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peel (FDP) as a circular feed ingredient on production performance, yolk omega fatty acid com-

position, and economic efficiency of laying ducks, with the aim of identifying the optimal dietary
inclusion level. By

Materials and Methods: A 12-week feeding trial was conducted using a completely randomized © The authors. This is an Open Access article
design with five dietary treatments containing 0, 6, 12, 18, and 24% FDP. Each treatment had four distributed under the terms of the Creative

. . . . . Commons Attribution 4.0 License (http://
replicates with ten laying ducks per pen. Parameters measured included feed intake, feed con- creativecommons.org/licenses/by/4.0)

version ratio (FCR), hen-day production (HDP), total egg production, egg weight, yolk omega-3,

omega-6, and omega-9 fatty acids (analyzed by GC-FID), and income over feed cost (IOFC). Data ;‘L‘:’t:‘;j“;::;?':ﬁ;';naﬁ\ N
was analyzed using ANOVA and correlation analysis. Diansyah AM, Nurazizah N, et al. Nutritional and
Results: Feed intake and egg weight differed significantly among treatments (p < 0.05), with economic evaluation of fermented durian peel
reduced intake observed at the highest FDP inclusion level (24%). FCR, HDP, and total egg pro- g:O?I‘/eiT’Jg::‘f'\‘/:f::i:;22‘*28;2;"1"3"(‘1‘)’:?_&?8l
duction were not significantly affected (p > 0.05). Yolk omega-6 fatty acid content increased sig-

nificantly with FDP inclusion (p < 0.05), omega-3 showed selective treatment differences, and doi

omega-9 remained unchanged. Correlation analysis indicated positive associations of omega-6 and 10.5455/javar.2026.m1004

omega-9 with feed intake and negative correlations with FCR, while omega-3 was positively corre-

lated with feed intake. IOFC was highest at 12% FDP inclusion but declined to 24% due to reduced

feed intake and egg weight.

Conclusions: Fermented durian peel can be safely incorporated into laying duck diets at moderate

levels, with 12% FDP identified as the optimal inclusion rate. At this level, production efficiency is

maintained, yolk lipid quality is enhanced, and economic returns are maximized, while higher inclu-

sion levels may negatively affect profitability.

Keywords: Fermented durian peel; Lentinus edodes; laying duck; yolk omega fatty acids; feed
efficiency; IOFC

1. Introduction

Feed costs are the primary determinant of duck egg production economics, driving ongoing efforts to identify locally
available ingredients that can stabilize ration prices without compromising performance or product quality [1]. In South-
east Asia, durian (Durio spp.) processing generates substantial peel by-products that are often discarded, despite their
carbohydrate-rich matrix and constituents suitable for valorization within circular bioeconomy frameworks [2]. How-
ever, the direct use of raw durian peel in monogastric diets is constrained by its high levels of structural fiber and lignin,
which limit digestibility and voluntary intake [3]. Consequently, solid-state fermentation (SSF) has emerged as a scal-
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able bioprocessing approach to enhance lignocellulosic residues by depolymerizing cell wall polysaccharides, reducing
antinutritional factors, and increasing the availability of nutrients and small metabolites [4]. Among edible white-rot
fungi, Lentinus edodes produces a complementary suite of cellulases, hemicellulases, and laccases that restructure fiber
architecture under mild conditions, an enzymatic profile consistently linked to improved feed value of fibrous substrates
for poultry [5].

In addition, SSF can modify phenolic profiles and release low-molecular-weight compounds that may affect gut physi-
ology and lipid metabolism, suggesting that fermented ingredients may act as functional feed modifiers rather than inert
diluents [6]. Suggest that converting durian peel through SSF into a feed ingredient could both mitigate waste and enhance
the functional nutritional value of duck diets, warranting targeted in vivo evaluation. Durian peel exhibits a lignocellulosic
matrix with cellulose around 57-64%, hemicellulose near 31%, and lignin around 13%, with reports of about 12.11%
lignin in the rind [4]. These values explain the low digestibility of the unprocessed material in poultry, where lignin is
essentially indigestible. Solid-state fermentation with edible white-rot fungi, such as Lentinula edodes, can confer ligni-
nolytic and cellulolytic activities that remodel the cell wall network and reduce recalcitrant fiber fractions [3]. Studies on
fermented durian waste for poultry indicate reduced crude fiber and a concurrent rise in crude protein after fermenta-
tion, consistent with enzyme-driven modification of the matrix [6].

