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A B S T R A C T

The effect of dietary starch content, feeding level and their interaction on nutrient digestibility, bile acid balance, 
faecal waste production and characteristics were investigated in yellowtail kingfish (Seriola lalandi). The effect of 
starch inclusion level was tested in a dose-response trial, using five diets differing in the inclusion level of 
gelatinized wheat flour (WF) (0, 4, 8, 12 and 16 %) and thus starch level. Each diet treatment was tested in 
triplicates. A restricted feeding period of 4-wk was followed by a 2-wk period of satiation feeding. Results showed 
that both starch inclusion level and feeding level (restricted vs. satiation) negatively affected macronutrient 
digestibility, with fat digestibility being most affected. The latter was associated with a potential depletion of the 
body bile acid pool as bile acid balances (bile acid intake – faecal bile acid loss) were consistently negative for all 
diets during both feeding periods. Faecal bile acid loss increased with both increasing feeding level and 
increasing dietary starch level, which was mainly caused by increased faecal waste production. Furthermore, 
starch had a negative impact on faecal characteristics. High dietary starch levels resulted in increased faecal 
waste production, and higher amounts of non-removed faeces by settling due to reduced faecal removal effi
ciency. The critical dietary starch content was estimated to be 6 %. Above a 6 % dietary starch content, fat 
digestibility and faecal removal efficiency decreased, while non-removed faeces increased with the dietary starch 
content. When culturing yellowtail kingfish in RAS, dietary starch levels should be below 6 % from a digestion as 
well as faecal management point of view.

1. Introduction

Yellowtail kingfish (Seriola lalandi) grows fast, is traditionally 
cultured in cages and currently also in recirculating aquaculture systems 
(RAS) (e.g., Denmark, Germany, The Netherlands and United States of 
America) (EUMOFA, 2020). In RAS, waste management is essential for 
optimal system functioning and to ensure good water quality. The 
non-digested fraction of feed (faeces) is a principal source of solid waste. 
To ensure good water quality, faeces must be removed from the water 
via either sedimentation (settling) or filtration (i.e. drum filter). A major 

challenge of farming yellowtail kingfish in RAS is their unstable faeces 
(Horstmann et al., 2023a, 2023b, 2023c). This instability can enhance 
the disintegration of faecal matter, resulting in higher level of suspended 
and dissolved waste within the system (Bureau and Hua, 2010). As a 
result, RAS may experience high concentrations of total suspended 
solids (TSS), which can have adverse effects on both water quality and 
fish health (Badiola et al., 2012).

Compared to a diet that included a mixture of natural food items 
(krill, squid, smelt and sand eel), feeding yellowtail kingfish only 
extruded diets resulted in lower digestibility and poorer faecal integrity 

Abbreviations: PSD, particle size distribution; TSS, total suspended solids; ADC, Apparent digestibility coefficient; EHC, enterohepatic circulation; ANF, anti- 
nutritional factors.
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(Horstmann et al., 2023b). It was hypothesised that this negative effect 
of extruded diets was due to the presence of carbohydrates that are 
poorly digested by yellowtail kingfish (carnivorous species) and poten
tially affect gut functioning (Horstmann et al., 2023b). In a follow up 
experiment, it was demonstrated the dietary starch level (i.e., inclusion 
level of gelatinized wheat flour) reduced the nutrient digestibility 
(especially fat) and also the faecal integrity (Horstmann et al., 2023c). 
However, only two starch levels were tested (4 % versus 20 %). 
Although Booth et al. (2013) did not measure nutrient digestibility, they 
indicate that dietary carbohydrate levels above 10 % would compromise 
fish performance, which could be linked to lower fat digestion.

Feeding level can influence nutrient digestibility in fish as was 
demonstrated in rainbow trout (Oncorhynchus mykiss) (Staessen et al., 
2020a), Nile tilapia (Oreochromis niloticus L.) (El-Sayed, 2002) and Af
rican catfish (Clarias gariepinus) (Elesho et al., 2021; Henken et al., 
1985). The effect of feeding level is not always consistent, but depends 
on fish species and dietary composition For example, the effects of 
feeding level (restricted vs. satiation) on the digestibility of various 
amino acids (i.e., lysine and methionine) of different feed ingredients 
was ingredient specific (interaction effect) (Elesho et al., 2021). From a 
waste management perspective, even a minor 1 % reduction in organic 
matter digestibility of a common diet (having a digestibility of 90 %) 
implies a 10 % increase in faecal waste production, which is consider
able (from 10 % undigested feed to 9 %). So far the effect of feeding level 
on digestibility, waste production and faecal characteristics in relation 
to starch inclusion level has not been studied for yellowtail kingfish. So 
far most studies on this topic have been done during restrictive feeding 
(Horstmann et al., 2023c; Horstmann Zuther et al., 2024) while in a 
commercial setting, yellowtail kingfish are commonly fed (close) to 
satiation.

Yellowtail kingfish have relatively low fat digestibility when 
compared to other carnivorous species (Zhang et al., under review). Of 
all macronutrients, fat digestibility was most influenced by various di
etary factors (Horstmann et al., 2023a, 2023b, 2023c). Bile acids aid the 
breakdown of fat globules into smaller droplets. This emulsification 
increases the surface area for lipase to hydrolyse fat. Bile acids are 
synthesised in the liver, stored in the gallbladder and subsequently 
released into the intestine after a meal. The majority of bile acids are 
reabsorbed back in the distal intestine and transferred back to the liver 
through enterohepatic circulation (EHC). Nevertheless, still a small 
portion of bile acids is lost via the faeces. In rainbow trout, reduced fat 
digestibility is linked to an increased loss of bile acid with faeces, which 
was mainly related to more faeces being excreted (Staessen et al., 2022). 
In yellowtail kingfish, increasing dietary starch levels increases faecal 
waste production and decreases fat digestibility (Horstmann et al., 
2023c). Whether the effects of dietary starch level on fat digestibility 
and faecal bile acid loss in yellowtail kingfish are related to faecal waste 
production is still unknown.

Considering the above, the main objective of the study was to explore 
how yellowtail kingfish respond to a range of dietary starch and to 
pinpoint the specific dietary starch level at which changes become 
evident. Therefore, a dose-response of dietary starch on nutrient di
gestibility, bile acid balance, faecal waste production and characteristics 
of yellowtail kingfish were investigated. Furthermore it was assessed if 
these dose-response relationships were affected by feeding level. The 
effect of dietary starch was tested in a dose-response trial, using five 
diets different in the inclusion level of gelatinized wheat flour (WF) (0, 
4, 8, 12 and 16 %). To determine whether the effect of the dietary starch 
level was dependent on feeding level, a restrictive feeding period was 
followed by a satiation feeding period.

2. Materials and methods

2.1. Diets

Five diets were formulated with different gelatinized wheat flour 

(WF) inclusion levels (Table 1). WF was used as the starch source to 
create different levels of dietary starch. A basal mixture was formulated, 
containing 20 % fish meal and 45 % plant protein ingredients as main 
protein sources. To obtain diets varying in dietary starch content, the 
basal diet was diluted by adding different levels of WF. Five inclusion 
levels of WF were applied: 0, 4, 8, 12 and 16 %. This resulted in an 
analysed dietary starch contents of 38, 60, 99, 129, and 148 g/kg DM, 
respectively. To prevent deficiencies and to meet all known nutrient 
requirements (National Research Council NRC, 2011), diets were 

Table 1 
Ingredient and analysed nutrient composition of the dietary treatments fed to 
yellowtail kingfish during restricted feeding (27 days) and satiation feeding (14 
days).

