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A B S T R A C T

Increased aquaculture production will result in increased amounts of waste produced, and these wastes are
highly underexploited. Polychaetes might effectively consume such waste and transfer them into compounds as
marine proteins and lipids. In our study, growth and nutritional composition of the polychaete worm Hediste
diversicolor (O.F. Müller, 1776) were analyzed to evaluate i) the capability of H. diversicolor to utilize waste from
land-based salmon smolt farms for growth and ii) the nutritional composition of H. diversicolor cultivated on
salmon smolt waste. The worms were fed iso‑carbonic diets comprised of fish feed, smolt waste, microalgae
paste, and a 1:5 mixture (based on carbon content) of microalgae paste and smolt waste for a period of 30 days.
H. diversicolor reared on fish feed grew significantly faster (wet weight basis) than worms grown on the other
diets (SGR = 0.025 d−1). Worms fed with the mixture of smolt waste and microalgae showed the lowest growth
(SGR = 0.003 d−1), while no significant differences were found between worms cultivated on smolt waste and
microalgae paste (0.012 d−1vs. 0.014 d−1, respectively). The lipid content in H. diversicolor ranged between 12
and 16% of DW for all treatments, whereof approximately 45% of the total fatty acids were comprised of
polyunsaturated fatty acids (PUFA). Palmitic acid (C16:0) and eicosapentaenoic acid (C20:5 n-3; EPA) were
found to be the most abundant fatty acids in the worms. Docosahexaenoic acid (C20:6 n-3; DHA) content in-
creased significantly from 1.5% to 4.6–7.8% of the total fatty acids during the experiment for all treatments. The
protein content ranged between 54 and 58% of DW, and the most abundant essential amino acids (EAA) were
found to be lysine and leucine. We calculated that potential polychaete biomass produced via recycling smolt
waste nutrients will account for 8% of smolt production, indicating that H. diversicolor can not only be suc-
cessfully reared on waste sludge from land-based salmon smolt aquaculture, but they also contain high valuable
compounds, and therefore can help to increase the protein and lipid availability meanwhile decreasing the
environmental impact from aquaculture activities.

1. Introduction

Aquaculture is the world's fastest growing food production sector
and further growth is needed to meet the dietary requirements of the
human population (FAO, 2017). In 2016, 47% of fish consumed glob-
ally came from aquaculture, and this share is expected to exceed 57%
by 2025 (FAO, 2017). Along with a production increase, the demand for
aquafeed also increases. Marine fish depend on a rich supply of omega-
3 fatty acids, which are usually of marine origin and harvested in the
form of forage fish being processed to fish meal and fish oil (Tacon and
Metian, 2015; Cashion et al., 2017). As most wild fish stocks are already

overexploited (Pauly and Zeller, 2016), relying on natural sources of
marine feed ingredients will always be linked to fluctuating availability.
To overcome such fluctuations, searching for more sustainable feed
ingredients have received a lot attention in recent decades. Land-based
materials such as soybean, maize and oilseed cakes are widely used as
cheaper substitutes for fishmeal and fish oil (Fournier et al., 2004;
Montero et al., 2005; Alam et al., 2018). However, these plant-derived
ingredients lack essential amino acids and fatty acids, and contain an-
tinutritional factors such as protease inhibitors, phytates, tannins, al-
kaloids and antivitamins, which can have adverse effects on fish growth
and health (Francis et al., 2001).
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Polychaete worms of the family Nereididae contain high levels of
proteins and n-3 long-chain polyunsaturated fatty acids, which are es-
sential ingredients in aquafeeds (Narciso and da Fonseca, 2000;
Bischoff et al., 2009; Brown et al., 2011; Santos et al., 2016). Poly-
chaetes are considered to have a well-balanced nutritional profile for
use as fish broodstock diets (Palmer et al., 2014) and is an indispensable
maturation supplement for fish and shrimp broodstocks (Norambuena
et al., 2012; Leelatanawit et al., 2014). In addition to an adequate
nutritional quality, using polychaetes as feed can have supplementary
advantages as demonstrated in a study by Barata et al. (2007), that
showed that amino acids and other odorants released by the ragworm
H. diversicolor can attract feeding of the Senegalese sole (Solea senega-
lensis). Leelatanawit et al. (2014) demonstrated that male shrimps
(Panaeus monodon) exclusively fed with the polychaete Perinereis nuntia
had higher survival, growth and sperm performance than those fed with
commercially available brood stock diets.

There is a high potential for intensive production of H. diversicolor
reared on waste streams from land based aquaculture due to its natural,
coprophagous feeding behavior. It has been shown that H. diversicolor
can feed on fecal pellets from crustacean Euphausiids and copepods
(Uttal and Buck, 1996), carpet shell clam (Batista et al., 2003), mysid
crustaceans (Bradshaw et al., 1990), and fish faeces (Brown et al.,
2011), but also on detritus and plant materials (Olivier et al., 1996),.
Several studies have shown that polychaetes maintained in polychaete
assisted sand filters (PASF) can efficiently handle sludge from land
based aquaculture and simultaneously gain biomass (Palmer, 2008;
Palmer et al., 2014; Fang et al., 2016; Marques et al., 2017). Palmer
et al. (2014) showed that the nutritional composition of Perinereis helleri
grown on wastes from prawn ponds was well-balanced in terms of
amino acid, fatty acid, vitamin and mineral profiles. Pajand et al.
(2017) demonstrated that H. diversicolor had great growth potential,
and a favorable fatty acid profile, when integrated in culture with
European sturgeon (Huso huso). H. diversicolor have a predominant
metabolic rate, energy demand and uptake rate as their small body
mass (Norkko et al., 2013), and moreover, they can reach the com-
mercial size (10–12 cm) and maturation around four months in high
density under control environment (Nesto et al., 2012). Accordingly,
integrating polychaete production with finfish aquaculture, to exploit
waste streams and convert it to valuable biomass, has a large potential.

