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1776) (Annelida: Nereidae)
reared on different types of
aquaculture sludge

Inka Anglade1*, Thomas H. Dahl1, Bjørn S. B. Kristensen1,
Andreas Hagemann2, Arne M. Malzahn2† and Kjell Inge Reitan1
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Introduction: Sustainable growth of the salmon aquaculture industry is highly

dependent on the availability of new feed resources as well as improved

management and utilization of waste streams from production. Polychaetes

are capable of recapturing and recycling valuable biomolecules contained in

aquaculture sludge and at the same time constitute a possible resource for

aquafeeds.

Material and methods: In this study, the potential of Hediste diversicolor (OF

Müller, 1776) to recover nutrients and energy contained aquaculture sludge was

evaluated. Hereby, the effect of two different diets, smolt and post-smolt sludge,

and different feed levels on polychaete growth, and biochemical and elemental

composition was assessed.

Results and discussion: Survival ranged from 80-90%, independent of

treatment. Specific growth rates at the highest feed levels were significantly

higher than at the lowest feed levels and growth was not affected by the type of

diet. Similarly, total lipid and total fatty acid content of polychaetes were

positively correlated with feed level while the type of diet had a limited effect.

Fatty acid composition of polychaetes reflected feed levels: in both diet groups,

polychaetes at lower feed levels showed a higher percentage of saturated fatty

acids; monounsaturated fatty acids increased with increased feed supply for

smolt sludge-fed group and polychaetes fed post-smolt sludge showed

increased polyunsaturated fatty acid content with increasing feed levels.

Neither diet nor feed levels affected protein content and amino acid

composition of polychaetes. In conclusion, H. diversicolor could be

successfully cultivated on both smolt and post-smolt sludge and was rich in

proteins and lipids as well as essential amino and fatty acids. The species can be

considered a promising candidate for recycling valuable nutrients from different

types of side streams salmon aquaculture.

KEYWORDS

Hediste diversicolor, nutrient recycling, polychaetes, salmon aquaculture, aquaculture
sludge, total lipid, fatty acids
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1 Introduction

The global population crossed the threshold of 8 billion in 2022

and is predicted to reach 10 billion by the end of this century

(United Nations, 2022). Population growth comes with many

challenges, food supply being one of them, and estimates show

that there will be a food gap of 56% in 2050 (Searchinger et al.,

2019). Aquaculture already plays a vital role in food and protein

supply and its importance will increase with agricultural production

growing only at a slow rate (Colgrave et al., 2021; Otsuka and Fan,

2021); farmed species as a proportion of global fisheries and

aquaculture are projected to grow from 49% in 2020 to 53% in

2030 (FAO, 2022). The Norwegian aquaculture sector has grown

continuously since the 1970s and Norway is the world’s largest

producer of farmed Atlantic salmon (Salmo salar L.) with over 1.5

million tonnes of salmon produced in 2021 (Shahbandeh, 2020;

Fiskeridirektoratet, 2022). In recent years, production has been

stagnating due to issues with parasitic infections and environmental

concerns. Access to high-quality ingredients for production of

aquafeeds could further restrict growth as 94% of assessed marine

fish stocks are overexploited or at maximum sustainable capture

capacity, hence future supply of fish meal and fish oil will not match

demand (Olsen, 2011; FAO, 2022). Next to solving resource supply

of feed ingredients, adequate handling of waste streams is

imperative for sustainable growth of the Norwegian salmon

industry. Both land- and sea-based production of Atlantic salmon

generate an immense discharge of dissolved and particulate

nutrients (Wang et al., 2012; Meriac, 2019). In 2022, 1.9 million

tonnes of salmon feed were used in Norway (Fiskeridirektoratet,

2023). According to Aas and Åsgård (2017), volumes of aquaculture

sludge in total salmon production are equivalent to 35-40% of the

feed input (WW), giving an aquaculture sludge production of over

700 000 tonnes in 2022. Currently, mostly sludge from land-based

smolt and post-smolt production facilities is collected, and land-

based sludge makes up roughly 2% of the total sludge production

(Aas and Åsgård, 2017). Based on these numbers, we estimate that

ca. 15 000 tonnes of aquaculture sludge were collected in 2022. Due

to a recent regulation (Meld. St. 16 (2014-2015)) that allows for

cultivation of smolt and post-smolt to larger sizes in land-based

systems, output of aquaculture sludge from land-based system will

increase significantly in the years to come. At the same time, there

are incentives to collect aquaculture sludge from sea-based facilities

using closed containment or pump systems (Regjeringen, 2015;

Olaussen, 2018), meaning that additional volumes of sludge will

need to be handled. Previous studies have shown that aquaculture

sludge from land-based salmon production is rich in nutrients and

can thus constitute an appropriate resource for extractive species.

The polychaete Hediste diversicolor (OF Müller, 1776) can

successfully grow on aquaculture sludge from different fish

species as a sole resource, and moreover, upcycle lipids and fatty

acids (FAs) contained in the sludge (Fidalgo e Costa et al., 2000;

Jerónimo et al., 2020; Malzahn et al., 2023). Brown et al. (2011)

reported that closely related Alitta (Nereis) virens fed waste feed and

feces from Atlantic halibut (Hippoglossus hippoglossus L.) was

highly effective in utilizing waste streams and had a higher lipid

content than the control group. Wang et al. (2019a; 2019b)
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successfully cultivated H. diversicolor on salmon aquaculture

sludge and solid biogas digestate and the polychaetes were

efficient in recycling organic nutrients contained in their diets.

Overall, both species were found to be rich in marine lipids and FAs,

as well as amino acids (AAs) and protein which could make them

suitable candidates to be used in aquafeeds (Brown et al., 2011;

Wang et al., 2019a; Wang et al., 2019b).

Feeds for salmon smolt and post-smolt differ; typical smolt feed

contains 220-240 mg lipids g-1 DW and 425-480 mg protein g-1

DW, while post-smolt feed has a higher lipid content of 315-355 mg

g-1 DW and lower protein content of 360-400 mg g-1 DW (BioMar,

2022; EWOS, 2022a; EWOS, 2022b). Accordingly, the lipid and

protein content of sludge generated in land-based smolt and post-

smolt production can be expected be different in terms of

nutritional value and biochemical composition. Further, salt

content in the sludges can be different as smolt production uses

freshwater while post-smolt are cultivated in brackish or saline

water. So far, it has not been investigated how such differences affect

the performance of extractive polychaete species. This study aimed

to investigate the suitability of using smolt and post-smolt sludge

for cultivation of H. diversicolor and evaluate possible effects of the

different diets on the polychaetes’ biochemical and elemental

composition. Moreover, the goal was to assess the effect of

different feed levels on growth, survival, and biochemical and

elemental composition of H. diversicolor. Hereby, the hypotheses

were that 1) H. diversicolor will perform similarly well on smolt and

post-smolt sludge, 2) increased feed availability will result in

increased growth, and 3) increased feed availability will affect

biochemical composition with regards to lipid and FAs.
2 Material and methods

2.1 Collection and preparation of
Hediste diversicolor

Individuals of H. diversicolor used in the experiment were

collected from sediment at low tide from the intertidal zone of

the Trondheimsfjord in Buvika (63°18’49.2”N 10°10’48.7”E).

