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Introduction: With the continuous growth of Atlantic salmon (Salmo salar L.)

aquaculture, appropriate management of nutrient-rich waste streams from both

land- and sea-based production has become increasingly important. Following a

circular approach, nutrients contained in aquaculture sludge can be utilized for

biomass production of the polychaete Hediste diversicolor. While the potential

for upcycling nutrients has been established previously, this study aimed to

assess nutrient flows in H. diversicolor fed aquaculture sludge as understanding

these will be crucial for optimizing future large-scale production of this species.

Materials andmethods:We investigated the effect of low and high feed supply of

smolt sludge on the nutrient flows of carbon (C), nitrogen (N), and phosphorus (P)

in H. diversicolor on an individual level. Hereby we assessed ingestion,

defecation, excretion, respiration, and uptake for growth.

Results and discussion:Nutrient flows differed between the nutrients C, N, and P

in the high feed supply group where C uptake for growth was significantly higher

than N and P uptake, and N uptake was significantly higher than P uptake. In

contrast, no significant differences were observed in the low feed supply group.

In the high feed supply group, most of the ingested C, N, and P by H. diversicolor

was allocated to uptake for growth (76% C, 83% N, 85% P) with smaller

proportions allocated to defecation (7% C, 7% N, 11% P) and respiration/

excretion (18% C, 9% N, 5% P). The results from the low feed supply group

suggest insufficient nutrient supply as most ingested C was allocated to

respiration (84%), while most N was expended on uptake for growth (45%), and

ingested P was either taken up for growth (58%) or spent on defecation (34%).

Overall, nutrient uptake reflected the smolt sludge composition rather than

nutrient requirements for H. diversicolor, which may be a short-term effect
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and needs to be investigated further. The flow of nutrients was strongly affected

by feed supply, as ingestion, defecation, excretion, and uptake for growth were

significantly higher in the high feed supply group than in the low feed

supply group.
KEYWORDS

Hediste diversicolor, nutrient upcycling, polychaeta, salmon aquaculture, aquaculture
sludge, nutrient uptake, nutrient budget
1 Introduction

Aquaculture of fish has become essential in meeting the global

seafood demand, which has surged due to the growing world

population and increasing per capita consumption of fish (Béné

et al., 2015; van Dijk et al., 2021; FAO, 2022). Capture fisheries are

unable to meet the growing demand for aquatic products

sustainably as most fish stocks are overexploited or at maximum

sustainable capture capacity, which further drives the expansion of

aquaculture. In 2022, aquaculture accounted for 51% of the fish

consumed globally, providing a reliable source of protein and

essential nutrients, supporting food security, and contributing to

economic development in many regions (Gephart et al., 2020;

FAO, 2024).

With an annual production of 1.52 million tonnes in 2023,

Norway is the world’s biggest producer of farmed Atlantic salmon

(Salmo salar L.) (Shahbandeh, 2020; Fiskeridirektoratet, 2024a),

with land-based salmon production using recirculating aquaculture

(RAS) gaining importance. It is used for both smolt and post-smolt

production, with some companies having a fully land-based

production until slaughter (Davidson et al., 2016; Liu et al., 2016;

Bjørndal and Tusvik, 2020). While aquaculture is often considered

to be a more sustainable way of producing animal protein for the

global market than livestock production (Hilborn et al., 2018;

Hallström et al., 2019), there are several ecological issues

associated with it. The most critical factors impacting growth of

the Norwegian salmon industry are arguably a continued supply of

high-quality raw ingredients for feed (Tacon and Metian, 2015;

Albrektsen et al., 2022) and adequate handling of salmon lice

infestations (Lekang et al., 2016; Dempster et al., 2021), while

other challenges such as appropriate management of waste

streams from both land- and sea-based aquaculture need to be

addressed as well (Bannister et al., 2014; Meriac, 2019; Wang and

Olsen, 2023). In their review on sustainable intensification of

aquaculture, Campanati et al. (2022) highlight the importance of

optimization of feed composition (Martins et al., 2010) and better

utilization of nutrients (Turchini et al., 2019). According to

calculations by Anglade et al. (2024) based on data on feed use

(Fiskeridirektoratet, 2024b), feed composition (Olsen et al., 2008;
02
EWOS, 2022a, 2022), and nutrient retention of 38% of feed carbon

(C), 43% of nitrogen (N), and 24% of phosphorus (P) by salmon

(Wang et al., 2013), the total unutilized nutrients released from

Norwegian salmon production in 2023 amounted to 588,000 tonnes

C, 66,000 tonnes N, and 22,000 tonnes P in both dissolved and

particulate form.

Consequently, sludge from land-based aquaculture systems is

rich in nutrients (Sele et al., 2024) and has been demonstrated to be

an appropriate feed source for the cultivation of the polychaete

Hediste diversicolor following the concept of integrated multi-

trophic aquaculture (IMTA) (Pajand et al., 2017; Wang et al.,

2019b; Anglade et al., 2023a). In natural habitats, the species plays

a significant ecological role in benthic nutrient cycling through

bioturbation activities and particle reworking, which facilitates the

breakdown and redistribution of organic matter within the sediment

(Smith, 1977; Hedman et al., 2011). When cultivated using waste

streams from other industries, polychaetes have the potential to

upcycle unutilized organic matter and nutrients. At the same time,

nutrients from waste products are transformed into valuable

polychaete biomass that is high in lipids and protein and could be

used in aquafeeds, thus contributing to a circular bioeconomy (Wang

et al., 2019a; Anglade et al., 2023b) and reducing the environmental

footprint of feed resources (Monteiro et al., 2024).

