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Juvenile scallops of Pecten maximus were studied to see the capability to clear out
and incorporate salmon feed and feces (30 µg L−1). Algae were also given, in a low and
high concentration in addition to feed and feces, to mimic a winter and summer situation
in Norwegian waters. Rhodomonas baltica and Chaetoseris muelleri were provided in
a concentration of 50 µg L−1 and 300 µg L−1. The feeding trial lasted for 27 days.
Clearance rate was measured to study filtration characteristics, while fatty acid profiling
and stable isotopes of nitrogen and carbon were used to trace the uptake of salmon feed
and feces in the digestive gland and muscle of juvenile scallops (30–35 mm shell height).
The results show that the scallops could clear out and retain both salmon feed and
feces particles, although at a statistically lower clearance rate than the algae. Fatty acid
profiling revealed that the scallops assimilated and incorporated the consumed salmon
feed and feces, given with either high or low algae concentrations, in their tissues, where
the fatty acid C18:1n9 was used as a tracer fatty acid. The digestive gland of the scallops
that were fed salmon feed and feces contained a higher share of C18:1n9 than those
that were only fed algae. The digestive gland reflected the fatty acid composition of the
diet, while the fatty acid composition of the muscle, which also changed, reflected a
more complex relation between diet and metabolic processes in the tissue. The use of
stable isotopes of carbon and nitrogen to trace food sources was inconclusive in this
study due to low differences between samples fed different feeds. Fatty acid profiling
was a more sensitive method for tracing low concentrations of salmon feed and feces
in the algae diet of scallops. Our results suggest that P. maximus could be a candidate
for integrated multitrophic aquaculture (IMTA) and that scallops have the potential to
utilize small particles of wasted salmon feed and feces during a winter situation with low
phytoplankton concentration and during an algal bloom in Norwegian waters.
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INTRODUCTION

The production of Norwegian salmon is estimated to increase
from 1.2 million tons to 3 million tons, resulting in the use
of 3.6 million tons of feed per year in 2030 (Olafsen et al.,
2012). A considerable fraction of such feed is released to
surrounding waters as respiratory products, feces and uneaten
feed, with total losses estimated to be 62% C, 57% N, and
76% P of the total feed input (Wang et al., 2013). The
increasing amount of nutrients and organic loads released from
the Norwegian aquaculture industry are causing environmental
concerns (Taranger et al., 2014). Emission of nutrients can
result in eutrophication (Folke et al., 1994), although highly
dependent on the capacity of the recipient waters to assimilate
the nutrients (Wang et al., 2012). Particle discharge will increase
the organic load and could alter the sediment chemistry and
lead to changes in the benthic communities (Carroll et al.,
2003).

The integration of species that are able to filter out particulate
nutrient wastes originating from fish farms in integrated
multitrophic aquaculture (IMTA) systems could mitigate the
possible negative environmental effects of salmon farming. In
IMTA, the particulate nutrient wastes of feed and feces can be
consumed by organic extractive filter feeding organisms, such
as mussels (Redmond et al., 2010; Handå et al., 2012a,b), while
the dissolved inorganic nutrients can be taken up by inorganic
extractive organisms, such as seaweeds (Chopin et al., 2001;
Broch and Slagstad, 2012; Handå et al., 2013). In addition
to reducing environmental influence, IMTA can add value to
production because more biomass can be produced on the same
feed resource (Buschmann et al., 2001; Chopin et al., 2001;
Troell et al., 2009). Blue mussels (Mytilus edulis) have been
shown to be capable of incorporating nutrient wastes from
salmon aquaculture (Redmond et al., 2010; Handå et al., 2012a,b).
Mussels have also shown higher growth adjacent to fish farms
(e.g., Wallace, 1980; Lander et al., 2004; Peharda et al., 2007;
Sara et al., 2009), but their efficiency and the potential for
industrial application has been questioned (Handå et al., 2012b;
Cranford et al., 2013). While blue mussels are a low-value species,
scallops like Pecten maximus are an attractive, highly valued
species.

The great scallop (P. maximus) is a filter feeder that lives
on the seabed at a depth of 10–30 m (Shumway and Parsons,
2006). Suspended detrital material and phytoplankton are its
main food source, and it has been suggested that such scallops
are able to exploit food particles associated with surface sediments
(MacDonald et al., 2006). It has also been shown that the organic
material from the feed and fecal waste resulting from salmon
aquaculture can contribute to the diet of pectinids (Seguel et al.,
1998). Moreover, dead particulate organic material (detritus)
originating from degraded macroalgae can be a potential food
source when ambient phytoplankton concentrations are low
(Cranford and Grant, 1990), and P. maximus has shown its
ability to degrade algal fucoidan (Daniel et al., 1999), suggesting
that scallops also can utilize particles from degraded seaweed
tissue in IMTA. However, experiments have revealed that scallops
have a lower retention efficiency for food particles smaller than

5–7 µm (MacDonald et al., 2006). This could be a challenge
because particles close to a salmon farm have been shown to
be between 1 and 10 µm (Lander et al., 2013). These smaller
particles are available in the water column as suspended particles
and will spread out from the farm, while larger particles will sink
more rapidly to seabed (Bannister et al., 2016). The availability
of suspended particles in the water column will depend on
depth, current, sinking velocity, how fast the particles dissolve
and the feeding regime at the farm (Troell and Norberg,
1998; Lander et al., 2013; Bannister et al., 2016; Husa et al.,
2017).

Fatty acid profiling and analysis of stable isotopes are classic
tools used to study the incorporation of food particles in bivalves.
These methods are used to study trophic relations and to identify
potential food sources (Peterson and Fry, 1987; Dalsgaard et al.,
2003). They have also been used to trace waste particles released
from fish farms (Gao et al., 2006; Handå et al., 2012a; Irisarri et al.,
2014, 2015). Stable isotopes of carbon and nitrogen can reveal
complex interactions of food sources, and are traditionally used
for ecological and population biological studies (Peterson and
Fry, 1987). Different tissues have different metabolic turnover
rates. Muscle have a slow turnover rate and could reflect long
term changes in diet, whereas digestive gland and gonads have
a rapid turnover rate and can reflect a recent diet (Tieszen et al.,
1983; Lorrain et al., 2002; Logan et al., 2006). Analysis of tissues
with a high turnover rate makes stable isotope ratios possible
to use in shorter experiments with shifts in diet (Paulet et al.,
2006).

