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Introduction: Focusing on circular bioeconomy and finding solutions for 
managing finite and scarce resources such as phosphorus are issues that need 
to be addressed across sectors to attain food security. Land-based aquaculture 
of Atlantic salmon (Salmo salar L.) smolt and post-smolt results in a large output 
of aquaculture sludge. These nutrient-rich side streams from aquaculture 
production constitute a valuable resource for cultivation of polychaetes Hediste 
diversicolor. The aim of this study was to evaluate the capacity of H. diversicolor 
to upcycle carbon (C), nitrogen (N), and phosphorus (P) contained in aquaculture 
sludge from Norwegian salmon production.

Material and methods: We investigated the effect of two diets, smolt sludge and 
post-smolt sludge, which were supplied at four different feed levels, on the gain 
of C, N, and P in H. diversicolor and established uptake rates for the upcycling 
of these nutrients. Additionally, we  examined how different feed composition 
(type of diet) and supply (feel level) influenced C, N, and P content as well as the 
elemental ratios of H. diversicolor.

Results and discussion: Polychaetes fed with both types of sludge were shown to 
incorporate C, N, and P from their diets into biomass. Incorporation of C, N, and 
P in polychaete biomass was highest at the highest feed levels, following specific 
growth rates. Uptake of diet C, N, and P into polychaete biomass was similar for 
both diets and across feed levels. On average, C and N uptake rates amounted to 
2–10% and 2–15%, respectively, while values for P uptake were lower at 0.5–1.5%. 
C, N, and P content of polychaetes was not affected by different diets or feed 
levels while the C:N ratio increased with increasing feed supply. Overall, we found 
that H. diversicolor can successfully take up nutrients contained in aquaculture 
sludge and thus can be  beneficial for upcycling of side streams from Atlantic 
salmon production.
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1 Introduction

According to the United Nations (2022), the global population is 
projected to reach 10 billion people within the next 50–100 years. This 
leads to an increasing demand for food, which will result in an 
estimated food gap of 56% in 2050 (Searchinger et al., 2019). In 2022, 
the Norwegian aquaculture sector produced 1.6 million tonnes of 
Atlantic salmon (Salmo salar L.) and Rainbow trout (Oncorhynchus 
mykiss Walbaum, 1792) (Fiskeridirektoratet, 2023a), making it a 
significant contributor to food security on a global scale (Olafsen 
et al., 2012). To produce this biomass, 1.9 million tonnes of feed were 
consumed by the salmon industry alone (Fiskeridirektoratet, 2023b). 
During production, significant fractions of the phosphorus (P) as well 
as carbon (C), and nitrogen (N) in the feed were released to the 
environment through feed wastage, excretion, respiration, and feces 
production, namely up to 76% of feed P, 62% of feed C and 57% of feed 
N (Wang et al., 2012, 2013). Based on a content of 49% C, 6% N and 
1.5% P in feed (Olsen and Olsen, 2008), the theoretical nutrient 
dispersal from Norwegian salmon production in 2022 amounted to 
approximately 575,000 tonnes C, 65,000 tonnes N and 21,600 tonnes 
P (Fiskeridirektoratet, 2023b). Maximizing utilization nutrients 
contained in the salmon feed is of high importance for sustainable 
growth of the industry since 75–94% of greenhouse gas emissions 
from salmon production are related to feed (Pelletier et  al., 2009; 
Johansen et al., 2022). Additionally, P scarcity is a significant global 
concern with implications for food security, environmental 
sustainability, and resource management. P is a critical component in 
food production, as it constitutes an essential nutrient for animal and 
plant growth (Cordell et  al., 2009). Today, P is extracted through 
mining of rock phosphate which is unsustainable due to its high 
environmental impact (Elser and Bennett, 2011) and the rapid 
depletion of phosphate rock reserves which are estimated to 
be exhausted by the end of the century (Sverdrup and Ragnarsdottir, 
2011; Li et al., 2016). Studies suggest that P recovery and recycling 
could be  an effective strategy to address scarcity and reduce 
environmental pollution (Cordell et al., 2009; Bouwman et al., 2013).

The aquaculture industry is the single largest consumer of P in 
Norway, and depends on continuous supply of P. Feed used for 
cultivation of salmon and trout contains 1–1.5% P, giving an annual 
consumption up to 30,000 tonnes P in feed (EWOS, 2022a,b; 
Fiskeridirektoratet, 2023b). One strategy for increasing access to 
recycled C, N, and P would be to upcycle salmon aquaculture sludge 
by cultivation of extractive species. Previous studies showed that these 
waste streams have high nutritional value and constitute appropriate 
nutritional qualities for cultivation of the marine polychaete Hediste 
diversicolor (OF Müller, 1776) (Wang et al., 2019a,b; Malzahn et al., 
2023). The species has been repeatedly proven to successfully upcycle 
and bioaccumulate globally scarce, high value compounds such as 
marine proteins, lipids and fatty acids contained in aquaculture sludge 
(Marques et al., 2018; Jerónimo et al., 2020; Anglade et al., 2023), 
however, the capacity of H. diversicolor to upcycle P from aquaculture 
sludge is yet to be established.