In this study, we therefore quantify fiber fractions before and after fermentation and report percentage changes to
evaluate process effectiveness. Indonesia’s laying duck systems are highly exposed to price volatility in maize, soybean
meal, and fish meal markets, creating strong incentives to partially replace these conventional ingredients with nutrition-
ally upgraded, locally sourced co-products [7]. Previous studies on the use of fermented agro-residues in poultry diets
indicate that, when nutrient requirements are met, moderate inclusion levels can sustain feed intake, maintain laying
performance, and prevent penalties in feed conversion ratio (FCR). However, responses vary depending on the ingredient,
fermentation process, and poultry species, underscoring the need for duck-specific validation [8]. Robust evaluations in
laying birds, therefore, emphasize pen-level feed intake measured alongside output periods, daily egg collection for egg
number determination, and standardized assessment of egg weight, with FCR calculated over matched time intervals to
accurately reflect efficiency [9].

Accordingly, a duck-focused evaluation of fermented durian peel, with precise intake and FCR measurements, is
directly relevant to reducing adoption risks at the farm level. Attention has increasingly focused on yolk lipid quality.
Dietary manipulation can alter the relative proportions of omega-3 (n-3), omega-6 (n-6), and omega-9 (n-9) fatty acids,
with direct implications for consumer nutrition. Matrix effects arising from fermented botanicals, such as cell wall loosen-
ing, viscosity alterations, and phenolic lipid interactions, may further influence lipid digestion, micellization, and hepatic
deposition, even when the overall fatty acid supply remains ostensibly unchanged [10, 11]. Studies involving fermented
plant materials have associated these matrix alterations with changes in surrogate indicators of desaturase and elongase
activity, as well as with selective partitioning within the n-3 and n-6 series. However, both the direction and magnitude of
these effects vary depending on the substrate, microbial strain, inclusion level, and background diet [10]. Whether Lenti-
nus edodes fermented durian peel (FDP) exerts neutral, beneficial, or adverse modulation of duck yolk fatty acids, there-
fore, remains an important question for value-added egg production [12].

Clarifying this response would support either the nutritional positioning of FDP-enriched eggs as sources of improved
lipid profiles or the establishment of safe inclusion thresholds in the event of unfavorable shifts. Accordingly, we posit that
the effects of fermented durian peel on yolk omega classes arise from matrix-driven shifts in lipid absorption, contribu-
tions of linoleic acid from fungal biomass, and phenolic-mediated modulation of hepatic desaturation rather than from
gross fat supply. Any proposed feed ingredient must also meet a bioeconomic viability threshold. Income over feed cost
(IOFC) serves as a concise decision metric that integrates ration cost, realized intake, laying performance, and prevailing
market prices into a single profitability indicator [2]. Because FDP simultaneously modifies diet cost structure and may
influence intake behavior, egg production, egg weight, FCR, and yolk composition, IOFC benchmarking across graded
inclusion levels provides a practical bridge between controlled trials and farm decision-making. For ducks, however, the
acceptable range of FDP inclusion in nutritionally balanced rations remains undefined. Dose-response effects on intake
and FCR are still uncertain, and concurrent assessments of yolk omega profiles alongside IOFC under local price condi-
tions are rarely reported [8, 13]. Demonstrating IOFC-neutral or IOFC-superior inclusion ranges under realistic economic
scenarios would therefore provide actionable thresholds for both producers and integrators. The present study addresses
these gaps by evaluating the graded inclusion of FDP (0, 6, 12, 18, and 24% of the diet) in nutritionally balanced rations
and assessing its effects on laying performance (egg production and egg weight), intake and efficiency parameters (feed
intake, FCR, and hen day egg production), yolk omega fatty acid profiles, and overall profitability under prevailing farm
gate prices [9, 11]. By integrating performance, efficiency, lipid quality, and economic outcomes within a single analytical
framework, this study aims to establish practical inclusion guidelines for FDP and contribute to the development of scal-
able circular feed strategies for Indonesia’s duck egg industry.
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2. Materials and Methods

2.1. Ethical approval

All experimental procedures involving animals were reviewed and approved by the Animal Ethics Committee of the
Faculty of Animal Science, Hasanuddin University, Makassar, Indonesia (Approval No.: 03976/UN4.1/KEP/2024). All hus-
bandry practices and sample collections adhered to the national guidelines for the care and use of experimental animals.
Every effort was made to minimize animal discomfort and to ensure their welfare throughout the study.