Building on the promising findings from previous studies, there

remains a need to further understand the nutrient flows when

cultivating H. diversicolor on aquaculture sludge. Studying these

nutrient dynamics will help to improve the efficiency of sludge

upcycling by understanding how effectively different nutrients are

utilized. This knowledge is crucial for optimizing the utilization of

nutrients contained in aquaculture sludge and maximizing

polychaete production yield. In this study, we evaluated the flow

and uptake of nutrients contained in smolt sludge by polychaetes H.

diversicolor that were fed on two different feed levels. The

hypotheses hereby were that (1) uptake (mg g-1 DW polychaete)

will be different for C, N, and P; (2) uptake efficiency (% of ingested)

will follow nutrient requirements of the species rather than diet

composition; and (3) uptake (mg g-1 DW polychaete and % of

ingested) and nutrient flows of C, N, and P will be affected by the

quantity of feed supplied (low feed supply vs. high feed supply).
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2 Materials and methods

2.1 Collection and preparation of
Hediste diversicolor

Individuals of H. diversicolor were collected from sediment at

low tide at the mud flat of Leangen Bay, Trondheim, Norway (63°

26′ 24.5′′ N, 10°28′ 27.7′′ E) in October 2021 (Gomes-Dos-Santos

et al., 2021) before visible sexual maturation. After retrieval,

polychaetes were transported to the laboratory at SINTEF Ocean

in plastic containers filled with sediment collected on-site and

covered with seaweed, and transferred to holding tanks (52 × 36

× 18 cm L x W x H) with ample water flow and filled with a 10 cm

thick layer of sand. Individuals were acclimated in these flow-

through tanks for four weeks at 16L:8D and 16°C and fed

commercial fish feed (GEMMA DIAMOND 1.0, Skretting AS,

Norway) for three weeks, then smolt sludge the week prior to

the experiments.
2.2 Feeding trial

The main experiment consisted of three feeding intervals with

subsequent retrieval of feces and was run in a climate-controlled

room at a temperature of 12°C and a photoperiod of 16L:8D. Prior to

the trial, polychaetes were retrieved from the holding tanks and

placed in filtered seawater for ≥ 2 h to allow for gut evacuation.

Subsequently, adherent water was removed from the polychaete

surface by gentle drying with paper tissues, and individuals were

weighed (n = 20, 230 ± 58mg) using a Handy H 120 balance (Satorius

AG, Germany). For an acclimatization period of 72 h (Honda and

Kikuchi, 2002), the polychaetes were placed in 250 mL beakers, filled

with 150 mL filtered seawater (0.22 µm), containing light-proof PU

tubes with an inner diameter of 3 mm, cut to a length of 5 cm, which

served as artificial burrows to reduce stress (Galasso et al., 2020).

Next, the individuals and their respective tubes were transferred into

a new, clean beaker containing filtrated seawater and smolt sludge.

The sludge (from Lerøy AS, Belsvik) was centrifuged at 5000 rpm for

10 minutes, the supernatant discarded, and the remaining sludge

frozen at -20°C to be thawed immediately before feeding. The

composition of smolt sludge used in the feeding trial is shown in

Table 1. H. diversicolor was fed sludge at two different feed levels

using 10 replicates each. As described by Malzahn et al. (2023), feed

levels were calculated based on the N content of smolt sludge (60 mg

N g-1 DW) and the whole-body N content of the polychaetes (95 N

mg g-1 DW polychaete, Wang et al. (2019b)), and the feed supplied
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per feeding was equivalent to approximately 6% and 50% of N

contained inH. diversicolor, which corresponds to feed levels used by

Anglade et al. (2023a, 2023b). Individuals received 101 mg sludge g-1

DW polychaete in the low feed supply group and 817 mg sludge g-1

DW polychaete per feeding. Since polychaetes were fed every second

day, following previous studies (Wang et al., 2019b; Anglade et al.,

2023a, 2023), this corresponds to 3%N d-1 (S3) and 25 N % d-1 (S25).

After a feeding period of 3 h, polychaetes and tubes were again

transferred to a clean beaker containing filtrated seawater, and the

seawater from the old beaker which contained uneaten sludge (SLU)

was homogenized using a blender and frozen in PVC sampling

bottles at -20°C for later analyses. Polychaetes stayed in the clean

beakers for 45 h to allow for defecation. In like manner, the seawater

containing feces (FEC) was then collected, homogenized, and stored

at -20°C.
2.3 Background nutrient levels

Seawater samples were taken and analysed using an

autoanalyzer (Flow Solution IV, O.I Analytical) to establish base

levels for nitrate + nitrite (NO3
-+NO2

-), total ammonia nitrogen

(TAN), and phosphate (PO4
3-) concentrations (n = 3). Additionally,

two sets of controls were conducted to assess instant leaching (T0)

of nutrients from smolt sludge and leaching (L) over a time period

of 3 h, which corresponded to the feeding period of the polychaetes.

