. (1). Changes in oxygen concentration in control
chambers were used for background corrections of
NPP and R rates:

NPP or R = 202XV (1)

At xDW

where Atis the duration between the first and the last
point of the linear regression (h), AO, the difference
in oxygen concentration between the first and the
last point of the linear regression (umol O, I'1), V is
the volume (1) of seawater in the chamber, and DW is
the dry weight (g) of incubated thalli.

Gross primary production (GPP; pmol O, gDW™!
h™!) was calculated following Eq. (2):

GPP = NPP + IRl 2)

2.5. Pigment extraction

Chl a, carotenoid and phycobiliproteins (allo-
phycocyanin [APC], phycocyanin [PC], phycoery-
thrin[PE]) pigment extractions were performed on 4
thalli per tank, and results were averaged per tank.
Three fragments were taken from each thallus,
freeze-dried and crushed together into a powder
using a cold mortar, in the dark. For chl a and
carotenoid pigment extractions, about 0.15 g of pow-
der was precisely weighted, suspended in 10 ml of
90 % acetone and stored in the dark at 4°C for 12 h.
Samples were centrifuged at 1792 x g (4°C for 5 min),
the supernatant was collected, and the absorbance
was measured at 470, 630, 647, 664 and 691 nm.

Chla and carotenoid concentrations (ng gDW™)
were obtained from Ritchie (2008) and Torres et al.
(2014), following Egs. (3) and (4):

Chla=
(—0.3319A630—1.7485A 647+ 11.9442 A 464 — 1.4306 A 591 ) X V
mp 3)
Carotenoids (1000A 40— 2.77x Chl @) x V )
mpx213

where V is the volume (ml) of acetone, and mp is the
mass (g) of powder used for the extraction.

For phycobiliprotein pigment extractions, about
0.15 g of powder was precisely weighted and sus-
pended in 10 ml of phosphate potassium buffer
(0.1 M, pH 6.8; precooled at 4°C). Samples were
maintained on ice for 2 h at 4°C and then centrifuged
at 1792 x g (4°C for 5 min). The supernatant was col-
lected, and absorbance was measured in the spectro-
photometer at 498.5, 614.0 and 651.0 nm. APC, PC
and PE concentrations (ng gDW™') were obtained fol-
lowing Egs. (5), (6) and (7), respectively (Kursar et al.
1983):

APC = (181.3A451—22.3A614) XV (5)

mp
pe - (151.14614-99.14651) X V )
mp
pp - (155844005~ 40.(3;3)614— 10.5A45)X V -

where V is the volume (ml) of buffer, and mp is the
mass (g) of powder used for the extraction.

2.6. Net calcification rate

At the beginning of the experiment, 1 thallus was
selected per tank and tagged using nylon string.
Four replicates were used per treatment. Selected
thalli were of similar size and were buoyant-weighed
according to the technique of Davies (1989). Individ-
ual buoyant weights of the thalli were determined by
suspending them in a beaker filled with filtered sea-
water. They were suspended by a nylon string at-
tached to a high-precision balance (Kern & Sohn,
ABT320-4NM; +0.1 mg). Water density was deter-
mined by weighing an inert reference object (glass
stopper) of known air weight and density, in the sea-
water (Davies 1989). The buoyant weight method
assumes that the density of organic tissues is close to
that of seawater, and this technique is used to meas-
ure crustose coralline algae skeletal weight (Steller
et al. 2007). This method has also been used with
other marine calcifiers such as corals (Davies 1989)



230 Aquacult Environ Interact 13: 225-236, 2021

and other free-living coralline algae species (e.g.
Phymatolithon lusitanicum, Sordo et al. 2020). Since
L. soriferum growth depends on calcium carbonate
(CaCOg) deposition, net calcification rate was esti-
mated for each thallus by measuring the change in
buoyant weight between the beginning and the end
of the experiment. For more accuracy, each thallus
was weighted 3 times, and calculations were made
on the average of the 3 measurements. The change
in buoyant weight was converted to DW, considering
the density of CaCO; (2.71 g cm™3; Steller et al. 2007).
Calcification rate was normalized to thalli DW and
days of growth during the experiment (pnmol CaCO3
gbw-tdl.