This study aimed to evaluate the potential of utilizing waste from
land-based salmon smolt aquaculture as feed for H. diversicolor, and
assess worm production. We used three different types of feed for our
experiment: 1) salmon smolt sludge waste, as the recycling potential of
the worms was the main focus of the study, 2) fish feed, as this is the
high quality component of salmon sludge waste, before fish digestion,
and 3) microalgae paste, as this is a lipid and protein rich diet which
mimics a more natural feeding situation, as microalgae form a good
part of the detritus at times in nature. In order to test for deficiencies of
salmon smolt sludge as the sole source of nutrition for H. diversicolor,
we mixed 20% of microalgae paste to the sludge. The worms were
analyzed for growth, lipid content and fatty acid composition, protein
content and amino acid composition. The hypothesis was that H. di-
versicolor gain biomass by consuming waste from land-based aqua-
culture and convert to high value biomass suitable for use in aquafeeds.

2. Material and methods

2.1. Collection and maintenance of H. diversicolor

The polychaetes (H. diversicolor) used in the experiment were col-
lected from intertidal flats of Leangenbukta, Trondheim, Norway
(63°26′24.5″N, 10°28′27.7″E) in October 2016 and transferred to the
laboratories at SINTEF SeaLab the same day. The worms were accli-
mated in flow-through tanks (n = 12, 52 × 36 × 18 cm W × D × H)
with a 10 cm natural sediment layer (collected on-site) for 3 weeks
during which time they were fed live microalgae (Rhodomonas baltica).

The water temperature was increased by 1–2 °C per day until it reached
a temperature of 19 °C.

2.2. Feeding experiments

The experiment was conducted in a multi-rack system operated as a
flow-through system (XHAB XR3 stand alone, AQUATIC HABITATS®,
Pentair Aquatic Eco-Systems Inc., USA) consisting of 20 polycarbonate
tanks (16-L, 47 × 26 × 21 cm W × D × H) with density of
275 ind m−2. At the end of the acclimation period, alive and intact
polychaetes were selected for the feeding experiment and randomly
stocked to the experimental units. We did not select for sex or ma-
turation. Even though the season in which we conducted the experi-
ment falls within the time of previtellogenesis of this species in mid-
Norway, we are confident that our light treatment (simulation a
summer situation) suppressed further maturation, as it has been shown
by Olive (1999). The worms were weighed individually on a balance
(Science Education, SE 622, VWR, Italy) after a starvation period of
≥2 h to assure the gut was empty upon weighing. The tanks were filled
with a layer of crushed chamotte (8 cm depth, ceramic clay with grain
size 0.5–2 mm, Alt for Keramikk AS, Norway) and seawater before the
polychaetes (n = 30, 0.20 ± 0.06 g wet weight ind.−1) were placed in
each tank. Salinity, pH and dissolved oxygen levels (% DO) were re-
corded daily throughout the experiment. Water temperature and sali-
nity was kept constant (19 ± 1 °C, 33 ± 1 ppt salinity), flow rate was
set to 6 L tank−1 h−1 over the course of 8 h day−1 (to allow stagnation
during feeding) to ensure oxygen level above 70%, and the photoperiod
was set to 16 h:8 h light:dark. The tanks were continuously aerated with
atmospheric air supplied through an air stone placed at the sediment
surface. Dead worms that were visible at the sediment surface were
immediately removed from the tanks. The worms were fed four dif-
ferent diets: (1) Ground fish feed (GEMMA Diamond 1.0, Skretting); (2)
Smolt waste (from SalMar Settefisk AS, Follafoss) which was cen-
trifuged at 3000 rpm for 10 mins to discard the supernatant. The re-
maining paste-like sediment was frozen at −20 °C in individual feeding
doses and thawed before use; (3) Microalgae paste (Shellfish Diet
1800®, Instant Algae ®, Reed Mariculture, USA) and (4) a mix of mi-
croalgae paste and smolt waste at a 1:5 ratio, respectively (Table 1).
There were five replicate tanks for each treatment. The fish feed group
was fed 3% of the worm biomass (WW) day−1. The other treatments
were given the carbon equivalent of the fish feed of their respective
diets, which amounted to 37.8% and 21.4% of the worm biomass (WW)
for the microalgae paste and smolt waste, respectively. The polychaetes
were fed daily for a period of 30 days.

At the end of the experiment, the worms were collected and placed
in fresh seawater for 2–4 h for gut clearance (based on observation and
weight measure). Thereafter, the worms were weighed, freeze-dried
and stored in nitrogen atmosphere at −80 °C for further analysis.
Samples of fish feed, smolt waste and microalgae paste were freeze
dried and homogenized with a mortar and pestle for lipid and amino
acid analysis and sieved through a 1 mm sieve for CHN analysis. In
addition, field-collected polychaetes (hereafter referred to as “Wild”)
and polychaetes sampled during the acclimatization period (hereafter

Table 1
Proximate composition of diets (mean ± SD; g g−1 dry weight, n = 2 re-
plicates). Note: the composition of microalgae paste was taken from the tech-
nical data of the products except for the carbon.

Diets Fish feed Smolt waste Microalgae
paste

Mix (calculated)

Carbon 0.47 ± 0.01 0.29 ± 0.00 0.28 ± 0.0 0.29
Ash 0.11 ± 0.0 0.43 ± 0.02 0.22 0.40
Protein 0.61 ± 0.0 0.25 ± 0.00 0.45 0.28
Lipid 0.15 ± 0.0 0.09 ± 0.02 0.14 0.10
Carbohydrate 0.13 ± 0.0 0.24 ± 0.01 0.17 0.23
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referred to as “Initial”) were analyzed for elemental and biochemical
composition.