Feed requirements for salmon smolt and post-smolt are different 
and the feeds differ in contents of lipid, protein and carbohydrates 
(BioMar, 2022; EWOS, 2022a,b) as well as C, N, and P. Consequently, 
different availability of C, N, and P in smolt and post-smolt sludge can 
be expected. This study aimed to investigate the potential for C, N, and 
P recovery from aquaculture sludge in Norway by cultivation of 
H. diversicolor. Further, the effect of different dietary quality (i.e., 

smolt- and post-smolt sludge) and varying feed levels on C, N, and P 
recovery from aquaculture sludge was assessed. Hereby, the 
hypotheses were that (1) H. diversicolor can successfully upcycle C, N, 
and P from aquaculture sludge, (2) H. diversicolor will have different 
uptake rates for different nutrients (C, N, and P), (3) the source of C, 
N, and P (diet) will not affect nutrient removal and recovery, and (4) 
uptake of C, N and P will be affected by availability (feed level).

2 Materials and methods

Collection and preparation of H. diversicolor as well as the 
experimental setup were shared with Anglade et al. (2023). Therefore, 
descriptions in 2.1 and 2.2 are similar to Ch. 2 materials and methods 
in Anglade et al. (2023).

2.1 Collection and preparation of Hediste 
diversicolor

Specimens 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 (Anglade 
et al., 2023). After retrieval, polychaetes were transferred to flow-
through holding tanks (52 × 36 × 18 cm L × W × H) with sufficient 
water flow, containing a 15 cm thick layer of sand, and acclimated in 
the tanks for 4 weeks at 16 L:8D and 16°C and fed commercial fish feed 
(GEMMA DIAMOND 1.0, Skretting AS, Norway).

2.2 Experimental setup

Hediste diversicolor was cultivated in two fully automated XR3 
cultivation racks operated as flow-through systems (Aquatic 
habitats, Pentair plc, United States) where 16 of 20 cultivation tanks 
(16-L, 47 × 26 × 21 cm L × W × H) in each rack were used. Tanks had 
an 8 cm thick layer of sand and were stocked with 15 polychaetes 
each, yielding a density of 140 ind. m−2. At the start of the trial, 
unscathed polychaetes were retrieved from the holding tanks, 
cleaned from sediment, and placed in clean seawater for gut 
evacuation for ≥2 h before being transferred to the cultivation 
tanks. Additionally, 15 individuals were sampled, pooled, and 
stored for later analyses (“Initial polychaetes”). The initial weight of 
all polychaetes used in this study was registered at 250 ± 48 mg 
(WW) (balance: Science Education, SE622, VWR Italy). The water 
volume of each tank was 8 L, seawater temperature (16.3 ± 0.2°C) 
and salinity (34.3 ± 0.2 ppt) were regulated 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 was set to 
16 L:8D. Dead individuals were removed from the tanks daily, and 
the overall survival rate ranged from 80 to 90% in all tanks (Anglade 
et al., 2023). Polychaetes H. diversicolor were fed two different types 
of sludge (diets); smolt sludge (from Lerøy AS, Belsvik) and post-
smolt sludge (from LetSea AS, Dønna), at four different feed levels 
per diet with four replicate tanks each (2 × 4 × 4). Both types of 
sludge were centrifuged at 3,000 rpm for 10 min, the supernatant 
discarded, and the remaining sludge frozen at −20°C to be thawed 
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a day prior to feeding. As described by Malzahn et al. (2023), feed 
levels were calculated based on estimated N content of diets and the 
established 95 mg N g−1 DW of polychaetes (Wang et al., 2019b). 
Accordingly, the different groups in this trial received feed doses 
equivalent to different percentages of the N 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 as described in Anglade et al. (2023).

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 nitrogen at −80°C for 
later analyses.

2.3 Carbon, nitrogen, phosphorus gain

Following the specific growth rate (SGR) as described in Anglade 
et al. (2023), the Von Bertalanffy growth function (Von Bertalanffy, 
1938) was used to describe the function of average C, N, and P gain of 
individual polychaetes in relation to the feed quantity received:

 
( )( )( )01- - -max fedGain Gain exp k N Gain=

Where Gainmax (mg ind−1) is the mean value of the highest 
observed gain of the respective nutrients C, N, and P in our trial, k (−) 
is the growth coefficient, Nfed (%) is the percentage of nitrogen 
contained in polychaetes that was fed per day (feed level), and Gain0 
(%) is the value of Nfed for which the gain is zero.

2.4 Chemical analyses and nutrient uptake

C and N in both polychaetes and the diets, smolt and post-smolt 
sludge, were analyzed by means of gas chromatography using an 
organic elemental analyzer (vario EL cube, Elementar 
Analysensysteme GmbH, Germany), with acetonitrile as  
standard.