The digestive gland is the main organ for nutrient digestion
and lipid storage in P. maximus and other pectinids (Giese,
1966). The lipid stored in the digestive gland can take two
forms: small lipid droplets (when stored in the tubular area) or
a form similar to that of adipocyte cells (when stored in the
acinus areas of the digestive gland) (Le Pennec et al., 2001).
These lipids are proposed to have different roles in scallops,
with the small droplets serving as a short-term energy storage
for daily metabolism and somatic growth and the adipose-like
lipid as a long-term lipid storage that, for example, can be
used for the maturation of gametes (Le Pennec et al., 2001).
There is then a transfer of lipids from the digestive gland to
the female gonads for egg production (Strohmeier et al., 2000).
The fatty acids of the lipid in the digestive gland have been
shown to reflect the diet of pectinids. Moreover, the digestive
gland has a rapid metabolic turnover, which makes it a suitable
organ to analyze in studies of nutrition, trophic relations and
the tracing of feed components with both fatty acids and stable
isotopes.

The primary objective of the present experiment was to
study the capability of scallops to incorporate salmon feed and
feces particles in “high” and “low” concentrations phytoplankton
environments. Doing so simulated IMTA scenarios during the
spring bloom and the winter period, in the temperate coastal
waters of Northern Europe. Secondary objectives were to evaluate
the importance of the different components as food resources in
“high” and “low” phytoplankton environments and to compare
the use of fatty acid profiling and stable isotopes as tracers of
particulate waste nutrients from salmon aquaculture.
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MATERIALS AND METHODS

Experimental Design
The experiment followed a factorial design where juvenile
scallops (30–35 mm) were given diets consisting of algae
(Rhodomonas baltica and Chaetoceros muelleri) in combination
with either salmon feed or salmon feces. The algae were fed in a
high concentration (300 µg C L−1) and in a low concentration
(50 µg C L−1). The controls were given algae in high and low
concentrations, resulting in six different treatments (Table 1).
The high and low algae concentration were based on POC values
in Handå et al. (2012b) and Etter et al. (2017) from middle
Norway. The winter values of POC were typical 100 µg POC
L−1 in both references with low values of Chl a. The value
of 50 µg C L−1 was chosen as an approximation of a winter
situation. POC varied between 200 and 500 µg POC L−1 during
spring bloom, and 300 µg C L−1 was chosen to be an average
spring bloom value of carbon from seston (Handå et al., 2012a;
Etter et al., 2017). Salmon feed and salmon feces were fed in
relatively low concentrations separately (30 µg C L−1) and were
provided in addition to the two different concentrations of algae.
The low concentration of waste particles was chosen to mimic
a low availability of particles in surface waters from salmon
farming (Bannister et al., 2016). A small fraction of the waste (5–
10%), of smaller size, will be suspended particles in the surface
waters (Husa et al., 2017) and could be available for filter feeders
kept close to the farm. Although the particulate effluents from
farms have shown to be patchy and to come in pulses (Troell
and Norberg, 1998; Brager et al., 2016), we decided to mimic a
constant low supply of waste particles in our experiment.

Three trays with 30 scallops each were deployed for each
treatment. The experiment lasted for 27 days, and is considered
long enough to give responses in both fatty acids and stable
isotopes (Paulet et al., 2006; Redmond et al., 2010; Handå et al.,
2012b). The photoperiod was 12 h with lights and 12 h in
darkness.

The algae diet consisted of R. baltica (CloneNIVA 5/9) and
C. muelleri (CCAP1010/3), with R. baltica constituting 90% of

TABLE 1 | Diets used in the experiment.

Diets Replicate trays Feed concentration (µg C L−1)

Algae Salmon feed Salmon
feces

Control/high algae 3 300 – –

Salmon feed/high
algae

3 300 30 –

Salmon feces/high
algae

3 300 – 30

Control/low algae 3 50 – –

Salmon feed/low
algae

3 50 30 –

Salmon feces/low
algae

3 50 – 30

The algae that were used were Rhodomonas baltica and Chaetoseris muelleri, and
three trays were used for each of the six treatments.

the total carbon content. C. muelleri was chosen because of
the nutritional quality in terms of lipids and carbohydrates for
scallops (Parrish et al., 1999; Reitan, 2011). R. baltica is also
regarded to be of high nutritional quality because of a high
content of polyunsaturated fatty acids (Gagné et al., 2010; Brown
and Blackburn, 2013), and was also used for blue mussels in the
laboratory trial of Handå et al. (2012b). Semi-continuous cultures
of R. baltica and C. muelleri were cultured in polycarbonate tubes
(200 L) and glass bulbs (20 L), respectively, using autoclaved
seawater enriched with Conwy medium (Walne, 1974) and with a
continuous supply of CO2. The C. muelleri was also supplied with
silicate that diatoms need to build their cell walls with the silica
containing frustule. Every day prior to feeding, the algal density
was measured with a Beckman Coulter-Counter Multisizer 3,
and the feeding suspensions were mixed with 1 µm of filtered
seawater to obtain the correct concentration. The salmon feed in
the diet was Optiline Premium 2500 (Skretting Ltd.), and salmon
feces were collected from a 6-kg salmon (Salmo salar) that was
anesthetized with benzoak prior to stripping at Farmannsøya fish
farm (Marine Harvest). Salmon feces was freeze dried and kept
at −18◦C to preserve the nutrients. Freeze drying is considered
as a gentle preservation method. The carbon content of the
diets was analyzed on a Carlo Erba CHN model 1106 elemental
analyzer. Salmon feed and freeze dried salmon feces contained
50% and 30% C dw−1, respectively. Each day, feed pellets and
freeze dried salmon feces were weighed (Mettler Toledo XA204),
homogenized (Elektrolux ASB 2600) with 1 µm of filtered
seawater and diluted to obtain the correct concentration for the
diets. The diets were then placed in 30-L cans with aeration to
provide a uniform feed distribution.