2.7. Statistical analysis

Assumptions of normality (Shapiro test) and homo-
geneity of variances (Bartlett test) were tested prior
to analyses. All statistical analyses were carried out
using the software R version 3.5.2 (R Core Team
2020).

In order to statistically compare the temperature in
the different treatments, results from 30 min time in-
tervals were averaged per day. The Kruskal-Wallis
test was used to examine the differences in light and
temperature conditions between treatments. When
the Kruskal-Wallis test showed significant results, a
post hoc Dunn test was applied to identify differences
among treatments with a confidence level of 95 %.

The effect of experimental treatments on NPP,
GPP, R, net calcification rate and pigment content
was tested with a 1-way ANOVA, considering 4
replicates per treatment. Differences among treat-
ments were explored with Tukey's HSD post hoc
comparisons with a confidence level of 95 %.

3. RESULTS
3.1. Temperature and light conditions

No significant differences in temperature were
detected between treatments (Kruskal-Wallis, p =
0.71). Temperature and salinity remained stable
throughout the experiment (8.9 + 0.3°C and 34.8 +
0.1, respectively; £SD). Light level differed signifi-
cantly between treatments (Kruskal-Wallis, p <
0.001). Measured light levels in the control condition
remained stable throughout the experiment (Fig. 2).
In contrast, a significant decline in light level, about
60 %, was detected with sediment and faeces deposi-
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Fig. 2. Evolution of light levels during the experiment (ex-

pressed as percentage of initial irradiance; initial irradiance =

40 pamol photons m™2 s7!) in the 3 treatments (control, inor-

ganic sediment, salmon faeces). Lines represent daily mean

light level throughout the experiment, and shaded parts show
SE (n=84)

tion, compared to the control (Dunn test; p < 0.001).
However, no significant difference was detected
between inorganic sediment and faeces treatments
(Dunn test; p = 0.70).

3.2. Photosynthesis, respiration and calcification

NPP was significantly affected by experimental
treatment (1-way ANOVA; F = 6.20, p = 0.020;
Fig. 3a). No significant difference was observed be-
tween control and inorganic sediment treatments
(0.43 and 0.40 pmol O, gDW™' h7!, respectively;
Tukey's HSD; p = 0.87), whereas salmon faeces dep-
osition induced a decline in NPP of 41 %, compared
with the control condition (Tukey's HSD; p = 0.024).
Mean GPP varied from 0.49 pmol O, gDW=! h™! (fae-
ces treatment) to 0.58 pmol O, gDW~! h! (control;
Fig. 3b), but no significant effect of experimental
treatment on GPP was detected (1-way ANOVA; F =
2.48, p =0.14).

Lithothamnion soriferum R ranged from 0.12 pmol
0, gDW! h7! (inorganic sediment treatment) to 0.19
pmol O, gDW-L h7! (faeces treatment; Fig. 3c). Exper-
imental treatments significantly affected R (1-way
ANOVA; F=11.64, p <0.01). R was similar between
control and inorganic sediment treatments (Tukey's
HSD; p = 0.26), but significantly increased under fae-
ces treatment compared with control and inorganic
sediment treatments (Tukey's HSD; p =0.032 and p <
0.01, respectively).
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Fig. 3. Mean + SE (a) Net primary production, (b) gross primary production and (c) respiration rate (expressed as oxygen con-
sumption) of Lithothamnion soriferum in control, inorganic sediment and salmon faeces treatments (n = 4). Treatments with
different letters are significantly different (Tukey's HSD test, p < 0.05)

Chl a, carotenoid and phycobiliprotein pigment
concentrations in the different treatments are pre-
sented in Table 1. Mean chl a and carotenoid concen-
trations were 0.11 and 0.028 mg gDW™!, and mean
APC, PC and PE concentrations were 0.070, 0.060 and
0.54 mg gDW™!, respectively. Inorganic sediment and
salmon faeces deposition did not significantly affect
the concentration of the different pigments (Table 1).