Diet
0-WF 4-WF 8-WF 12-WF 16-WF

Ingredients (g/kg) ​ ​ ​ ​ ​
Gelatinized wheat flour (WF) - 40 80 120 160
Basal mixture 1000 960 920 880 840
Ingredients basal mixture (g/kg) ​ ​ ​ ​
Fish meal LTa 197.05 ​ ​ ​ ​
Wheat glutenb 150 ​ ​ ​ ​
Pea protein concentratec 150 ​ ​ ​ ​
Soya protein concentrated 150 ​ ​ ​ ​
Fish oile 130 ​ ​ ​ ​
Monocalcium phosphate 10 ​ ​ ​ ​
DL-methionine 4 ​ ​ ​ ​
Taurine 10 ​ ​ ​ ​
Casein 130 ​ ​ ​ ​
Pellet bindersf 50 ​ ​ ​ ​
Premixg 18.75 ​ ​ ​ ​
Yttrium oxide 0.2 ​ ​ ​ ​
Analysed nutrient content (g/kg DM): ​ ​ ​ ​
Dry matter (DM g/kg) 944 927 938 929 950
Crude protein 645 629 604 586 566
Crude fat 177 170 163 155 147
Total carbohydratesh 78 102 138 168 201
Starch and sugars 38 60 99 129 148
NSPi 39 42 39 39 50
Gross energy (kJ/g DM) 23.4 23.1 23.1 22.7 22.5
Crude ash 101 99 95 91 87
Phosphorus 14.6 14.3 14.2 14.0 12.9
Calcium 12.4 11.7 12.0 10.7 10.4
Bile acid (μmol/g DM) 0.14 0.12 0.13 0.12 0.12
Gelatinization degree (%) 37 42 67 76 78

WF - gelatinized wheat flour, the number linked to WF indicates the inclusion 
level (%);
Minerals (mg/kg complete diet): Fe, (as ferric sulphate), 50 mg; Zn (as zinc 
sulphate), 80 mg; Co (as cobalt sulphate), 0.2 mg; Cu (copper sulphate), 8 mg; 
Se, (as sodium selenite) 0.2 mg; Mn (as manganese sulphate), 30 mg; Mg (as 
magnesium sulphate), 750 mg; Cr (as chromic chloride), 1 mg; I (as calcium 
iodate), 2 mg.

a Faroese Fish meal, minimally 71 % CP LT (Köster Marine Proteins GmbH, 
Hamburg, Germany).

b Amygluten (Tereos Starch & Sweeteners, Aalst, Belgium).
c Pisane F0 (Cosucra, Warcoing, Belgium).
d Soycomil R (ADM Speciality Ingredients B.V., Amsterdam, The 

Netherlands).
e Fish oil (BioCeval GmbH & Co. KG, Cuxhaven, Germany).
f Pellet binders – in house composition
g Premix composition. Vitamins (IU or mg/kg complete diet): Vitamin B1, 

15 mg; Vitamin B2, 15 mg; Vitamin B6, 15 mg; Vitamin B5, 50 mg; Vitamin B3, 
150 mg; Biotine, 0.7 mg; Vitamin B12, 0.05 mg; Folic acid, 3 mg; Vitamin C, 
500 mg (given as ascorbic acid C phosphate); Vitamin E, 100 IU; Vitamin A, 
palmitate, 10,000 IU; Vitamin D3–500, 2500 IU; Vitamin K3 (K-menadione so
dium bisulphite, 51 %), 15 mg; Inositol, 450 mg; Betaine, 500 mg; Choline 
(given as choline chloride), 1000 mg. Anti-oxidant BHT (E300–321), 100 mg; 
Calcium propionate, 1000 mg.

h Total carbohydrates content (on DM basis) was calculated as: 1000 – (crude 
protein + crude fat + ash).

i Non-starch polysaccharides content (on DM basis) was calculated as: Total 
carbohydrates – (starch + sugars).
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supplemented with taurine, DL-methionine and monocalcium phos
phate. All diets contained at least 10 % fish oil to ensure that the re
quirements for essential fatty acids were met. The ingredient 
composition and analysed nutrient composition of the diets are given in 
Table 1.

The diets were produced by cold pelleting by Research Diet Services 
(Wijk bij Duurstede, The Netherlands) using a Clextral BC45 laboratory 
scale twin-screw extruder (Clextral, Firminy, France) with a 3 mm die, 
resulting in 3 mm sinking pellets according to Kals et al. (2019). 
Thereafter, pellets were dried for 2 h at 45◦C followed by 3 h at 70◦C. 
Diets were produced approximately one week prior to the start of the 
experiment and were stored at 4◦C throughout the experiment.

2.2. Experimental procedures

The experiment lasted 41 days, consisting of a 27-d restricted feeding 
and a 14-d satiation feeding period. During restricted feeding, the 
feeding level was gradually increased during the first four feeding mo
ments of the experiment until the intended feeding level was reached. 
This allowed the fish to adapt to the diet and prevent feed spillage. For 
restricted feeding, a feeding level of 23.75 g/kg0.8 body weight (BW) 
day− 1 was applied, which is approximately 95 % of the predicted 
feeding level (Horstmann et al., 2023), whereby the feeding level was 
increased based on the daily feed intake and calculated growth using an 
expected FCR of 0.9. During the first five days of satiation feeding, the 
feeding level was gradually increased until apparent satiation was 
reached. This allowed the fish to adapt to the increased feeding level. 
Fish were fed twice daily at 9:00 and 15:00 h. During satiation feeding, 
feeding was ended when fish stopped eating or when the feeding time 
exceeded 1 h. Each tank was connected to a swirl separator with a glass 
bottle for collecting faeces and uneaten feed. Fifteen minutes after 
feeding, the glass bottles were checked for feed spills to determine feed 
intake. Mortality was checked at least twice a day before feeding.

2.3. Fish, rearing conditions and housing facilities

The Animal Welfare Body of Wageningen University approved and 
evaluated this experiment as being a non-invasive animal experiment 
according to Dutch legislation (Act on Animal Experiments). Fish were 
kept and handled in agreement with EU-legislation. The experiment was 
conducted at the Aquaculture Research Facility (ARF) of Wageningen 
University and Research (Wageningen, The Netherlands). Yellowtail 
kingfish of mixed sex were obtained from a commercial fish farm 
(Kingfish Zeeland, Kats, The Netherlands). After arriving at the research 
facilities, the fish were acclimatized for more than two weeks before the 
experiment began, under the same conditions (light regime, tempera
ture, etc.) as the experiment. The fish were fed restrictively for 4 weeks, 
followed by 2 weeks of satiation feeding. At both the start and end of the 
restricted and satiation feeding period, fish were batch weighted (Met
tler-Toledo ICS429) in three rounds (2 rounds of 8 fish and 1 round of 9 
fish) to determine the total tank biomass. The day prior to weighing, fish 
were not fed. Per tank, 25 fish with a mean initial weight of 48 g were 
stocked (stocking density: 3.2 kg/m3). The number of fish in each tank 
was reduced to 17 at the start of the satiation feeding period (stocking 
density: ± 6.1 kg/m3) to ensure that the biofilter carrying capacity of the 
common RAS was not exceeded and that the oxygen level in the tank 
remained above the predetermined threshold. Diets were randomly 
assigned to one of the tanks with 3 replicates per diet. These tanks 
(n = 15) were connected to a common RAS, which was filled with 
artificial seawater. This RAS consisted of a sump, settling tank, drum 
filter (30 µm), protein skimmer, and trickling filter. Water quality pa
rameters were measured daily from the common outflow of the tanks to 
ensure that the water quality parameters remained within pre-set con
ditions for yellowtail kingfish (for pre-set conditions of water quality, 
see Supplementary table 1). The dissolved oxygen concentration in the 
outlet water was always > 5.5 mg/L/> 94 % saturation (WTW Multi 

3630 IDS - FDO 925), and mean water temperature was 23.3 ± 0.1◦C 
(WTW Multi 3630 IDS - FDO 925) during both experimental feeding 
periods (mean from daily measurements). The pH ranged between 7.3 
and 7.6 (WTW Multi 3630 IDS - SenTix 940).