The scallops were provided by ScalPro (Bergen, Norway).
After transport and 14 days prior to the experiment, they were
immediately placed in flow-through raceways (40× 20× 400 cm,
320 L volume, 1.6 L min−1 exchange rate) in a temperature-
controlled room (12◦C) for acclimatization. R. baltica was
continuously added to the raceway with peristaltic pumps
(Watson-Marlow 505U) in order to keep the algal concentration
at 15 µg C L−1 in the raceway. Seawater (salinity 35) was pumped
from a depth of 70 m from the Trondheim fjord. It was then
filtered through sand and treated with UV light being stored in
aerated reservoirs in order to regulate the temperature. The water
was further filtered with two aerially coupled CUNO AquaPure
filters with nominal retention of particles (>10 µm and >1 µm,
respectively) before entering the experimental setup.

After acclimatization, 30 scallops with a shell height of 30–
36 mm were placed in each tray (n = 3 for each treatment) with
flowing seawater. The temperatures of each tray were measured
every day and were on average 12.6 ± 0.2◦C. The design of
the trays was similar to that described by Handå et al. (2012b),
who studied blue mussels. Some adjustments were made for the
present experiment. A perforated plastic plate (2-mm holes) was
placed across the tray (40 × 12 × 70 cm, 30 L volume) to create
a mixing zone for the water and feed inflow, providing an even
feed distribution and preventing turbulence in the water stream
(Figure 1). The rate of water exchange was 6 L h−1. Along with
aquarium pumps (New-Jet 1), this exchange rate generated a
stream of water along the tray. The aquarium pumps pumped
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FIGURE 1 | Overview of the experimental setup of each tray, with water inflow and feeding tube, pump to achieve recirculation of water, perforated plate to create a
mixing zone and the discharge pipe for water-level regulation.

water from the distal end to the mixing zone at a rate of 3
L min−1, meaning that the water was exchanged six times per
hour. Regulation of the water level was achieved by placing a
vertical discharge pipe (12 cm) at the distal end. Food was added
continuously at a rate of 1.5 mL of food suspended per minute
with peristaltic pumps (Watson-Marlow 505U) into the mixing
zone.

Growth Measurements
Individual shell height was measured prior to and at the end of the
experiment using a digital caliper (Vernier 150 mm). Dry weight
of the tissue was measured after drying at 105◦C until constant
weight (24 h) at the end of the experiment. Average growth rate
was calculated by the difference in length before and after the
experiment divided by the length of the trial (27 days). Condition
index was calculated by determining the relationship between
shell height and dry weight of soft parts (Luoma and Carter, 1991)
(n = 15–20 for each tray).

Clearance Rate
Clearance rate was measured twice during the experiment, after
15 and 25 days, when the scallops had acclimated to the different
diets. Single scallops were placed on a horizontal grid in circular
1-L glass beakers covered with dark plastic to avoid disturbances
during the measurement in the temperature controlled room
(10◦C). Water circulation was achieved with a magnetic stirrer
in order to reduce sedimentation of feed particles.

To measure clearance rate three scallops from each tray were
transferred to 1-L beakers and given feed, see experimental diets
at the end of this section.

In each series of measurements, there was one extra beaker
with the same carbon concentration as the other beakers but
with no added scallop. This was done to ensure that stirring
maintained a uniform distribution of particles. No sedimentation
was observed during the clearance rate trials. The measurement
started when the first scallop was observed to be actively feeding.
Water samples (20 mL) were collected at 7, 15, 30, 45, 60,
90, and 120 min. Particle size (2–40 µm) and concentration

(particles mL−1) were measured with a Beckman Coulter-
Counter Multisizer 3. When the scallops started filtering, the
decline in particles with time was logarithmic. Clearance rate was
calculated by the following equation:

CR = v/t(lnC0/Ct)

where, v is the volume of the container, t is the duration of
the experiment, and C0 and Ct are the initial and final particle
concentration within the linear area of the curve (Marin et al.,
1986). The scallops were marked after the first clearance rate
analysis and returned to the feeding experiment. After the second
clearance rate analysis the scallops were used for analysis of
condition index.

Experimental Diets
At day 15 of the experiment the clearance rate was measured, and
the diet was the same as in the feeding experiment (six different
diets, n = 9, Table 1).

Clearance rate was also measured at day 25. The diet was algae
(R. baltica and C. muelleri, where R. baltica constituted 90% of the
total carbon content), salmon feed and salmon feces separately
with a starting concentration on 12,000 particles mL−1 for each
diet (three different diets, n = 9). The carbon concentrations were
300 µg C L−1 for algae, 1390 µg C L−1 for salmon feed and 865
µg C L−1 for feces.

Lipid Analysis
Scallops were dissected at the end of the feeding trial, at day 27,
for analysis of lipids. This was 24 h after feeding was stopped, in
order to empty the content of the intestine before analysis. The
digestive glands and muscles were dissected from the scallops
(n = 10 from each tray) and frozen in liquid nitrogen. The
gills were not analyzed in this study, because the main focus
was on lipids and the accumulation of lipid is in the digestive
gland. The muscle was included to study the pattern of fatty
acid incorporation in the muscle tissue. These juvenile scallops
did not have gonads. All samples used in lipid determination
was freeze dried, flushed with N2 and stored at −80◦C until
analysis. Total lipid was extracted and determined gravimetrically
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according to Bligh and Dyer (1959), but with the modifications
described by Jakobsen et al. (2008). Fatty acid methyl esters
were prepared from the extracted lipid according to the method
of Metcalfe et al. (1966). They were then analyzed with a gas
chromatograph (AutoSystem XL, Perkin Elme, Waltham, MA,
United States) with TotalChrom Version 6.3.1 software. The
system was equipped with an auto-injector (injection volume of
1 µL, on-column injection, inlet temperature 250◦C) and a flame
ionization detector (FID, 280◦C). A fused silica capillary column
coated with a chemically bonded polyethylene glycol (CP-Wax
52CB, 25 m× 0.25 mm i.d.; Varian, Palo Alto, CA, United States)
was used. The temperature program for the oven was initially set
at 90◦C for 1 min. It was then raised to 150◦C at 30◦C min−1 and
finally to 225◦C at 3◦C min−1 and held for 7 min. Helium was
used as the carrier gas. The retention times of the fatty acid methyl
esters were compared to commercial standards (Nu-Chek Prep,
Tokyo, Japan) and quantified by the use of 19:0 as an internal
standard, added prior to extraction, in combination with external
standard curves.