2.2. Experimental design

The study was conducted at the Faculty of Animal Science, Universitas Hasanuddin, Makassar, Indonesia. A completely
randomized design (CRD) was employed with five dietary treatments based on fermented durian peel (FDP) inclusion: 0,
6,12,18,and 24% of the diet (T0-T4). A total of 200 laying ducks were randomly assigned to the five treatments, with four
replicate pens per treatment and 10 ducks per pen (pen = experimental unit). The feeding trial lasted 12 weeks, following
a brief acclimation period. Ducks were housed under standard management conditions, with ad libitum access to water.
Feed was provided according to the experimental rations, and refusals were recorded to calculate feed intake. Health and
welfare were monitored daily, and predefined humane endpoints were applied as necessary.

2.3. Fermentation of durian peel (FDP) and diet formulation

Fresh durian peels were trimmed to remove residual pulp, washed, and cut into 2-3 cm pieces. Substrate mois-
ture was adjusted to 62-65% (wet basis), then autoclaved at 121°C for 20 min and cooled to < 30°C [14]. A grain
spawn of Lentinula edodes was added at 7% (w/w, wet basis) and mixed aseptically to ensure uniform distribu-
tion. Approximately 4.0 kg of inoculated substrate was loaded onto stainless trays at 3.5 kg of dry matter per tray
(bed depth 3 cm). Fermentation proceeded for 10 days under aerobic static conditions at 26 + 1°C with cham-
ber relative humidity maintained at 85-90%; air exchange was passive via perforated lids and daily venting [15].
Trays were not turned. Endpoint criteria were = 85% surface mycelial coverage with a stable tray-core tempera-
ture and pH 5.5-6.0. The fermented material was then dried at 55°C to < 10% moisture and milled through a 1.0
mm screen to obtain FDP for diet formulation. Five iso-energetic, requirement-balanced diets containing FDP at
0, 6, 12, 18, and 24% (T0-T4) were prepared by proportional adjustment of basal ingredients to meet laying-duck
requirements (Tables 1 and 2).

Table 1. Ingredient composition of experimental diets (% as-fed).

Ingredient TO T1 T2 T3 T4

Ground corn 55.00 50.00 48.00 49.50 42.00
Soybean meal 14.00 16.00 12.00 10.00 13.50
Fish meal 14.00 15.50 12.00 10.00 14.50
Fermented durian peel 0.00 6.00 12.00 18.00 24.00
Rice bran 15.00 10.00 13.50 10.00 3.00
Coconut oil 1.50 2.00 1.00 2.00 2.50
Top mix (vitamin—mineral premix) 0.50 0.50 1.00 0.50 0.50

Table 2. Analyzed nutritional composition of experimental diets (% dry basis).

Ingredient T0 T1 T2 T3 T4
Crude protein (CP; %) 19.69 21.17 19.06 17.98 21.01
Ether extract (EE; %) 4.47 5.03 4.31 5.42 5.93
Crude fiber (CF; %) 5.18 5.21 6.20 6.43 6.24
Calcium (Ca; %) 3.20 3.47 3.01 2.36 3.22
Phosphorus (P; %) 0.79 0.80 0.91 0.71 0.75
Metabolizable energy (ME; kcal/kg) 2880 2901 2770.85 2898 2913
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2.4. Production performance and efficiency

Production responses were monitored throughout the 12-week feeding period, with daily egg collection from each
pen. The cumulative egg count over the observation period was recorded as egg production, and eggs collected on des-
ignated weighing days were individually weighed to calculate pen-level mean egg weight (gm) [16]. Feed intake was
determined by recording feed offered and refusals on a routine schedule, with weekly verifications of totals [17]. Feed
intake was calculated as the difference between feed offered and refusals and expressed as gm/duck/day after normali-
zation by the number of ducks and number of days. Feed conversion ratio (FCR) was calculated at the pen level as feed
intake (kg) divided by egg weight (kg) to maintain internal consistency between intake and output metrics [18]. Hen-day
egg production (HDP, %) was calculated as [(eggs laid per day + number of ducks) x 100] and averaged across the feeding
period to obtain a pen-level value.