2.4. Sampling and analysis

During week 4 and 6 of the experiment, faeces collection for di
gestibility analysis was done overnight for 5 days. Bottles connected 
beneath the swirl separators, were submerged into ice water to minimize 
bacterial degradation of faeces with the use of a Styrofoam box. 
Collected faeces were pooled per tank and stored at − 20◦C until further 
analysis. Faeces collection for determination of faecal removal efficiency 
was done during the weekend of week 4 for restricted feeding and week 
6 for satiation feeding. The collection method was the same as for the 
faeces collected for digestibility, except that faecal material was 
collected continuously for 48 h (including day collection, but excluding 
feeding moments). Faeces collection for determination of faecal particle 
size distribution (PSD) by sieving was done once during the last week of 
both the restricted and satiation feeding period (3 h collection during 
the day after morning feeding in week 4 and week 6). After collection, 
faecal samples for PSD were stored on ice until further analysis. Feed 
samples were taken by pooling 50 g per experimental diet per week 
(stored at 4◦C).

Faeces collected for digestibility and faeces removal efficiency were 
dried at 70◦C. Thereafter, faeces were pooled per tank for each feeding 
period and ground (mixer mill, IKA A11 basic). Feed and faeces were 
analysed for dry matter and ash, total nitrogen, gross energy, crude fat, 
yttrium, phosphorus, and calcium as described by Staessen et al. (2020). 
The crude protein content was calculated as the total nitrogen content 
multiplied by 6.25. Gelatinized starch was analysed according to the 
modified glucoamylase method described by Zhu et al. (2016). With the 
use of total starch and gelatinized starch, the gelation degree of starch in 
the experimental diets were calculated (Nutrilab, Giessen, The 
Netherlands). For digestibility calculations, starch content (including 
sugars) of the diets and faeces was analysed as described above for total 
starch analysis, leaving out the ethanol washing step.

The analysis of faecal PSD served as an indicator for assessing faecal 
characteristics. Faecal PSD was analysed as the protocol described in 
Horstmann et al., 2023a, with the exception that entire sample collected 
after morning feeding (3 hour collection) was used. No subsampling was 
made.

Bile acid content was determined by the enzymatic cycling rate after 
extraction. Bile acid extraction was performed on feed and faeces ac
cording to Porter et al. (2003) and consisted of alkaline hydrolysis in 
ethylene glycol-KOH and acidification with concentrated HCl. Three 
rounds of extraction were performed with diethyl ether, and the diethyl 
ether extract was evaporated at 40◦C under a constant stream of air. 
Dried samples were dissolved in 3 mL of methanol and stored at 4◦C 
until further analysis. Determination of total bile acid concentration in 
the methanolic extracts was performed using a commercial kit (Dia
zyme®, Dresden, Germany).

2.5. Calculations and data analysis

Absolute growth (g) was calculated as the difference between the 
average individual initial (Wi) and final (Wf) body weight (g). Specific 
growth rate (SGR; %/d) was calculated as (lnWf – lnWi)/t × 100 %, 
where t is the number of days. The daily absolute feed intake (FIabs; g/d) 
was calculated as FItot/t, where FItot is the total feed intake (g). Daily 
feed intake per metabolic body weight (FImbw; g/kg0.8/d) was calculated 
as FI/MBW, where MBW is the metabolic body weight (kg0.8) which was 
calculated as (WG/1000)0.8. The geometric mean BW (WG; g) was 
calculated as e((lnWt+lnW0)/2). Feed conversion ratio (FCR) was calculated 
on dry matter (DM) basis (g/g) as (FI × DietDM/1000)/(Wf – Wi), where 
DietDM is the dry matter content of the diet (g/kg).
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Apparent digestibility coefficient (ADC, %) of organic matter, crude 
protein, crude fat, carbohydrate, starch and gross energy were calcu
lated according to Cheng and Hardy (2002) using yttrium as inert 
marker: ADC (%) = 100 × (1 – ((Ydiet / Yfaeces) × (Nfaeces / Ndiet))), where 
Y is the inert marker content in diet or faeces and N is the nutrient 
content (or kJ/g for gross energy) in diet or faeces on DM basis. In feed 
and faeces, organic matter (g/kg DM) content was calculated as 1000 – 
ash and total carbohydrates content as 1000 – (crude protein + crude fat 
+ ash).

Faecal waste production, faecal removal efficiency and non-removed 
faeces per feed were calculated according to Horstmann et al. (2023c). 
Faecal waste production (g OM/kg DM Feed) was determined on organic 
matter basis as the amount of non-digested feed per kilogram dry matter 
feed intake as (100 % – ADCOM) × OMdiet, where ADCOM is the organic 
matter digestibility (in %) and OMdiet the organic matter (in g/kg DM) of 
the diet. Faecal removal efficiency (FR, %) was calculated as the per
centage of collected faeces by settling throughout 48 h continuous faeces 
collection in relation to the total amount of faecal waste production. In 
detail, this was calculated as the amount of yttrium collected by settling 
(Yremoved, g) in relation to the total amount of yttrium given via the feed 
(Ydiet, g) as Yremoved / Ydiet × 100 %. The non-removed faeces per feed 
intake (g OM/kg DM Feed) was calculated as the difference between the 
total amount of faecal waste produced and the amount of faeces 
removed as ((100 % – FR) × (100 % – ADCOM) × OMdiet), where FR is the 
faeces removal efficiency during the 48 h continuous faeces collection 
and ADCOM the organic matter digestibility during week 4 (restricted 
feeding) and week 6 (satiation feeding).

Faecal PSD was determined as percentage as Pfraction / Ptotal, where 
Pfraction is the collected organic matter within a respective fraction 
(<40 µm, 40 – 100 µm, 100 – 250 µm, 250 – 850 µm or >850 µm) and 
Ptotal is the total collected organic matter of all fractions.

Daily bile acid intake (µmol d− 1) was calculated as daily feed intake 
× bile acid content in the feed. Daily faecal bile acid loss (µmol d− 1) was 
calculated as the amount of OM excreted via faeces per day (g OM d− 1) 
multiplied by the faecal bile acid content (µmol g− 1 OM). The amount of 
faeces produced was calculated as the daily OM intake × (100 % - 
ADCOM)), where ADCOM is the organic matter digestibility during week 
4 and 6. Bile acid balance was calculated as bile acid intake – faecal bile 
acid loss. Daily bile acid intake, faecal bile acid loss, and bile acid bal
ance were expressed per kg BW (µmol kg− 1 BW d− 1), using the mean BW 
during both experimental periods. Mean BW was calculated as (Wi +

Wf)/2. Bile acid digestibility (%) was calculated in the same way as the 
digestibility of the nutrients.