2.3. Elemental and biochemical composition

The elemental and biochemical composition of the polychaetes were
assessed by analyzing the content of ash, total carbon (C) and nitrogen
(N), total lipid, fatty acid composition, and amino acid profiles. Ash was
determined by combusting dry samples at 450 °C in a muffle furnace for
5 h. Total C and N was measured using an elemental analyser (Costech
Instruments ECS 4010) using acetanilide (C8H9NO) as a known stan-
dard. Protein content was calculated by multiplying total N with a
factor of 6.25 (Jones, 1941). The carbohydrate content was determined
by subtracting ash, protein and fat content from the total dry weight of
the samples.

Total lipids were extracted using the method of Bligh and Dyer
(1959), while the lipids of the microalgae samples were extracted by
the method of Jakobsen et al. (2008). The total lipid was determined
gravimetrically by weighing an aliquot of extract in a pre-weighed vial.
Fatty acids were esterified to fatty acid methyl esters using BF3-me-
thanol (Metcalfe et al., 1966; Li et al., 2015), and thereafter analyzed
using a gas chromatograph (Agilent Technologies 7890B, USA) with
helium carrier gas and WCOT fused-silica capillary column coating CP-
wax 52CB (Holger CP7713).

Amino acids composition were determined according to method of
Šližytė et al. (2017) using HPLC (Agilent Technologies Infinity 1260)
coupled with an online post-column derivatization module (Pinnacle
PCX, Pickering laboratories, Mountain View, CA, USA). Freeze-dried
samples of 0.05–0.1 g were weighed in test tubes, hydrolyzed in 6 M
HCl containing 0.4% mercaptoethanol at 110 °C for 24 h. After hydro-
lysis, samples were filtered (Whatman glass microfiber filters, grade
GF/C, 47 mm) and the pH was adjusted to 2.2 before HPLC analysis.

2.4. Growth of polychaetes

The specific growth rate (SGR, d−1) of the polychaetes was calcu-
lated by the formula:

= W ln W
t

SGR [ln ]t 0

where Wt is the mean final biomass (g WW), W0 is the mean initial
biomass (g WW) and t is duration of the experiment (d).

2.5. Statistical analysis

IBM SPSS Statistics V25.0 was used for statistical analysis. Data for
growth, elemental composition, amino acids and fatty acids profiles
were tested for normal distribution using the Kolmogorov–Smirnov test.
As percent data has a tendency towards a binomial distribution, all
percentage data were transformed using equation:

= × datatransf 180/ sin ( /100 )data
1 before analyses. The nutritional

components of the diets and polychaetes were compared using one-way
ANOVA. Homogeneity of variance was tested with a Levene's test. If
homogeneity of variance was nonsignificant, the Bonferroni method
was used for multiple comparisons, otherwise the nonparametric
Dunnett's T3 test was used. The statistical significance level was set to
p < 0.05. Principal component analysis (PCA) was performed to obtain
a more integrated interpretation of amino acid and fatty acid profiles
among different treatments by using Minitab® v.18 statistical software
(Minitab Inc., PA, USA), and correlation matrix was used to standardize
the data. A cluster analysis was performed to identify the similarity or
dissimilarity between treatments using package “cluster” with K-means
method in RStudio 1.1.456.

3. Results

3.1. Growth and proximate composition of the polychaetes

Worms fed with fish feed showed a significantly higher growth rate
compared to the other groups. There were no significant differences in
SGR between the smolt waste and microalgae treatments, whereas the
mixed diet treatment showed the lowest SGR (p < 0.05, Table 2). The
worms reared on either fish feed, smolt waste or microalgae had lower
protein content compared to the Initial and Wild worms (p < 0.05).
The worms reared on fish feed showed a significantly higher fat content
than all other treatments except for the microalgae treatment
(p < 0.05). There were no significant differences in ash and carbohy-
drate content between treatments.

3.2. Amino acids

3.2.1. Feeds
The concentration of total amino acids was much higher in the fish

feed (358 ± 7.9 mg g DW−1) compared to the smolt waste
(117 ± 4.5 mg g DW−1) and microalgae paste (101 ± 2.4 mg g
DW−1) (Fig. 1). However, the content of essential amino acids (EAA) in
fish feed, smolt waste and microalgae paste was similar at 46.2, 47.5
and 45.4% of the total AA, respectively. Glutamic acid + glutamine,
alanine, aspartic acid + asparagine, leucine and proline were the most
prevalent amino acids in the three diets. The fish feed contained more
lysine and arginine than smolt waste and microalgae. Conversely,
phenylalanine was lower in the fish feed than in the other diets.

3.2.2. Polychaetes
The total amino acid content of the worms decreased during the

course of the experiment compared to the Initial worms (p < 0.05),
except for the mixed treatment. The EAA concentration in the poly-
chaetes ranged from 42.1–45.0% of total amino acids between treat-
ments, and all treatments showed a higher EAA content than the Wild
(41.8%) and Initial (41.7%) polychaetes (Fig. 1). The most abundant
EAA's (% of total AA) were lysine (8.4–10.1%) followed by leucine

Table 2
Specific growth rate (d−1) and proximate nutritional composition (mean ± SD g g−1 dry weight, n = 5 replicates, n = 3 for Initial and Wild) of H. diversicolor for the
different feeding regimes; fish feed, smolt waste, microalgae, mixed diet; and Wild (field-collected), Initial (at the end of the acclimatization period, fed with
Rhodomonas baltica.). Different superscripts from a to d within rows denote significant (p < 0.05) differences in descending order.