Following the experimental setup, smolt sludge was added on two

different levels (corresponding to S3 and S25) that were calculated

based on the mean mass and N content of polychaetes. In total, four

leaching controls using 4 replicates each were run. Seawater

nutrient concentrations were deducted from dissolved nutrient

concentrations that were obtained in the polychaete trial and the

leaching controls. Results from leaching controls were used to

adjust for nutrient leaching from smolt sludge in the polychaete

trials. All control samples (seawater and leaching) were

homogenized and frozen at -20°C until further analysis.
2.4 Respirometry

Following the setup used by Hansen et al. (2019), a

MicroRespiration System (Unisense, Denmark) was used to

measure oxygen consumption rates (µmol O2 mg-1 DW h-1),

which assuming a respiratory quotient of 1 is equivalent to the

release of carbon dioxide (µmol CO2 mg-1 DW h-1). Hereby, the

impact of feed level and the feeding state of polychaetes (unfed/fed)

was investigated to assess the standard metabolic rate (SMR) and

active metabolic rate (AMR), in a similar approach as described by

Galasso et al. (2018). In preparation for the measurements, 20

polychaetes were weighed and acclimatized for three days in clean

beakers filled with filtered seawater (V = 150 mL) at the same

environmental conditions as the main experiment (12°C, 16L:8D),

using a climate cabinet (Series KB8000L, Termaks, Sweden). The

fed group was given smolt sludge at the same two feed levels as used

in the main experiment (S3 and S25) three hours prior to

respirometry. The respiration measurement setup included a
TABLE 1 Carbon, nitrogen, and phosphorus content (mg g−1 DW
polychaete), and C:N, C:P, and N:P ratio (-) smolt sludge (mean ± SE, n = 5).

Content (mg g-1 DW) C N P

460.94 ± 3.73 60.45 ± 1.63 24.72 ± 1.1

Elemental ratio (-) C:N C:P N:P

7.66 ± 0.23 18.80 ± 0.67 2.47 ± 0.12
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temperature sensor and two oxygen sensors (OX-MR), which were

connected to a MicroSensor Multimeter. These sensors were

inserted into MicroRespiration Chambers (MR-Chambers, V = 40

mL), and the chambers were put into a MicroRespiration Rack

(MR2-Rack), which was connected to a MicroRespiration Stirrer

controller (MR2-Co). To ensure a stable temperature of 12°C

during respiration measurements, the MR2-Rack was submerged

in a temperature-controlled water bath (300F, Julabo, Germany).

The SensorTrace Rate software (application version 2.8.200.21688)

was used for sensor calibration, data logging, and calculation of

oxygen consumption rates. Respiration chambers were temperature

equilibrated for at least 5 min in the water bath before data logging

was started. Measurements lasted for 30 min, of which data from at

least 5 min was used. The mass of dissolved inorganic carbon (µg

DIC mg-1 DW) released by polychaetes during respiration was

calculated using the following equation:

Dissolved inorganic C =
O * MC * V * t

m

where O is the respirometer output showing the reduction in O2

concentration (mmol O2 L
-1 h-1), MC is the molar mass of C (12.01

mg mmol-1), V (L) is the volume of the respiration chambers, t is

the duration of the experiment (48 h), and m (g DW) is the mass of

the subjected polychaetes.
2.5 Chemical analyses

Frozen homogenized samples were thawed and filtered using a

vacuum pump (Scanvac VacSafe 15, LaboGene, Denmark)

equipped with pre-combusted 47mm glass fiber filters (GF/C,

0.45 mm mesh size, Whatman plc, United Kingdom). Filter

punch-outs were used for quantification of particulate C, N, and

P contained in SLU and FEC samples. C, N and P content of smolt

sludge samples were analysed simultaneously. Content of C and N
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were analysed by means of gas chromatography using an organic

elemental analyser (vario EL cube, Elementar Analysensysteme

GmbH, Germany), with acetonitrile as standard. P was oxidized

with potassium peroxydisulfate (Koroleff, 1976) and analysed

photometrically as phosphate following NS-EN ISO 6878 using

an autoanalyzer (Flow Solution IV, O.I Analytical, USA). The

filtered seawater samples were collected and analysed for nitrate +

nitrite, TAN, and phosphate using the same autoanalyzer.
2.6 Nutrient budget

The nutrient budget of H. diversicolor (Figure 1) was adapted

from the mass balance for fish by Olsen et al. (2008) as:

I = A + D = G + R + E + D

where I is the sludge ingested, A is assimilated nutrients, D is

defecation, G is uptake of nutrients allocated for growth, R is

respiration, and E is excretion. The uptake for growth was

calculated based on the other quantified parameters. Uneaten

sludge and leached nutrients were quantified as described

previously, while concentrations of resuspended sludge and feces

were not measured.
2.7 Statistical analysis

All statistical analyses were conducted using Sigmaplot for

Windows Version 15.0 (Systat Software, Inc., USA).

Normal distribution of data was assessed with Shapiro-Wilk

tests and variance homogeneity was checked using the Brown-

Forsythe test. When comparing two groups, Welch’s t-tests were

applied for normally distributed data, while non-normally

distributed data was either log-transformed or analysed using the

non-parametric Mann-Whitney Rank Sum Test. In the leaching
FIGURE 1

Nutrient budget of H. diversicolor adapted from Olsen et al. (2008). Polychaete illustration by Anglade (2022).
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controls, instant leaching (T0) and leaching over time (L) within the

high (S25) and low feed supply group (S3) as well as in between

those two groups was compared. For each of the nutrients C, N, and

P, all measured and calculated parameters that were part of the

nutrient budget were tested for significant differences between the

S3 and the S25 group.

