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Abstract

This study evaluated the effects of graded inclusion levels of Lemna minor meal (LMM) as a partial replacement for
soybean meal on growth performance, feed efficiency, carcass characteristics, and economic efficiency of broiler chickens.
At ten days of age, broilers were allocated to dietary treatments containing 0, 8, 16, and 24% LMM in a completely
randomized design, and data were analyzed using one-way ANOVA with polynomial contrasts. Lemna minor meal showed
high crude protein and mineral content but lower metabolizable energy compared with conventional ingredients, confirming
its potential as an alternative protein source. Dietary LMM significantly affected feed intake, growth performance, and feed
efficiency. Birds fed moderate LMM inclusion showed superior body weight and average daily gain compared with higher
inclusion levels (P < 0.05). Feed conversion ratio increased significantly with increasing LMM inclusion during grower,
finisher, and whole production periods, while protein and energy efficiency ratios declined significantly (P < 0.01). Quadratic
regression analysis indicated significant (P < 0.05) relationships between LMM inclusion percentage and average daily feed
intake, final body weight, average daily gain, carcass weight, and breast meat yield. Carcass yield and dressing percentage
were not significantly affected by dietary treatments (P > 0.05), whereas breast meat yield was significantly improved at
moderate inclusion levels (P < 0.05). Economic analysis showed significant reductions in feed cost and improvements in
profitability with increasing LMM inclusion (P < 0.01). In conclusion, moderate LMM inclusion (8—16%) optimizes growth
performance and carcass characteristics, while higher inclusion levels improve economic returns, supporting LMM as a
sustainable alternative protein source in broiler nutrition.

1. Introduction

Poultry production is the fastest growing livestock sector in terms of production and consumption globally, with developing
economies playing a major role in this expansion [1]. This growth is attributed to the short generation interval of poultry,
high feed conversion efficiency, strong consumer preference, and the ability to provide affordable and readily available
animal protein [2]. Moreover, poultry production has significant potential to alleviate malnutrition, stimulate economic
growth, and create employment opportunities [3]. In Ethiopia, increasing population growth, urbanization, and rising income
levels have significantly increased demand for poultry meat and eggs [4]. Consequently, intensive poultry production
systems are expanding, with annual growth rates of meat and egg production estimated at approximately 6% and 10%,
respectively [5]. This rapid expansion has increased demand for high-quality feed ingredients and balanced compound diets
to sustain high productivity.

Protein feed ingredients, particularly soybean meal and other oilseed meals, remain the major conventional protein sources
in broiler diets due to their high protein content, balanced amino acid profile, and high digestibility [6]. However, feed
accounts for approximately 60—-75% of total broiler production costs, making it the most critical factor determining
profitability and sustainability [7]. Increasing prices, limited supply, and variable quality of conventional feed ingredients
have substantially increased feed formulation costs. Price trend analyses have shown continuous increases in feed
ingredient and compound diet prices, with particularly high increases recorded for SBM in recent years [8-9]. In addition,
competition for feed resources with other livestock and human food systems remains a major constraint to poultry
production in developing countries, including Ethiopia [10—11]. These challenges have intensified the search for
sustainable, cost-effective, and locally available alternative protein sources.

Duckweed has emerged as a promising non-conventional protein source due to its rapid growth rate, high biomass
productivity, and favorable nutritional composition. Duckweeds are small floating aquatic plants belonging to the
Lemnaceae family, consisting of five genera and 36 species distributed worldwide [12]. Among these species, the common
duckweed, Lemna minor L. is widely distributed and well adapted to diverse environmental conditions, with increasing
interest in its application for food, feed, phytoremediation, and bioenergy production [13—-14].

The growing interest in L. minor for sustainable feed production is mainly due to its exceptional biological productivity. They
grow rapidly in nutrient-rich and slow-moving water bodies. Under optimal conditions, duckweed biomass can double within
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1-3 days, representing one of the fastest growth rates in the plant kingdom [15]. Annual dry matter (DM) biomass yields
can reach 10-30 t ha~" under tropical and subtropical conditions [16—17]. Duckweed accumulate high protein in biomass
ranging from 30-44%DM with relatively balanced amino acid profiles, due to their efficient uptake and assimilation nitrogen
and other nutrients from growth media [18-19]. Thus, compared with soybean, duckweed can potentially produce
substantially higher protein yield per unit land area [20].