Treatments Initial Wild

Fish feed Smolt waste Microalgae Mix

SGR (d−1) 0.025 ± 0.0a 0.012 ± 0.0b 0.014 ± 0.0b 0.0025 ± 0.0c – –
Ash 0.11 ± 0.02 0.13 ± 0.02 0.14 ± 0.02 0.12 ± 0.02 0.11 ± 0.06 –
Carbon 0.46 ± 0.00a 0.44 ± 0.01 0.44 ± 0.01 0.45 ± 0.01 0.43 ± 0.00 0.43 ± 0.01
Nitrogen 0.09 ± 0.00b 0.09 ± 0.00ab 0.09 ± 0.00 ab 0.09 ± 0.00 ab 0.10 ± 0.00 ab 0.10 ± 0.00a

Protein 0.54 ± 0.01c 0.55 ± 0.01bc 0.54 ± 0.01c 0.58 ± 0.01ab 0.60 ± 0.02a 0.60 ± 0.01a

Lipid 0.16 ± 0.01a 0.12 ± 0.01bc 0.14 ± 0.01ab 0.13 ± 0.01bc 0.11 ± 0.08c 0.13 ± 0.01bc

Carbohydrate 0.20 ± 0.01 0.20 ± 0.01 0.18 ± 0.02 0.17 ± 0.02 0.18 ± 0.02 –
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(7.4–7.9%). The most abundant non-essential amino acids NEAA's (% of
total AA) were glutamic acid + glutamine (11.7–13.3%) followed by
proline (10.5–13.3) and aspartic acid+asparagine (7.4–7.8).

Initial and Wild worms had similar total AA concentrations as the
worms fed with fish feed, but were higher than for the other treatments.
The total AA concentrations in worms fed smolt waste, microalgae and
mxed diet were 310.8 ± 6.6, 314.5 ± 11.2, and 331.7 ± 9.2 mg g
DW−1, respectively, which except for the fish feed treatment was higher
than the AA concentrations in the diets alone. Polychaetes fed with fish
feed showed the lowest total AA concentration (285.3 ± 11.5 mg g
DW−1), which was lower than in the diet. Worms fed with fish feed and
smolt waste showed an increased EAA content compared to the Initial
worms (p < 0.05). Furthermore, worms fed fish feed had a higher content
of EAA compared to worms fed microalgae paste and mixed diet
(p < 0.05). The proportions (% of total AA) of lysine and proline were
both higher in the worms than in the diets (p < 0.05). The proportions of
the amino acids tryptophan, alanine and serine in the worms were gen-
erally lower compared to those in their respective diets.

Principal component 1 of the amino acid profiles (PC-1, Fig. 2)
explained 51% of the variation, and principal component 2 (PC-2)
further explained 27% of the variation, hence, 78% of the variation was
explained by the first two components. Worms from the fish feed
treatment showed negative PC-1 scores and revealed clear differences
in amino acid composition compared to Initial and Wild worms which
showed higher, positive PC-1 scores. Polychaetes fed fish feed showed
high proline and lysine content, which was distinctively different from
Initial and Wild worms that had a high content of serine and alanine
(Fig. 2). Worms fed with smolt waste, microalgae and the mixed diet
were separated from worms fed fish feed by their higher PC-2 scores,
indicating that they had higher percentages of glutamic acid+gluta-
mine and glycine.

3.3. Fatty acids

3.3.1. Feeds
The total fatty acid content was highest in the fish feed and lowest in

the smolt waste (Table 3). The diets differed significantly from each
other with respect to saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA) and polyunsaturated fatty acids (PUFA). SFA and MUFA
were highest in smolt waste and lowest in the microalgae paste. The
highest PUFA content was found for the microalgae paste, followed by
fish feed and smolt waste. The fish feed had higher levels of C20:4 n-6,
C22:5 n-3 and C22:6 n-3, while the microalgae had higher levels of
C14:0, C16:1 n-7, C18:3 n-3, C18:4 n-3 and C20:5 n-3. Conversely, the
content of most saturated and monounsaturated fatty acids was higher
in smolt waste than in the other diets.

3.3.2. Polychaetes
The total lipid content of the worms fed fish feed was similar to the

worms fed microalgae, and was significantly higher than for worms fed
smolt waste and the mixed diet, as well as the Initial and Wild worms
(p < 0.05, Table 4).

The total FA content in worms from all treatments were significantly
higher than for the Initial and Wild worms, whereof worms fed fish feed
showed the highest total FA content. Worms fed microalgae showed
significantly higher levels of SFA compared to the other treatments
(p < 0.05), while for MUFAs the results showed the exact opposite.
The PUFA levels in all polychaete samples accounted for 30–50% of the
total FA. C16:0 and C20:5 n-3 were the most abundant fatty acids, and
the levels were nearly the same for all treatments.

The worms fed microalgae paste showed a significantly lower content
of linoleic acid (C18:2 n-6) than the other treatments, whereas worms fed
fish feed and smolt waste showed the highest C18:2 n-6 content (6.92%
and 6.47%, respectively). The C18:3 n-3 level in the worms decreased

Fig. 1. Amino acid composition (% of total AA) of experimental
diets: fish feed (n = 2 replicates), smolt waste (n = 2 replicates)
and microalge (n = 3 replicates); and amino acid composition (%
of total AA) of H.diversicolor under different food regimes: fish
feed, smolt waste, microalgae and a mix (n = 5 replicates); and
Wild (n = 1 replicates, natural field), Initial (n = 2 replicates,
experiment start, fed with Rhodomonas baltica). ARG = arginine,
HIS = histidine, ISO-LEU = isoleucine, LEU = leucine,
LYS = lysine, MET = methionine, PHE = phenylalanine,
THR = threonine, TRP = tryptophan, VAL = valine,
ALA = alanine, ASP = aspartic acid+asparagine, CYS = cystine
(Cys-Cys), GLU = glutamic acid+glutamine, GLY = glycine,
PRO = proline, SER = serine, TYR = tyrosine. EAA = essential
amoni acids, NEAA = non-essential amino acids.
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significantly for all treatments compared to the Initial and Wild worms
(p < 0.05). The content of C20:4 n-6 (ARA) for all treatments were sig-
nificantly lower than for the Initial and Wild worms (p < 0.05), except for
the worm fed with smolt waste. EPA (C20:5 n-3) content decreased sig-
nificantly for all treatments compared to Wild worms (p < 0.05), apart
from the worms fed microalgae. Moreover, the worms that were fed fish
feed and smolt waste had lower EPA content than those fed with micro-
algae and the mixed diet. Worms from all treatments showed an elevated
DHA (C22:6 n-3) content compared to the Initial and Wild worms
(4.64–7.80% vs. 1.4–1.5%, respectively; p < 0.05), where the highest
DHA content was found for worms fed fish feed (p < 0.05). The ratio of n-
3 to n-6 varied from 2.3 ± 0.04 to 3.1 ± 0.14 across all treatments,
where the highest and lowest ratios were found for worms fed microalgae
paste and smolt waste, respectively.