Collection took place before visible sexual maturation of

individuals and prior to the trial which was conducted in

November 2019. Thereafter, they were transferred to flow-

through holding tanks (52 × 36 × 18 cm L x W x H) with

sufficient water flow, containing a 15 cm thick layer of sand. They

were acclimated in the tanks for four weeks at 16L:8D and 16°C and

fed commercial fish feed (GEMMA DIAMOND 1.0, Skretting AS,

Norway) during that period.
2.2 Experimental setup

H. diversicolor was cultivated in two fully automated XR3

cultivation racks operated as flow-through systems (Aquatic

habitats, Pentair plc, USA) with 20 cultivation tanks (16-L, 47 x

26 x 21 cm L x W x H) in each rack, of which 16 were used per unit.

Tanks were stocked with 15 polychaetes each, yielding a density of
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140 ind. m-2. At the start of the trial, unscathed polychaetes were

retrieved from the holding tanks, cleaned from sediment, and

placed in cups filled with clean seawater to allow for gut

evacuation for ≥ 2 h. Subsequently, adherent water was removed

and the polychaetes were weighed (balance: Science Education,

SE622, VWR Italy), the average initial weight was 250 ± 48 mg

(WW). Individuals were then placed into the cultivation tanks

which had been filled with a ca. 8 cm thick layer of sandbox sand,

leaving a water volume of 8 L. Temperature, salinity, pH and

dissolved oxygen levels (% DO) in the tanks were controlled three

times per week. Seawater temperature (16.3 ± 0.2°C) and salinity

(34.3 ± 0.2 ppt) were set and kept constant by the system. The flow

rate was set to 8 L d-1 (100% water exchange daily) to ensure an

oxygen saturation ≥ 95%, and the tanks were aerated through air

stones placed on top of the sediment. The photoperiod for the room

lighting was set to 16L:8D. Dead individuals that were found on the

sediment surface throughout the experiment were removed.

Polychaetes H. diversicolor were fed two different types of sludge

(diets) at four different feeding levels per diet with four replicate

tanks each (2x4x4). Polychaetes in system one received smolt sludge

(from Lerøy AS, Belsvik), those in system two were fed post-smolt

sludge (from LetSea AS, Dønna). Both types of sludge were

centrifuged at 3000 rpm for 10 minutes, the supernatant

discarded, and the remaining sludge frozen at -20°C to be thawed

a day prior to feeding. Feed levels were calculated based on

estimated nitrogen content of diets and polychaetes as described

by Malzahn et al. (2023). Wang et al. (2019b) established a nitrogen

content of H. diversicolor of 95 mg g-1 DW. Accordingly, the

different groups in this trial received feed doses equivalent to

different percentages of the nitrogen content of polychaetes.

Polychaetes fed smolt sludge (S) received 6% of polychaete N

(S6), 12% N (S12), 24% N (S24), 45% N (S45), and polychaetes

fed post-smolt (PS) sludge, received 6% N (PS6), 13% N (PS13),

25% N (PS25), 47% N (PS47). The polychaetes were fed every

second day for 30 days.

At the end of the experiment, polychaetes were retrieved from

the tanks and placed in clean seawater for ≥ 2 h to again allow for

gut evacuation. They were rinsed and adherent water was removed

by placing the worms on paper tissue; afterwards they were

weighed, freeze-dried, homogenized, and stored in liquid nitrogen

at -80°C for later analyses.
2.3 Survival and growth

Survival was calculated using:

Survival =
Nt

N0

� �
*100%

where N0 and Nt is the number of polychaetes (-) at the

beginning and the end of the experiment, respectively.

Specific growth rate SGR (d-1) based on weight (WW) of

polychaetes H. diversicolor was calculated using the formula:

SGR =
ln (Wt) − ln (W0)

t
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where Wt is the final mean biomass (mg WW), W0 is the initial

mean biomass (mg WW), and t is the duration of the trial (d). The

Von Bertalanffy growth function (Von Bertalanffy, 1938) was used

to describe the function of specific growth rates:

SGR = SGRmax(1 − exp ( − k(N  fed −SGR0))

where SGRmax (d
-1) is the mean value of the highest observed

SGRs in our trial, k (-) is the growth coefficient, Nfed is nitrogen fed

per day, and SGR0 is the value of Nfed for which the SGR is zero.
2.4 Biochemical and elemental analyses

Total lipid content, FA content and FA composition, protein

content, total AA content and AA composition, elemental

composition, and ash were analyzed for polychaetes and sludge.

Ash content was determined by combustion of samples in a muffle

furnace at 450°C for 5h. Total lipids were extracted with

dichlormethane (CH2Cl2) according to Bligh and Dyer (1959)

and subsequently determined gravimetrically. Following Metcalfe

et al. (1966), FAs were esterified to fatty acid methyl esters with BF3-

methanol and subsequently analyzed using a gas chromatograph

(7890B GC, Agilent Technologies, USA) with helium carrier, a

WCOT fused-silica capillary column coated with 28 CP-wax 52CB

(Holger CP7713). AAs were analyzed following Šližytė et al. (2017)

where samples were hydrolyzed for 24h at 110°C using 6 M HCL

containing 0.4% mercaptoethanol and then filtered (Whatman glass

microfiber filters, grade GF/C, 47 mm). The pH was adjusted to 2.2

before being separated by a high-performance liquid

chromatography (HPLC) system (Agilent Infinity 1260, Agilent

Technologies, USA) coupled to an online post-column

derivatization module (Pinnacle PCX, Pickering laboratories,

USA). Protein content was calculated by addition of water-free

AAs. Elemental analysis of pooled replicates for each diet and feed

level was conducted in accordance with NS-EN ISO 17294-2:2016

by SINTEF Norlab.
2.5 Statistical analysis

All basic statistical analyses were conducted using Sigmaplot for

Windows Version 14.0 (Systat Software, Inc., USA). Minitab® 21.1

(Minitab, LLC) was used for principal component analysis (PCA) of

FA and AA composition of polychaetes.

Normal distribution of data was tested using Shapiro-Wilk

normality tests, homogeneity of variance was evaluated by the

Brown-Forsythe test. For data that passed model control, a

Welch’s t-test was used when comparing two groups (diets and

corresponding feed levels of polychaetes fed different diets) and

one-way ANOVA with subsequent Pairwise Multiple Comparison

(Holm-Sidak method) was used for comparison of more than two

groups. Non-normal distributed data was log-transformed or

analyzed using a non-parametric Mann-Whitney Rank Sum Test

when comparing two groups and Kruskal-Wallis OneWay Analysis

of Variance on Ranks for multiple comparison. One-sample t-tests
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were conducted to determine significant differences in SGRs of

polychaetes at the lowest feed levels (S6 and PS6) from zero. Linear

regression followed by one-way ANOVA was done to evaluate the

effect of diets on composition of polychaetes.

Statistical analysis was performed at the 95% (p < 0.05)

confidence level.
3 Results

3.1 Survival and growth

Survival of polychaetes ranged between 80-90% across all feed

levels for both diets groups with no significant differences within or

between them (Figure 1).