Moreover, optimally harvested duckweed may contain relatively low fiber content, making it suitable for feeding
monogastric animals such as poultry [21]. Duckweed is also rich in minerals, vitamins, and bioactive compounds with
potential health benefits [22-23]. From an agronomic perspective, duckweed can be cultivated on marginal lands, requires
minimal fertilizer inputs, is easy to propagate and harvest, and can be integrated into existing farming systems, contributing
to circular bioeconomy and income diversification [24-26]. These characteristics highlight its potential as a locally
produced, environmentally sustainable alternative protein source for poultry feeding systems.

Previous studies have demonstrated the feeding value of duckweed in various livestock species, including poultry, fish,
pigs, and dairy cattle [21, 27-28]. However, available studies evaluating duckweed inclusion in broiler diets are limited and
show variable results regarding optimal inclusion levels and performance responses [29-30]. These variations are largely
attributed to differences in duckweed nutrient composition, due to cultivation conditions, growth media nutrient status, and
environmental factors [20, 31-32]. Therefore, establishing optimal cultivation and inclusion strategies is essential to ensure
consistent feed quality and maximize feeding value [33-34].

Despite the promising nutritional and agronomic potential of duckweed, limited studies have evaluated duckweed
cultivated using organic manure under local production conditions and its effects on broiler performance. Therefore, the
present study was conducted to evaluate the effects of partial substitution of soybean meal with graded levels of cultivated
Lemna minor meal on feed intake, growth performance, nutrient utilization efficiency, carcass characteristics, and economic
efficiency of broiler chickens.

2. Materials and Methods
2.1. Experimental site and preparation of pens

The experiment was conducted in private poultry farm in Dukem, Bishoftu city, Ethiopia. The city is located in the central
highlands of Ethiopia at about 47 km south-east of Addis Ababa. Geographically, the area is located at an altitude of 1800
meters above sea level, 9° North latitude and 40° East longitude. The area has tepid to cool sub-moist with moderate
weather condition. The annual mean rainfall, minimum and maximum temperatures were 1152 mm and 11.7 and 26.4 °C,
respectively with mean relative humidity of 61.3%. The area has two rainy seasons; main season (June-Sept.) and short
rainy season (March-April) [35]. The city is one of the fastest growing metropolitan and the hub of modern livestock
production in Ethiopia. Due to closeness to the capital city there is huge demands for livestock products, there are large
number of market-oriented livestock production system, particularly modern poultry farms, and also appreciable number of
dairy farms, and swine farms. Almost all large scale commercial integrated broiler production agro-industries of the country
are located in this city.

Two weeks before placing the chicks, naturally ventilated poultry house was partitioned into 12 individual experimental
pens using timber and mesh wire (1.1 m x 2.0 m). Pen floor covered with dry wheat straw to a depth of 10 cm. Then, the
house and pens were thoroughly cleaned, and disinfected by spraying mixture of formalin (40%), Hydrogen peroxide (Bio-
safe), Chlorine (Berekena) and water. Before chick arrival each pen was setup with electric bulb brooder (200 watt),
thoroughly cleaned drinker and feeders enclosed in brooder guard.

2.2. Preparation of feed ingredients
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The feed ingredients used in the diets were Lemna minor meal (LMM), soybean meal (SBM), maize grain (white), wheat
middling, beef tallow, limestone, common salt, vitamin-mineral premix, Lysine and Methionine. Except LMM all raw
ingredients were procured from local markets in Bishoftu city.