2.6. Statistical analysis

Data were analysed using a mixed model ANOVA for the effect of diet 
(WF inclusion), feeding level (restricted / satiation) and their interaction 
effect. In this model a random tank effect was taken into account. The 
effect of diet was tested against the variation between tanks and feeding 
level, while the interaction with diet was tested against the error within 
tanks. Because the interaction was significant for several parameters, a 
one-way ANOVA was performed to examine at the effect of diet on the 
restricted and satiation feeding periods separately. The residuals were 
tested for normality (Shapiro-Wilk) and homogeneity (Levene’s test). 
Parameters that did not meet the requirements for normality and/or 
homogeneity were tested for treatment effect using a non-parametric 
test (Kruskal-Wallis). There were few parameters that did not meet 
normality (2 out of 69) and homogeneity (15 out of 69) criteria. Non- 
parametric testing did not change the statistical effects for those pa
rameters except one (feacal organic matter content at satiation feeding). 
As a result, it was decided to use ANOVA for all parameters in the main 
text to keep the statistics consistent and allow for the testing of an 
interaction effect. The tables indicate which parameters did not meet the 
normality and/or homogeneity criteria. The supplementary data in
cludes the results of non-parametric testing of all parameters, as well as 

the standard error (SE) of the mean of the treatments (Supplementary 
tables 5 to 10). In the case of a significant diet effect (p < 0.05), a Tukey 
HSD test (honest significant difference; 95 % significance level) was 
performed to compare treatment means. Additionally, linear plateau 
analysis were performed for fat ADC, faecal removal efficiency and non- 
removed faeces in order to estimate if threshold values of starch inclu
sion levels were present. Linear plateau analysis were done by the NLIN 
procedure of SAS and in this analysis the analysed dietary starch levels 
were used. Statistical analyses were performed using the statistical 
program SAS 9.4, SAS Institute, North Carolina, USA.

3. Results

3.1. Fish performance

Fish performance results are shown in Table 2. Although a statistical 
interaction effect of diet and feeding level on FCR were found, this 
finding will not be discussed in depth as they were not the focus of this 
study (due to different dietary crude protein contents). Initial body 
weight at day 0 (start restricted feeding period) was equal for all diets 
(p > 0.05). No fish died during the entire experiment. An interaction 
effect was present for both the absolute daily feed intake (FIabs, 
p < 0.001) and the daily feed intake expressed per unit of metabolic 
body weight (FIMBW, p < 0.001). FIMBW was equal during the restricted 
feeding period (first four weeks), being 16.5 g/d/kg0.8. During the 
satiation feeding period, increasing WF levels resulted in an increased 
daily feed intake. FIMBW increased from 22.3 g/d/kg0.8 in fish fed the 0 % 
WF diet to 27.4 g/d/kg0.8 for fish fed the 16 % WF diet (p < 0.001).

3.2. Digestibility

Apparent digestibility coefficients (ADC, %) are given in Table 3. An 
interaction effect between diet and feeding level was observed for all 
nutrient ADCs (p < 0.01), with the exception for fat digestibility. The 
effect of WF inclusion showed similar impacts/trends during both pe
riods. The ADC of all nutrients (except for starch and sugar during 
satiation feeding) decreased with increasing WF inclusion during both 
the restricted feeding and satiation feeding period. During the satiation 
feeding period, ADC for all nutrients were lower compared to restricted 
feeding (p < 0.01). Averaged over diets, the decrease in ADC between 
periods was 4.3 % points for organic matter, 2.8 % points for crude 
protein, and 7.6 % points for crude fat. Moreover, the inclusion levels of 
WF had the greatest influence on fat ADC (p < 0.001); averaged over 
periods, fat ADC was 6.4 % points lower at the 16 % WF diet than at the 
0 % WF diet. In Fig. 1, the relation between fat ADC and analysed dietary 
starch content (g/kg DM) is shown. Linear plateau analysis showed that 
until a dietary starch level of 55 and 60 g/kg DM (inflection points) 
during restricted and satiation feeding respectively, ADC of fat was 
unaffected by dietary starch content. Above these inflection points fat 
ADC decreased as dietary starch content increased, with a stronger 
decrease during the restricted feeding period. Above the inflection point, 
fat ADC decreased with 7.4 % and 5.4 % points when increasing the 
dietary starch content with 100 g/kg DM during restricted and satiation 
feeding respectively (Supplementary table 2; Fig. 1).

3.3. Faecal characteristics and removal efficiency

The total amount of faecal waste produced was affected by an 
interaction between diet and feeding level (p < 0.01, Fig. 2). At all diets, 
more faecal waste (g OM/kg DM Feed) was produced during satiation 
feeding compared to restricted feeding. During both periods, increasing 
the inclusion level of WF in the diet led to an increase in faecal waste 
(Fig. 2). The increase in total amount of faecal waste was larger during 
restricted feeding than during satiation feeding; with an increase of 
48 % and 8 % between the 0 % WF and 16 % WF diets during the 
restricted and satiation feeding period, respectively.
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In contrast to faecal waste production, no interaction effect between 
diet and feeding period was present for faecal removal efficiency 
(p > 0.5; Supplementary table 2). The main effect of feeding level on 
faecal removal efficiency tended to significance (p = 0.053), with a 
slightly lower removal efficiency during restricted feeding than during 
satiation feeding. Faecal removal efficiency decreased with increasing 
WF inclusion in the diet (p < 0.001). In Fig. 3 the effect of dietary starch 

content on the faecal removal efficiency averaged over both feeding 
periods is given (no significant effect of feeding level). Linear plateau 
analysis did not give consistent results for faecal removal efficiency. The 
estimated inflection point was dependent on the starting values used in 
the NLIN procedure; either starting with a plateau that ended at a di
etary starch content of 43 g/kg DM or ending with a plateau at dietary 
starch levels above 140 g/kg DM (Supplementary figure 1). Linear 

Table 2 
Fish performance of yellowtail kingfish fed the experimental diets during restricted feeding (27 days) and satiation feeding (14 days).

Diet SEM P-value

Feeding period 0-WF 4-WF 8-WF 12-WF 16-WF Diet F Diet x F

Initial body weight (g) R 48 48 49 47 48 1.1 - ​ ​
​ S 136a 136ab 135ab 130bc 127c 1.3 **a ​ ​
​ RþS ​ ​ ​ ​ ​ - - -
Final body weight (g) R 138a 137a 135ab 129bc 127c 1.6 ** ​ ​
​ S 239ab 242a 237ab 227bc 221c 2.8 ** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ns
FIabs (g/fish/d) R 2.30 2.34 2.36 2.34 2.30 0.014 - ​ ​
​ S 6.01a 6.38ab 6.69bc 6.93c 6.97c 0.108 ***a ​ ​
​ RþS ​ ​ ​ ​ ​ - - -
FIMBW (g/d/kg0.8) R 16.2 16.2 16.5 16.8 16.9 0.18 nsa ​ ​
​ S 22.3a 23.2ab 24.9b 26.4bc 27.4c 0.35 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***
Growth rate (g/d) R 3.34a 3.30ab 3.21b 3.03c 2.94c 0.024 *** ​ ​
​ S 7.34ab 7.58a 7.27ab 6.96ab 6.82b 1.138 * ​ ​
​ RþS ​ ​ ​ ​ ​ ** *** ns
SGR (%/d) R 3.94a 3.90a 3.79ab 3.73ab 3.64b 0.046 ** ​ ​
​ S 4.01 4.12 4.01 4.00 4.03 0.050 ns ​ ​
​ RþS ​ ​ ​ ​ ​ * *** ns
FCR R 0.65a 0.66a 0.69b 0.72c 0.74d 0.0047 *** ​ ​
​ S 0.77a 0.78a 0.86b 0.92c 0.96 cd 0.008 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***

WF - gelatinized wheat flour, the number linked to WF indicates the inclusion level (%); F – feeding level; R – restricted feeding; S – satiation feeding; R+S – restricted 
feeding and satiation feeding used in statistical analyses; FIabs – daily feed intake absolute; FIMBW – daily feed intake per metabolic body weight; SGR – specific growth 
rate; FCR – feed conversion ratio (on DM basis). Values are means (n = 3) and the pooled standard error of the means (SEM); in the case of a significant treatment effect, 
means within the same row not sharing a common letter are different (p < 0.05); ns - not significant p > 0.05; * - p < 0.05; ** - p < 0.01; *** - p < 0.001.

a The parameter did not meet the criteria for normality and/or homogeneity, but the statistical effect (larger or smaller than p = 0.05) did not change with a non- 
parametric test.