Stable Isotope and Elemental Analysis
The digestive glands and muscles of scallops and the different
diets used in this experiment were analyzed for their content
of carbon, nitrogen as well as the isotope ratios of carbon and
nitrogen (δ13C and δ15N) at the Colorado Plateau Stable Isotope
Laboratory at Northern Arizona University, United States. The
samples were freeze dried, ground, weighed and packed in
tin capsules before being analyzed with a Carlo Erba NC2100
elemental analyzer coupled with a Thermo-Electron Delta V
Advantage isotope ratio mass spectrometer, configured through
a CONFLO III. Isotope ratios were calculated as follows:

δXsample(h) = [(Rsample/Rstandard) − 1] × 1000

where X is 13C or 15N and R is a of ratio 13C/12C for
carbon and 15N/14N for nitrogen, respectively. The standard
Pee Dee Belemnite was used for carbon isotope analysis, while
atmospheric nitrogen was used as the standard for nitrogen.

Data Analysis
All statistical analyses were done with SigmaPlot 13.0 with a level
of significance of p < 0.05. Two-way ANOVA with the post hoc
Holm-Sidak test was used to compare the samples after they
passed a normality test (Shapiro–Wilk) and a test of homogenic
variability. Normalized data was square-root transformed before
statistical analysis. The statistical parameters degrees of freedom,
F-value and p-values are given in Supplementary Table 2.
Unscrambler 10.2 (CAMO AS, Oslo, Norway) was used
for principal component analysis (PCA) of the square-root
transformed normalized data of fatty acids. Values presented in
this paper are average values with standard error of the mean.

RESULTS

Filtration and Preference of Particles
The size of the particles in the diets of this trial was smaller than
10 µm (Figure 2A). Particles from salmon feed and salmon feces

FIGURE 2 | (A) Size distribution (particles ml−1) of salmon feed, salmon feces
and algae (R. baltica and C. muelleri) particles used in the laboratory
experiment and in particle retention studies. Size distribution of particles were
measured with a Beckman Coulter-Counter Multisizer 3. (B) Clearance rate of
algae, salmon feed and salmon feces (L ind−1 h−1). Values shown with
uncertainties are mean values ± 1 SD. Significant differences are annotated
with letters.

were mainly between 2.2 and 6.0 µm (95–96%), and the algal
size of the mixed culture (R. baltica and C. muelleri) was mainly
between 6 and 10 µm (82%, Figure 2A).

Scallops cleared out algae more efficiently than the smaller
particles of salmon feed and salmon feces when given diets of
algae (R. baltica and C. muelleri), salmon feed and salmon feces
(p < 0.05), and there was no significant difference in clearance
rate between salmon feed and salmon feces (p > 0.05, Figure 2B).

When scallops were given the different diets used in the
feeding experiment, there were no statistical differences in
clearance rate (p < 0.05) between scallops fed a high particle
concentration (algae 2.7 ± 0.5 L ind−1 h−1, algae and salmon
feed 2.7 ± 0.4 L ind−1 h−1, algae and salmon feces 2.2 ± 0.4
L ind−1 h−1) and scallops fed the low particle concentration
(algae 2.0 ± 0.2 L ind−1 h−1, algae and salmon feed 2.2 ± 0.1
L ind−1 h−1, algae and salmon feces 2.1 ± 0.2 L ind−1 h−1).
Moreover, the additional salmon feed and salmon feces had no
influence on the clearance rate at the concentrations used in the
experiment.

Growth and Condition Index
There were no differences in the condition index of scallops fed
salmon feed or salmon feces (or in the scallops of the control)
for each of the algal concentrations, but scallops that were
given a high concentration of algae obtained a higher condition
index than those given a low concentration for all treatments
(p < 0.001, Figure 3A). Scallops fed a high algal concentration
showed no significant differences in average growth rate between
the high algal diets (p > 0.05, Figure 3B). Scallops fed salmon
feed and salmon feces in addition to a low concentration of
algae showed no significant differences compared to the control
(p > 0.05). Scallops that were fed a high concentration of algae
grew faster than those fed a low concentration for the control
(p < 0.001), the salmon feed diet (p < 0.05) and the salmon feces
diet (p < 0.05, Figure 3B).

Total lipid contents of the digestive gland showed no
significant differences between the control and scallops given
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FIGURE 3 | Average growth rate (µm day−1) (A), condition index (B), total
lipid in the digestive gland (mg g−1 dw) (C) and total lipid in the muscle (mg
g−1 dw) (D) of control scallops, scallops fed salmon feed and scallops fed
salmon feces in addition to a high or low algae concentration. Values shown
with uncertainties are mean values ± 1 SD. Significant differences between
high and low algae concentration are annotated with a star (∗p < 0.05,
∗∗p < 0.001).

either salmon feed or salmon feces at both high and low algal
concentrations (p > 0.05). Provision of a high algae concentration
resulted in a higher total lipid content in the digestive gland of the
scallops compared to that obtained for low algae concentration
(mean values of 143 ± 5 mg g−1 dw and 79 ± 4 mg g−1

dw, respectively, P < 0.05, Figure 3C). The mean content of
total fatty acids in the digestive gland for the treatments was
33.2 ± 5.9 mg g−1 dw in scallops fed a low algae concentration
and 95.5 ± 13.6 mg g−1 dw in scallops fed a high algae
concentration. There were no significant differences in the total
lipid content of the muscle in scallops fed either salmon feed or
salmon feces at both algal concentrations (p > 0.05, Figure 3D).
The muscle showed an average lipid content of 42.0± 2.5 mg g−1

dw and a mean total fatty acid content of 16.8± 1.6 mg g−1 dw.