P was oxidized with potassium peroxydisulfate (Koroleff, 1976) 
and analyzed photometrically as phosphate following NS-EN ISO 
6878 using an autoanalyzer (Flow Solution IV, O.I Analytical).

Elemental ratios of C:N, C:P, and N:P were determined based on 
C, N, and P content (mg g−1 DW) and uptake of C, N, and P (%) was 
calculated using the formula:

 
( ) ( ) ( )
% 100%

Amount Amountcontained after contained before
Uptake

Amountsupplied

−
= ∗

Where Uptake (%) is the fraction of nutrients C, N, and P supplied 
that is retained by polychaetes, Amountcontained (before) is the amount of C, 
N, and P (mg ind−1) contained in polychaetes prior to the experiment, 
Amountcontained (after) is the amount of C, N and P (mg ind−1) after the 
trial, and Amountsupplied is the total amount of C, N, and P (mg ind−1) 
that was fed during the experiment.

2.5 Statistical analysis

All statistical analyses were conducted using Sigmaplot for 
Windows Version 14.0 (Systat Software, Inc., United States).

Shapiro–Wilk normality tests were used to assess normal distribution 
of data, Brown-Forsythe tests were used to check for homogeneity of 
variance. When comparing two groups (diets and corresponding feed 
levels of polychaetes fed different diets), a Welch’s t-test was used, while 
comparison of more than two groups was done using a one-way ANOVA 
with subsequent Pairwise Multiple Comparison (Holm-Sidak method). 
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 one way Analysis of Variance on ranks for 
multiple comparison. One-sample t-tests were conducted to determine 
significant differences in C, N, and P gain as well as differences between 
initial and final C, N, and P content from zero. Linear regression followed 
by one-way ANOVA was done to evaluate the effect of C, N, and P supply 
on uptake of C, N, and P, of feed supply on C:N, C:P, and N:P ratio.

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

3 Results

3.1 Carbon, nitrogen, and phosphorus gain 
in Hediste diversicolor

C, N, and P gain of the polychaetes (Figures 1–3) at the different 
feed levels followed the Von Bertalanffy growth function (Von 
Bertalanffy, 1938) with a mean maximum gain of 20.50 mg C ind−1, 
3.50 mg N ind−1, and 0.39 mg P ind−1. The growth coefficient k for C, 
N and P gain was 0.08, 0.09, and 0.07, respectively. Gain0 for all 
nutrients was found at a feed level of 5.8% N fed per day.

The mean increase of C in individual polychaetes fed smolt sludge 
ranged from −0.4 ± 3.5 mg ind−1 (S6) to 18.6 ± 9.2 mg ind−1 (S45) 
(Figure 1). The C gain at the two highest feed levels S24 (16.6 ± 7.6 mg 
ind−1) and S45 (18.6 ± 9.2 mg ind−1) was significantly higher than at 
the lowest feed level S6 (−0.4 ± 3.5 mg ind−1) (one-way ANOVA, 
p < 0.05). C gain was significantly different from zero for treatments 
S24 and S45 (one-sample t-test, p < 0.05). Polychaetes fed post-smolt 
sludge showed a mean C gain between 0.7 ± 3.6 mg ind−1 (PS6) to 
22.4 ± 8.3 mg ind−1 (PS47). C gain was significantly higher at the three 
highest feed levels PS13 (10.3 ± 5.9 mg ind−1), PS25 (15.7 ± 4.1 mg 
ind−1), and PS47 (22.4 ± 8.3 mg ind−1) than the lowest feed level PS6 
(0.7 ± 3.6 mg ind−1) (one-way ANOVA, p < 0.05). Polychaetes at all feed 
levels except PS6 showed a C gain that was significantly different from 
zero (one-sample t-test, p < 0.05). There was no difference in C gain 
between corresponding feed levels (S6 vs. PS6, S12 vs. PS13, S24 vs. 
PS25, and S45 vs. PS47) of the two different diets smolt sludge and 
post-smolt sludge (Welch’s t-test, p ≥ 0.05).

An average increase of N between 0.04 ± 0.8 mg ind−1 (S6) and 
3.3 ± 1.4 mg ind−1 (S45) was registered for polychaetes fed smolt sludge 
(Figure 2). Individuals at the two highest feed levels S24 and S45 had 
a significantly higher N gain than those at the lowest feed level S6 
(one-way ANOVA, p < 0.05). For feed levels S24 and S45, the N gain 
was significantly different from zero (one-sample t-test, p < 0.05). 
Individuals fed post-smolt sludge had a mean N gain from 0.3 ± 0.9 mg 
ind−1 (PS6) to 3.7 ± 1.4 mg ind−1 (PS47). The N gain was higher at the 
two highest feed levels PS25 and PS47 than at the lowest feed level 
PS6. Further, the N gain of individual polychaetes was significantly 
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FIGURE 2

Nitrogen gain (mean  ±  SD, mg ind−1) 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).

different from zero at feed levels PS25 and PS47 (one-sample t-test, 
p < 0.05). There was no difference in N gain between corresponding 
feed levels of the different diets (Welch’s t-test, p ≥ 0.05).