Table 3 
Apparent digestibility coefficient (ADC, %) of yellowtail kingfish fed the experimental diets during restricted feeding (27 days) and satiation feeding (14 days).

Feeding period Diet SEM P-value

0-WF 4-WF 8-WF 12-WF 16-WF Diet F Diet x F

Digestibility: ​ ​ ​ ​ ​ ​ ​ ​ ​
Organic matter R 91.6a 91.7a 89.8b 88.6c 87.8c 0.28 *** ​ ​
​ S 85.2ab 86.5a 86.1ab 85.6ab 84.6b 0.35 * ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***
Crude protein R 97.0a 97.0a 96.7ab 96.5bc 96.2c 0.11 *** ​ ​
​ S 93.3c 94.2ab 94.4a 94.3a 93.7bc 0.13 *** ​ ​
​ RþS ​ ​ ​ ​ ​ ** *** ***
Crude fat R 96.4a 96.6a 92.4b 90.3b 89.7b 0.62 ***a ​ ​
​ S 87.4a 88.6a 85.0b 84.1b 82.4c 0.34 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ns
Total carbohydrates R 35.5a 50.9b 56.1bc 59.4c 63.1c 1.36 *** ​ ​
​ S 12.5d 35.8c 51.2b 56.7ab 60.7a 1.84 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***
Starch and sugars R 84.9 85.6 84.8 81.3 80.1 1.27 * ​ ​
​ S 72.6b 79.2ab 83.6a 82.1ab 80.3ab 1.96 * ​ ​
​ RþS ​ ​ ​ ​ ​ ns ** **
Energy R 93.7a 94.3a 91.5b 90.8b 90.4b 0.44 ***a ​ ​
​ S 87.2b 88.7a 87.8ab 87.1bc 86.2c 0.28 ** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***
Phosphorus R 66.1ab 69.0bc 69.7c 65.9a 66.0a 0.57 *** ​ ​
​ S 51.0a 55.9b 63.6 cd 64.3d 61.7c 0.54 ***a ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ***

WF - gelatinized wheat flour, the number linked to WF indicates the inclusion level (%); F – feeding level; R – restricted feeding; S – satiation feeding; R+S – restricted 
feeding and satiation feeding used in statistical analyses; Values are means (n = 3) and the standard error of the means (SEM); in the case of a significant treatment 
effect, means within the same row not sharing a common letter are different (p < 0.05); ns – not significant p > 0.05; * - p <0.05; ** - p <0.01; *** - p < 0.001.

a The parameter did not meet the criteria for normality and/or homogeneity, but the statistical effect (larger or smaller than p = 0.05) did not change with a non- 
parametric test.
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regression on data averaged over both feeding periods (Fig. 3) showed 
that faecal removal efficiency decreased by 14 % point for every 100 g/ 
kg DM dietary starch increase.

The amount of faecal waste produced, separated into removed and 

non-removed faeces, is presented in Fig. 2. The interaction between diet 
and feeding level on non-removed faeces (p < 0.01) and removed faeces 
(p < 0.01; Fig. 2) was attributed to the interaction effect on the total 
amount of faecal waste produced, as faecal removal efficiency was 

Fig. 1. The relationship between dietary starch content (expressed in g/kg DM) and fat digestibility (%) during restricted (panel A) and satiation feeding (panel B) in 
yellowtail kingfish. A linear plateau model was used for estimating the breakpoint (see dotted line). DM – dry matter. All estimated equations and R2 of the models 
are provided in Supplementary table 3.

Fig. 2. Total, removed and non-removed faeces in of yellowtail kingfish fed the diets during restricted feeding (27 days, panel A) and satiation feeding (14 days, 
panel B). Total amount of faeces produced (entire bar), removed (light grey) and non-removed (dark grey) faeces per kg DM feed intake (g DM) during restricted 
feeding (panel A) and satiation feeding (panel B) in yellowtail kingfish. WF-gelatinized wheat flour; DM – dry matter. Values are means (n = 3) and standard error of 
the mean (SEM). Different superscripts in white, grey and above the bars (capitals) indicate dietary differences for removed faeces (p > 0.05 during restricted 
feeding; p < 0.001 during satiation feeding), and non-removed faeces (p < 0.001 for restricted and satiation feeding) and total faeces produced (p < 0.001 during 
restricted feeding; p < 0.05 during satiation feeding).

Fig. 3. The linear relationship between dietary starch content (X variable in the equation, in g/kg DM) and faecal removal efficiency (estimated value (Y), in %) 
averaged over the restricted and satiation feeding periods in yellowtail kingfish. Each dot represents a single data point. DM – dry matter. All estimated equations and 
R2 of the models are provided in Supplementary table 3.
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unaffected by this interaction. The amount of non-removed faecal waste 
increased with increasing dietary WF inclusion and expressed in abso
lute values the effect of dietary WF level was larger during restricted 
than during satiation feeding. In Fig. 4, the relation between the non- 
removed faecal waste (in g OM/kg DM feed) and dietary starch con
tent (g/kg DM) is shown. Linear plateau analysis demonstrated that 
below a dietary starch level of 50 and 67 g/kg DM the non-removed 
faecal was constant during the restricted and satiation feeding period, 
respectively. Above these inflection points the amount of non-removed 
faecal waste increased by 38 and 31 g OM/kg DM feed when the di
etary starch content increased with 100 g/kg DM during the restricted 
and satiation feeding periods, respectively (Supplementary table 3; 
Fig. 4).

Data on faecal composition are shown in Table 4. An interaction 
effect between starch inclusion level and feeding level was only found on 
faecal fat content (p < 0.05). There was a lower fat content in faeces at 
the low WF diets (0 % and 4 % WF) compared to the high WF diets (8 %, 
12 % and 16 % WF), and this difference became larger when fish were 
fed to satiation. Starch inclusion levels had an effect on overall faecal 
composition (p < 0.05) during both restricted and satiation feeding 
periods. Carbohydrates were the largest fraction in faeces. Averaged 
over diets, the carbohydrate fraction in the faeces was 66 %, 54 % for 
the restricted and satiation feeding period, respectively. The faecal 
carbohydrate content was increased by increasing WF inclusion levels 
during satiation feeding (p < 0.05), but not during restricted feeding 
(p > 0.05). Crude protein was decreased with increasing WF inclusion 
levels for both restricted and satiation feeding periods (p < 0.001). 
Satiation feeding resulted in higher protein and fat content in the faeces 
compared to restricted feeding for all diets (p < 0.001).

Faecal particle size distribution (PSD) was unaffected by diet and the 
interaction between diet and feeding level (p > 0.05, Supplementary 
table 4). PSD was only affected by feeding level (p < 0.001). Therefore, 
Fig. 5 presents PSD of faeces averaged over diets for restricted and 
satiation feeding period, respectively. More large particles (>850 µm) 
were observed during satiation feeding compared to restricted feeding 
(p < 0.001). Fig. 6 shows a picture of faeces collected overnight for all 
experimental diets during the satiation feeding period. It can be 
observed that the visual appearance of the faeces integrity seemed 
similar across the dietary treatments, but there was an observable 
decrease in the amount of collected faeces with increased WF inclusion.