Tracing Feed Components With Fatty
Acids
The fatty acid profile varied between the different dietary
components (Table 2). The main fatty acids, which accounted
for 52% of total fatty acids in Rhodomonas sp. was 18:3n3,
18:4n3 and 18:2n6, whereas in Chaetoceros sp., 16:0 and 16:1n7
constituted 55% of the total fatty acids (Table 2). The two most
abundant fatty acids in salmon feed were 18:1n9 and 18:2n6,
whereas 18:1n9 and 16:0 were the dominant fatty acids in
salmon feces, accounting for 39% and 50% of total fatty acids,
respectively. The monounsaturated fatty acids 18:1n9, 20:1n9,
and 22:1n11 were accordingly present in both salmon feed and

FIGURE 4 | Content of potential tracer fatty acids [18:1n9 (A,B), 20:1n9
(C,D), 22:1n11 (E,F), mg g−1 of total fatty acids, TFA] in the digestive gland
(A,C,E) and muscle (B,D,F) of scallops fed algae, salmon feed and salmon
feces in addition to a high and low algae concentration. Significant differences
between diets with a high algae concentration are annotated with the letters a,
b, and c, while significant differences between diets with a low algae
concentration are annotated with the letters x, y, and z. Significant differences
between high and low algae concentration are annotated with a star
(∗p < 0.05, ∗∗p < 0.001).

salmon feces, but only in significantly lower quantities in both
algal species (Table 2). These fatty acids therefore serve as
potential tracer fatty acids for salmon feed and salmon feces in
the experiment.

The share of the potential tracer fatty acid 18:1n9 in the
digestive gland of the scallops showed significant differences
between diets (Figure 4A). For both high and low algae
concentration, the share of 18:n9 became higher when the
scallops were fed salmon feed and salmon feces in addition to
the algae. Moreover, the difference between the shares of 18:1n9
in the control and the scallops given salmon feed and salmon
feces was higher in the groups given the low algae concentration
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TABLE 2 | Total lipid content (mg g−1 dw), total fatty acid (FA) content (mg g−1 dw) and share of fatty acids (mg g−1 total fatty acids) in the feed components of the diets
in the feeding experiment.

Feed components

Salmon feed (n = 2) Salmon feces (n = 2) C. muelleri (n = 3) R. baltica (n = 3)

Total lipid mg g−1 dw 322.8 ± 5.5a 103.3 ± 4.9b 71.7 ± 25.0b 65.6 ± 10.6b

Total FA mg g−1 dw 174.0 ± 11.1a 75.2 ± 0.8b 48.2 ± 18.3bc 35.1 ± 7.5c

FA mg g−1 TFA

14:0 29.2 ± 0.2a 39.0 ± 0.2ab 88.3 ± 5.3c 50.5 ± 9.9b

16:0 92.7 ± 0.8a 241.9 ± 2.4b 182.3 ± 10.7c 86.2 ± 17.3a

18:0 23.8 ± 0.8a 108.9 ± 1.1b 12.3 ± 3.0c 5.6 ± 1.5d

Total saturated FA 154.6 ± 0.2a 420.2 ± 1.8b 283.5 ± 8.9c 142.3 ± 26.9a

16:1n7 25.1 ± 0.2a 14.1 ± 0.1ab 371.8 ± 45.7c 5.9 ± 0.4b

18:1n9 391.9 ± 2.0a 258.3 ± 0.4b 13.7 ± 4.6c 8.2 ± 2.6d

18:1n7 25.7 ± 0.1 20.2 ± 0.0 26.4 ± 10.9 30.9 ± 1.6

20:1n9 31.1 ± 0.1a 36.2 ± 0.1a 0.8 ± 0.7b n.d.b

22:1n11 38.5 ± 0.3a 63.9 ± 0.4b n.d.c n.d.c

Total monoenes FA 515.6 ± 2.5a 405.5 ± 0.4b 412.7 ± 43.7b 45.0 ± 1.3c

18:2n6 138.3 ± 0.8ab 81.3 ± 1.3a 24.1 ± 12.6c 151.3 ± 28.6b

20:4n6 2.2 ± 0.0ac 1.1 ± 0.0a 69.5 ± 3.8b 22.1 ± 5.8c

Total n6 FA 142.3 ± 0.9a 83.1 ± 0.3b 101.4 ± 9.5ab 180.2 ± 22.0c

18:3n3 64.4 ± 0.0a 27.1 ± 0.2ab 16.3 ± 15.6b 178.0 ± 4.8c

18:4n3 5.3 ± 7.6a 3.1 ± 0.0a 14.5 ± 12.8a 187.1 ± 20.3b

20:4n3 2.2 ± 0.0 1.2 ± 0.0 1.7 ± 0.4 5.6 ± 2.9

20:5n3 40.2 ± 0.4a 15.7 ± 0.1b 45.1 ± 10.0a 81.5 ± 14.2c

22:6n3 39.5 ± 0.5ab 23.8 ± 0.2ab 10.8 ± 9.4a 62.0 ± 5.4b

Total n3 FA 152.1 ± 8.5a 73.2 ± 0.1a 89.2 ± 45.2a 516.6 ± 35.7b

Total PUFA 294.4 ± 9.4a 156.3 ± 0.2b 190.7 ± 54.7b 696.8 ± 14.0c

Total LC PUFA 86.4 ± 1.0a 44.9 ± 1.3b 135.7 ± 14.3c 180.3 ± 32.5c

n3/n6 10.7 ± 0.5a 8.8 ± 0.0a 8.6 ± 3.6a 29.1 ± 5.2b

DHA/EPA 9.8 ± 0.0ab 15.1 ± 0.2a 2.3 ± 2.1b 7.7 ± 1.0ab

EPA/ARA 185.7 ± 3.2a 140.6 ± 1.8b 6.5 ± 1.5c 37.4 ± 3.6d

Fatty acids that were undetected in the chromatogram are denoted as not detected (n.d.). LC-PUFA means long chain poly unsaturated fatty acids. The fatty acids
18:1n9, 20:1n9, and 22:1n11 (in bold) are potential tracer fatty acids. Different lower-case letters indicate significant differences between samples (p < 0.05). Differences
are tested in a one-way analysis of variance in SigmaPlot Vs 14.0 with a pairwise multiple comparison procedure (Holm-Sidak method). The normalized numbers were
square root transformed before statistical analysis.