The PCA of the proportion of fatty acids represented a composi-
tional difference in polychaetes with the first two principal components
explaining 97% of the variability of the data (Fig. 3). Moreover, worms
fed with fish feed and smolt waste were strongly linked, while the
characteristics of the mixed diet was closer to the smolt waste group
than the microalgae group. Polychaetes fed fish feed was relatively
enriched in C18:1 n-9, C18:2 n-6 and C22:6 n-3, while C16:0 and C20:5
n-3 were the dominant fatty acids in the Microalgae group (Fig. 3b).
The level of C16:0 and EPA was higher in the microalgae group than in
the other feeding groups, while conversely lower level of C18:1 n-9 and
C18:2 n-6 were found in the microalgae fed group, separating them
from smolt waste and mix groups.
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Fig. 2. PCA of amino acid profiles in polychaetes fed different diets: fish feed, smolt waste, microalgae and a mixed diet; Wild (field-collected), Initial (experiment
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4. Discussion

Our study showed that H. diversicolor can be reared successfully on
salmon smolt waste, and that the worms can convert waste products to
high value compounds. H. diversicolor showed positive growth in all
treatments. The growth rates found in our study ranged from
0.012–0.025 d−1 except for the mix group. In comparison, Pajand et al.
(2017) reported growth rates of H. diversicolor reared on Huso huso
waste at 23 °C for 8 weeks being around 0.03 d−1. Bischoff (2007)
reared H. diversicolor on Dicentrachus labrax and Sparus aurata wastes
and reported growth rates of up to 0.02 d−1.

The low growth rates found in this study could have been caused by
various reasons, where the quality of the diets is the most obvious one,
but environmental and internal, development-related reasons might
explain variability in growth rates. The specimens used in this experi-
ment were collected in autumn, which commonly is when the onset
maturation processes takes place (Kristensen, 1984). Maturation coin-
cides with decreased growth rates due to the seasonal changes in day-
length, food supply, temperature and resource partitioning. H. diversi-
color has been shown to switch between somatic growth and
gametogenic development (Last and Olive, 1999) as a reaction of arti-
ficial manipulation of day length. We followed this approach and si-
mulated summer conditions to promote somatic growth and suppress
maturation, however, there might still have been a substantial ex-
penditure of energy like nucleolus synthesis during gametogenic de-
velopment (Olive, 1999; Eckelbarger, 2005). Furthermore, growth rates
generally decrease with animal size (Heip and Herman, 1979) and SGR
around 0.06–0.07 d−1 have only been reported for small, juvenile
worms (Nesto et al., 2012).

Food quality, quantity (Nielsen et al., 1995), availability and
feeding behaviour (Scaps, 2002) play a major roles in determining
growth rates. Video and visual observations during our study showed
that H. diversicolor tended to stick their head out of their burrows,
crawled near their burrows and ingested the feeds immediatley when

added, suggesting they were hungry at feeding times. Surface deposit
feeding is the preferred behaviour of the two feeding patterns typically
observed in this species (Aberson et al., 2016), which is in turn defining
territory size. H. diversicolor is known to be territorial (Miron et al.,
1992; Scaps, 2002), and Reise (1979) reported that the size of an in-
dividual worms' territory is around 4 cm2. Territory size is determined
by worm size, as this species usually does not completely leave the
burrow to search for food but tend to keep a fair proportion of their tail
in the burrow to be prepared for immediate retraction when disturbed.
We fed the polychates following an iso-carbonic approach, supplying
fish feed at 3% of wet biomass d−1 as the baseline. This resulted in
different amounts of feed being supplied to the polychaetes. The ad-
vantage of this approach is that the same amount of energy (carbon)
was available in all treatments, but it also means that the total amount
of food, hence the density of food particles at any given location on the
sediment offered, differed between the treatments. This might have
influenced the accessibility of food in the tanks. A more suited feeding
strategy for future industrial applications is feeding ad libitum, espe-
cially if the aim is high density cultures, where growth rates tend to
decrease (Scaps et al., 1993).

Protein is generally the most expensive basal component of fish
feed, and finding other protein sources than fish meal stemming from
capture fisheries has been in the limelight of research for some years
(Francis et al., 2001; Halver and Hardy, 2002; Devic et al., 2018).
Producing polychaetes on waste products from fin fish and crustacean
aquaculture can be a future prospect to become less dependent of
capture fisheries, and at the same time address the waste handling
challenges of the aquaculture industry. For protein, H. diversicolor in
our study showed high protein levels 54–58% in all treatments. In
comparison, Pajand et al. (2017) reported a protein content of about
49%, for H. diversicolor fed with H. huso waste.