2.5. Egg yolk omega fatty acid profile

Eggs were collected daily and stored at < 4°C. Yolks were separated, pooled by pen, homogenized for at least 30 sec,
and aliquoted [19]. Total lipids were extracted using the Folch method (Chloroform: Methanol 2:1 v/v, with 0.01% BHT).
The organic phase was washed with 0.88% KCl, dried over anhydrous, and the solvents were evaporated under at < 35°C.
Fatty-acid methyl esters (FAMESs) were prepared according to AOAC 996.06/1SO 5509, using base-catalyzed methanolic
KOH, followed by acid methylation. FAMEs were extracted into n-hexane, washed with saturated NacCl, dried over, and
brought to volume. Separation was performed by GC-FID on a polar cyanopropyl column (e.g., SP-2560; 100 m x 0.25
mm x 0.20 pm). Injector and detector temperatures were 260°C and 270°C, respectively; helium flow = 1.0 ml/min; split
ratio 1:50; injection volume 1 pl. Oven program: 140°C (5 min) — +4°C to 240°C; hold 15 min (lab-validated equivalents
acceptable). Peaks were identified against authenticated FAME standards, and quantification was performed using methyl
nonadecanoate (C19:0) as an internal standard. Each extract was injected in duplicate, with batch QA/QC including blanks
and yolk reference material (retention time tolerance + 0.03 min) [20].

2.6. Economic outcomes

Economic outcomes were evaluated using the income over feed cost (IOFC) ratio. The IOFC for each treatment was
calculated as the difference between the revenue from egg sales and the corresponding feed expenditure over the obser-
vation period. Egg revenue was determined by the cumulative number of eggs produced per pen by the prevailing farm-
gate price per egg at the study site. Feed expenditure was calculated based on the total feed consumed per pen and the
unit cost of each diet, which reflected the actual ingredient prices for each formulation, including fermented durian peel
(FDP). For ease of comparison, IOFC values were also expressed relative to the control group (T0 = 100%) to illustrate the
proportional change across the graded FDP inclusion levels [2].

2.7. Statistical analysis

The experiment followed a completely randomized design (CRD) with the pen as the experimental unit. The effects
of FDP inclusion levels (0, 6, 12, 18, and 24%) on feed intake, feed conversion ratio (FCR), hen day egg production (HDP),
total egg production, egg weight, and yolk omega fatty acid composition were analyzed using one-way ANOVA. Results are
presented as mean * standard deviation (SD). Normality and homogeneity of variances were verified using the Shapiro-
Wilk and Levene’s tests, respectively. When the overall F-test was significant (a = 0.05), pairwise comparisons among treat-
ment means were conducted using Tukey’s honestly significant difference (HSD) test, and results were summarized using
compact letter displays. Pearson correlation coefficients were calculated to examine relationships between production
and efficiency variables and yolk omega fatty acid classes. Income over feed cost (IOFC) data were analyzed descriptively.

3. Results

3.1. Production performance and efficiency

As shown in Table 3 and Figures 1-3, the inclusion of fermented durian peel (FDP) significantly affected feed intake
and egg weight, whereas feed conversion ratio (FCR), hen day egg production (HDP), and total egg production remained
unchanged. Feed intake decreased at the highest inclusion level (24%), with the T4 group differing significantly from TO
and T1, while T2 and T3 showed intermediate values that did not differ from either group. Egg weight was reduced at
the 6% and 12% inclusion levels (T1 and T2) compared with TO and T3, whereas T4 was intermediate and did not differ
statistically from either group. No significant differences were observed among treatments for egg production, FCR, or
HDP. Overall, FDP inclusion altered feed intake only at 24% and reduced egg weight at moderate levels (6-12%), without
measurable effects on laying rate or feed efficiency during the study period.
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Table 3. Egg production and egg weight of laying ducks fed diets containing graded levels
of fermented durian peel (FDP).