Individual polychaetes fed smolt sludge had a mean increase in P 
from 0.1 ± 0.1 mg ind−1 (S6) to 0.4 ± 0.1 mg ind−1 (S45) (Figure 3). This 
P gain was significantly higher for polychaetes at the two highest feed 

FIGURE 1

Carbon gain (mean  ±  SD, mg ind−1) of polychaetes Hediste 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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levels S24 and S45 compared with the lowest feed levels S6 and S12 
(one-way ANOVA, p < 0.05). Additionally, the P gain of individuals 
was significantly different from zero at the two highest feed levels S24 
and S45 (one-sample t-test, p < 0.05). P gain for polychaetes fed post-
smolt sludge ranged from 0.03 ± 0.1 mg ind−1 (PS6) to 0.4 ± 0.2 mg 
ind−1 (PS47). For polychaetes at the highest feed level PS47, a 
significantly higher P gain was recorded compared to the lowest feed 
level PS6. Individuals at all feed levels, except for PS6, showed a P gain 
that was significantly different from zero (one-sample t-test, p < 0.05). 
There was no difference in P gain between corresponding feed levels 
of the two diets (Welch’s t-test, p ≥ 0.05).

3.2 Carbon, nitrogen, and phosphorus 
content in diets and polychaetes

Smolt sludge had a significantly higher C content and C:N ratio 
than post-smolt sludge (Welch’s t-test, p < 0.05) (Table 1). The N and 
P content as well as the C:P and N:P ratio was not significantly 
different between the two diets (Welch’s t-test, p ≥ 0.05).

Polychaetes fed smolt sludge showed an increasing C content with 
increased feed supply, differences between feed levels were however 
non-significant (one-way ANOVA, p ≥ 0.05) (Table 1). The C content 
of polychaetes at all feed levels was not significantly different from 
initial polychaetes (one-sample t-test, p ≥ 0.05). The N content was 
similar for all feed levels except between feed level S6 and feed level 
S24 (one-way ANOVA, p < 0.05). Polychaetes fed at feed levels S24 and 
S45 showed a significantly lower N content than initial polychaetes 
(one-sample t-test, p < 0.05). P content of polychaetes fed smolt sludge 
was similar across feed levels (one-way ANOVA, p ≥ 0.05). The C:N 

ratio was significantly lower for polychaetes at the two lowest feed 
levels S6 and S12 compared to the two highest feed levels S24 and S45 
(one-way ANOVA, p < 0.05). Additionally, the C:N ratio at the two 
highest feed levels was significantly higher than that of initial 
polychaetes (one-sample t-test, p < 0.05). Apart from a significantly 
different C:P ratio between feed levels S6 and S24, the C:P ratio was 
similar for polychaetes fed smolt sludge (one-way ANOVA, p ≥ 0.05) 
and not significantly different from the C:P ratio of the initial 
polychaetes (one-sample t-test, p ≥ 0.05). The N:P ratio was similar at 
all feed levels (one-way ANOVA, p ≥ 0.05). Polychaetes at feed level 
S45 had a significantly higher N:P ratio than initial polychaetes 
(one-sample t-test, p < 0.05).

The C content of polychaetes fed post-smolt sludge increased 
with increased feed supply, however, there was no significant 
difference between feed levels (one-way ANOVA, p ≥ 0.05). 
Polychaetes at feed level PS25 and PS47 had a significantly higher C 
content than initial polychaetes (one-sample t-test, p < 0.05). A slight 
decrease in N content with increasing feed supply was recorded, but 
the difference between feed levels was not significant (one-way 
ANOVA, p ≥ 0.05). Further, the N content of polychaetes at all feed 
levels was not significantly different from that of the initial 
polychaetes (one-sample t-test, p ≥ 0.05). P content of polychaetes 
fed post-smolt sludge was similar at all feed levels (one-way 
ANOVA) and not significantly different from P content of initial 
polychaetes (one-sample t-test, p ≥ 0.05). The C:N ratio of 
polychaetes significantly increased with each feed level (one-way 
ANOVA, p < 0.05). Further, we found a significantly lower C:N ratio 
for polychaetes at feed level PS6 than initial polychaetes, while those 
at feed levels PS25 and PS47 had a significantly higher C:N ratio 
compared with initial polychaetes (one-sample t-test, p < 0.05). The 

FIGURE 3

Phosphorus gain (mean  ±  SD, mg ind−1) 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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C:P ratio was similar across feed levels (one-way ANOVA, p ≥ 0.05) 
while the C:P ratio of polychaetes at feed level PS47 was significantly 
higher than that of initial polychaetes (one-sample t-test, p < 0.05). 
The N:P ratio of polychaetes fed post-smolt sludge was not different 
between feed levels (one-way ANOVA) and similar to that of initial 
polychaetes (one-sample t-test, p ≥ 0.05).

There was no difference between C, N, and P content, nor C:N, 
C:P, and N:P ratio between corresponding feed levels of the two 
different diets (Welch’s t-test, p ≥ 0.05).