Initial mean weight (WW) of individual polychaetes was 250 ±

48 mg across diet groups and feed levels with no significant

differences (Figure 2). Polychaetes fed smolt sludge had a

significantly higher final weight (WW, mg) in comparison with

initial weight (Welch’s t-tests, p < 0.05) at the higher feed levels S24

(408 ± 97 mg) and S45 (382 ± 100 mg). Further, there was a

significant difference (Welch’s t-test, p < 0.05) between initial and

final mean weight (WW) for polychaetes fed post-smolt sludge at

the highest feed level (PS47) with a final mean weight of 432 ± 53

mg. Polychaetes in both diet groups showed increasing SGRs with

increasing feed levels (Figure 3). SGRs at the lowest feed levels (S6

and PS6) were not significantly different from zero (one-sample

t-test, p ≥ 0.05). For the smolt sludge-fed polychaetes, SGRs ranged

from -0.001 d-1 (S6) to 0.017 d-1 (S45), and polychaetes at feed levels

S24 and S45 showed significantly higher growth (one-way ANOVA,

p < 0.05) than at feed levels S6 and S12. For the polychaetes fed

post-smolt sludge, SGRs varied between 0.003 d-1 (PS6) and 0.021

d-1 (PS47). A significantly higher SGR was found for polychaetes at

the highest feed level (PS47) compared with the lowest (PS6) (one-

way ANOVA, p < 0.05). There were no differences in SGRs of

polychaetes fed different diets when comparing corresponding feed
Frontiers in Marine Science 04
levels (S6 vs. PS6, S12 vs. PS13, S24 vs. PS25, and S45 vs. PS47)

(Welch’s t-tests, p ≥ 0.05). SGRs of the polychaetes at the different

feed levels followed the Von Bertalanffy growth function (Von

Bertalanffy, 1938) with a mean maximum growth rate SGRmax of

0.0189 d-1, a growth coefficient k of 0.1067 and an SGR of zero

(SGR0) at 5.8% N fed per day. Accordingly, we registered no growth

at the lowest feed levels (S6 and PS6) and a steep increase in SGRs

until around 15% N fed per day after which the growth function

flattened. Maximum growth was approached around 25% N with

no significant difference in SGRs between the two highest feed levels

in either diet group, S24 and S45, and PS25 and PS47, respectively.
3.2 Proximate biochemical and elemental
composition of diets and polychaetes

3.2.1 Diets
Smolt sludge had a significantly higher proportion of moisture

and unidentified material (which includes carbohydrates) than

post-smolt sludge (Welch’s t-tests, p < 0.05, Table 1). AA and

protein content of the two diets was not significantly different

(Welch’s t-tests, p ≥ 0.05). The proportion of ash, lipids and sum of

FAs was higher for post-smolt sludge than for smolt sludge

(Welch’s t-tests, p < 0.05. Percentages of saturated FAs (SAFAs),

polyunsaturated FAs (PUFA) and n-6 FAs were higher for post-

smolt sludge compared to smolt sludge while the proportion of

monounsaturated FAs (MUFAs) was significantly higher for smolt

sludge (Welch’s t-tests, p < 0.05, Table 2). There was no significant

difference for arachidonic acid (C20:4n-6; ARA), eicosapentaenoic

acid (C20:5n-3; EPA), docosahexaenoic acid (C22:6n-3; DHA) and

the sum of n-3 FAs between the two diets (Welch’s t-test, p ≥ 0.05).

Content of copper (Cu) and lead (Pb) was higher for smolt sludge

than for post-smolt sludge, while post-smolt sludge was higher in

calcium (Ca), iron (Fe), zinc (Zn), and cadmium (Cd) (Table 3).
FIGURE 1

Survival of polychaetes H. diversicolor fed different levels of smolt
sludge (S6-S24, n=4; S45, n=3) and post-smolt sludge (PS6-PS47,
n=4). Same superscripts indicate non-significant differences (p ≥ 0.05).
FIGURE 2

Initial and final mean weights (WW, mg) of polychaetes H. diversicolor
fed different levels of smolt sludge (S6-S24, n=4; S45, n=3) and post-
smolt sludge (PS6-PS47, n=4). Same superscripts indicate non-
significant differences (p ≥ 0.05). Asterisks indicate significant differences
between initial and final mean weight (p < 0.05).
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Content of arsenic (As) and tin (Sn) was similar in both type

of diets.

3.2.2 Polychaetes
Ash content of polychaetes fed smolt sludge and post-smolt

sludge was not affected by different feed levels (S6-S45, PS6-47; one-

way ANOVA, p ≥ 0.05, Table 1). There was no difference in ash

content when comparing the corresponding feed levels of the two

diet groups, smolt sludge-fed polychaetes and post-smolt sludge-fed

polychaetes, respectively (Welch’s t-test, p ≥ 0.05).

Protein content was also not affected by feed levels of

polychaetes fed smolt sludge and post-smolt sludge (one-way

ANOVA, p ≥ 0.05, Table 1). Moreover, there was no difference
Frontiers in Marine Science 05
between the corresponding feed levels of the different diet groups

(Welch’s t-test, p ≥ 0.05).

For polychaetes fed smolt sludge, lipid content increased

significantly from the lower feed levels S6 and S12 to the higher

feed levels S24 and S45 (one-way ANOVA, p < 0.05, Table 1). For

polychaetes fed post-smolt sludge, lipid content increased

significantly with each feed level. When comparing lipid content

of polychaetes fed different sludge types at the corresponding feed

levels, lipid content of polychaetes at level PS6 was significantly

lower than at S6, while at PS47 it was significantly higher than at

S45 (Welch’s t-test, p < 0.05). For the other feed levels, no

differences were observed.

The proportion of unidentified material, which includes

carbohydrates, of polychaetes did not vary significantly between

the different feed levels in either of the diet groups (one-way

ANOVA, p ≥ 0.05, Table 1). Further, there was no difference

between corresponding feed levels (Welch’s t-test, p ≥ 0.05).

Total AA content was similar with no significant difference

between feed levels both within and between diet groups (one-way

ANOVA, p ≥ 0.05, Table 1). Essential AA (EAA) composition (mg

g-1 DW and % of total AAs) was not significantly different when

comparing polychaetes fed at different feed levels within diet groups

(one-way ANOVA, p ≥ 0.05) and polychaetes from corresponding

feed levels (Welch’s t-test, p ≥ 0.05) between diet groups. Further,

no difference was detected for non-essential AA (NEAA)

composition (mg g-1 DW and % of total AAs) (Supplementary

Tables 1, 2).

For both smolt- and post-smolt sludge-fed polychaetes, total FA

content increased significantly with each feed level (one-way

ANOVA, p < 0.05), with the lowest FA content at the lowest feed

levels and the highest FA content at the highest feed levels in both

diet groups (Table 1).
TABLE 1 Composition of smolt sludge (n=3), post-smolt sludge (n=3) and polychaetes H. diversicolor fed different levels of smolt sludge (S6-S24,
n=4; S45, n=3) and post-smolt sludge (PS6-PS47, n=4).