(p < 0.001) than in those given high algae concentration
(p < 0.05), suggesting a higher relatively incorporation of
salmon feed and feces at a low algae concentration than at a
high concentration. The muscle of scallops fed salmon feces in
addition to both high and low algae concentrations contained
significantly lower shares of 18:1n9 than the controls and the
addition of salmon feed to both high (p < 0.05) and low algae
concentrations (p < 0.05, Figure 4B). Contrary to this, a diet
of salmon feed in addition to algae resulted in a higher share of
18:1n9 for high algae concentration (p < 0.05), but there were
no significant differences compared to the control for low algae
concentration (p > 0.05).

The share of 20:1n9 in the digestive gland was higher for
all diets in scallops fed a low algae concentration than a high
concentration (p < 0.001, Figure 4C). At both high and low algal
concentrations, there was a higher share of 20:1n9 in scallops
fed salmon feed and salmon feces than the scallops that were
given only algae (control, p < 0.05). In the muscle of the
scallops there was a slightly higher share of 20:1n9 found in
scallops fed a low concentration of algae compared to a high

concentration when salmon feces or salmon feed was given in
addition (Figure 4D). The muscle of scallops fed salmon feces or
salmon feed in addition to a low algae concentration contained a
slightly higher share of 20:1n9 compared to the control (p < 0.05),
while there were no significant differences in scallops fed the high
concentration of algae.

The share of 22:1n11 in the digestive gland showed
no differences between diets that included the same algae
concentration, but there was a higher share found in scallops
fed a high algae concentration compared to a low concentration
for all diets (Figure 4E). The share of 22:1n11 in the muscle
was not detectable in scallops fed a low concentration of algae,
and there were no significant differences between scallops fed the
high algae concentration (p > 0.05, Figure 4F). The share of all
fatty acids analyzed in muscle and digestive gland, are given in
Supplementary Table 1.

A PCA of the fatty acids in the digestive gland showed that
scallops fed the high and low algal diet alone clustered, with
principal component 1 (PC-1) describing 96% of this variation
(Figure 5A). The fatty acids responsible for this variability were
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FIGURE 5 | Principal component analysis (PCA) of the fatty acid content in the digestive gland of scallops that were fed salmon feed (squares), salmon feces
(triangles) and the control (circles) for a high algae concentration (filled symbols) and a low algae concentration (open symbols). (A) Score plot and loading plot of
fatty acids in the digestive gland of all samples in the feeding experiment, (B) score plot and loading plot of samples from the low algae concentration, and (C) score
plot and loading plot of samples from the high algae concentration.
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FIGURE 6 | Principal component analysis (PCA) of the fatty acid content in the muscle of scallops that were fed salmon feed (squares), salmon feces (triangles) and
the control (circles) for a high algae concentration (filled symbols) and a low algae concentration (open symbols). (A) Score plot and loading plot of fatty acids in the
muscle of all samples in the feeding experiment, (B) score plot and loading plot of samples from the low algae concentration, and (C) score plot and loading plot of
samples from the high algae concentration.
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FIGURE 7 | Dual isotope plot (δ13C and δ15N, h) of the food sources (salmon
feed, salmon feces, R. baltica and C. muelleri), digestive gland and muscle of
control scallops, scallops fed salmon feed and scallops fed salmon feces in
addition to a high and low algae concentration.

mainly 18:2n6, 18:3n3, 18:4n3, and 22:6n3. These fatty acids
(together with 20:5n3) are the most abundant fatty acids in
R. baltica, suggesting that the fatty acid composition of the
digestive gland was strongly affected by the algal diet.

The groups fed low and high algal concentration were then
analyzed separately (Figures 5B,C). In both groups, the control
was separated from the two other groups, either fed salmon
feed or salmon feces. For the low algae group, the control was
separated from the other diets in the PC-1 direction, which
described 75% of the variation in the samples, where 18:1n9
and 16:0 were the main fatty acids responsible for this variation.
For the groups fed a high algae concentration, the control was
separated from the salmon feed and salmon feces groups in the
PC-2 direction, describing 20% of the variation in the samples.
The two fatty acids 18:1n9 and 16:0 were again responsible for
most of this variation. The PCA plots also showed that 18:1n9
best described the variation in the samples for the groups fed the
low algae concentration, where salmon feed and salmon feces had
the highest contribution to the diet.

The PCA of fatty acids in muscles from scallops also showed
that scallops fed a high algae concentration were separated from
the scallops that were fed a low algae concentration, where PC-
1 described 89% of the variation (Figure 6A). The fatty acids
18:3n3, 18:2n6, 18:4n3, and 22:6n3 also explained most of the
clustering of samples for the muscle, thus indicating that the
fatty acid composition of the diet also affected the fatty acid
composition of the muscle. The groups that were fed a low algae
concentration were analyzed in a separate PCA plot (Figure 6B).
The control that was only fed algae was separated from those

co-fed with salmon feces or salmon feed, except for one of the
replicates fed salmon feed. The fatty acids 18:3n3 and 22:6n3
were responsible for the separation in the PC-1 direction, which
explained 50% of the variation. In the PC-2 direction, which
explained 24% of the variation, the salmon feed and the control
fed only with low algae were separated from the salmon feces
group, where 18:1n9 and 18:2n6 explained most of this variability.
For muscles from scallops fed a high algal concentration, the
salmon feed group differed from the salmon feces and control
groups in the PC-1 direction, explaining 50% of the variation
(Figure 6C). The fatty acid 18:1n9 was responsible for most of
this variation.

The stable isotopes δ13C and δ15N were analyzed in the
different diets, in the digestive gland of the scallops and in the
muscle of the scallops (Figure 7). The δ13C signatures of the
two algae were not significantly different (p > 0.05) and had a
low ratio of −37.8 ± 0.3 (n = 3) and −38.4 ± 0.4h (n = 3)
(for R. baltica and C. muelleri, respectively). Salmon feed and
feces showed a higher δ13C signature compared to the algae, but
they were comparable to each other (−26.4 and −25.6h). The
analysis of stable isotopes in salmon feed and salmon feces is
unfortunately based on one analysis and the difference cannot be
tested.