Moreover, protein content alone does not determine the quality. The
protein quality is defined by the amino acid composition relative to the
consumers's requirement. Amino acids serve a whole range of functions
in living organisms. Limiting essential amino acids (LEAA) are the most
important EAA as they can improve the utilization of other amino acids
and reduce oxidation rates (Nunes et al., 2014). In aquaculture of many
fishes, methionine, lysine, arginine and threonine are the most limiting
dietary ingredients, especially if fishmeal is replaced by high levels of
plant protein (Li et al., 2009). The nutritional requirements (% of the
diet) of key limiting essential amino acids for Atlantic salmon (Salmo
salar) have been estimated to be 2.0% for lysine, 0.7% for methionine,
1.1% for threonine and 2–2.2% for arginine (Anderson et al., 1993;
Berge et al., 1998; Espe et al., 2008; Nunes et al., 2014). These LEAAs
were found to be above or close to these limits in polychaetes fed smolt
waste in our study. Compared with EAA content in H. diversicolor with
dietary EAA requirements of fish and shrimp based on their varying
dietary protein requirements (Tacon, 1987), most EAA can meet re-
quirement of EAA content at high dietary protein level (55% of dry
diet) for fish and shrimps.

Although the 10 EAA are indispensable for aquafeeds (Kaushik and
Seiliez, 2010), some non-essential amino acids like glycine, proline,
alanine and glutamic acid function as feed attractants and effectively
affect behavior of shrimp and fish (Carr et al., 1996; Nunes et al., 2006).
It is showed that H. diversicolor can release amino acids which can
improve olfactory sensitivity of S. senegalensis (Velez et al., 2007). Li
et al. (2009) showed that glycine can enhance feed intake and activate
osmoregulatory responses; proline can also promote fish feed intake;
alanine is essential to purine nucleotide synthesis and a preferred inner-
organ carrier of nitrogen to metabolize AA; Glutamine is an important
energy substrate in fish. These four amino acids, which are frequently
used as feed attractants, accounted for 38% of the total amino acids on
average in the polychaetes.

Lipids are used as energy for fish to oxidize amino acids. For fish and
shrimp, dietary protein requirement is 24–57% (Tacon, 1987), which
needs a general 10–20% of lipid (% of of dry diet) to oxidize these

Table 3
Fatty acid content (mg FA g DW−1, means ± SD) and fatty acid composition (%
of total FA) of experimental diets, fish feed (n = 2 replicates), smolt waste
(n = 2 replicates) and microalgae (n = 3 replicates). SFA = saturated fatty
acids, MUFA = monounsaturated FA and PUFA = polyunsaturated FA.

Fish feed Smolt waste Microalgae

Total FA
(mg g DW−1)

104.72 ± 2.02 47.24 ± 0.63 65.38 ± 3.46

% of total FA
C14:0 6.34 ± 0.03 5.89 ± 0.04 9.34 ± 0.06
C15:0 0.46 ± 0.00 0.49 ± 0.00 0.47 ± 0.03
C16:0 22.7 ± 0.11 26.99 ± 0.13 15.92 ± 0.08
C18:0 3.94 ± 0.01 5.83 ± 0.03 0.46 ± 0.02
C20:0 0.31 ± 0.00 0.79 ± 0.01 1.01 ± 0.03
ΣSFA 34.68 ± 0.15 40.87 ± 0.15 27.20 ± 0.21
C16:1 n-7 6.88 ± 0.04 4.83 ± 0.03 13.47 ± 0.02
C18:1 n-9 14.4 ± 0.01 21.1 ± 0.04 6.02 ± 0.05
C18:1 n-7 3.25 ± 0.00 3.71 ± 0.01 1.05 ± 0.03
C20:1 n-9 2.18 ± 0.01 4.94 ± 0.03 –
C22:1 n-9 0.28 ± 0.00 0.94 ± 0.00 –
C24:1 0.55 ± 0.00 1.33 ± 0.03 –
ΣMUFA 27.55 ± 0.04 36.85 ± 0.02 20.54 ± 0.07
C18:2 n-6 9.32 ± 0.01 7.85 ± 0.05 4.62 ± 0.02
C18:3 n-3 1.90 ± 0.00 2.05 ± 0.00 5.07 ± 0.07
C18:4 n-3 1.63 ± 0.00 1.16 ± 0.01 11.91 ± 0.05
C20:4 n-6 1.16 ± 0.01 0.48 ± 0.01 0.64 ± 0.01
C20:5 n-3 11.15 ± 0.04 3.80 ± 0.03 20.94 ± 0.14
C22:5 n-3 1.20 ± 0.00 0.58 ± 0.01 0.17 ± 0.04
C22:6 n-3 11.04 ± 0.06 6.23 ± 0.00 8.91 ± 0.14
ΣPUFA 37.77 ± 0.19 22.29 ± 0.13 52.26 ± 0.28
n-3 27.01 ± 0.21 13.82 ± 0.03 47.00 ± 0.29
n-6 10.76 ± 0.02 8.47 ± 0.16 5.26 ± 0.03
n-3/n-6 2.51 ± 0.03 1.63 ± 0.03 8.93 ± 0.09
DHA/EPA 0.99 ± 0.00 1.64 ± 0.01 0.43 ± 0.00
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protein without excessive lipids deposited in their tissues (Halver and
Hardy, 2002).

H. diversicolor differed way less in lipid and protein concentrations
that the feeds did. This indicates that H. diversicolor regulates its' in-
ternal energy storage and aims at about 55–60% protein and about
10–15% lipids. H. diversicolor is known to be very efficient in removing
minute amounts of lipids form their diets (Bradshaw et al., 1990). A
relatively low degree in flexibility in protein and lipid concentrations is
typically found in animals as compared to plants (Sterner and Elser,
2002). This indicates that H. diversicolor can efficiently transfer low-
value smolt sludge into high-value products such as feed for fish and
shrimp and provide enough energy to oxidize protein without the need
of excessive lipid storage.

Essential fatty acids (EFA) as docosahexaenoic acid (DHA; 22:6 n-3),
eicosapentaenoic acid (EPA; 20:5 n-3), arachidonic acid (ARA; 20:4 n-
6), linolenic- (LNA; 18:3 n-3) and linoleic acids (LOA; 18:2 n-6), are
known to affect animal growth, immune system, gonadal development
and the fatty acids metabolism (Glencross, 2009). In particular, the n-3
highly unsaturated fatty acids (n-3 HUFA's) EPA and DHA, are con-
sidered the most valuable EFAs for feed producers globally. The
EPA + DHA requirement of most juvenile and pre-adult fishes range
between 0.3 and 1.4% of dry diet (Tocher, 2010). In this study, poly-
chaetes fed with smolt waste had EPA + DHA levels around 1.4% of dry
diet, hence meeting the requirement of most fish.