One-way ANOVA with Pairwise Multiple Comparison (Holm-

Sidak post hoc method) was used for comparing data from

respirometry. Kruskal-Wallis one-way ANOVA on Ranks for

multiple comparisons of non-normally distributed data was used

to find significant differences between C, N, and P supplied,

ingested, uneaten, contained in feces, assimilation, dissolved

inorganic matter, and uptake by polychaetes within feed levels S3

and S25.

Significant differences in data between the three feeding days

within feed levels were assessed using a one-way RM ANOVA.

Linear regression followed by one-way ANOVA was conducted

to test for correlation between sludge added and seawater nutrient

concentrations in control samples, the correlation between

polychaete DW and respiration, and correlation between

polychaete DW and ingestion, defecation, assimilation, and

uptake of C, N, and P.

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

confidence level.
3 Results

3.1 Background nutrient levels

Concentrations of nitrate + nitrite and phosphate in the seawater

(mean ± SE) were 136.5 ± 0.9 and 20.7 ± 0.5 µg L-1, respectively, while

the concentration of TAN was under the detection limit. No

difference was found between instant leaching (T0) of nutrients

from smolt sludge and leaching (L) over time (3 h) in neither the

low nor the high feed supply control group (Welch’s t-test, p ≥ 0.05),

and results were therefore pooled. After adjustment for background

nutrient concentrations, leaching of nitrate + nitrite from sludge

samples was zero in both the low and the high feed supply control

group. Concentrations of TAN and phosphate were significantly

higher in the high feed supply control group than in the low feed

supply control group (Welch’s t-test, p < 0.05). Linear regression

analysis concluded a strong correlation between sludge added (mg

DW) and concentrations of phosphate (R2 = 0.932, p < 0.05) and

TAN (R2 = 0.865, p < 0.05) in seawater. TAN leaching (mean ± SE)

was 3.15 ± 1.28 µg mg-1 DW and 1.86 ± 0.24 µg mg-1 DW for the low

and high feed supply control group, respectively, while phosphate

leaching was 4.64 ± 0.62 µg mg-1 DW in the low feed supply control

group and 2.32 ± 0.43 µg mg-1 DW in the high feed supply

control group.
3.2 Respiration in Hediste diversicolor

Respiration in H. diversicolor was not affected by feed supply or

feeding state as no significant differences were found between any of
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the groups (one-way ANOVA, p ≥ 0.05) (Figure 2). In the low feed

supply group (S3), the respiratory rate (mean ± SE) was 0.04 ± 0.01

mmol CO2 h-1 g-1 DW (0.45 ± 0.07 mg C h-1 g-1 DW) in unfed

polychaetes and 0.03 ± 0.01 mmol CO2 h
-1 g-1 DW (0.40 ± 0.07 mg

C h-1 g-1 DW) in fed polychaetes. In the high feed supply group

(S25), the respiratory rate was 0.05 ± 0.01 mmol CO2 h
-1 g-1 DW

(0.63 ± 0.06 mg C h-1 g-1 DW) in unfed polychaetes and 0.04 ± 0.01

mmol CO2 h-1 g-1 DW (0.54 ± 0.09 mg C h-1 g-1 DW) in fed

polychaetes. Linear regression analysis concluded a strong

correlation (R2 = 0.825, p < 0.05) between dry weight and

respiration (mmol CO2 h-1) of polychaetes. Consequently, an

average respiratory rate of H. diversicolor of 0.50 ± 0.04 mg C h-1

g-1 DW was used for the C budget calculations.
3.3 Nutrient flows in Hediste diversicolor

Median values (mg g-1 DW polychaete) of supply, ingestion (I),

uneaten, defecation (D), assimilation (A), respiration/excretion (R/

E), and uptake for growth (G) for the respective nutrients C, N, and

P are displayed in Table 2. There was no difference between the

three feeding days for any of the measured and calculated

parameters (RM ANOVA, p ≥ 0.05).

Apart from uptake for growth, all parameters (supply, ingestion,

uneaten, defecation, assimilation, respiration/excretion) presented in

Table 2 were significantly higher for C than for N and P, and higher

for N than for P (one-way ANOVA on ranks, p < 0.05). With regards

to uptake, polychaetes in the low feed supply group (S3) showed no

difference in uptake when comparing C, N, and P (one-way ANOVA

on ranks, p ≥ 0.05). In the high feed supply group (S25), however, C

uptake was higher than that of N and P, and N uptake was higher

than that of P (one-way ANOVA on ranks, p < 0.05).

When comparing the same parameters (C, N, and P supply,

ingestion, uneaten, defecation, assimilation, respiration/excretion,

uptake) for H. diversicolor between feed levels S3 and S25, median

values in the high feed supply group (S25) were significantly higher
FIGURE 2

Respiratory rate of H. diversicolor in an unfed and fed state, fed at
two feed levels S3 and S25 (n = 10). Same superscripts indicate non-
significant differences (p ≥ 0.05).
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than those in the low feed supply group (S3) for all three nutrients C,

N, and P (Mann-Whitney Rank Sum Test, p < 0.05), apart from P

contained in feces, where no difference between the high and low feed

supply group was found (Mann-Whitney Rank Sum Test, p ≥ 0.05).