Smolt
sludge

Smolt sludge-fed polychaetes Post-smolt
sludge

Post-smolt sludge-fed polychaetes

S6 S12 S24 S45 PS6 PS13 PS25 PS47

Moisture (% WW)
85.26 ±
0.45*

80.21 ±
2.09a

80.03 ±
0.51a

79.00 ±
0.30a

78.00 ±
2.17a

78.15 ± 0.55 80.66 ±
1.03A

82.13 ±
0.99A

79.53 ±
3.08A

79.31 ±
1.34A

Ash (mg g-1 DW)
129.74 ±
8.02

182.98 ±
25.28a

182.82 ±
25.54a

181.00 ±
30.14a

166.85 ±
19.12a

270.67 ± 2.99* 192.67 ±
42.35A

183.31 ±
43.68A

150.34 ±
18.18A

129.11±
14.24A

Protein (mg g-1 DW)
201.63 ±
6.48

381.54 ±
23.76a

383.69 ±
30.59a

347.61 ±
11.44a

337.33 ±
8.18a

190.68 ± 11.00 369.37 ±
40.05A

366.62 ±
33.45A

346.99 ±
15.31A

348.46 ±
16.84A

Lipids (mg g-1 DW)
113.12 ±
5.04

139.86 ±
6.28a

141.13 ±
6.26a

156.19 ±
10.56b

167.19 ±
4.78b

128.28 ± 2.33* 123.40 ±
4.79A

147.51 ±
5.78B

170.39 ±
11.63C

196.28 ±
14.31D

Unidentified material
(mg g-1 DW)

555.51 ±
13.64*

295.62 ±
20.51a

292.36 ±
15.24a

315.20 ±
11.46a

328.64 ±
11.24a

410.37 ± 11.75 314.55 ±
4.64A

302.56 ±
60.21A

332.28 ±
16.67A

326.16 ±
11.07A

Total amino acids
(mg g-1 DW)

235.61 ±
7.91

450.72 ±
27.95a

450.12 ±
31.03a

410.08 ±
12.90a

397.36 ±
10.07a

222.87 ± 13.51 435.83 ±
48.99A

431.79 ±
37.38A

424.45 ±
19.02A

428.72 ±
23.11A

Total fatty acids
(mg g-1 DW)

95.87 ±
1.67

62.72 ±
4.27a

74.69 ±
4.08b

93.68 ±
7.40c

108.71 ±
4.39d

117.79 ± 4.59* 50.84 ±
0.11A

71.36 ±
5.55B

92.78 ±
4.71C

101.84 ±
5.88D
fro
Different superscripts indicate significant differences between feed levels and asterisks indicate significant differences between diets (p < 0.05).
FIGURE 3

Specific growth rate of polychaetes H. diversicolor fed different
levels of smolt sludge (S6-S24, n=4; S45, n=3) and post-smolt
sludge (PS6-PS47, n=4).
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TABLE 2 Relative fatty acid (FA) composition (% of total FAs) of smolt sludge (n=3), post-smolt sludge (n=3), and polychaetes H. diversicolor fed
different levels of smolt sludge (S6-S24, n=4; S45, n=3) and post-smolt sludge (PS6-PS47, n=4).

Smolt
sludge

Smolt sludge-fed polychaetes Post-smolt
sludge

Post-smolt sludge-fed polychaetes

S6 S12 S24 S45 PS6 PS13 PS25 PS47

Total FAs
(mg g-1 DW)