H. diversicolor can be extremely efficient in assimilating fatty acids
deposited in sediments, which is considered important for the flux of
lipids through the food web (Bradshaw et al., 1990). Oxtoby et al.
(2016) reported that the surface deposit feeder Leitoscoloplos pugettensis
consumed EPA from microbial FA pools which is degraded from

phytodetritus and incorporated this fatty acid signature into its tissues.
In our study, DHA accumulated evidently for all feeding groups, but
conversely EPA decreased compared with the Wild worms for all
treatments except for the worms fed microalgae paste. This means that
H. diversicolor can efficiently retain the DHA from the diet. The ARA
content of the worms in the smolt waste treatment were similar to the
Wild worms, whereas for the other treatments the ARA levels de-
creased. It has been assumed that ARA and EPA are used as energy
source for production of protein and phospholipid compound for egg
yolk, thereby affect the larval survival and development (Glencross,
2009). Therefore, the decreasing content of ARA and EPA may indicate
that the reproduction process was suppressed as we hypothesized.

Though long chain polyunsaturated fatty acids (LC-PUFA) is the
most important in fish oil that can't be replaced by vegetable oil, but it
showed that replacement of fish oil with MUFA-rich vegetable oil will
not negatively affect the growth performance. MUFA can be used as
preferential source of energy for mobilization of tissue than PUFA
during starvation (Turchini et al., 2010). MUFA in this study account
for 9–12% of the total lipids. Moreover, C20:1n-9 that in fish oil origin
from zooplankton consuming fish at high latitude, which can be ef-
fectively absorbed by Atlantic salmon, and MUFA with C20:1n-9 and
C22:1 n-9 can provide more energy than that deficient in C20:1 and
C22:1 (Turchini et al., 2010). The C20:1n-9, C22:1 n-9 was also found
in H. diversicolor in this study, which were 2.6–4.5%, and 0.3–1.0% of
the total FA in our study.

In this study, feed conversion ratio (FCR) (g dry faeces used/g
polychaete biomass produced) of worm reared on smolt waste was 3.55.
Assuming an FCR for salmon smolt of 1.0 (Aas and Åsgård, 2017), for
1 kg of smolt feed (94% dry matter) used, 1 kg of smolt biomass was

Table 4
Fatty acid content (mg FA g DW−1, means ± SD) and fatty acid composition (% of total FA) of H. diversicolor under different food regimes: fish feed, smolt waste,
microalgae, mixed diet (n = 5 replicates); and Wild (n = 2 replicates), Initial (n = 3 replicates). Superscripts from a to d within the rows indicate significant
descending concentration (p < 0.05). SFA = saturated fatty acids, MUFA = monounsaturated FA and PUFA = polyunsaturated FA Different superscripts from a to d
within rows in table indicate significant (p < 0.05) differences in descending order.

Feeding treatments Initial Wild

Fish feed Smolt waste Microalgae Mix

Total lipid
(mg g DW−1)

157.4 ± 10.4a 123.6 ± 12.8bc 140.0 ± 7.6ab 131.1 ± 11.2bc 113.7 ± 0.8c 125.5 ± 8.3bc

Total FA
(mg g DW−1)

73.7 ± 6.2a 56.9 ± 7.8b 56.8 ± 3.2b 53.5 ± 6.0bc 41.16 ± 0.4c 41.57 ± 0.4bc

% of total FA
C14:0 2.41 ± 0.48b 1.67 ± 0.56bc 3.68 ± 0.27a 1.74 ± 0.21bc 1.21 ± 0.04c 1.86 ± 0.71bc

C15:0 0.49 ± 0.07c 0.60 ± 0.08bc 0.90 ± 0.11a 0.66 ± 0.06b 0.62 ± 0.03bc 0.63 ± 0.04bc

C16:0 20.06 ± 0.99bc 20.8 ± 1.01b 22.96 ± 0.82a 21.08 ± 0.22b 18.57 ± 0.34c 20.01 ± 1.04bc

C17:0 0.70 ± 0.14b 0.88 ± 0.14ab 1.03 ± 0.08a 0.99 ± 0.01a 1.03 ± 0.02a 0.96 ± 0.01ab

C18:0 4.12 ± 0.61c 5.00 ± 0.72abc 4.59 ± 0.12b 5.35 ± 0.12ab 5.72 ± 0.09ab 5.96 ± 0.04a

ΣSFA 27.78 ± 1.29bc 29.47 ± 1.00b 33.16 ± 1.04a 29.82 ± 0.30b 26.97 ± 0.34c 29.43 ± 1.82bc

C16:1 n-7 5.29 ± 0.73ab 4.06 ± 1.02b 5.71 ± 0.18a 4.15 ± 0.61b 4.40 ± 0.29ab 4.71 ± 0.10ab

C18:1 n-9 11.51 ± 0.34a 10.46 ± 0.81ab 7.05 ± 0.42d 9.54 ± 0.40bc 8.83 ± 0.44c 9.33 ± 0.36bc

C18:1 n-7 5.34 ± 0.42ab 5.64 ± 0.17a 4.90 ± 0.16b 5.43 ± 0.35ab 5.43 ± 0.14ab 5.63 ± 0.19ab

C20:1 n-9 2.63 ± 0.58b 4.11 ± 0.94a 3.49 ± 0.27ab 4.53 ± 0.19a 3.45 ± 0.18ab 3.66 ± 0.02ab