Net calcification rate was significantly affected by
experimental treatments (1-way ANOVA; F = 7.58,
p =0.012; Fig. 4). Higher calcification rate was meas-
ured under control and inorganic treatments (0.55
and 0.56 pmol CaCO; gDW™! d™!). Faeces deposition
greatly reduced L. soriferum net calcification rate,
with a drop of 94 % compared to other conditions
(0.035 pmol CaCO; gDW~! d%; Tukey's HSD test, p <
0.05). On the other hand, no significant difference
was detected between control and inorganic sedi-
ment conditions (Tukey's HSD test, p = 0.995).
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Fig. 4. Net calcification rate of Lithothamnion soriferum

(mean + SE) in control, inorganic sediment and salmon faeces

treatments (n = 4). Treatments with different letters are signif-
icantly different (Tukey's HSD test, p < 0.05)

Table 1. Chlorophyll a, carotenoid and phycobiliproteins (allophycocyanin, phycocyanin and phycoerythrin) pigment concentration
of Lithothamnion soriferum (mg g~ dry weight) in control, inorganic sediment and salmon faeces treatments (mean * SE; n = 4)
followed by results of 1-way ANOVA testing the effect of the experimental treatments on the concentration of each pigment

Chlorophyll a Carotenoid Allophycocyanin Phycocyanin Phycoerythrin
Treatment
Control 0.114 + 0.001 0.029 + 0.002 0.074 + 0.006 0.063 + 0.001 0.551 + 0.007
Inorganic sediment 0.112 + 0.003 0.027 + 0.003 0.063 + 0.004 0.057 = 0.005 0.525 + 0.052
Salmon faeces 0.111 £ 0.003 0.028 + 0.002 0.072 = 0.004 0.060 + 0.005 0.558 + 0.050
1-way ANOVA df F p F P F P F P F P
2 0.41 0.67 0.34 0.72 1.58 0.26 0.54 0.60 0.17 0.85
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4. DISCUSSION

The present study is the first to show that salmon
faeces deposition has a strong negative impact on the
physiological response of Lithothamnion soriferum,
resulting in clearly reduced net photosynthesis and
growth, and enhanced respiration rates. Our results
showed that both inorganic sediment and salmon fae-
ces deposition significantly reduced the light level
reaching the surface of coralline algae. Light reduc-
tion due to burial by sedimented particles represents
a major disturbance to maerl beds. Several studies re-
ported an increase in maerl mortality induced by fish-
ing gears, especially dredges, due to the increase in
suspended particles (Hall-Spencer & Moore 2000,
Hauton et al. 2003, Kamenos et al. 2003, Bernard et al.
2019). In situ observations made in the vicinity of
Scottish fish farms also revealed that faeces particles
settled on maerl beds and became trapped between
branches and interstices of coralline algal thalli,
rather than being resuspended (Hall-Spencer et al.
2006). Interestingly, in the present study we did not
find a significant impact of inorganic sediment depo-
sition on the physiology of L. soriferum, while salmon
faeces deposition significantly increased R and had a
detrimental effect on NPP and calcification. A differ-
ence in the response of L. soriferum between inor-
ganic sediment and salmon faeces treatments was ob-
served even though light levels were similar between
these 2 treatments, suggesting that sediment type is a
more important factor than light reduction in ex-
plaining the physiological response of L. soriferum.

Many coralline algae are low-light adapted and
can even survive periods of prolonged darkness
(Roberts et al. 2002, Burdett et al. 2012, Sordo et al.
2020). In the coralline alga Phymatholithon calca-
reum, no deleterious effect was observed after being
kept 4 wk in the dark, suggesting that this species is
able to survive several months in the darkness (Wil-
son et al. 2004). In winter, maerl beds can survive
during months under low light and temperature con-
ditions and can cope with sporadic burial events
caused by an increasing frequency of storms (Joshi et
al. 2017). Moreover, higher temperature and light
levels in spring and summer are associated with
higher respiration, photosynthesis and calcification
rates in coralline algae (Martin et al. 2006). Given
that environmental conditions and energy require-
ments differ with seasons, we suggest that the vul-
nerability of L. soriferum to inorganic sediment and
salmon faeces deposition may also change season-
ally. As our experiment was carried out over only
6 wk, longer exposure to inorganic sediment could

have more adverse consequences on the physiology
of L. soriferum, and this effect may be accentuated
with the incorporation of salmon faeces.