Linear regression analysis revealed a strong positive correlation 
(R2 ≥ 0.65) between feed supply and C:N ratio (Figure  4). No 
correlation (R2 < 0.2) was found between feed supply and C:P ratio 
(Figure 5) or N:P ratio (Figure 6).

3.3 Uptake of carbon, nitrogen, and 
phosphorus by Hediste diversicolor

For polychaetes fed smolt sludge, the C uptake rate ranged from 
0.04 ± 3.5% (S6) to 5.8 ± 2.6% (S24), the N uptake rate was between 
1.7 ± 7.5% (S6) and 8.8 ± 4.0% (S24), and P uptake ranged from 
0.9 ± 0.8% (S6) and 1.0 ± 0.3% (S24) (Figure 7). At the lowest feed level 
S6, there was no difference in uptake rate of C, N, and P (one-way 
ANOVA, p ≥ 0.05). At feed level S12, C uptake was significantly higher 
than P uptake (one-way ANOVA, p < 0.05). At the highest feed levels 
S24 and S45, both C and N uptake was significantly higher than P 
uptake (one-way ANOVA, p < 0.05). No difference between C and N 
uptake was found for polychaetes fed smolt sludge within any of the 
feed levels (one way ANOVA, p ≥ 0.05). When comparing uptake of 
C, N, and P between feed levels, no significant difference was found 
with increased feed supply (one-way ANOVA, p ≥ 0.05).

The C uptake rate by polychaetes fed post-smolt sludge was 
between 2.1 ± 6.3% (PS6) and 9.1 ± 4.7% (PS13), N uptake ranged from 
6.2 ± 12.2% (PS6) to 13.9 ± 6.9% (PS13), and the P uptake rate was 

between 0.6 ± 1.3% (PS6) and 1.3 ± 0.6% (PS13) (Figure 7). Uptake of 
C, N, and P at the lowest feed level PS6 was similar with no significant 
differences between the three (one-way ANOVA, p ≥ 0.05). At feed 
level PS13, uptake of C by polychaetes fed post-smolt sludge was 
significantly higher than P uptake (one-way ANOVA, p < 0.05). Both 
C and N uptake was higher than P uptake at the two highest feed levels 
PS25 and PS47 (one-way ANOVA, p < 0.05). Uptake of C and N by 
polychaetes fed post-smolt sludge was similar within all feed levels 
(one-way ANOVA, p ≥ 0.05). When comparing uptake of C, N, and P 
of polychaetes fed different feed levels of post-smolt sludge, no 
significant difference was found (one-way ANOVA, p ≥ 0.05).

Further, no significant difference was found when comparing 
uptake of C, N, and P of corresponding feed levels of the two different 
diets (Welch’s t-test, p ≥ 0.05) (Figure 7).

Linear regression analysis found no correlation (R2 < 0.2) between 
Carbon supplied (mg mg−1 C DW) and Carbon uptake (%) (Figure 8), 
Nitrogen supplied (mg mg−1  N DW) and Nitrogen uptake (%) 
(Figure 9), and Phosphorus supplied (mg mg−1 P DW) and Phosphorus 
uptake (%) (Figure 10).

4 Discussion

Our results show that juveniles and adults of H. diversicolor 
could successfully be cultivated with both smolt sludge and post-
smolt sludge as a sole feed source. Generally, the nutrient content 
and correlated elemental ratios of organisms, such as 
H. diversicolor, provide a good indication of their dietary nutrient 
requirements (Sterner and Schulz, 1998; Wagner et al., 2013). C 
content of polychaetes ranged at 400–450 mg g−1 DW, N content 
was approximately 90 mg g−1 DW, and P content was around 
8 mg g−1 DW which is comparable to values found by other 
studies (Sterner and Elser, 2003; Palmer et al., 2014; Wang et al., 
2019b). Accordingly, the C, N, and P gain we found in our study, 

TABLE 1 Carbon, nitrogen, and phosphorus content (mg  g−1 DW), and C:N, C:P, and N:P ratios (−) of initial polychaetes Hediste diversicolor (n  =  1), diets 
smolt sludge (n  =  3) and post-smolt sludge (n  =  3), and final polychaetes Hediste diversicolor fed different levels of smolt sludge (S6-S24, n  =  4; S45, 
n  =  3) and post-smolt sludge (PS6-PS47, n  =  4).