C22:1 n-9 0.26 ± 0.10 0.78 ± 1.02 0.36 ± 0.34 0.95 ± 0.83 0.47 ± 0.81 1.03 ± 0.27
C24:1 0.30 ± 0.12 0.38 ± 0.10 – 0.23 ± 0.22 – –
ΣMUFA 25.33 ± 0.76a 25.43 ± 0.73a 21.51 ± 0.30b 24.83 ± 0.61a 22.56 ± 0.14b 24.36 ± 0.39a

C18:2 n-6 6.92 ± 0.25a 6.47 ± 0.29ab 3.64 ± 0.13d 5.33 ± 0.40c 5.79 ± 0.68bc 5.31 ± 0.31c

C18:3 n-3 1.96 ± 0.09c 2.06 ± 0.22c 2.59 ± 0.10b 2.27 ± 0.18bc 3.35 ± 0.11a 3.39 ± 0.10a

C18:4 n-3 0.75 ± 0.18b 0.39 ± 0.30b 1.30 ± 0.13a 0.59 ± 0.17b 0.53 ± 0.04b 0.59 ± 0.02b

C20:2 n-6 4.86 ± 0.44 4.86 ± 0.44 4.31 ± 0.18 4.99 ± 0.22 4.73 ± 0.24 4.56 ± 0.22
C20:4 n-6 2.19 ± 0.53c 3.26 ± 0.63abc 2.29 ± 0.05c 3.07 ± 0.09bc 3.74 ± 0.21ab 4.05 ± 0.08a

C20:3 n-3 0.50 ± 0.06c 0.57 ± 0.10bc 0.36 ± 0.33c 0.63 ± 0.06b 0.81 ± 0.03a 0.73 ± 0.02ab

C20:5n-3 (EPA) 19.04 ± 0.87d 19.13 ± 0.58d 22.63 ± 0.51b 20.59 ± 0.87c 26.09 ± 0.41a 22.82 ± 0.55ab

C22:5 n-3 2.89 ± 0.10c 2.94 ± 0.22bc 3.20 ± 0.15bc 3.23 ± 0.20bc 3.77 ± 0.13a 3.40 ± 0.07ab

C22:6n-3 (DHA) 7.80 ± 1.09a 5.43 ± 1.21b 5.02 ± 0.21b 4.64 ± 0.24b 1.47 ± 0.06c 1.36 ± 0.10c

ΣPUFA 46.89 ± 1.64b 45.11 ± 1.18b 45.34 ± 0.9b 45.34 ± 0.82b 50.47 ± 0.47a 46.21 ± 1.43b

Σ n-3 32.93 ± 2.07ab 30.52 ± 1.85b 35.1 ± 0.92a 31.95 ± 0.77b 36.12 ± 0.09a 32.28 ± 0.82ab

Σ n-6 13.96 ± 0.57a 14.59 ± 0.79a 11.22 ± 0.64b 13.39 ± 0.26a 14.35 ± 0.56a 13.93 ± 0.61a

n-3/n-6 2.37 ± 0.23b 2.10 ± 0.25b 3.14 ± 0.14a 2.39 ± 0.07b 2.52 ± 0.11b 2.32 ± 0.04b

DHA/EPA 0.41 ± 0.04a 0.28 ± 0.05b 0.22 ± 0.01b 0.23 ± 0.02b 0.06 ± 0.0c 0.06 ± 0.0c
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produced. According to carbon budget of salmon, 19% of feed carbon
(C) will be released as faeces. The C content of faeces was 70% of that of
feed (Wang et al., 2012). Therefore, the fecal dry mass production was
0.25 kg. The sludge will be 0.28 kg including 3% feed loss. This sludge
can be utilized to produce 0.08 kg of polychaete biomass (WW) (Fig. 4)
meaning that the biomass yield of H. diversicolor will account for 8% of
smolt production.

Polychaetes are known to efficiently bioaccumulate minerals like
zinc (Zn), copper (Cu), cadmium (Cd), and silver (Ag), and is con-
sidered as a suitable bio-monitor for contamination (Ghirardini et al.,
1999; Gomes et al., 2013; Aas and Åsgård, 2017). Through comparing
the minerals found in Perinereis helleri (Palmer et al., 2014) with the
nutritional requirement of fish and shrimp (Tacon, 1987), such as
phosphorus (P), calcium (Ca), manganese (Mn) and Cu that were near
lower boundary of minerals typically found in fishmeal. Therefore, the
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Fig. 3. PCA of fatty acid profiles in polychaete with different food regimes: fish feed, smolt waste, microalgae and a mix; and Wild (natural field), Initial (experiment
start, fed with Rhodomonas sp.). The upper panel (a) shows factor coefficients plot (a), while the lower panel (b) shows the loading plot for the corresponding fatty
acids' contribution to the scores plot. Numbers at the x (PC-1)- and y-axis (PC-2) are the percentages of variance in fatty acid profiles explained by principal
components 1 and 2. The treatments were grouped into different clusters with circles.

Fig. 4. Estimate biomass production of polychaete with sludge through one
smolt of 1 kg production.
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ability of polychaetes to recycle phosphorus, calcium, manganese,
copper, and other mineral elements from fish sludge that can transfer
these minerals to fish feed, and if the bioaccumulation of heavy metals
such as Cd, lead (Pb) up to toxic concentration may need to be further
studied.

5. Conclusion

The results of this study demonstrated that H. diversicolor can be
reared on waste sludge from land-based salmon smolt aquaculture, and
that polychaetes can utilize excess nutrients contained in sludge that
are normally lost to the external environment. Protein and lipid con-
tents meeting the dietary requirement of fishes and shrimps, and ba-
lanced amino acid profiles, except for a low content of methionine,
suggests that polychaetes should be considered as an alternative feed
source that could partly replace fishmeal and fish oil. The results in-
dicate that cultivation of polychaetes on wastes from land-based salmon
smolt aquaculture has the potential to increase sustainability in fish
aquaculture through a more efficient use of globally limited feed re-
sources.
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