95.87 ± 1.67 62.72 ±
4.15a

74.69 ±
4.32b

93.68 ±
7.22c

108.71 ±
6.56d

117.79 ± 4.59* 50.84 ±
3.10A

71.36 ±
5.53B

92.78 ±
6.64C

101.84 ±
5.96D

% of total FAs

C14:0 4.45 ± 0.22 1.56 ±
0.09

1.58 ±
0.10

1.65 ±
0.11

1.87 ±
0.07

3.69 ± 0.16 1.50 ±
0.11

1.56 ± 0.14 1.63 ± 0.25 1.48 ± 0.08

C15:0 0.46 ± 0.03 0.88 ±
0.05

0.74 ±
0.09

0.67 ±
0.04

0.66 ±
0.04

0.33 ± 0.01 0.95 ±
0.10

0.77 ± 0.06 0.67 ± 0.06 0.55 ± 0.04

C16:0 17.93 ± 0.76 22.17 ±
0.83

20.67 ±
1.17

18.79 ±
0.86

17.75 ±
0.91

18.87 ± 0.10 28.01 ±
1.46

22.60 ±
1.47

13.74 ±
7.92

15.62 ±
0.81

C17:0 0.36 ± 0.01 0.92 ±
0.02

0.82 ±
0.05

0.66 ±
0.06

0.59 ±
0.02

0.36 ± 0.00 1.19 ±
0.06

0.89 ± 0.05 0.71 ± 0.06 0.54 ± 0.04

C18:0 3.65 ± 0.15 5.63 ±
0.22

5.24 ±
0.19

4.58 ±
0.27

4.10 ±
0.19

8.36 ± 0.09 8.09 ±
0.25

6.16 ± 0.42 5.30 ± 0.81 4.62 ± 0.29

C20:0 0.57 ± 0.02 0.55 ±
0.02

0.53 ±
0.08

0.55 ±
0.03

0.34 ±
0.02

1.05 ± 0.02 0.49 ±
0.03

0.40 ± 0.05 0.41 ± 0.06 0.48 ± 0.02

C22:0 0.41 ± 0.00 0.30 ±
0.03

0.31 ±
0.04

0.35 ±
0.02

0.26 ±
0.01

2.01 ± 0.06 0.23 ±
0.03

0.27 ± 0.03 0.28 ± 0.03 0.27 ± 0.03

SSAFAs 27.81 ± 1.19 32.00 ±
0.94a

29.89 ±
1.45b

27.25 ±
1.06c

25.57 ±
1.13d

34.68 ± 0.45* 40.46 ±
1.91A

32.65 ±
1.92AB

22.73 ±
7.05AB

23.57 ±
0.91B

C14:1 0.37 ± 0.02 0.24 ±
0.04

0.22 ±
0.04

0.18 ±
0.03

0.17 ±
0.02

0.20 ± 0.02 0.35 ±
0.04

0.22 ± 0.05 0.18 ± 0.04 0.11 ± 0.02

C16:1 n-7 3.79 ± 0.13 3.57 ±
0.18

3.33 ±
0.19

3.45 ±
0.27

3.75 ±
0.19

3.70 ± 0.05 3.39 ±
0.10

3.48 ± 0.28 3.97 ± 0.71 3.89 ± 0.09

C17:1 0.02 ± 0.00 0.19 ±
0.07

0.17 ±
0.04

0.10 ±
0.03

0.13 ±
0.02

0.01 ± 0.00 0.54 ±
0.27

0.45 ± 0.09 0.16 ± 0.03 0.06 ± 0.04

C18:1 n-11 0.00 ± 0.00 4.30 ±
0.35

3.55 ±
0.43

2.72 ±
0.23

2.41 ±
0.18

0.00 ± 0.00 4.57 ±
0.18

3.49 ± 0.20 2.98 ± 0.25 2.39 ± 0.24

C18:1 n-9 30.11 ± 0.59 11.72 ±
1.77

14.75 ±
1.44

17.19 ±
0.96

20.51 ±
1.25

28.17 ± 0.11 15.26 ±
0.91

19.84 ±
0.92

22.04 ±
2.09

21.47 ±
0.53

C18:1 n-7 2.99 ± 0.04 5.55 ±
0.31

5.10 ±
0.25

4.77 ±
0.10

4.93 ±
0.19

3.07 ± 0.04 6.12 ±
0.15

5.74 ± 0.21 5.52 ± 0.65 5.13 ± 0.22

C20:1 n-9 5.79 ± 0.04 10.82 ±
0.46

11.12 ±
0.29

11.10 ±
0.21

11.22 ±
0.33

2.30 ± 0.07 9.51 ±
0.47

9.10 ± 0.23 9.07 ± 0.71 8.35 ± 0.29

C22:1 n-11 5.57 ± 0.13 2.36 ±
0.19

2.79 ±
0.23

3.69 ±
0.40

4.42 ±
0.30

1.21 ± 0.04 0.96 ±
0.17

1.13 ± 0.09 1.28 ± 0.09 1.36 ± 0.10

C22:1 n-9 0.75 ± 0.05 0.35 ±
0.07

0.38 ±
0.04

0.51 ±
0.04

0.56 ±
0.06

0.37 ± 0.03 0.29 ±
0.07

0.29 ± 0.07 0.31 ± 0.04 0.32 ± 0.02

C24:1 n-9 0.52 ± 0.01 0.00 ±
0.00

0.00 ±
0.00

0.04 ±
0.10

0.34 ±
0.05

0.00 ± 0.00 0.00 ±
0.00

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

SMUFAs 49.90 ±
1.02*

39.10 ±
1.23a

41.42 ±
1.33b

43.75 ±
1.32c

48.43 ±
1.90d

39.04 ± 0.35 41.00 ±
1.80A

43.73 ±
0.87A

45.52 ±
4.18A

43.08 ±
0.73A

C18:2 n-6 11.28 ± 0.26 5.76 ±
0.56

7.02 ±
0.56

7.77 ±
0.31

8.57 ±
0.14

14.92 ± 0.04 5.85 ±
0.51

8.64 ± 0.55 11.64 ±
1.29

12.05 ±
0.42

C18:3 n-6 0.07 ± 0.01 0.09 ±
0.11

0.19 ±
0.03

0.11 ±
0.03

0.12 ±
0.05

0.12 ± 0.01 0.11 ±
0.01

0.11 ± 0.01 0.16 ± 0.04 0.35 ± 0.06

C18:3 n-3 3.18 ± 0.21 2.57 ±
0.23

2.44 ±
0.27

2.34 ±
0.07

2.31 ±
0.14

4.73 ± 0.07 1.96 ±
0.22

2.39 ± 0.17 3.20 ± 0.53 3.27 ± 0.19

(Continued)
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For polychaetes fed smolt sludge, a significant increase in

SAFAs, MUFAs, PUFAs, ARA, EPA, DHA, and the sum of n-6

FA (mg g-1 DW) was registered from the lowest (S6) to the highest

(S45) feed level (one-way ANOVA, p < 0.05, Supplementary

Table 3). In terms of relative composition (% of total FAs), the

proportion of SAFAs decreased while percentages of MUFAs

simultaneously increased with each feed level (one-way ANOVA;

p < 0.05, Table 2). For PUFAs, there was no difference for

polychaetes between feed levels (one-way ANOVA, p ≥ 0.05, S6-

S45). Percentages of essential FAs, ARA, and EPA as well as the sum

of n-3 FAs were lower at the highest feed level (S45) compared to

the lowest feed level (S6); the sum of n-6 FAs was lowest at the

lowest feed level (one-way ANOVA, p < 0.05). There was no clear

trend for the polychaetes’ content of DHA, as it was only

significantly higher for polychaetes at feed level S24 compared to

the other feed levels.
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For polychaetes fed post-smolt sludge, absolute values (mg g-1

DW) of MUFAs, PUFAs, ARA, EPA, DHA as well as the sum of n-3

and n-6 FAs were significantly higher at the highest (PS47) than at

the lowest (PS6) feed level (one-way ANOVA, p < 0.05,

Supplementary Table 3). Considering the relative composition of

FAs (% of total FAs), MUFAs showed a decrease with increased feed

supply while PUFAs, EPA, DHA, and the sum of n-3 and n-6 FAs

were significantly higher at the highest feed level (PS47) than at the

lowest (PS6) (one-way ANOVA, p < 0.05, Table 2). The proportion

of SAFAs and ARA was not significantly different between feed

levels (PS6-PS47)

Arsenic and zinc content of H. diversicolor decreased with

increasing feeding level in both diet groups (Table 3). Cadmium

content was lowest at the highest feed levels in both diet groups. No

trend could be detected for calcium or lead content. Iron content of

polychaetes fed smolt sludge increased with increasing feed level,
TABLE 2 Continued