The Lemna minor meal (LMM) was produced from pilot-scale duckweed cultivation ponds in Arba Minch University,
Southern Ethiopia. The site is located at an altitude of 1,280 m above sea level, 7°03'27.8" N latitude and 38°28'06.2" E
longitude. The area is characterized by a hot humid to semi-arid climate, with annual rainfall ranging 768 to 1,270 mm, and
mean annual temperature of 22.9°C (15-32°C). Duckweed was produced under optimum cultivation fertilized with
anaerobically digested mixture of poultry and cattle manure (1:1) applied on weekly basis at the rate of 16024 mg NH,*-N/L
according to recommended practices (Habtom et al., 2026 unpublished data). The fresh duckweed biomass was harvested
every two to three days interval using metal sieve, rinsed with fresh water and dried for 314 days under shade with frequent
turning to facilitate uniform drying. The air dried L. minor was ground to 2—3 mm particle size using hammer mill to
produce LMM and stored in airtight bags. Soybean meal and maize grain were ground separately in hammer mill to similar
size and stored in bags. Representative samples of LMM, SBM, maize grain, and wheat middling were sampled and
analyzed in duplicate for proximate chemical composition [36] as shown in Table 1 before preparation of experimental
diets.

2.3. Experimental birds, treatments and design

A total of 194 day-old mixed sex Cobb 500 broiler chicks were purchased from reputable commercial hatchery (Alema PLC.,
Bishoftu city, Ethiopia). The chicks were feed on commercial starter crumble (Alema Koudijs Feed Factory PLC) with 21%
CP and 2900-3000 kcal ME kg™ . On day 10 of age, 180 healthy chicks with comparable body weight were selected,
weighed individually, and randomly divided in to 12 groups each with 15 birds, and then randomly transferred to 12
experimental pens. Four dietary treatments each replicated three times were randomly allocated to pens according to
completely randomized design (CRD). The experimental unit was pen of birds, thus, 3 pens per treatment or 45 birds per
treatment. The dietary treatments (T) were graded level of L. minor meal (LMM) inclusion partially substituting soybean
meal (SBM) as main protein source in diets of both grower and finisher phases. Treatment 1 (T1) was the control diet with
0% LMM, T2 (8% LMM), T3 (16% LMM) and T4 (24% LMM) containing diets as shown on Table 2. The diets were formulated
separately for the grower phase (10—-24 days) and finisher phase (25-45 days) on iso-protein and iso-caloric basis that
meet the recommended nutrient requirements of broiler chicken for final market weight of 2.5 kg at 45 days of age [37-38].
The beef tallow was milted into liquid form to facilitate uniform mixing, and then feed ingredients based on their proportion
in each respective dietary treatment (Table 2) were weighed using digital balance and mixed thoroughly manually in mesh
form, and kept in bags and stored in dry well ventilated house until use. The bulk density of feed ingredients and dietary
treatments were measured by weighting samples in a container of known volume using digital sensitive balance [39]. The
experiment lasted a total of 45 days (Oct. — Nov., 2025).

2.4. Management of birds and Measurements

All dietary treatments were fed in mesh form on regularly cleaned bell feeders. The daily feeds offered to all experimental
pens were accurately measured, recorded and the leftover feed was collected and measured in the next morning before
new feed was offered. The feeds were offered twice a day between 8:00 A.M and 6:00 PM throughout the trial period by
dividing the total daily allowance in to equal part. The amount of feed offered was increased by 10% than previous day
intake for ad libitum consumption. Drinkers were cleaned daily in the morning and filled with clean cool water mixed with
vitamin-mineral supplement (Vita-chick) for ad libitum consumption. Regularly measured amount of water were provided
and the amount of leftover was measured in the next morning to assess the influence of dietary treatments on water
consumption rate.

Individual body weight of birds in each pen was measured on day 10 of age as initial weight and then on weekly basis, BW
at the end of the experiment on day 45 was taken as final body weight (FBW). Body weight was measured in the morning
before feeding throughout the experimental period using digital sensitive balance. The ambient and house temperature and
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relative humidity was regularly monitored using digital sensor throughout the study period. During the first 3 days, the room
temperature was maintained at 33 °C, 30 °C on day 7 then gradually lowered to 24 °C on 21 days of age by adjusting the
height of suspended bulb. Light regime of 23 hr. light and 1 hr. dark was maintained throughout experimental period. Thus,
adequate heat, light and ventilation were provided to maintain optimum environmental requirements and comfortable
zones.