Variable Mean = SD

TO T1 T2 T3 T4

Egg production 16.75+5,56* 14.25+4.11* 17.25+10.50° 13.50+4.65° 10.25+1.50°
Egg weight (gm) 62.35+1.27° 54.90+4.22° 54.86+5.33° 65.04+3.33° 59.19+1.46%

Note: Different superscripts within a row indicate significant differences among treatments (p < 0.05). TO-T4 rep-
resent FDP inclusion levels of 0%, 6%.,12%, 18%, and 24% in the diet.
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Figure 1. Feed intake of laying ducks fed diets containing graded levels of fermented
durian peel (FDP). Different superscripts within a row indicate significant differences
among treatments (p < 0.05). T0-T4 represent FDP inclusion levels of 0%, 6%, 12%,
18%, and 24% in the diet.
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Figure 2. Feed conversion ratio (FCR) of laying ducks fed diets containing graded levels
of fermented durian peel (FDP). Different superscripts within a row indicate significant
differences among treatments (p < 0.05). TO-T4 represent FDP inclusion levels of 0%,
6%, 12%, 18%, and 24% in the diet.
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Figure 3. Hen-day production (HDP) of laying ducks fed diets containing graded levels of
fermented durian peel (FDP). Different superscripts within a row indicate significant differ-
ences among treatments (p < 0.05). T0-T4 represent FDP inclusion levels of 0%, 6%, 12%,
18%, and 24% in the diet.

Table 4. Yolk omega fatty acid composition of eggs from laying duck fed diets containing
graded levels of fermented durian peel (FDP).

Variable Mean % SD

T0 T1 T2 T3 T4

Omega-3 (%TFA)  0.09 £ 0.02° 0.07 +0.02* 0.08 +0.02* 0.06 +0.02° 0.08 +0.02**
Omega-6 (%TFA) 7.58 £0.73° 9.37 +0.65° 10.12+0.67° 10.22+0.39°  10.49+0.58°
Omega-9 (%TFA) 56.79+6.62*° 53.73+6.44° 53.07+7.32° 57.60+3.77° 55.43 +3.04°

Note: Different superscripts within a row indicate significant differences among treatments (p < 0.05). T0-T4 represent
FDP inclusion levels of 0%, 6%, 12%, 18%, and 24% in the diet.

3.2. Functional yolk omega fatty acid composition of eggs

As shown in Table 4, dietary inclusion of fermented durian peel (FDP) significantly affected yolk omega-6 fatty acids (p <
0.05), with compact letters indicating that TO < T1 < T2, T3, and T4. Yolk omega-3 fatty acids also differed among treatments
(p < 0.05); the letter groupings showed TO a, T3 b, and T1, T2, and T4 ab, indicating at least one significant pairwise contrast,
whereas other comparisons were not significant. In contrast, the omega-9 fraction did not differ among treatments (p >
0.05). Overall, FDP inclusion altered yolk omega-6 and omega-3 fatty acids but had no effect on omega-9 fatty acids.

3.3. Correlating yolk omegas with production and feed efficiency

As shown in Figure 4, Pearson correlation analysis revealed selective associations between yolk fatty acid profiles
and production or efficiency variables. Omega-3 fatty acids were positively correlated with egg weight and feed intake
(p < 0.05) but showed no association with egg production, feed conversion ratio (FCR), or hen-day egg production
(HDP) (p > 0.05). Omega-6 fatty acids were positively correlated with feed intake and negatively correlated with FCR
(p < 0.01), with no significant relationships to egg production, egg weight, or HDP (p > 0.05). Similarly, omega-9 fatty
acids showed positive correlations with feed intake (p < 0.05) and negative correlations with FCR (p < 0.01), while
correlations with egg production, egg weight, and HDP were not significant (p > 0.05). Overall, higher feed intake was
associated with greater yolk omega-3, omega-6, and omega-9 levels, whereas improved feed efficiency (lower FCR) was
linked to higher omega-6 and omega-9 concentrations.

3.4. Economic outcomes

As shown in Figure 5, income over feed cost (IOFC) varied across the different levels of fermented durian peel (FDP)
inclusion. Relative to the control (T0), the 12% inclusion level (T2) yielded the highest IOFC, exceeding 100% of the TO
value. Treatments T1 and T3 showed IOFC values slightly below the control, whereas T4 recorded the lowest IOFC among
all treatments.
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Figure 4. Pearson correlations between production and efficiency variables and yolk omega fatty ac-
ids in laying ducks fed diets containing graded levels of fermented durian peel (FDP). Blue indicates
negative correlations, and red indicates positive correlations. Significance: p < 0.05 (*), p < 0.01 (**).
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Figure 5. Income over feed cost (I0FC) of laying ducks fed diets containing graded levels
of fermented durian peel (FDP).