Smolt
sludge

Smolt sludge-fed polychaetes Post-smolt
sludge

Post-smolt sludge-fed polychaetes

S6 S12 S24 S45 PS6 PS13 PS25 PS47

C18:4 n-3 1.05 ± 0.12 0.33 ±
0.09

0.28 ±
0.08

0.29 ±
0.05

0.29 ±
0.04

0.56 ± 0.01 0.38 ±
0.07

0.35 ± 0.13 0.24 ± 0.06 0.30 ± 0.06

C20:2 n-6 0.37 ± 0.01 3.81 ±
0.35

4.19 ±
0.17

4.18 ±
0.46

3.75 ±
0.42

0.31 ± 0.02 2.47 ±
0.41

2.95 ± 0.38 4.15 ± 0.36 4.18 ± 0.29

C20:3 n-6 0.00 ± 0.00 0.49 ±
0.03

0.61 ±
0.06

0.68 ±
0.12

0.61 ±
0.12

0.00 ± 0.00 0.26 ±
0.03

0.33 ± 0.04 0.58 ± 0.13 0.71 ± 0.03

C20:4 n-6 ARA 0.30 ± 0.06 1.22 ±
0.13a

1.22 ±
0.18a

1.14 ±
0.05ab

0.93 ±
0.08b

0.25 ± 0.00 0.75 ±
0.12A

0.80 ±
0.12A

0.92 ±
0.07A

0.84 ±
0.07A

C20:3 n-3 0.00 ± 0.00 0.76 ±
0.11

0.64 ±
045).06

0.57 ±
0.06

0.47 ±
0.05

0.00 ± 0.00 0.42 ±
0.10

0.41 ± 0.10 0.53 ± 0.09 0.58 ± 0.05

C20:4 n-3 0.23 ± 0.04 0.41 ±
0.03

0.36 ±
0.08

0.38 ±
0.03

0.34 ±
0.04

0.15 ± 0.01 0.21 ±
0.02

0.25 ± 0.03 0.33 ± 0.07 0.33 ± 0.04

C20:5 n-3 EPA 2.71 ± 0.42 8.54 ±
1.08a

7.34 ±
1.24a

6.85 ±
0.59ab

5.04 ±
1.00b

3.18 ± 0.14 4.05 ±
0.81A

4.70 ±
0.53A

6.05 ±
2.28AB

6.75 ±
0.58B

C22:2 0.00 ± 0.00 0.49 ±
0.06

0.42 ±
0.06

0.40 ±
0.04

0.35 ±
0.05

0.00 ± 0.00 0.24 ±
0.03

0.33 ± 0.04 0.40 ± 0.06 0.40 ± 0.07

C22:3 0.00 ± 0.00 1.07 ±
0.12

0.85 ±
0.19

0.71 ±
0.06

0.54 ±
0.06

0.00 ± 0.00 0.54 ±
0.12

0.59 ± 0.10 0.63 ± 0.07 0.49 ± 0.11

C22:5 n-3 0.00 ± 0.00 2.08 ±
0.33

1.60 ±
0.43

1.39 ±
0.16

0.99 ±
0.21

0.28 ± 0.03 0.93 ±
0.28

1.04 ± 0.14 1.41 ± 0.20 1.36 ± 0.21

C22:6 n-3
DHA

3.10 ± 0.65 1.28 ±
0.16a

1.53 ±
0.33a

2.20 ±
0.18b

1.70 ±
0.37a

1.78 ± 0.09 0.38 ±
0.26A

0.73 ±
0.23A

1.50 ±
0.26B

1.73 ±
0.23B

SPUFAs 22.29 ± 1.61 28.90 ±
1.86a

28.68 ±
2.50a

29.00 ±
0.96a

26.00 ±
2.03a

26.28 ± 0.32* 18.54 ±
1.74A

23.61 ±
1.99B

31.74 ±
3.72C

33.34 ±
1.45C

Sn-3 10.27 ± 1.42 15.97 ±
1.78a

14.18 ±
2.40ab

14.01 ±
0.92ab

11.15 ±
1.75b

10.68 ± 0.32 8.32 ±
1.47A

9.86 ±
1.00A

13.26 ±
2.78B

14.32 ±
1.19B

Sn-6 12.02 ± 0.20 11.38 ±
0.23a

13.23 ±
0.51b

13.88 ±
0.64b

13.97 ±
0.61b

15.60 ± 0.03* 9.44 ±
0.53A

12.84 ±
0.92B

17.45 ±
1.77C

18.13 ±
0.59C

n-3/n-6 0.85 ± 0.11 1.39 ±
0.16

1.09 ±
0.17

1.01 ±
0.09

0.67 ±
0.35

0.68 ± 0.02 0.92 ±
0.16

0.76 ± 0.04 0.80 ± 0.07 0.79 ± 0.07

DHA/EPA 1.14 ± 0.07 0.15 ±
0.02

0.21 ±
0.03

0.32 ±
0.03

0.34 ±
0.04

0.56 ± 0.01 0.10 ±
0.07

0.15 ± 0.04 0.47 ± 0.72 0.26 ± 0.03
fro
SAFAs, saturated FAs; MUFAs, monounsaturated FAs; PUFAs, polyunsaturated FAs. Different superscripts and asterisks indicate significant differences (p < 0.05).
Bold values: Total FA (sum of all fatty acids, hence important), the sum of SAFAs, the sum of MUFAs, and the sum of PUFAs
ntiersin.org

https://doi.org/10.3389/fmars.2023.1197052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Anglade et al. 10.3389/fmars.2023.1197052
but no trend could be detected for polychaetes fed post-smolt

sludge. Copper content decreased with increased feed supply for

polychaetes fed smolt sludge but was similar for all polychaetes fed

post-smolt sludge. Tin content was below sensitivity limit (3.8 mg

kg-1) at all feed levels in both diet groups. Generally, there was no

increase with increased feed supply in any of the elements analyzed.
3.3 Dietary effects on biochemical
composition of Hediste diversicolor

Linear regression analysis revealed a strong positive correlation

(R2 ≥ 0.65; p < 0.05) between supplied lipids, total FAs fed, PUFAs,

and n-6 FAs (mg fed g-1 DW) and the respective content of

polychaetes (mg g-1 DW) for polychaetes in both diet groups,

where lipid, total FA, PUFA and n-6 FA content increased with

increased feed supply for polychaetes fed smolt sludge and post-

smolt sludge (Table 4).

For polychaetes fed smolt sludge, a strong positive correlation

(R2 ≥ 0.65; p < 0.05) was additionally found between feed level and

corresponding SAFA and MUFA content (mg g-1 DW) (Table 4).

Moderate positive correlation (0.4 ≤ R2 < 0.65; p < 0.05) between

supplied components and the respective content of polychaetes
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could be seen for ARA and DHA (mg g-1 DW), while a moderate

negative correlation was found for total AAs (mg g-1 DW). There

was a weak negative correlation (0.2 ≤ R2 < 0.4; p < 0.05) for n-3

FAs, EAA and NEAA and no correlation for EPA (mg g-1 DW) (R2

< 0.2; p ≥ 0.05).

Further, a strong positive correlation (R2 ≥ 0.65; p < 0.05)

between feed level and content of EPA, DHA and n-3 FAs (mg

g- 1 DW) was seen for polychaetes fed post-smolt sludge (Table 4).

Moderate positive correlation (0.4 ≤ R2 < 0.65; p < 0.05) could be

observed for MUFAs and ARA (mg g-1 DW). No correlation was

found for the remaining components SAFAs, AAs, EAAs, and

NEAAs (mg g-1 DW) (R2 < 0.2; p ≥ 0.05).

PCA showed that relative FA composition (% of total FAs) of

polychaetes was affected by both their feed level and moreover, to a

certain degree their diet group (Figure 4). PC1 and PC2 combined

explained 61% of the variance in the data set. Clear differences could

be seen between the polychaetes at different feed levels that were fed

the same diet, S6-S45 and PS6-PS47, respectively. Differences in the

variance between the two diets were decreasing with higher feed

supply (feed level).

PCA revealed that AA composition (% of total AAs) was neither

impacted by diet nor by feed level (Figure 5). Together, PC1 and

PC2 explained 44% of the variance in AA composition.
TABLE 3 Elemental composition of smolt sludge (n=1), post-smolt sludge (n=1), polychaetes H. diversicolor fed different levels of smolt sludge (S6-
S45, n=1) and post-smolt sludge (PS6-PS47, n=1).

Element (mg kg-1) Smolt sludge
Smolt sludge-fed polychaetes

Post-smolt sludge
Post-smolt sludge-fed polychaetes

S6 S12 S24 S45 PS6 PS13 PS25 PS47

Magnesium 2.6*103 4.4*103 4.2*103 4.1*103 3.5*103 7.4*103 4.4*103 4.8*103 3.7*103 3.7*103

Phosphorus 19*103 7*103 7.2*103 7*103 6.4*103 27*103 7.5*103 7.8*103 7.6*103 7.4*103

Sulphur 1.5*103 5.5*103 4.9*103 5.4*103 5.2*103 2.9*103 6.3*103 5.7*103 5.5*103 5.4*103

Potassium 1.4*103 12*103 12*103 11*103 11*103 200 12.0x103 12*103 12*103 12*103

Calcium 39*103 1.4*103 1.3*103 1.4*103 1.2*103 54*103 1.3*103 1.8*103 1.4*103 1.1*103

Chromium 2.4 1 1.6 1 1.1 9.2 1.2 1.3 0.95 0.86

Manganese 120 20 24 21 20 77 20 25 20 16

Iron 630 580 670 670 810 1.2*103 690 810 580 500

Cobalt 0.28 6.2 6.4 5.4 5.7 0.25 7.6 7.5 6.1 5.1

Nickel 2 4 5.3 7.1 7.3 2.1 5.4 5.8 5 3.6

Copper 22 25 21 21 21 16 23 20 21 30

Zinc 400 210 160 170 140 690 190 170 160 160

Arsenic 1.5 7.1 6.6 5.9 5.5 1.2 7 7 6 5.3

Molybdenum 1.6 1.7 1.6 1.5 1.4 1.7 1.9 1.9 1.6 1.6

Silver <0.085 0.65 1.23 0.19 0.24 0.2 0.4 0.34 0.24 0.32

Cadmium 0.42 0.14 0.11 0.094 0.074 0.97 0.13 0.12 0.1 0.077

Tin <3.8 <3.8 <3.8 <3.8 <3.8 <3.8 <3.8 <3.8 <3.8 <3.8

Mercury <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7

Lead 0.67 0.51 0.64 0.48 0.76 0.5 0.54 0.60 0.48 0.41
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4 Discussion

Our study showed that H. diversicolor can successfully be

cultivated on waste sludge from both land-based smolt and post-

smolt production and specific growth rates at the high feed levels

were higher than those in natural populations (Kristensen, 1984).