The digestive gland of the scallops that were fed a high algae
concentration were clustered together and showed a significantly
lower δ13C signature than the digestive gland of scallops fed
a low algae concentration (p < 0.001, n = 9). The same was
also seen for the muscle; the muscle from scallops fed a high
algae concentration had a significantly lower δ13C signature than
scallops that were fed a low algae concentration (p < 0.001, n = 9).
The difference in δ13C signature between high and low algae
concentration was, however, higher in the digestive gland than in
the muscle (7.7 and 3.3h difference, respectively). There was no
significant difference between the control that was fed only algae
and the scallops that were also given salmon feed or salmon feces.
This was true both for the high and low algae concentration and
for the digestive gland and muscle (p > 0.05, n = 3).

The δ15N signatures of R. baltica and C. muelleri were also
not significant different showing values of 4.8 ± 0.5 (n = 3) and
5.0 ± 0.4h (n = 3), respectively. Salmon feed and salmon feces
showed values of 2.4 (n = 1) and 3.9h (n = 1), and could not be
tested for differences.

The digestive gland showed a δ15N signature of 5.8 ± 0.1
(n = 9) and 7.2 ± 0.2h (n = 8) for scallops fed a high and low
algae concentration, respectively, while the muscle showed a δ15N
signature of 7.5± 0.1 (n = 9) and 7.2± 0.2h (n = 9) for scallops
fed a high and low algae concentration, respectively.

DISCUSSION

Importance of Salmon Feed and Feces in
High and Low Phytoplankton
Environments
The primary objective of the present experiment was to study
the capability of scallops to incorporate salmon feed and feces
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particles in an IMTA scenario of a spring bloom and a winter
condition. These conditions are characterized by relatively high
and low phytoplankton concentrations, respectively, in the
temperate coastal waters of Northern Europe.

The measurements of clearance rate in the present study
showed that the scallops had the ability to clear out and retain
salmon feed and feces, although with lower rates than algae.
The lower rates are likely a result of the small particle size;
particle retention for other bivalves has been shown to be
lower for particles <3 µm (Mohlenberg and Riisgard, 1978;
Riisgard, 1988), while pectinids have shown a lower efficiency
for particles <5–7 µm (Cranford and Grant, 1990; MacDonald
et al., 2006). The concentration of particles could also explain
the hampered capability of the scallops to clear out salmon feed
and feces. The carbon concentrations of salmon feed and feces
were 1390 and 865 µg C L−1, respectively, when clearance rate
was measured with salmon feed and salmon feces. The carbon
concentrations of salmon feed and feces used in the experimental
diets were 30 µg C L−1. The clearance rate measured for the
diets in the feeding experiment showed no differences between
the diets.

Fatty acids of the digestive gland have been used to trace
salmon feed and/or salmon feces in blue mussels in several
studies (Redmond et al., 2010; Handå et al., 2012a,b; Irisarri
et al., 2014). Our results show that the content of 18:1n9 was
higher in the digestive gland of scallops fed salmon feed and
salmon feces compared to scallops fed only algae, both at high
and low algal concentrations. This fatty acid is found in high
fractions in the feed and feces of salmon, but only in low levels
in the microalgae used in the experiment (Table 2). A higher
share of 18:1n9 has also been found in blue mussels fed salmon
feed and salmon feces in laboratory studies (Redmond et al.,
2010; Both et al., 2011; Handå et al., 2012b) and in field studies
in the proximity of fish farms (Gao et al., 2006; Handå et al.,
2012a). The change in the share of this fatty acid was most
prominent at a low algae concentration, both for salmon feed
and feces added. Moreover, the PCA plot of the digestive gland
shows that characteristic fatty acids from the salmon feed and
feces explain most of the variation in fatty acid composition
when the algae concentration was low, whereas algae fatty acids
explained most of the variation when the algae concentration
was high. This further suggests that salmon feed and feces
became a more important food source when the ambient algal
concentration was low, also suggested by Troell and Norberg
(1998).

The lipid content of the digestive glands was approximately
twice as high when fed a high algal concentration compared
to the low concentration. This confirms that the scallops
used the digestive gland for lipid storage when given a high
concentration of food. At low algae concentrations, the
energy was primarily used to maintain metabolism, as the
scallops showed minimal growth in this short experimental
period. Analysis of the nutritional profile of the scallop
muscle could have given more information about the
incorporation of proteins and carbohydrates from salmon
feed and salmon feces, and should be considered in future
trials.

Moreover, there was also a change in the fatty acid
composition in the muscle, revealed by a separation of the
different groups in the PCA plots. This suggests that the
lipid incorporated into the digestive gland was transferred to
phospholipids in the muscle. The incorporation of fatty acids in
the phospholipids is more strongly metabolically regulated than
in the triacylglycerides because phospholipids are an important
functional component of muscle cells and because they play
important roles in the cells’ signaling system (Sargent et al.,
2002). The PCA plot of the fatty acid profile of the muscles
showed a high influence of the algae concentration on the fatty
acid profile of the muscle (Figure 6A). Scallops that received a
high algal diet showed more inclusion of the algal fatty acids
C18:3n3, C18:2n6, and C18:4n3 in the phospholipids of muscles
than scallops that were given low algal concentrations. The
PCA plot also showed that diets of both salmon feed and feces
influenced the fatty acid profile of muscles of the scallops that
were fed a low algae concentration more than the high algae
concentration.

The fatty acid composition of the digestive gland and muscle
suggests that scallops have the potential to utilize salmon feed
and feces when algal concentrations are low, as suggested also for
mussels (Wallace, 1980; Stirling and Okumuş, 1995; Handå et al.,
2012a).