4, Discussion

Dietary responses observed in this study are consistent with established effects of solid-state fermented lignocellu-
losic ingredients on intake regulation and matrix handling in poultry. Fermentation disrupts the plant cell wall, reduces
selected antinutritional factors, and generates small metabolites that can enhance feed acceptance at moderate inclusion
levels, whereas residual fiber bulk or flavor characteristics may limit intake at higher inclusion levels [21-23]. The stabil-
ity of the feed conversion ratio (FCR) despite shifts in feed intake (Figures 1-3) suggests a pre-absorptive mechanism,
primarily influenced by palatability, gastric fill, and early satiety cues, rather than systemic reductions in conversion effi-
ciency when diets remain requirement balanced [24].

In comparison with prior work, dietary responses in this trial are broadly consistent with reports that solid-state fer-
mented lignocellulosic residues improve acceptability at moderate inclusion levels, while very high levels can limit intake
due to physical bulk or flavor notes, with the feed conversion ratio remaining stable when the formulation meets require-
ments [3]. The selective reduction in egg weight without a fall in laying rate fits mechanisms in which fermentation alters
digesta viscosity, emulsification, and micellar transfer, thereby influencing yolk deposition more than ovulatory rhythm
[24]. Importantly, the lower calculated metabolizable energy in T2 (2,770.85 kcal/kg) provides a plausible confounder
for its smaller eggs, aligning with the previously described energy-egg mass coupling. The hierarchy of yolk fatty acids
we observed—greater responsiveness of omega 6, modest change in omega 3 without a dedicated source, and buffering
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of omega 9—matches deposition control in birds and matrix-driven effects after fermentation that can shift absorption
and hepatic routing [24]. Finally, the income over feed cost peaks at an intermediate inclusion, mirrors prior work where
ration cost relief is offset beyond a turning point by biological drag, a concave pattern we corroborate with orthogonal
polynomial contrasts indicating an interior optimum [10].

Observed differences in egg weight (Table 3), in the absence of parallel changes in laying rate, are consistent with
matrix-driven modulation of lipid transport to the ovary. Fermentation can alter digesta viscosity and emulsification,
which, in turn, affect micellar transfer, enterocyte uptake, and hepatic packaging of very low-density lipoprotein yolk,
thereby influencing yolk deposition per egg more readily than ovulatory rhythm in managed flocks [25, 26]. Between-diet
variation in nutrient density (Table 2), notably the lower ME in T2 (2,770.85 kcal/kg), likely influenced egg weight inde-
pendent of FDP per se; we therefore interpret FDP effects alongside this background variation. Mechanistically, matrix
loosening after fermentation can increase lipid bioaccessibility and alter bile-micelle dynamics; fungal biomass contrib-
utes linoleic-rich lipids (n-6 precursor); and phenolic-derived effects may modulate hepatic desaturase/elongase activ-
ity, together offering routes for the observed shifts in yolk omega classes. The yolk n-6: n-3 ratio increased with FDP (TO
84.22; T1133.86; T2 126.50; T3 170.33; T4 131.12), indicating that stand-alone FDP is not suited for omega-3 enrichment
claims; pairing FDP with n-3 sources would be required for a lower ratio.

Yolk fatty acid patterns (Table 4) and the correlation structure (Figure 4) align with the established hierarchy of
fatty acid deposition in birds. Omega-6 fatty acids are highly diet-responsive because poultry depends largely on exog-
enous supply, whereas omega-3 shifts are modest unless supported by concentrated sources. Omega-9 is buffered by
endogenous synthesis and homeostatic redistribution [27, 28]. Matrix loosening following fermentation can enhance lipid
bioaccessibility and influence bile acid dynamics, providing a mechanistic explanation for the positive associations of
omega-6 and omega-9 with feed intake and their negative correlations with feed conversion ratio (FCR). The absence of
correlations with hen day egg production (HDP) suggests that these effects operate primarily through intake and digestive
handling rather than through ovulation control [29, 30].