In order to cope with natural changes in irradiance,
coralline algae can modulate their photosynthetic
pigment content (Kim et al. 2013, Stengel et al. 2014).
Sordo et al. (2020) highlighted reduced phycocyanin
and phycoerythrin concentrations of the coralline
alga P. lusitanicum in winter, when temperature and
irradiance were low. Diurnal variations in phyco-
cyanin concentration have also been observed in
Ellisolandia elongata in a short-term experiment
(Stengel et al. 2014). In contrast, our results did not
show differences in the photosynthetic pigment con-
tent of L. soriferum between treatments despite the
60 % decrease in light due to inorganic sediment and
salmon faeces deposition. Coralline algae exhibit a
wide range of responses, and further long-term stud-
ies are necessary to understand the effect of environ-
mental conditions on the concentration of photosyn-
thetic pigments (Pereira et al. 2012, Stengel et al.
2014, Sordo et al. 2020). In our experiment, cleaning
thalli and removing inorganic sediment and salmon
faeces 1 d before incubations may have allowed
algae to modify their pigment content and may ex-
plain the lack of difference between treatments.

Physical and chemical parameters other than light
reduction may explain the negative impact of salmon
faeces deposition on the physiological response of
L. soriferum. Discharges from aquaculture signi-
ficantly enhance vertical flux and lead to shifts in the
composition of organic material in sediments below
cages, which stimulates the growth of sulphur-reduc-
ing bacteria in the vicinity of fish farms (Brooks et al.
2002, White et al. 2017). The increase in bacterial
biomass in farm-associated sediments has been evi-
denced in several studies (La Rosa et al. 2004, Cas-
tine et al. 2009, Kawahara et al. 2009, Sweetman et
al. 2014, White et al. 2017) and is commonly used as
visual indicator of organic pollution from finfish
aquaculture (Crawford et al. 2001, Brooks et al. 2004,
Hamoutene et al. 2016). In the present experiment,
salmon faeces were dried beforehand, which may
have altered their chemical composition by removing
some of the organic matter, phosphates and ammo-
nia present in the faeces (Fishsludge Recovery Sys-
tem®; Bioretur). Therefore, the processes involved in
bacterial growth may differ between the laboratory
and the field. However, despite the use of dry salmon
faeces, we observed the growth of abundant bacter-
ial mats in the salmon faeces treatment (Fig. 5).

Wilson et al. (2004) suggested that burial by a layer
of fish faeces containing toxic compounds resulting
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Fig. 5. Three experimental tanks with Lithothamnion soriferum after 6 wk exposure to (a) control, (b) inorganic sediment and
(c) salmon faeces treatments

from bacterial activity, such as hydrogen sulphide,
may be detrimental for the photosynthetic capacity of
P. calcareum. In Brittany, France, major damage has
also been observed on maerl beds, caused by high
densities of the invasive gastropod Crepidula fornicata
and the accumulation of its faeces and pseudofaeces
(Chauvaud et al. 2000, Grall & Hall-Spencer 2003).
This is consistent with the results obtained in the pres-
ent study, as salmon faeces deposition reduced both
photosynthetic and calcification rates of L. soriferum.
The presence of sulphur-reducing bacteria degrading
organic carbon also reduces oxygen concentration in
sediments (Blackburn et al. 1988, Holmer & Kristensen
1992). Therefore, the higher respiration rate measured
in the faeces treatment in our study likely occurred in
response to the increased oxygen demand.

As an energy-demanding process, calcification re-
lies on photosynthesis to provide the energy neces-
sary to support the formation of a carbonate skeleton
(Vasquez-Elizondo & Enriquez 2016). The decline in
photosynthesis, combined with enhanced energy
demand induced by faeces deposition, had a nega-
tive impact on calcification rate. In addition, chemi-
cal processes occurring in the vicinity of thalli may
exacerbate the decline in calcification rate. Macro-
algae are able to modify their immediate chemical
microenvironment near their surface via metabolic