At the lowest feed levels (S6 and PS6), SGRs were not significantly

different from zero, suggesting that all energy supplied was invested

in basic metabolic processes rather than somatic growth. We found

maximum SGRs at the highest feed levels, amounting to 0.017 d-1

for polychaetes fed smolt sludge (S45), and 0.021 d-1 for polychaetes

fed post-smolt sludge (PS47). SGRs followed the Von Bertalanffy

growth function (Von Bertalanffy, 1938) with levelling off of growth

between two highest feed levels as no significant difference was

found between these, neither for polychaetes fed smolt sludge (S24

and S45), nor for those fed post-smolt sludge (PS25 and PS47). This

implies that maximum growth was found for the used experimental

setup. Further increase in feed supply may negatively affect

experimental conditions and water quality and would hence not

result in increased SGRs. Overall, SGRs in our trial were similar to

those reported in other studies with comparable conditions

(Bischoff, 2007; Brown et al., 2011). Moreira et al. (2005)

established saturation feeding rates for H. diversicolor using one

day old Artemia franscicana nauplii at a range of temperatures.

They found that 70 mg polychaetes H. diversicolor could consume

as much as 80 nauplii per hour, resulting in 1920 nauplii per day if

constantly feeding. Following Evjemo and Olsen (1999), one-day

old A. franciscana nauplii contain 0.19 μg nitrogen, meaning 1920

nauplii have a nitrogen content equivalent to 31% of nitrogen

contained in the 70 mg polychaetes. When taking into account

that H. diversicolor does not constantly feed, the numbers reported
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for feeding saturation by Moreira et al. (2005) are in good

agreement with the results we found, even if nitrogen quality in

Artemia franscicana is different from that in aquaculture sludge.

Growth of H. diversicolor is affected by different factors.

Foremost, it is determined by diet quantity and quality, specifically

protein supply and composition (Nesto et al., 2012; Santos et al.,

2016). Wang et al. (2019a; 2019b) reported lower specific growth

rates of 0.012 d-1 and 0.009 d-1 when providing a lower quantity of

smolt sludge to H. diversicolor. In our study, the two diets smolt

sludge and post-smolt sludge were found to have a similar protein

content, likely explaining the similar growth rates found for the two

diets across feed levels. In comparison with our study, Brown et al.

(2011) found a higher SGR of 0.033 d-1 when cultivating A. virens on

halibut waste which contained 496 mg protein g-1 DW. In addition to

a more energy-dense diet and differences between the two species, the

small size of individuals in their study may have impacted growth, as

the individuals had an initial biomass of 180 mg compared to 250 mg

in our study and growth rates of H. diversicolor decline with

increasing size (Heip and Herman, 1979).

We aimed to simulate summer conditions by providing long

days (16L:8D) and warm temperatures (16°C) to suppress

gametogenic development and promote somatic growth (Olive

et al., 1997; Last and Olive, 1999). However, given the collection

of polychaetes in late fall and a larger size of individuals compared

to other studies, it is possible that sexual maturation processes of H.

diversicolor had already started. Due to natural changes in day

length, temperature, and food availability in fall, energy consumed

is invested in sexual maturation instead of somatic growth

(Kristensen, 1984). Higher SGR of 0.034 d-1 (Pajand et al., 2017)

and 0.06-0.07 d-1 (Nesto et al., 2012) have been reported in studies

with smaller, juvenile individuals at higher temperatures.
TABLE 4 Linear regression analysis of total lipid, total fatty acids (FAs), saturated FAs (SAFAs), monounsaturated FAs (MUFAs), polyunsaturated FAs
(PUFAs), ARA, EPA, DHA, Sn-3 FAs, Sn-6 FAs, amino acids (AAs), essential AAs (EAAs), and non-essential AAs (NEAAs) for polychaetes H. diversicolor fed
increasing rations of corresponding constituent in smolt sludge (S6-S24, n=4; S45, n=3) and post-smolt sludge (PS6-PS47, n=4).

Smolt sludge-fed polychaetes Post-smolt sludge-fed polychaetes

Slope R2 P (slope) Slope R2 P (slope)

Total lipid 0.0124 0.704 <0.001* 0.0235 0.825 <0.001*

Total FAs 0.0227 0.867 <0.001* 0.0157 0.718 <0.001*

SAFAs 0.0137 0.744 <0.001* 0.0024 0.049 0.447

MUFAs 0.0275 0.903 <0.001* 0.0176 0.588 0.001*

PUFAs 0.0234 0.698 <0.001* 0.0311 0.734 <0.001*

ARA 0.0404 0.400 0.011* 0.0578 0.577 0.002*

EPA 0.0070 0.027 0.547 0.0531 0.779 <0.001*

DHA 0.0185 0.554 0.001* 0.0310 0.729 <0.001*

Sn-3 -1.121 0.385 0.014* 0.0333 0.759 <0.001*

Sn-6 0.0326 0.822 <0.001* 0.0284 0.704 <0.001*

Total AAs -0.0118 0.469 0.005* -0.0001 0.002 0.878

EAAs -0.0090 0.352 0.020* 0.0008 0.003 0.822

NEAAs -0.0141 0.303 0.033* -0.0020 0.011 0.694
Asterisks denote a significant difference of the slope from zero (p < 0.05).
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Significantly different ash content between smolt and post-smolt

sludge was not reflected in ash content of polychaetes H. diversicolor.

Overall, ash content did not differ significantly between feed levels

within diet groups or corresponding feed levels of different diet groups,

although values at the highest feed levels were lower than those at the

lowest. Lower values for ash content of H. diversicolor have been

reported in previous studies (Wang et al., 2019a; Wang et al., 2019b).

Polychaetes fed both types of diet had a similar protein content.

Since there was no difference between polychaetes fed different diets or

feed levels, protein content of H. diversicolor can be considered

independent of their diet if feed supply is sufficient. Low feed supply

has been presumed to increase protein content since spending more

energy on search for feed is correlated with increased muscle stress

which leads to formation of muscle tissue that is rich in proteins

(Nielsen, 1997; Klinke et al., 2009; Suckow, 2010). Values of protein

content in our study were similar to other studies when considering the

different methods of protein calculation, suggesting that even though

we registered no growth at the lowest feed levels (S6 and PS6), none of

the feed levels or diets were so restricting in protein that it would have

had a significant effect on protein content of H. diversicolor (Pajand

et al., 2017; Wang et al., 2019a; Wang et al., 2019b). Differences in

protein quantities supplied to the polychaetes on different feed levels

did however affect growth of H. diversicolor as discussed previously.

Total AA content of polychaetes fed smolt sludge and post

smolt sludge was within the same range. Both diets had a similar

content of AAs but showed somewhat different AA profiles. The

differences in AA composition of the supplied diets were not

reflected in the composition of H. diversicolor as there were no

differences between feed levels or diets and PCA revealed no

grouping of diets or feed levels. AA composition is not controlled

by diet but rather determined genetically and excess AAs in feed are

not used for protein synthesis or stored in tissue but catabolized for

energy production (Owen et al., 1979). However, AAs are building

blocks for proteins and limited supply of both essential and non-

essential AAs will affect animal growth and health (Wu, 2014).

While ash, protein, and AA content as well as AA composition

of the two different diets had limited effect on the composition of
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polychaetes, an effect of lipid content and FA composition could be

confirmed in our study. Lipid content increased with increased feed

supply for polychaetes fed both diets. As in other studies, linear

regression revealed a strong correlation of lipid content in diet and

H. diversicolor (Wang et al., 2019a). Accumulation of lipids is linked

to excess supply in the provided diets as polychaetes have been

shown to store lipids before sexual maturation in times of high food

availability (Luis and Passos, 1995; Garcıá-Alonso et al., 2008). In

our study, post-smolt sludge had a significantly higher lipid content

than smolt sludge. This difference resulted in a significant increase

in lipid content with each feed level, and additionally an effect when

comparing the highest feed levels (S45 vs. PS47) where a

significantly higher lipid content was registered for polychaetes

fed post-smolt sludge than those fed smolt sludge.