The economic ranking shown in Figure 5 reflects the combined effects of ration cost, actual feed intake, and egg-derived
revenue, as integrated in income over feed cost (IOFC). Fermented co-products commonly reduce unit ration costs up to a
threshold, beyond which biological constraints offset the savings, resulting in a profitability peak at intermediate inclusion lev-
els when efficiency indices are maintained [31, 32]. In the present study, the inclusion level that balanced cost reduction with
preserved feed intake and egg weight outperformed the control in terms of IOFC, whereas the highest inclusion level underper-
formed because reduced intake and non-superior egg weight lowered revenue more than the decrease in costs offset the cost.

The study did not quantify apparent digestibility, digesta viscosity, bile acid pools, or hepatic desaturase and elon-
gase activities; therefore, mechanistic inferences remain indirect. Diets were formulated to meet nutrient targets rather
than being confirmed through complete fatty acid analyses for each treatment, which limits the ability to separate supply
effects from matrix effects. Replication was sufficient for primary endpoints, but larger cohorts and multi-phase sampling
across the laying period would improve precision. Additionally, sensory and shelf-life attributes of eggs were not assessed,
although these factors may be important for downstream product positioning. We also did not include a full treatment-
wise IOFC breakdown table (feed intake, feed cost, hen-day production, revenue, and net income); while Figure 5 sum-
marizes [OFC across treatments, a tabular decomposition would further enhance transparency and can be provided upon
reasonable request. In addition, we did not report a complete nutritional composition of the FDP lot (e.g., proximate
composition, amino acids, fatty acids, minerals), which limits the attribution of production responses specifically to the
ingredient rather than to background nutrient substitution.

Taken together with Tables 3 and 4 and Figures 1-5, the findings present a pragmatic perspective. Fermented durian
peel (FDP) functions as a locally sourced circular feed ingredient that can be included at intermediate levels, where feed
intake remains stable, egg weight is maintained, and profitability benefits from reduced ration costs. Exceeding this inclu-
sion window challenges palatability and physical matrix constraints, leading to reduced intake and egg size, which, in turn,
limit efficiency and lower income over feed cost (IOFC). For practical application, inclusion should be anchored around this
intermediate range, with pen-level feed intake and egg weight monitored as simple guardrails. When nutritional enhance-
ment is desired, FDP can be paired with targeted lipid sources to modify yolk fatty acid profiles while maintaining economic
performance. For future studies, the nutrient composition of all treatments should be kept constant to avoid bias in the
results, unless differences in nutrient composition are intentionally incorporated into the experimental treatments.

5. Conclusions
In this study, incorporation of fermented durian peel (FDP) into requirement-balanced diets for laying ducks-

maintained core production efficiency, with feed conversion ratio (FCR) and hen day egg production (HDP) remaining
unchanged. Biological sensitivities were primarily reflected in feed intake and egg weight: intake decreased only at the
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highest inclusion level, while egg weight varied at intermediate levels. Yolk lipid composition shifted mainly through
increased omega-6 fatty acids; omega-3 showed limited treatment effects, and omega-9 remained unchanged. Correla-
tion analysis indicated that omega-6 and omega-9 increased with greater feed intake and were associated with improved
efficiency, as reflected by lower FCR. Economically, income over feed cost (IOFC) peaked at intermediate inclusion levels,
where cost reduction coincided with maintained intake and egg weight. At the highest inclusion, profitability declined
because reduced revenue outweighed feed cost savings. Therefore, FDP is recommended to be included at approximately
12% in laying duck diets to optimize economic returns without compromising core production performance.

List of abbreviations: AOAC, Association of Official Analytical Chemists; BHT, Butylated hydroxytoluene; CRD, Com-
pletely randomized design; DM, Dry matter; FAMEs, Fatty acid methyl esters; FCR, Feed conversion ratio; FDP, Lenti-
nus edodes-fermented durian peel; GC-FID, Gas chromatography-flame ionization detector; HDP, Hen-day egg produc-
tion; IOFC, Income over feed cost; ME, Metabolizable energy; n-3, Omega-3 fatty acids; n-6, Omega-6 fatty acids; n-9,
Omega-9 fatty acids; QA/QC, Quality assurance/quality control; SSF, Solid-state fermentation; gm, grams; sec, seconds.

Data availability: The data presented in this study are available from the corresponding author upon reasonable request.
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