Carbon 
(mg  g−1 DW)

Nitrogen 
(mg  g−1 DW)

Phosphorus 
(mg  g−1 DW)

C:N (−) C:P (−) N:P (−)

Initial polychaetes 418.64 90.72 8.19 4.61 51.11 11.07

Smolt sludge 419.88 ± 10.50x 47.90 ± 2.10 44.90 ± 6.83 8.77 ± 0.24x 9.51 ± 1.56 1.09 ± 0.20

Smolt sludge-fed 

polychaetes

S6 411.45 ± 16.14a 91.70 ± 3.41b 9.46 ± 1.24a 4.49 ± 0.09a 43.95 ± 4.66a 9.80 ± 1.01a

S12 418.92 ± 11.45a 90.04 ± 1.75ab 8.43 ± 0.27a 4.65 ± 0.12a 49.77 ± 2.75ab 10.69 ± 0.44a

S24 424.46 ± 17.20a 84.12 ± 4.11a* 8.14 ± 0.46a 5.05 ± 0.20b* 52.26 ± 3.43b 10.35 ± 0.64a

S45 433.95 ± 18.97a 85.47 ± 1.44ab* 8.82 ± 0.37a 5.08 ± 0.14b* 49.20 ± 2.00ab 9.70 ± 0.38a*

Post-smolt sludge 363.03 ± 5.77 46.59 ± 1.56 46.56 ± 13.53 7.80 ± 0.17 7.81 ± 2.17 1.01 ± 0.30

Post-smolt sludge-

fed polychaetes

PS6 399.73 ± 41.46A 90.33 ± 9.49A 8.19 ± 0.81A 4.43 ± 0.10A* 49.03 ± 6.14A 11.06 ± 1.17A

PS13 425.35 ± 19.82A 89.26 ± 2.38A 8.36 ± 0.45A 4.76 ± 0.11B 51.08 ± 4.85A 10.71 ± 0.82A

PS25 445.30 ± 12.01A* 88.95 ± 1.49A 7.56 ± 1.14A 5.01 ± 0.09C* 59.82 ± 8.09A 11.96 ± 1.75A

PS47 453.68 ± 12.64A* 85.79 ± 4.37A 8.11 ± 0.33A 5.29 ± 0.19D* 56.02 ± 2.47A* 10.59 ± 0.53A

Different superscripts indicate significant differences between feed levels of the same diet, asterisks indicate a significant difference of final polychaetes from initial polychaetes, and xdenotes 
significant differences between diets (p < 0.05).
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with C having the highest gain, followed by N, and P having the 
lowest gain, reflect the nutritional requirements of polychaetes 
that were established by Nederlof et al. (2020). Differences in gain 

between polychaetes fed at the different feed levels, S6-S45 and 
PS6-PS47 followed the Bertanlanffy growth function (Von 
Bertalanffy, 1938) and can be attributed to differences in SGRs of 

FIGURE 4

Linear regression analysis of C:N ratio of polychaetes H. diversicolor fed increasing levels of smolt sludge (S6-S24, n  =  4; S45, n  =  3) and post-smolt 
sludge (PS6-PS47, n  =  4).

FIGURE 5

C:P ratio of polychaetes H. diversicolor fed increasing levels of smolt sludge (S6-S24, n  =  4; S45, n  =  3) and post-smolt sludge (PS6-PS47, n  =  4).

https://doi.org/10.3389/fsufs.2023.1278586
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Anglade et al. 10.3389/fsufs.2023.1278586

Frontiers in Sustainable Food Systems 08 frontiersin.org

the specimens. C, N, and P gain as well as the SGR had similar 
growth coefficients, thus the functions to describe them had a 
similar shape. Increases in SGRs of the polychaetes are reflected 

in increases in C, N, and P gain of H. diversicolor in both diet 
groups, with no significant growth and gain at the lowest feed 
levels S6 and PS6 and a levelling off of growth as well as C, N, and 

FIGURE 6

N:P ratio of polychaetes H. diversicolor fed increasing levels of smolt sludge (S6-S24, n  =  4; S45, n  =  3) and post-smolt sludge (PS6-PS47, n  =  4).

FIGURE 7

Uptake of carbon, nitrogen, and phosphorus (mean  ±  SD, %) by polychaetes H. diversicolor fed different levels of smolt sludge (S6-S24, n  =  4; S45, n  =  3) 
and post-smolt sludge (PS6-PS47, n  =  4). Different lowercase superscripts indicate significant differences of C, N, and P uptake (%) within feed levels of 
smolt sludge-fed polychaetes, different uppercase superscripts indicate significant differences C, N, and P uptake (%) within feed levels of post-smolt 
sludge-fed polychaetes (p  <  0.05).
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P gain of polychaetes in both diet groups at the highest feed 
levels, S24/PS25 and S45/PS47 (Anglade et al., 2023). A saturation 
threshold was reached at which the growth of individuals and the 

gain of C, N, and P showed no further positive correlation with 
increased feed supply. This is due to limitations tied to the 
organisms’ behavioral patterns and physiological attributes, 

FIGURE 8

Scatterplot of Carbon supplied (mg  mg−1 C DW) and Carbon uptake (%) by polychaetes H. diversicolor fed different levels of smolt sludge (S6-S24, 
n  =  4; S45, n  =  3) and post-smolt sludge (PS6-PS47, n  =  4).

FIGURE 9

Scatterplot of Nitrogen supplied (mg  mg−1 N DW) and Nitrogen uptake (%) by 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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including time spent on feeding, nutrient uptake, and metabolic 
rate (Brown et al., 2004).