3.4. Bile acid balance

Bile acid related parameters are given in Table 5. Bile acid content 
was similar for all the diets, thus bile acid intake followed the same trend 
as feed intake. Due to the small differences in feed intake also small 
difference between bile acid intake were present between diets 
(p < 0.001; Table 5). The higher feed intake during the satiation period 
resulted also in a higher bile acid intake (p < 0.001). During restricted 

feeding, fish fed the 0 % WF diet had the highest faecal bile acid content, 
while those fed the 16 % WF diet had the lowest faecal bile acid content 
(p < 0.05). However, difference in faecal bile acid content between diets 
were not observed during satiation feeding (p > 0.05). Due to the small 
difference in faecal bile acid content between treatments, the effects in 
faecal file acid losses almost fully paralleled the pattern observed in the 
amount of faecal waste produced. Also faecal bile acid losses were 
affected by the interaction between WF inclusion and feeding level 
(p < 0.01). During satiation feeding, with increasing dietary WF inclu
sion the faecal bile acid loss increased, while this effect was less clear 
during restrictive feeding. During satiation feeding, increasing the di
etary WF content from 0 % to 16 % caused the faecal bile acid loss to 
increase from 24.1 to 38.5 µmol kg− 1 BW d− 1). Averaged over all diets, 
the faecal bile acid loss in fish fed to satiation was more than double that 
of fish fed restrictively (p < 0.001; Table 5). Because bile acid intake 
was similar in value among diets, the same trend of faecal bile acid loss 
was observed in bile acid balance.

4. Discussion

In the current study, the effects of starch inclusion level and feeding 
level on nutrient digestibility, bile acid balance, faecal waste production 
and faecal characteristics of yellowtail kingfish were investigated. 
Gelatinized wheat flour was used as starch source, with five different 
inclusion levels i.e., 0 %, 4 %, 8 %, 12 %, and 16 %, which resulted in an 
analysed dietary starch content of 38, 60, 99, 129, and 148 g/kg DM, 
respectively.

All nutrient digestibilities were lower at the higher feeding level in 
the current study, which is consistent with a prior study on yellowtail 
kingfish (Horstmann et al., 2023a). Though, the effect of feeding level on 
nutrient digestibility was larger in the current study than in Horstmann 
et al. (2023a). This might be due to the greater contrast in feed intake 
between restricted and satiation feeding in the current study. Based on 
metabolic body weight, feed intake during restricted feeding turned out 
to be around 60 % of that during satiation feeding in the current study, 
while it was around 80 % in the study by Horstmann et al. (2023a). The 
negative effect of feeding level on nutrient digestibilities in yellowtail 
kingfish is consistent with findings in other species such as African 
catfish (Elesho et al., 2021; Henken et al., 1985), Nile tilapia (Schrama 
et al., 2012) and rainbow trout (Staessen et al., 2020b). This has been 
suggested to be due to limitations of the digestive capacity fish being 
surpassed at higher feeding levels (Jobling, 1986; Schrama et al., 2012) 
and/or to an increase in digesta passage rate (Bromley, 1994; Dias et al., 
1998). Furthermore, the current study showed that the decrease in 
nutrient digestibility with feeding level depended on the diet composi
tion (i.e., starch content). The decrease in organic matter ADC during 
satiation feeding was more pronounced for the diets with a low starch 
content compared to diets with a high starch content. Similar findings 
were found in rainbow trout, where satiation feeding resulted in a higher 

Fig. 4. The relationship between dietary starch content (expressed in g/kg DM) and non-removed faeces (g OM/kg DM) during restricted feeding (panel A) and 
satiation feeding (panel B) in yellowtail kingfish. DM – dry matter. A linear plateau model was used for estimating the breakpoint/optimal of dietary starch content 
regarding non-removed faeces. The estimated equations and R2 for the linear plateau model are provided in Supplementary table 3.
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reduction in digestibility in fishmeal-based diets compared to 
plant-based diets (Staessen et al., 2020b). This may be explained by a 
difference in adaptation time to the experimental diets. Early-feeding of 
a plant-based diet improved future acceptance and utilization of plant 
based diets in a study with rainbow trout (Geurden et al., 2013). In the 
current study, the fish were obtained from a commercial company, 
where fed diets containing at least 70–90 g/kg DM of starch (personal 
communication, Kingfish Zeeland, The Netherlands). This implies that 
the fish may have been better adapted to the high starch level diets. 
However, there is a simpler explanation; the highest ADC of OM was 
observed during the restrictive feeding period at the 0 % and 4 % WF 
diets (Table 3); with a high ADC as a reference point, the potential for an 
adverse impact is higher compared to treatments with a relatively low 
ADC of OM.

Compared to protein and starch digestibility, fat digestibility was 
most strongly reduced by dietary starch level in yellowtail kingfish. This 

result is consistent with earlier studies conducted in yellowtail kingfish 
(Horstmann et al., 2023a), Atlantic salmon (Salmo salar) (Hemre et al., 
1995), rainbow trout (Staessen et al., 2021), and gilthead sea bream 
(Sparus aurata) (Fountoulaki et al., 2005). Likewise, in Booth and Pirozzi 
(2021), despite lower absolute dietary fat levels (16.5 % vs. 22.2 %), the 
fat digestibility decreased by ± 7 % when the level of wheat flour was 
54.3 g/kg diet higher. The larger impact of starch on fat digestibility 
cannot simply be explained by the factors such as a shorter digesta 
transit time, a negative effect of osmolarity, and/or viscosity, as sug
gested for impacts of NSP (Amirkolaie et al., 2006; Leenhouwers et al., 
2007; Refstie et al., 1999). Literature on rainbow trout has suggested 
that this comparable strong/high reduction in fat digestibility can occur 
due to a depletion of the total body bile acid pool size caused by 
enhanced faecal bile acid loss (Staessen et al., 2020b). The results from 
the current study showed that yellowtail kingfish consistently lost bile 
acids in their faeces even at the diet with the lowest starch, and that this 

Table 4 
Faecal composition of yellowtail kingfish fed the experimental diets during restricted feeding (27 days) and satiation feeding (14 days).

Feeding period Diet SEM P-value

0-WF 4-WF 8-WF 12-WF 16-WF Diet F Diet x F

Organic matter (g/kg DM) R 425a 435a 462b 469bc 475c 2.9 *** ​ ​
​ S 494ab 486b 487b 490ab 506b 4.5 *b ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** **
Crude protein (g/kg OM) R 253c 250c 214b 197a 196a 3.7 *** ​ ​
​ S 323a 302a 271b 256b 256b 6.1 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** ns
Crude fat (g/kg OM) R 84a 78a 133b 145b 136b 7.6 *** ​ ​
​ S 168ab 158a 195bc 189bc 183b 5.5 ** ​ ​
​ RþS ​ ​ ​ ​ ​ *** *** *
Total carbohydrates (g/kg OM) R 663 672 653 658 668 7.8 ns ​ ​
​ S 509a 539ab 534ab 555ab 561b 10.3 * ​ ​
​ RþS ​ ​ ​ ​ ​ ns *** ns
Starch and sugars (g/kg OM) R 56a 90a 139b 206c 251d 9.7 ***a ​ ​
​ S 77a 98a 122a 175b 212b 15.0 *** ​ ​
​ RþS ​ ​ ​ ​ ​ *** ns ns
Energy (g/kg OM) R 19.4 17.5 21.0 20.3 19.4 0.78 nsa ​ ​
​ S 22.4a 21.5b 22.5a 22.5a 22.1ab 0.20 *a ​ ​
​ RþS ​ ​ ​ ​ ​ * *** ns

WF - gelatinized wheat flour, the number linked to WF indicates the inclusion level (%); F – feeding level; R – restricted feeding; S – satiation feeding; R+S – restricted 
feeding and satiation feeding used in statistical analyses; DM – dry matter. OM – organic matter. Values are means (n = 3) and the pooled standard error of the means 
(SEM); in the case of a significant treatment effect, means within the same row not sharing a common letter are different (p < 0.05); ns - not significant p > 0.05; * - p 
<0.05; ** - p <0.01; *** - p < 0.001.

a The parameter did not meet the criteria for normality and/or homogeneity; using a non-parametric test, the effect becomes non-significant (p = 0.053).
b The parameter did not meet the criteria for normality and/or homogeneity, but the statistical effect (larger or smaller than p = 0.05) did not change with a non- 

parametric test.