processes within their boundary layer (Hurd et al.
2011). Water movement over their surfaces has the
effect of breaking down gradients of nutrients and
favour gas exchange by reducing the boundary layer
thickness (Hurd 2000). In L. soriferum, burial by inor-
ganic sediment and salmon faeces deposition may
reduce flow velocity in the vicinity of thalli, increas-
ing the diffusive boundary layer thickness and limit-
ing nutrient and gas exchanges (Wilson et al. 2004).
This effect is likely to be more adverse with salmon
faeces deposition due to the flocculation of faeces
particles and the increased amount of sticky organic
material (Law et al. 2014, Law & Hill 2019). Further-
more, increased respiration of L. soriferum in the fae-
ces treatment, combined with organic matter degra-
dation by bacteria, likely reduced the boundary layer
pH due to the accumulation of carbon dioxide. Car-
bon dioxide accumulation may lead to a decline in
pH, which can significantly alter the calcification
process in cell walls and increase the dissolution of
coralline algae (Short et al. 2015).

Respiration of coralline algae and bacteria also re-
duces oxygen concentration in the boundary layer,
which may turn anoxic. Anoxia tolerance of coralline
algae remains poorly understood but is likely to alter
metabolic processes and their ability to survive such
events in the longer term (Short et al. 2015). In Fucus
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serratus embryos, Chapman & Fletcher (2002) found
that burial in sediments leads to chemical alterations
of the microenvironment in the immediate vicinity of
the embryos and an accumulation of metabolic faeces
products, detrimental for the growth and survival of
embryos. Coralline algae could also be affected by
processes occurring at the community level. Although
our laboratory experiment provided critical informa-
tion on the response of a single species under con-
trolled conditions, field studies are required to obtain a
better overview of the impact of fish farms on natural
maerl beds. Nutrient enrichment due to the release of
salmon faeces is likely to stimulate the activity of bio-
eroders, as evidenced in several studies on tropical
coral reefs (Hallock 1988, Chazottes et al. 2002, 2017,
Loya et al. 2004). This process may exacerbate the dis-
solution of coralline algae and have major implications
on the structure and the functioning of maerl beds.

Given the massive expansion of salmonid aquacul-
ture in Norway, there is an urgent need to improve
procedures for risk assessment at aquaculture sites by
taking into account maerl beds. Most of the industry's
growth is planned in northern Norway, where most of
the maerl beds are found. Our results showed that ex-
posure to salmon faeces deposition have adverse con-
sequences on the physiology of coralline algae. This
impact results from a complex process, induced by
both physical (light reduction, gas diffusion in the
vicinity of thalli, increased in boundary layer thick-
ness), biological (bacterial activity) and chemical (ac-
cumulation of toxic compounds such as hydrogen sul-
phide) factors. Natural maerl beds in the vicinity of
fish farms are exposed to fish faeces deposition over
longer periods, and more knowledge is needed about
the longer-term effects. Other factors such as sea lice
therapeutants, heavy metals and nutrient release may
also act in concert with faeces deposition (Carroll et
al. 2003, Burridge et al. 2010, Haugland et al. 2019) to
increase the pressure on maerl beds.

To date, the amount of overlap between fish farms
and maerl beds in Norway has not been determined,
and coastal monitoring efforts are needed to fill the
gap of knowledge on the distribution of this ecosys-
tem (Taranger et al. 2015). Significant effects of fish
farms have been recorded on maerl beds up to 100 m
from farmed sites in Scotland (Hall-Spencer et al.
2006) and up to 200 m in a Western Mediterranean
fish farm producing gilthead seabream and Euro-
pean seabass (Sanz-Lazaro et al. 2011). In Norway,
farm sites generally have a maximal allowed produc-
tion of salmon between 2340 and 4680 t yr~! (Mowi
2020), which exceeds that of the Scottish and Medi-
terranean farms studied by Hall-Spencer et al. (2006)

(1272 t in 2013) and Sanz-Lézaro et al. (2011) (1000 t
in 2006), respectively. Norwegian salmon fish farms
are therefore likely to impact maerl beds over a
larger area. The selection of sites for aquaculture
facilities needs to consider avoiding emissions in the
vicinity of maerl beds in order to preserve their struc-
ture and functioning. Pending further studies, we
recommend that new farms be situated with at least
1 km distance from maerl beds.
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