Accordingly, differences in content of C, N, and P between the 
different feed levels and when comparing to initial polychaetes were 
not as pronounced as differences in net gain, which suggests that 
quantities of feed supply had only a limited effect on the C, N, and P 
content of H. diversicolor. Moreover, a significantly higher C content 
of smolt sludge compared to post-smolt sludge did not have a 
significant effect on the C content of polychaetes as there was no 
difference between corresponding feed levels of the two diets. Even 
though content of C, N, and P was similar in all polychaetes, we did 
register a significant effect on C:N ratio caused by the slight increase 
in C content and the simultaneous decrease in N content. The C:N 
ratio was strongly correlated with feed supply and increased 
significantly between the two lowest feed levels S6/S12 and the two 
highest feed levels S24/S45 for polychaetes fed smolt sludge and 
increased significantly with each feed level for polychaetes fed post-
smolt sludge, even when SGRs levelled off. Since higher content of 
total lipids and a constant protein content in tissues correspond to a 
higher C:N ratio, as lipids are C-rich molecules with low N content 
(Barnes et al., 2007), this increase in C:N ratio in the polychaetes can 
be attributed to a relative increase in lipids as found by Anglade et al. 
(2023). Lipids provide an efficient way to store energy and when N is 
not limiting, which results in a low C:N ratio in the diet, marine 
organisms have sufficient N for essential processes such as growth and 
reproduction which allows them to divert resources towards lipid 
synthesis and storage (Luis and Passos, 1995; García-Alonso et al., 
2008). The C:N ratio of smolt sludge was significantly higher than that 
of post-smolt sludge which may have resulted in a higher lipid storage 
of polychaetes fed with post-smolt sludge and, as a result, more 

pronounced differences of C:N ratio between each feed level for 
polychaetes fed post-smolt sludge (Anglade et al., 2023). Additionally, 
polychaetes fed post-smolt sludge at the highest feed levels, had a 
significantly higher C content when compared with initial polychaetes, 
which further supports this argumentation. On the other hand, 
research shows that organisms that experience periods of limited food 
availability or exhaust energy storages for search for feed or survival 
in more challenging N-limited conditions where the C:N ratio is 
higher, tend to prioritize N allocation for essential functions such as 
protein synthesis. As a result, lipid storage may be reduced, and the 
C:N ratio may be  lower (Nielsen, 1997) which we  observed for 
polychaetes fed at the lowest feed levels in this study.

Although previous studies have given promising results with 
regards to removal and upcycling of C, N, and P from aquaculture 
effluent using polychaetes (Pajand et  al., 2017; Yousefi-Garakouei 
et al., 2018), uptake rates of C, N, and P in the present study showed 
that only small fractions of the supplied nutrients were converted into 
polychaete biomass. We found different uptake rates when comparing 
the three different nutrients, with H. diversicolor converting C and N 
to a similar degree regardless of feed level and the uptake of P being 
significantly lower than that of C and N at the highest feed levels S24/
PS25 and S45/PS47, highlighting the mismatch between the 
requirement for C, N and P and the proportions in which these were 
available in the sludges. Linear regression analysis found no 
correlation between C, N, and P supply and the respective uptake rate 
and there was no significant difference between feed levels in either of 
the diet groups. The slightly different composition of smolt sludge and 
post-smolt sludge did not affect uptake rates as there was no difference 
between the corresponding feed levels. Contrary to our expectations, 
that low resource availability at the lowest feed levels S6 and PS6 

FIGURE 10

Scatterplot of Phosphorus supplied (mg  mg−1 P DW) and Phosphorus uptake (%) by 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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would result in a higher fraction of the nutrients being taken up, 
uptake was not significantly higher than at higher feed levels with 
more feed availability. A potential explanation could be that energy 
was spent on searching for feed and that any feed consumed was 
exhausted for basic metabolic processes rather than growth as 
described by Anglade et al. (2023), and subsequently, no significant 
levels of C, N, or P were incorporated in polychaetes biomass. On the 
other end of the spectrum, we expected a decrease of uptake rate in all 
nutrients at the highest feed level due to an oversupply of C, N, and P, 
however, this was not registered. With regards to C, this could partly 
be  attributed to continuous storage of lipids, even when growth 
levelled off. Generally, there is some uncertainty in our data due to a 
low number of replicates and the correlated high variability in 
calculated uptake rates which makes it difficult to detect significant 
differences. Moreover, it is important to note that the registered uptake 
rates exclusively quantify the percentage of C, N, and P was taken up 
and allocated for growth, and thus registered in polychaete biomass. 
However, prior studies have documented that a considerable fraction 
of ingested nutrients by different polychaete species are utilized for 
metabolic processes and have further shown that the proportion 
allocated towards growth can vary substantially depending on 
individual variation, feeding quantities, temperature, and physiological 
state of the organism (Fang et  al., 2016; Nederlof et  al., 2020). 
Additionally, there is a lack of knowledge on the quantity of the 
supplied feed that was ingested and how much was left uneaten, as 
well as the quantity and quality of feces produced by polychaetes in 
our study. Assessing these factors would give a better understanding 
of the actual utilization of nutrients and hence the capability of 
H. diversicolor to upcycle nutrients from aquaculture sludge. While 
the actual utilization rates of C, N, and P are likely to be significantly 
higher than the uptake rates that we registered in the polychaetes 
(Nederlof et al., 2020), they still give an indication of the approximate 
upcycling potential. Both the stable contents of C, N, and P in 
polychaetes as well as C:P and N:P ratios, with only minimal changes 
with increased feed supply, and the uptake rates that seemed 
independent of feed level, suggest that while H. diversicolor converts 
the nutrients contained in aquaculture sludge successfully, there is no 
selective enrichment apart from lipids (Wang et al., 2019a; Anglade 
et al., 2023).