Proportions (mg g-1 DW polychaete and %) of ingested C, N, and

P (mean ± SE) are shown in Figure 3A–F. In polychaetes in the low

feed supply group (S3), the largest proportion of ingested C was

allocated to respiration while uptake was around zero (Figures 3A, B).

In the high feed supply group (S25), C uptake had the largest share.

The assimilation (uptake + respiration) of C was 82% and 93% in the

low and high feed supply group, respectively (Figure 3B). The

majority of ingested N in polychaetes fed a low feed quantity (S3)

was taken up for growth, with lower percentages allocated to

defecation and excretion (TAN-N). Polychaetes in the high feed

supply group (S25) allocated most of the ingested N to uptake for

growth (Figures 3C, D). The assimilation (uptake + excretion) of N

was 74% and 93% in the low and high feed supply group, respectively

(Figure 3D). The largest proportions of ingested P were allocated to

uptake for growth and defecation by polychaetes in the low feed

supply group (S3), while uptake accounted for the largest proportion

of ingested P in the high feed supply group (S25) (Figures 3E, F). The

assimilation (uptake + excretion) of P was 66% and 89% in the low

and high feed supply group, respectively (Figure 3F).

Linear regression analysis revealed no correlation (R2 < 0.2, p ≥

0.05) between C, N, and P ingestion, defecation, assimilation, and

uptake (mg g-1 DW polychaete) and biomass (g DW) ofH. diversicolor

for neither of the feed levels S3 and S25 (Supplementary Tables 1–3). A

weak negative correlation (0.2 ≤ R2 < 0.4; p < 0.05) was found for C, N,

and P defecation by polychaetes in the high feed supply group (S25)

and N defecation by polychaetes in the low feed supply group (S3).

Median values (%) of C, N, and P ingestion, assimilation, and

uptake for growth as a proportion of supplied C, N, and P are

portrayed in Table 3. There was no significant difference in the
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percentage of C, N, and P ingestion by polychaetes in the low feed

supply group (S3) (one-way ANOVA on ranks, p ≥ 0.05). In the

high feed supply group (S25), the percentage of C ingestion was

significantly lower than that of P ingestion (one-way ANOVA on

ranks, p < 0.05), while the percentage of N ingestion was not

significantly different from C or P (one-way ANOVA on ranks, p ≥

0.05). The percentage of C, N, and P ingestion was significantly

higher for polychaetes with a low feed supply (S3) than those with a

high feed supply (S25) (Mann-Whitney Rank Sum Test, p < 0.05).

In the low feed supply group (S3), the percentage of assimilated

C was significantly higher than assimilated P, while in the high feed

supply group (S25), the percentage of C assimilation was

significantly lower than P assimilation (one-way ANOVA on

ranks, p < 0.05). N assimilation was not different from C and P

assimilation in either of the groups (one-way ANOVA on ranks, p ≥

0.05). The percentage of C and N assimilation was significantly

higher in the S3 group than in the S25 group (Mann-Whitney Rank

Sum Test, p < 0.05).

The percentage of C uptake was significantly lower than that of

N and P, both in polychaetes with low (S3) and high feed supply

(S25) (one-way ANOVA on ranks, p < 0.05). When comparing low

(S3) and high feed supply (S25), uptake by H. diversicolor as a

proportion of nutrients supplied was only significantly different for

C, with C uptake being significantly higher in the S25 group (Mann-

Whitney Rank Sum Test, p < 0.05). There was no difference in N

and P uptake by polychaetes between the two feed levels S3 and S25

(Mann-Whitney Rank Sum Test, p ≥ 0.05).
4 Discussion

Our results show that nutrient flows in H. diversicolor depend

both on the type of nutrient and the supplied quantity. While there

was no difference between C, N, and P uptake (mg g-1 DW

polychaete) in the low feed supply group (S3), differences were

pronounced in the high feed supply group (S25). The uptake of C

was significantly higher than that of N and P, and N uptake was

significantly higher than P uptake, which is in line with results

published by Anglade et al. (2023b). Fang et al. (2016) analysed

nutrient flows in the nereid polychaete Perinereis aibuhitensis fed fish

feces and evaluated the overall assimilation of the diet, unlike in this

trial where it was assessed for each of the nutrients C, N, and P

individually. They found an assimilation of ca. 55% which is

substantially lower than the assimilation of C, N, and P that we

observed in H. diversicolor at both feed levels. The uptake of C (% of

ingested feed) in the low feed supply group, however, was close to

zero, being that all the C ingested was expended spent on respiration

and defecation, and the individuals were likely starved. This threshold

for starvation has been described previously by Anglade et al. (2023a)

where growth was zero below a feed concentration of 5.8% Nfed d
-1. A

feed concentration that was approximately half of that was used in the

present study, resulting in all energy supplied being invested in basic

metabolic processes rather than somatic growth. While the feed

supplied to H. diversicolor in the low feed supply group (S3) was

limiting with regards to C uptake, it was more appropriate for N and

P of which 45% and 58%, respectively, were taken up for growth. In
TABLE 2 Nutrient budget and carbon, nitrogen, and phosphorus flow
(median, mg g-1 DW polychaete) in H. diversicolor fed two different feed
levels S3 and S25 (n = 10) of smolt sludge.