Fig. 5. Particle size distribution of yellowtail kingfish faeces averaged over diets (classes were unaffected by diet) for restricted and satiation feeding periods; 
Supplementary table 4 provides a complete overview, including statistics.
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loss was more pronounced during satiation feeding. Under normal 
conditions, these faecal losses are most likely compensated by the syn
thesis of bile acids from cholesterol in the liver and/or directly being 
supplied by diets containing fishmeal. The diets used in this study, which 
included 20 % fish meal and 45 % plant protein ingredients, had on 
average 0.123 µmol/g DM of bile acid content. This value is relatively 
low compared to the bile acid content (0.712 µmol/g DM) of rainbow 
trout diets with 48 % fishmeal in Staessen et al., (2020a), and likely 
much lower than in their natural food sources of yellowtail kingfish. The 
results showed that yellowtail kingfish lost a considerable amount of bile 
acids through their faeces, and that our experimental diets may be not 
sufficient to maintain the body’s bile acid pool. The bile acid balance 
was negative during both the restricted and satiation feeding period, 
which could be related to a depletion of body bile. if dietary intake 
endogenous synthesis is insufficient, which may ultimately impair fat 
digestion. However, the fish body bile acid pool was not quantified in 

the current study, further research is required to confirm this hypothesis. 
Substantial efforts have been made to replace fishmeal with plant pro
tein in aquafeeds, with findings showing that replacement levels of up to 
100 % in carnivorous species are possible without significant negative 
effects on growth (Oliva-Teles et al., 2015). Nevertheless, when 
considering the replacement of fishmeal with plant protein in aquafeeds, 
it is important to take our findings regarding bile acid disturbances into 
account and seek appropriate solutions to maintain fish growth and 
performance in long run.

The effect of increasing dietary starch level on fat ADC coincided 
with a negative bile acid balance and increased faecal bile acid losses. 
Previous studies have related the increased faecal bile acid loss in fish 
fed diets containing plant ingredients to the presence of anti-nutritional 
factors (ANF), as well as to their capacity to bind/entrap bile acids (Li 
et al., 2017), and/or increased faecal waste production (Staessen, et al., 
2020). In the current study, bile acid content of faeces was not affected 

Fig. 6. Overnight collected faeces (each collection bottle represents one replicate per treatment) of yellowtail kingfish fed the 0-gelatinised wheat flour (WF), 4-WF, 
8-WF, 12-WF, and 16-WF diet (left to right) to apparent satiation for 14 days.

Table 5 
Bile acid intake, faecal bile acid loss and bile acid balance of yellowtail kingfish fed the experimental diets during restricted feeding (27 days) and satiation feeding (14 
days).

Feeding period Diet SEM P-value

0-WF 4-WF 8-WF 12-WF 16-WF Diet F Diet x F

Bile acid intake (µmol kg− 1 BW d− 1) R 3.3c 2.8a 3.1b 2.9a 3.0ab 0.04 ***a ​ ​
S 4.3bc 3.7a 4.3bc 4.2b 4.4c 0.04 *** ​ ​
RþS ​ ​ ​ ​ ​ *** *** **

Faecal bile acid content (µmol g− 1 OM) R 6.6b 5.3ab 6.0ab 5.9ab 4.6a 0.32 * ​ ​
S 6.0 6.0 5.8 6.2 6.4 0.55 nsa ​ ​
RþS ​ ​ ​ ​ ​ ns ns ns

Faeces production (g OM kg− 1 BW d− 1) R 1.8a 1.8a 2.2b 2.6bc 2.8c 0.08 *** ​ ​
S 4.0a 3.8a 4.2a 4.7b 5.5c 0.09 *** ​ ​
RþS ​ ​ ​ ​ ​ *** *** **

Faecal bile acid losses (µmol kg− 1 BW d− 1) R 11.8ab 9.4a 13.4b 15.1b 12.9ab 0.81 ** ​ ​
S 24.1a 21.7a 24.8a 29.2ab 38.5b 2.20 **a ​ ​
RþS ​ ​ ​ ​ ​ ** *** **

Bile acid balance (µmol kg− 1 BW d− 1) R − 8.4a − 6.6a − 10.3ab − 12.2b − 9.9ab 0.79 ** ​ ​
S − 19.8a − 17.9a − 20.5a − 25.0ab − 34.1b 2.22 **a ​ ​
RþS ​ ​ ​ ​ ​ ** *** *

WF - gelatinized wheat flour, the number linked to WF indicates the inclusion level (%); F – feeding level; R – restricted feeding; S – satiation feeding; R+S – restricted 
feeding and satiation feeding used in statistical analyses; BW – mean body weight; OM – organic matter. Values are means (n = 3) and the pooled standard error of the 
means (SEM); in the case of a significant treatment effect, means within the same row not sharing a common letter are different (p < 0.05); ns - not significant, 
p > 0.05; * - p <0.05; ** - p <0.01; *** - p < 0.001.

a The parameter did not meet the criteria for normality and/or homogeneity, but the statistical effect (larger or smaller than p = 0.05) did not change with a non- 
parametric test.
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by dietary starch level during satiation feeding. Therefore, our data 
opposed the concept of the binding/entrapment theory which suggested 
that matrix structure of starch molecules can sequester bile acids. During 
restricted feeding, there was a diet effect, whereby the faecal bile acid 
content was lowest for the high starch diets, while the faecal waste 
production increased. Therefore, the observed enhanced faecal bile acid 
loss with feeding level and dietary starch level were mainly caused by 
increased faecal waste production for both feeding periods. This is in 
line with the findings of Staessen et al. (2020a); (2020b) in rainbow 
trout. Additionally, feed intake increased with starch level during sati
ation feeding, as explained by literature that fish adjust for a dilution of 
energy intake by increasing feed intake (Jobling, 1983; Sinha et al., 
2011). This higher feed intake along with decreased nutrient di
gestibility, resulted in higher faeces production and consequently, a 
greater amount of faecal bile acid loss. The interaction effects between 
diet and feeding level indicated that the increase in faecal bile acid loss 
was larger for the high starch diets (the 12 % and 16 % WF diets) 
compared to the low starch diets (the 0 % and 4 % WF diets). Further
more, gelatinized wheat flour used in the current study as starch source 
might also have introduced small amounts of NSP, which are well known 
as ANF that can negatively interferes with the digestion of other dietary 
macronutrients and fish endogenous enzymes, and also cause changes in 
intestinal physiology (Sinha et al., 2011). However, the NSP content of 
the five diets were almost equal (Table 1), therefore it is likely that the 
undigested starch in the intestine caused the effect on faecal bile acid 
loss and fat ADC similarly as NSP (Fountoulaki et al., 2005; Hemre et al., 
1995).