Another difference in the fatty acid profile of the muscles of
scallops that received high and low algae diets was that the algal
diet had a stronger influence on the fatty acid profile, resulting in
a lower share of C22:6n3. Scallops that received a high algal diet
had an average share of 33% C22:6n3 of total fatty acids while
scallops that received a low algal diet had a share of 40% C22:6n3
of TFA. Accordingly, this important fatty acid showed a selective
accumulation in the phospholipids of the muscle. A selective
assimilation of this fatty acid has previously been suggested for
scallop larvae (Marty et al., 1992), which have been shown to
have specific requirements for long chain n3 poly-unsaturated
fatty acids like C22:6n3 (Delaunay et al., 1993). C22:6n3 has
important structural and functional roles in the membranes of
most species.

Tracing Salmon Feed and Feces With
Fatty Acid Biomarkers and Stable
Isotopes
The most abundant fatty acid in the salmon feed and salmon
feces was 18:1n9, which was expected to be a potential tracer
of these diet components in the present experiment. This was
because both algal species used showed low levels of this fatty
acid and because this fatty acid has been used as a tracer
fatty acid for salmon feed and/or salmon feces in studies with
blue mussels (Redmond et al., 2010; Handå et al., 2012a,b) and
green-lipped mussels Perna viridis (Gao et al., 2006). There
are, however, some questions related to the general use of
18:1n9 as a tracer fatty acid for shellfish cultivated in natural
habitats. Because 18:1n9 is a very common fatty acid, the
content is variable among phytoplankton species (Reuss and
Poulsen, 2002), and many protozoan and metazoan species that
may form part of the scallop feed are able to synthesize it.
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18:1n9 will therefore exhibit background levels, or even high
levels, in natural seston. Therefore, it is not fully adequate
to assess the influence of feed and fecal waste from salmon
farming on scallops simply by analyzing the 18:1n9 content
in the scallops. The 18:1n9 contents of the natural seston
food of the scallops can be dominated by phytoplankton in a
representative reference site that is not affected by waste from
salmon farming. Such measurement can make assessment based
on 18:1n9 contents more feasible if the contents of the natural
seston is low.

Other fatty acids have been suggested as tracer fatty acids
for fish waste, including the monounsaturated fatty acids 20:1n9
and 22:1n11 (Van Biesen and Parrish, 2005; Both et al., 2012).
However, these fatty acids did not show (with the exception
of 20:1n9 in the digestive gland in scallops fed the high
algae concentration) any relation to salmon feed and feces
particles in our study. However, we used a relatively low
concentration of salmon feed and feces in the diet and the
concentration of these fatty acids was low compared to that
of 18:1n9. Both 20:1n9 and 22:1n11 are also zooplankton
markers and will vary in fish feed depending on the contents
of fish meal and oil normally prepared from planktivorous fish
(Van Biesen and Parrish, 2005). Moreover, mussels and other
bivalves are capable of consuming protozoan and early stages
of metazoan zooplankton (Davenport et al., 2000), which may
further complicate the use of these fatty acids as tracers of
salmon farm waste nutrients. 18:2n6 has also been suggested
as a potential tracer of waste nutrients from fish farms because
it originates from the inclusion of higher plants in the feed
(Olsen et al., 2009, 2012; Both et al., 2011). However, this
fatty acid was not applicable as a marker in our experiment
because R. baltica contained high amounts of 18:2n6. Other
phytoplankton that may be abundant in field experiments may
also produce this fatty acid (Dalsgaard et al., 2003; Shin et al.,
2014).

Quantification of stable isotopes has previously been used
to determine the extent to which bivalves incorporate fish
feed and feces in field (Gao et al., 2006) and laboratory
experiments (Redmond et al., 2010). This method, however,
was not sensitive enough to determine whether the scallops
had incorporated salmon feed or feces in their muscle and
digestive gland in our experiment. This inability may have
originated in the relatively low concentrations of salmon feed
and salmon feces used in the diets. There was, however, a
difference in the isotopic signatures of scallops fed a low
algae concentration compared to a high algae concentration,
in both muscle and digestive gland. Lorrain et al. (2002)
reported the seasonal variation of stable isotopes in scallops
where the muscle showed minor variations and the digestive
gland varied from 5 to 7.5h δ15N. The highest value of the
digestive gland was found in February/March, when food was
scarce, and the lowest value was in April and May, when
food was abundant. This agrees well with our findings for
scallops fed high and low algae concentration. Pectinids have
been shown to use protein instead of lipids as their source of
energy under gametogenesis and when food is scarce during
winter (MacDonald et al., 2006). The amount of ammonia

excreted then increases due to the deamination of amino acids.
This ammonia would be depleted in δ15N due to deamination
because enzymes prefer the lighter isotope, which may result
in a scallop enriched in 15N. If the scallops that received a
low algae concentration in our study primarily used proteins
to support their metabolic energy demand, it could result in a
scallop with higher loss of ammonia than scallops fed a high algae
diet and consequently a scallop with a higher δ15N signature. The
combination of a high metabolic turnover resulting in a faster
incorporation of stable isotopes from the food and deamination
could explain the differences in the δ15N signature between
the digestive gland and the muscle. The digestive gland and
muscles of scallops fed the high algae concentration in our
experiment were more depleted in 13C than that of scallops
fed the low algae concentration. This difference is probably
caused by the difference in lipid content (DeNiro and Epstein,
1977), turnover rate and physiological processes (Lorrain et al.,
2002).

CONCLUSION

The present laboratory experiment found that the scallop
P. maximus can clear out and incorporate salmon feed
and salmon feces particles, thus suggesting that the scallop
can be a suitable candidate for IMTA. However, when the
particle concentration of salmon feed and salmon feces is
high, the filtration efficiency is lower compared to algae.
Based on fatty acid profiling, we concluded that the scallops
incorporated salmon feed and salmon feces; however, the
use of stable isotopes of carbon and nitrogen to trace food
sources were inconclusive. The fatty acid 18:1n9 is abundant
in fish feed and feces but not in the microalgae used in
this experiment, so it was used as a tracer. Its contents
in the digestive gland and muscle suggest that scallops can
utilize salmon feed and feces. The use of fatty acids was
accordingly found to be a more sensitive method for tracing
low concentrations of salmon waste feed components, provided
that the natural seston diets have low and known contents of
18:1n9.
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