Carbon Nitrogen Phosphorus

mg g-1

DW
S3 S25 S3 S25 S3 S25

Supply 45.87a* 367.28A* 6.02b* 48.17B* 2.46c* 19.69C*

Ingestion (I) 32.56a* 150.39 A* 4.13 b* 23.10B* 1.74c* 10.18C*

Uneaten 12.94a* 216.10A* 1.84b* 24.98B* 0.72c* 9.50C*

Defecation (D) 7.13a* 10.26A* 0.88b* 1.77AB* 0.72b 0.90B

Assimilation
(A) 24.84a* 138.44A* 3.00b* 21.38B* 1.21c* 8.83C*

Respiration/
Excretion
(R/E) 24.01a 24.01A 1.05b* 2.28B* 0.13c* 0.29C*

Uptake for
growth (G) 0.83a* 114.43A* 2.11a* 19.07B* 1.14a* 8.58C*
Different lowercase superscripts indicate significant differences between carbon, nitrogen, and
phosphorus for the different parts of the budget at the low feed level S3, uppercase superscripts
indicate significant differences on the high feed level S25, and asterisks indicate significant
differences between the two feed levels for each of the nutrients (p < 0.05).
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the high feed supply group (S25), uptake of all nutrients was

significantly higher, with uptake rates ranging between 75% and

84% of ingested nutrients. Lower percentages for C uptake (8%-27%)

and N uptake (24%-63%) by nereids have been published previously

(Honda and Kikuchi, 2002; Fang et al., 2016). To the authors’ best

knowledge, only Clavero et al. (1994) has previously described the P
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uptake by H. diversicolor with regard to its role in phosphate fluxes

between sediment and seawater, however, the individual P uptake

was not quantified in their study. The uptake of C, N, and P as a

proportion of supplied sludge was higher than reported by Anglade

et al. (2023b). When assessing these numbers, it is important to

consider the cultivation system and how feed was administered.
FIGURE 3

Allocation of ingested carbon, nitrogen, and phosphorus (mean ± SE) in polychaetes H. diversicolor fed at two feed levels S3 and S25 (n = 10).
Carbon in mg g-1 DW polychaete (A) and % of ingested (B), nitrogen in mg g-1 DW polychaete (C) and % of ingested (D), and phosphorus in mg g-1

DW polychaete (E) and % of ingested (F).
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Omitting the use of sediment in this study not only allowed for the

quantification of uneaten sludge and polychaete feces, but also

ensured efficient sludge ingestion, with little energy being spent on

foraging as there was no need to search for feed within the sediment.

Further, there was no competition for feed as each individual was

kept separately.

Another important aspect to consider is the smolt sludge used

in this trial. The suitability of aquaculture sludge as a feed for H.

diversicolor has been demonstrated in multiple studies (Pajand

et al., 2017; Wang et al., 2019b; Anglade et al., 2023a). However,

as a waste product from salmon production, its composition is

subject to change. The wide range of sludge composition has been

described by Sele et al. (2024) and depends on several factors, such

as salmon feed composition, type of system, fish health, appetite,

season, and the stage of the production cycle as well as storage and

preservation of sludge (Del Campo et al., 2010; Galasso et al., 2017;

Aas and Åsgård, 2017). Although obtained from the same smolt

production facility, the composition of smolt sludge used in this

trial was somewhat different from that used in a study by Anglade

et al. (2023a). While C and N contents (mg g-1 DW) in this study

were slightly higher, P content was nearly half. Consequently, the C:

P and N:P ratios were approximately double. Nutrient uptake by H.

diversicolor depends on different factors, with feed composition

arguably being the most important. Hereby, the composition of an

organism itself provides important insights into the nutrient

requirements and the associated elemental ratios (Sterner and

Elser, 2003; Wagner et al., 2013). For H. diversicolor, Anglade

et al. (2023b) reported a C content between 419 and 454 mg g-1

DW, an N content of 84-90 mg g-1 DW, and a P content around 8

mg g-1 DW, giving a C:N ratio of 4.6 to 5.3, a C:P ratio of 44.0 to

59.9, and an N:P ratio of 9.7 to 12.0. When comparing these values

with the composition of smolt sludge that was used as a diet in the

present study, it becomes evident that the somewhat low N and very

high P content in sludge would make efficient utilization of all

nutrients simultaneously challenging. Remarkably, the elemental

ratios when evaluating the uptake of C, N, and P (mg g-1) in our trial

were quite similar to those of the fed smolt sludge, which opposes

the findings of Anglade et al. (2023b) where uptake followed

polychaete composition and appeared mostly independent of diet

composition. Whether this discrepancy is due to the shorter

duration of the experiment would be recommended to be

evaluated in future studies.