The total FA content of polychaetes in this trial increased with

each level in both diet groups. At the highest feed levels, FA content

was similar to those found by Pajand et al. (2017) when H.

diversicolor was fed beluga sturgeon (Huso huso L.) waste sludge.

Generally, the FA composition of diet is described as a determining

factor for FA composition of H. diversicolor (Luis and Passos, 1995;

Pajand et al., 2017; Malzahn et al., 2023). In our study, we could

confirm that differences in FA composition of diets and content of

both individual and groups of FAs as well as differences in quantity

supplied (feed level) were reflected in the corresponding content of

polychaetes. Overall, we could register a strong effect of feed level on

the content (mg g-1 DW) of SAFAs, MUFAs, PUFAs, ARA, EPA,

DHA as well as the sum of n-3 and n-6 FAs, as levels in almost all

groups increased with increased feed supply in both diet groups and

linear regression found strong correlation. A similar effect has been

reported by Wang et al. (2019a) and Malzahn et al. (2023).

Following relative composition (% of total FAs) of diets,

polychaetes reared on both diets had the same major FA. The

most abundant SAFA was C16:0 (palmitic acid) while C18:1 n-9

(oleic acid) was the major MUFA. EPA and C18:2 n-6 (linoleic)

were the most abundant PUFAs. Differences in proportion of EPA,

DHA, and linoleic acid in the two diets were reflected in the

polychaetes. Moreover, we saw a relative decrease in SAFAs with
FIGURE 4

Principal component analysis of fatty acids (% of total fatty acids) in
polychaetes H. diversicolor fed different levels of smolt sludge (S6-S24,
n=4; S45, n=3) and post-smolt sludge (PS6, n=2, PS13-PS47, n=4).
FIGURE 5

Principal component analysis of amino acids (% of total amino acids)
in polychaetes H. diversicolor fed different levels of smolt sludge
(S6, S24 n=4, S12, S45, n=3) and post-smolt sludge (PS6, n=2, PS13-
PS47, n=4).
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increasing feed level in both diet groups which corresponded to a

relative increase in MUFAs for polychaetes fed smolt sludge and a

relative increase in PUFAs for post-smolt-fed polychaetes,

suggesting a selective enrichment and a shift of the FA profile

towards a higher proportion of unsaturated FAs by H. diversicolor

with increased feed supply as described in previous studies (Garcıá-

Alonso et al., 2008; Kabeya et al., 2020; Jerónimo et al., 2021).

The polychaetes showed clear differences in their FA

composition between feed levels and diets on the lower feed

levels. These differences between polychaetes fed different types of

sludge are due to differences in lipid content and FA composition of

the diets as described by (Luis and Passos, 1995; Pajand et al., 2017).

At the higher feed levels, the differences between diets became

increasingly smaller, suggesting firstly a convergence of FA profiles

with high feed supply and secondly a saturation to the point where

the variation in FA composition of polychaetes fed similar diets

becomes very small and an equilibrium is reached.

Elemental analysis showed that increased availability of feed did

not result in accumulation of the analyzed elements in polychaete

tissue. For arsenic, zinc, and cadmium, the lowest content was

detected at the highest feed levels. However, even though the

content of arsenic decreased in all treatments, it remained higher

than the threshold value of EU’s feed ingredients of 2.27 mg arsenic

kg-1 feed (DW). All other regulated elements stayed within the

thresholds for legislated content (Nærings- og fiskeridepartementet

and Landbruks- og matdepartementet, 2015).
5 Conclusion

Our results confirmed the hypotheses that H. diversicolor can

grow successfully using smolt sludge and post-smolt sludge as sole

feed sources, and that increased feed supply will result in increased

specific growth rates up to a certain point. Differences in the

composition of diets had no effect on growth. SGRs followed the

Von Bertalanffy growth function and showed a levelling off of growth

between the two highest feed levels, suggesting that maximum growth

for individuals of this size (250 mg) fed smolt and post-smolt sludge

with the given abiotic factors was found in this experiment, and

growth could not be increased further. Additionally, we concluded a

strong effect of lipid and FA content and composition of diets on

corresponding content and composition of H. diversicolor, which

confirmed our hypothesis that feed supply will affect biochemical

composition with regards to lipid and FAs. Ash, protein, and AA

content as well as AA composition of polychaetes were not affected by

different diets or varying food supply.
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2002/32/EF artikkel 3 annet ledd. Oslo, Norway: Lovdata.

Nesto, N., Simonini, R., Prevedelli, D., and Da Ros, L. (2012). Effects of diet and
density on growth, survival and gametogenesis ofHediste diversicolor (OF müller 1776)
(Nereididae, polychaeta). Aquaculture 362, 1–9. doi: 10.1016/j.aquaculture.2012.07.025

Nielsen, K. S. (1997). Animal physiology: adaptation and environment (Cambridge,
UK: Cambridge University Press).

Olaussen, J. O. (2018). Environmental problems and regulation in the aquaculture
industry. insights from Norway. Mar. Policy 98, 158–163. doi: 10.1016/
j.marpol.2018.08.005

Olive, P., Fletcher, J., Rees, S., and Desrosiers, G. (1997). Interactions of
environmental temperature with photoperiod in determining age at maturity in a
semelparous polychaete Nereis (Neanthes) virens sars. J. Therm. Biol. 22, 489–497.
doi: 10.1016/S0306-4565(97)00067-3

Olsen, Y. (2011). Resources for fish feed in future mariculture. Aquac. Environ.
Interact. 1, 187–200. doi: 10.3354/aei00019

Otsuka, K., and Fan, S. (2021). Agricultural development: new perspectives in a
changing world (Washington, D.C., USA: International Food Policy Research Institute
(IFPRI). doi: 10.2499/9780896293830

Owen, O., Reichard, G., Patel, M., and Boden, G. (1979). Energy metabolism in
feasting and fasting. Horm. Energy Metab. 169–188. doi: 10.1007/978-1-4757-0734-
2_8

Pajand, Z. O., Soltani, M., Bahmani, M., and Kamali, A. (2017). The role of
polychaete Nereis diversicolor in bioremediation of wastewater and its growth
performance and fatty acid composition in an integrated culture system with Huso
huso (Linnaeus 1758). Aquac. Res. 48, 5271–5279. doi: 10.1111/are.13340

Regjeringen (2015). Forutsigbar og miljømessig bærekraftig vekst i norsk lakse- og
ørretoppdrett, meld. st. 16 (2014-2015) melding til stortinget, tilråding fra nærings- og
fiskeridepartementet 20 (Regjeringen Solberg: godkjent i statsråd samme dag).

Santos, A., Granada, L., Baptista, T., Anjos, C., Simões, T., Tecelão, C., et al. (2016).
Effect of three diets on the growth and fatty acid profile of the common ragworm
Hediste diversicolor (O.F. müller 1776). Aquaculture 465, 37–42. doi: 10.1016/
j.aquaculture.2016.08.022

Searchinger, T., Waite, R., Hanson, C., Ranganathan, J., Dumas, P., Matthews, E.,
et al. (2019). Creating a sustainable food future: a menu of solutions to feed nearly 10
billion people by 2050 (Washington, D.C., USA: WRI).

Shahbandeh, M. (2020) Distribution of salmon production worldwide in 2018, by
leading country. Available at: https://www.statista.com/statistics/1182142/leading-
salmon-producers-worldwide/ (Accessed 17.01. 2023).
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