Faeces (the non-digestible fraction of feed), upon excretion, are 
removed by sedimentation and/or drum filtration in RAS to maintain 
good water quality. In this study, the inclusion of starch reduced 
nutrient digestibility, leading to a substantial increase in the amount of 
faeces produced. For instance, during restricted feeding, a decrease of 
3.8 % OM digestibility by 16 % WF inclusion resulted in a 46 % increase 
in faecal production compared to the 0 % WF diet. Similar decreases in 
nutrient digestibility related to increasing levels of dietary starch levels 
have been reported in other carnivorous species such as rainbow trout, 
Atlantic salmon (Krogdahl et al., 2004), and gilthead sea bream (Couto 
et al., 2012). It should be noted that the decreases found in the previous 
studies occurred at a 20 % difference in starch inclusion level (Couto 
et al., 2012; Krogdahl et al., 2004), while in this study, even a 6 % dif
ference in starch level caused a significant drop of digestibility in 
yellowtail kingfish. This strong negative effect of starch level on overall 
macronutrient digestibility and faecal waste production, to our knowl
edge, has not been reported in other species. The FCR (0.65–0.98) was 
within the range of earlier research with yellowtail kingfish conducted 
at the same facilities (Horstmann et al., 2023a, 2023c; Zhang et al., 
2024), but slightly better (lower) than other studies with fish of com
parable size (Booth et al., 2013; Booth and Pirozzi, 2022). The FCR 
decreased as dietary starch levels increased, and corresponds to the re
ported decrease in energy digestibility and lower protein content in diets 
with increasing starch levels. Similarly, Horstmann et al. (2023c)
showed that as dietary starch levels increased, so did FCR. The increased 
FCR with increasing feeding level (satiation feeding) can primarily be 
explained by the lower digestibility of all measured nutrients compared 
to the restricted feeding period.

When it comes to farming yellowtail kingfish in RAS, a major chal
lenge is their poor faecal integrity. This was also shown by low faecal 
removal efficiencies by settling ranging from 23 % to 45 % (Horstmann 
et al., 2023a, 2023b, 2023c). In this study, a comparably poor faecal 
removal efficiency was observed, with an average of 34 %. Faecal 
removal efficiency can be influenced by diet composition. Literature 
showed that physical properties such as density and/or particle size of 
the faeces determined the removal efficiency (Schumann et al., 2017; 
Unger and Brinker, 2013; Amirkolaie et al., 2005; Leenhouwers et al., 
2007). Our study found that the inclusion of starch had a negative effect 
on faecal removal efficiency, however, starch did not affect PSD of 

collected faeces. One possible explanation could be the density of the 
faeces, of which starch has a low density and its high water-binding 
capacity further reduce its density. Changes in faecal composition may 
have influenced the overall density of faeces, affecting the faecal 
removal efficiency. For example, fish fed the 16 % WF diet had the 
highest starch content and lowest protein content in the faeces, which 
also coincided with the lowest faecal removal efficiency. Furthermore, 
increasing feeding level tended to have a positive impact on faecal 
removal efficiency. This could be attributed to the large proportion of 
large particle size resulting from an increased feeding level, along with 
the aforementioned factors related to faecal composition and density. 
The larger proportion of large particle size during satiation feeding 
compared to restricted feeding may be related to the less pronounced 
negative effect of starch at high feeding level. Or it could be a result of 
fish adapting to the experimental diets, or simply due to the larger size of 
fish during the satiation feeding period. Among all the diets, faecal 
starch content decreased and protein content increased during satiation 
feeding, potentially influencing faecal density. Similar patterns were 
also reported in salmonids, where faecal density was found to be asso
ciated with sinking velocity (Chen et al., 2003; Ogunkoya et al., 2006).

Gelatinized wheat flour was used as starch source in this study, 
which is commonly used as binder for making stable feed pellets. A 
previous study showed that gelatinized starch increased faecal particle 
size and faecal removal efficiency in Nile tilapia (Amirkolaie et al., 
2006). In contrast, the results of this study found that increased starch 
level reduced faecal removal efficiency in yellowtail kingfish, which is in 
consistent with the study in African catfish (Phan et al., 2022). It is 
important to note that the effect of starch on faecal removal efficiency 
can vary among different species. Therefore, the reasons behind this 
discrepancy cannot be merely explained by the physical properties of the 
faecal waste, as one would expect a similar pattern across species if 
physical properties were the determining factors. Other factors, such as 
fish species physiology, can play a role in exerting the response to di
etary starch. The differences in faecal characteristics seem to primarily 
arise from the species differences, however diet can still steer it and 
subsequently affect faecal removal efficiency.

Increased dietary starch inclusion level decreased OM digestibility as 
well as faecal removal efficiency, resulting in more non-removed faecal 
waste. This non-removed faecal waste could become a source of sus
pended and dissolved solid waste (Timmons et al., 2018). Patterson and 
Watts (2003) did find that diet did influence faecal quality, with the 
majority of suspended solids originating from undigested cellulose and 
gelatinized starches. As a result, reducing dietary starch levels could be 
an effective waste management tool.

Based on the linear plateau models, the inflection points of dietary 
starch content were around 50 g/kg DM for yellowtail kingfish under 
restricted feeding, and around to 60 g/kg DM under satiation feeding for 
fat digestibility, faecal removal efficiency and non-removed faeces. It 
should be noted that these break point levels are close to the minimal 
used level (38 g/kg DM starch); therefore, if the response is linear or 
levels off, the estimated minimal dietary starch levels could be under
estimated. In terms of nutrient digestibility and faecal waste manage
ment, these parameters are crucial for this species cultured in RAS. 
Above these starch levels, those parameters were strongly negatively 
affected. As the aquafeed industry strives for sustainability, plant-based 
ingredients, which often have considerable quantities of starch, are 
replacing animal-based ingredients, resulting in the dietary starch level 
expected to increase.

5. Conclusion

In yellowtail kingfish, both starch inclusion level and feeding level 
(restricted vs. satiation) had negative effects on macronutrient di
gestibility in yellowtail kingfish, with fat digestibility being the most 
strongly affected. The estimated maximal inclusion levels of dietary 
starch content ranges between 50 and 60 g/kg DM (depending on 
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feeding level) above which dietary starch started to influence fat di
gestibility and the amount of non-removed faeces. However, because the 
break points were close to the minimum level (38 g starch/kg DM diet), 
the maximal dietary starch level may have been overestimated if the 
response is linear or levels off. Under satiation feeding conditions, 
yellowtail kingfish increased feed intake with increasing dietary starch 
levels. High feeding level reduced nutrient digestibility (restricted vs. 
satiation). Notably, starch had a more pronounced negative effect dur
ing restricted feeding on nutrient digestibility and faecal waste pro
duction than satiation feeding. All diets used in the current study, which 
contained a mixture of fish meal and plant protein ingredients, resulted 
in a negative bile acid balance. This potentially resulted in a decrease of 
the body bile acid pool, which may account for the observed low fat 
digestibility in this study. Furthermore, faecal bile acid loss increased 
with both increasing dietary starch level and feeding level, mainly 
caused by the increased faecal waste production. In term of faecal 
characteristics, higher starch inclusion levels resulted in increased faecal 
waste production, and higher amounts of non-removed faeces by settling 
due to reduced faecal removal efficiency. As a result, the dietary starch 
levels for RAS-grown yellowtail kingfish should be less than 6 %.
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