Assessing the potential of polychaetes for upcycling of nutrients

contained in aquaculture sludge is strongly linked to feeding

behavior and feed ingestion, especially when considering large-

scale production. The percentage of ingested feed plays a pivotal

role in determining the ideal feed concentration, which is key to

minimizing the accumulation of residual feed over time as a surplus

of feed can contribute to organic buildup and subsequent

degradation in water quality. When comparing the absolute

values (mg g-1 DW polychaete) of ingested C, N, and P by

polychaetes in the different treatment groups, it becomes evident

that ingestion was correlated with supply and smolt sludge

composition, being that the factor between absolute ingestion

values remains constant for all three nutrients. As a result, the

percent values of ingestion were similar for C, N, and P. Around
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70% of supplied nutrients were ingested in the low feed supply

group (S3) and 42-52% in the high feed supply group (S25). While

Anglade et al. (2023b) did not quantify ingestion, they found

increased growth with increased feed supply, which suggests a

similar trend between ingestion and uptake. Honda and Kikuchi

(2002) found an N ingestion by Pereinereis vallata corresponding to

28 mg g-1 DW which is similar to N ingestion by H. diversicolor in

the high feed supply group (S25). Anglade et al. (2023a) found the

highest growth for H. diversicolor of comparable size as individuals

used in this study and fed an equivalent to the high feed supply

group (S25), with a further increase in feed supply not resulting in

additional growth. When imagining larger-scale production

scenarios, it will be crucial to balance maximizing polychaete

growth while at the same time minimizing residual feed and thus

increasing feeding efficiency. Based on our findings it appears that a

feed supply close to that used in the high feed supply group (S25)

would be suited. Hereby, it will be important also to assess the effect

of polychaete size and production temperature on feed ingestion, as

these are known to impact growth (Heip and Herman, 1979; Fang

et al., 2016) which is linked strongly to feed intake. Our study

permitted ingestion only for a limited time, to prevent individuals

from defecation during the feeding period, which would have

resulted in feces being incorrectly quantified as uneaten sludge. It

would be recommended to allow for a longer feeding period in

large-scale production.

The percent C and N defecation of H. diversicolor in the low

feed supply group (S3) valued at 18% and 26%, respectively, and

was similar to C (22-27%) and N (24-28%) defecation reported by

Fang et al. (2016) and overall defecation (22%) found by Honda and

Kikuchi (2002). No reference values for P were found. While the

absolute C, N, and P defecation increased between the low and high

feed supply, the percent defecation decreased due to a higher

absolute uptake by polychaetes in the high feed supply group (S25).

Galasso et al. (2020) reported an ammonia excretion rate of

approximately 0.06 µmol N h-1 for 230 mg (WW) individuals that

were fed ad libitum. Honda and Kikuchi (2002) found an N

excretion rate of 0.1 mg ind-1 d-1 for P. vallata weighing 600 mg

(WW). Applied to our experiment, with a duration of 48 h, this

corresponds to 0.90 mg N g-1 DW (Galasso et al., 2020) and 1.70 mg

N g-1 DW (Honda and Kikuchi, 2002) which are comparable with
TABLE 3 Percentages (median) of carbon, nitrogen, and phosphorus
ingestion, assimilation, and uptake (median, % of supplied) by H.
diversicolor fed two different feed levels S3 and S25 (n = 10) of
smolt sludge.

Carbon Nitrogen Phosphorus

% of
supplied

S3 S25 S3 S25 S3 S25

Ingestion 71.69a* 41.06A* 69.22a* 48.05AB* 70.69a* 51.73B*

Assimilation 53.84a* 37.81A* 50.11ab* 44.18 AB* 48.56b 44.86B

Uptake
for growth 1.51a* 31.25A* 35.17b 39.35B 45.74b 43.60B
fronti
Different lowercase superscripts indicate significant differences between carbon, nitrogen, and
phosphorus for the different parts of the budget at the low feed level S3, uppercase superscripts
indicate significant differences on the high feed level S25, and asterisks indicate significant
differences between the two feed levels (p < 0.05).
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the values found for N excretion in the low (S3) and high feed

supply group (S25), (1.05 mg g-1 DW and 2.28 mg g-1 DW,

respectively). Fang et al. (2016) showed that N excretion in P.

aibuhitensis is highly affected by temperature and food quality, with

rates ranging between 9% and 70% of ingested N, which the values

of 29% (S3) and 9% (S25), that were found for H. diversicolor in this

study, fall within.

Overall, the respiration of H. diversicolor was in line with

previously reported literature data. The values we found in this

trial, ranging from 0.033 mmol CO2 g-1 DW h-1 to 0.052 mmol

CO2 g
-1 DWh-1 were well within reported values. At 12°C, Kristensen

(1983a) found a respiratory rate of 0.039 mmol CO2 g
-1 DW h-1 inH.

diversicolor, while Nielsen et al. (1995) reported respiration data for

individuals cultivated at 15°C that was equivalent to values between

0.023 mmol CO2 g-1 DW h-1 and 0.052 mmol CO2 g-1 DW h-1.

Galasso et al. (2018) found an SMR equivalent to 0.006 mmol CO2 g
-1

DW h-1, suggesting that our results correspond to the AMR rather

than the SMR. Among others, Kristensen (1981) and Nielsen et al.

(1995) describe respiration as an exponential function of weight,

however, linear regression gave a better fit for our data, meaning the

allometric coefficient had a value that was close to one. According to

Riisgård (1998), this is more common for young and fast-growing

stages. Both Kristensen (1983a) and (Nielsen et al., 1995) found that

H. diversicolor ventilated ca 70-80% of the time at a temperature of

12°C. Nereid polychaetes, like most organisms, typically engage in

respiration during ventilation, as the two processes are closely linked,

and Kristensen (1981) reported that respiration during active

ventilation was five to six times higher than in a resting state.