Smolt sludge and post-smolt sludge have been shown to 
be suited for cultivation of H. diversicolor, however, according to our 
results, nutrient upcycling seems fairly inefficient due to suboptimal 
composition of the sludge. The P content of aquaculture sludge 
which is impacted by vegetable ingredients in the salmon feed diet 
constitutes a major challenge. While the composition of salmon feed 
can vary depending on factors such as the life stage of the fish and 
correlated nutritional requirements, as well as the feed 
manufacturer’s formulation strategy, typical salmon feed in Norway 
contains around 40% vegetable protein sources and 20% vegetable 
oils (Aas et  al., 2022). Vegetables, grains, and legumes used in 
salmon feed formulation contain P in the form of phytic acid and its 
salt phytate, which is not bioavailable to monogastric animals such 
as salmonids (Eeckhout and De Paepe, 1994; Hardy, 2010; Kumar 
et al., 2012). Additionally, phytate is an anti-nutritional factor that 
can chelate with dietary minerals to form complex insoluble salts 
which adversely affects the absorption and digestion of these 
minerals as well as others (Papatryphon et  al., 1999; Carter and 
Sajjadi, 2011). Since salmon has limited endogenous production of 

phytase to break down phytate, P present in vegetable ingredients is 
poorly digested and utilized by the species (Sajjadi and Carter, 2004; 
Denstadli et al., 2006). Efforts of phytase inclusion in salmon feed 
have been successful to a small extent (Carter and Sajjadi, 2011; 
Lemos and Tacon, 2017) but as our analysis shows, aquaculture 
sludge from both smolt and post-smolt production still contains 
high levels of P, presumably in the form of phytate. H. diversicolor, 
as salmon and most marine organisms, can be assumed to have a low 
digestive capacity of phytate contained in aquaculture sludge. 
However, the digestive system of polychaetes often harbors a range 
of bacteria such as Bacillus cereus, Bacillus subtilis, and Bacillus 
pumilus (Priscilla et al., 2022) which can produce phytase that breaks 
down phytate and releases phosphorus which could then 
be potentially absorbed by the specimens (Powar and Jagannathan, 
1982; Hill et  al., 2007; Sanni et  al., 2023). Phytate digestion by 
H. diversicolor is however not well-studied, and further research is 
needed to explore the role of microorganisms in phytate digestion 
and the overall nutrient utilization in these organisms.

Regardless of the potential capability of polychaetes to break down 
phytate, the composition of smolt and post-smolt sludge is not ideal 
for H. diversicolor as discussed previously. An approach to create a 
more balanced diet that is better suited for H. diversicolor in terms of 
elemental ratios could be the mixing of aquaculture sludge with waste 
streams from other industries that are rich in C and N. As an example, 
spent grains in brewery waste consist to a large degree of cellulose and 
protein and thus have a high C content and N content (Verni et al., 
2020), while spent yeast from beer production has a high N content 
(Jaeger et al., 2020). Traditionally, these waste products are used as 
terrestrial animal feed, for biogas production or as substrate for 
cultivation of microorganisms (Xiros and Christakopoulos, 2012; 
Čater et al., 2015; Jaeger et al., 2020) and could in combination with 
aquaculture sludge, and with appropriate pre-treatment, potentially 
serve as resource for cultivation of H. diversicolor which would result 
in a polychaete diet with a more balanced nutritional composition 
than smolt sludge and post-smolt sludge alone.

5 Conclusion

Our results confirmed the hypotheses that H. diversicolor could 
successfully upcycle nutrients C, N, and P contained in aquaculture 
sludge. Hereby, we showed that the species has different requirements 
for C, N, and P which was established by the differences in both gain 
and uptake of these nutrients. Uptake of C and N was significantly 
higher than that of P at the highest feed levels. The source of C, N, and 
P, meaning smolt sludge and post-smolt sludge, was not found to have 
an effect on the uptake, as uptake was similar for polychaetes fed 
different diets, even though these diets had a slightly different 
composition. Finally, we could not confirm that uptake of C, N, and P 
by H. diversicolor was affected by different feed supply within the 
scope and limits of our study, as there was no significant difference 
between feed levels.
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