Additionally, Fang et al. (2016) found that feed consumption and

quality affected the C metabolism with a higher fraction of C being

respired when more high-quality feed was ingested by P. aibuhitensis.

Findings by Malzahn et al. (2010) suggest that excess diet C is

eliminated through respiration in the calanoid copepod Acartia

tonsa. The present study aimed to find a difference in respiration

between a fed and an unfed state of individuals as well as a difference

between low and high feed supply, however, this was not achieved

likely due to an overall low feeding activity (visual assessment). As a

result, an average value for respiration (which corresponded to

literature values of the AMR) was used. Considering differences

between resting and active ventilation phases as well as the AMR

and SMR, and the effect of ingested feed quantity would significantly

impact the calculated number of C uptake for growth by H.

diversicolor as respiration accounted for the largest share of energy

spent in the form of C, especially in polychaetes in the low feed supply

group (S3), and the respired mass of C may have been overestimated.

Previous studies have shown that resuspension and leaching of

DOM (DOC, DON, and DOP) may account for 15% of the

respective nutrients in salmonid feces (Chen et al., 2003; Sugiura

et al., 2006; Wang et al., 2012). DOM was not quantified in our trial,

however, the smolt sludge that was used was collected from the

drum filter of a land-based smolt production facility where the

largest fraction of DOM would already have been eluted.

Additionally, the sludge was treated via centrifugation preceding

the experiment, with the supernatant being discarded, therefore, the

quantity of DOM that could still leach from the sludge is likely

minuscule. Furthermore, the release of DOC and DON by H.
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diversicolor through mucus production was not taken into

account in this study. Likely, the portion of nutrients allocated to

mucus production and the contribution of these to the overall

nutrient budget was limited as no excessive mucus production was

observed. Nonetheless, mucus production will contribute to the C

and N budget in the form of DOC and DON to a small degree and

may vary with increased feed intake and stress (Mouneyrac et al.,

2003; Dale et al., 2019).

Coprophagy has previously been observed in nereid polychaetes

with feces from other species (Frankenberg and Smith, 1967,

Bradshaw et al., 1990). Accordingly, it is possible that individuals

in this study consumed their own feces as they were left without

feed for 45 h at a time. While this does not affect the final nutrient

budget, it is important to note that the nutrient flows may not be as

unambiguous as presented in Figure 1.

To evaluate nutrient flows in H. diversicolor, it was essential to

conduct our experiments without sediment. While the tubes used as

artificial burrows in this study offered a stable and controlled

environment, they could potentially restrict the natural behavior

of the polychaetes, decrease physiological performance, and affect

their feed intake (Kristensen, 1983b). Especially the change in

environment from sediment to artificial burrows can contribute

to a certain level of stress. To minimize this, we allowed for

polychaetes to acclimatize for 72 h prior to the first feeding,

following published procedures (Kristensen, 1983c; Honda and

Kikuchi, 2002; Galasso et al., 2018). Gas exchange and respiration

in H. diversicolor may have been decreased due to the impermeable

material of the tubes used in our trial. Levels of dissolved oxygen

were not assessed; however, the use of permeable tubes would

ensure sufficient circulation of oxygen-rich water through and

around the tubes. Even though the transfer of H. diversicolor and

tubes between beakers was executed with great care, the handling of

polychaetes likely further added stress on individuals which would

affect nutrient flows.
5 Conclusion

Overall, we found that nutrients that were contained in smolt

sludge were efficiently taken up for growth by polychaetes H.

diversicolor and could validate results from previous studies that

smolt sludge constitutes an adequate feed source for this species.

Further, we could confirm our hypothesis that absolute uptake (mg

g-1 DW polychaete) would vary among different nutrients. In the

high feed supply group (S25), C uptake was significantly higher than

N and P uptake, and N uptake was significantly higher than P

uptake. No such differences were observed in the low feed supply

group (S3) where the highest percentage of ingested C was allocated

to respiration, while most ingested N was used for uptake, with

smaller proportions being allocated to defecation and excretion.

Most of the P ingested was either taken up or used for defecation.

The allocation of nutrients by polychaetes in the low feed supply

group suggests an insufficient nutrient supply where most energy

that was ingested was spent on basic metabolic processes. In

contrast, the largest share of C, N, and P ingested by polychaetes

in the high feed supply group was taken up, with smaller
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proportions allocated to defecation and respiration/excretion.

Opposing our second hypothesis, uptake of C, N, and P (% of

ingested) seemed to reflect the composition of smolt sludge rather

than the composition ofH. diversicolor which is closely linked to the

nutrient requirements of the species. Whether this is a short-term

effect needs to be investigated in future studies. Lastly, we could

confirm that nutrient flows and uptake of C, N, and P were

significantly affected by the quantity of supplied feed as nearly all

assessed parameters (i.e. ingestion, defecation, assimilation,

excretion, and uptake) were significantly higher in individuals in

the high feed supply group compared with those in the low feed

supply group, whereas respiration inH. diversicolor was not affected

by feed supply in this study.
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