The chicks were vaccinated against major poultry diseases including Marek’s disease at day-old, Newcastle disease
(Lasota) on day 8 and 42, and infectious bursal disease on 14 day of age. The vaccines were obtained from National
Veterinary Institute (Bishoftu). The health status of birds was daily monitored and prophylactic medications against
coccidiosis (Amprolium) and antibiotic (Oxytetracycline) were administered during the first week of grower and finisher
phases in drinking water according to manufacturer instruction. Mortality of birds in pens were monitored at least twice
daily, any dead birds were recorded and disposed promptly by burial. The dead birds from each pen were used to calculate
percent mortality and Livability per pen, and to adjust feed offer. The statuses of litter moisture, feces consistency were
also monitored, and wet litter was changed regularly. Sanitation of the pens and house were maintained regularly. Standard
broiler chicken management and animal welfare practices were implemented uniformly for all the birds throughout the
experimental period. The effects of dietary inclusion of LMM in the diets of broilers were evaluated in terms of feed intake,
body weight, body weight gains, livability, feed and nutrient utilization efficiency, carcass traits, performance indices, and
economic efficiency.

2.4.1. Feed and nutrient intake

The average daily feed intake (ADFI, g/bird/day) was calculated as a difference between feed offered and feed leftover
divided by the number of birds per pen each day, cumulative weekly feed intake, feed intake during grower, finisher phase
and whole experimental period (g/bird) were also calculated. Nutrient intake of birds was calculated by multiplying the ADFI
by respective nutrient composition of diet. Feed and nutrient intakes of birds are reported on dry matter basis. Overall
acceptance and palatability of the dietary treatment was calculated according to Fiordelmondo et al., [40] as: ((Feed
intake/Feed offered) x 100).

2.4.2. Growth performance and Nutrient Utilization Efficiency

The growth of broiler chicken was determined for weekly mean live body weight BW, mean weekly BW gain calculated as
the difference between two consecutive weekly BW records. Average Daily Gain (ADG, g/bird/day) for each week, grower,
finisher, and whole experiment period were also calculated as a difference between two BW measures by the numbers of
days. Livability percentage (%) calculated as: percentage ratio of the number of birds at the end per pen to the number of
birds per pen at the beginning calculated for grower, finisher and whole period. Mortality calculated as 100—-L%. Feed
conversion and nutrient utilization efficiencies, and Broiler Index were calculated [39, 41] as:

Feed Conversion Ratio (FCR) = Feed Intake (g DM/bird) / BW gain (g/bird)

Feed utilization efficiency (FUE) = 1/FCR = BW gain (g/bird) / Feed Intake (g DM/bird)
Protein Efficiency Ratio (PER) = ADG (g/bird/day) / Protein Intake (g/bird/day)

ME efficiency ratio (EER) = ADG (g/bird/day) / ME intake (kcal/bird/day)/100

Broiler Index (BI) = Livability (%) * ADG (g/bird/day) / (FCR * 10)

2.4.3. Carcass Analysis

At the end of the experimental period (at 45 days of age) all birds in each pen were leg tagged and BW recorded as final
BW. Two birds (1 male and 1 female) per pen, i.e. six birds per treatment who had BW close to the mean of respective pens
were selected and kept in a separate pen without feed but plenty of water. After fasting for at least six hours, the selected
birds were weighed, and recorded as slaughter live BWs. Then the birds were slaughtered by severing the jugular vein, bled
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(for two minute), scalded at 65°C for 90 seconds, defeathered and eviscerated manually. Dressed carcass weight was
measured after removing head and shanks from eviscerated carcass while skin included. The dressed carcass was cut up
into component parts and the yields were weighed individually. The wings were removed by a cut through the shoulder joint
at the proximal end of humerus. The thigh and drumstick portions were obtained by cutting through the joint between the
femur and ilium bone of the pelvic girdle. The drumstick was separated from the thigh by a cut through the joint formed by
the femur, fibula and tibia [42]. The dressed carcass, thighs, drumsticks, wing, neck and back were weighed inclusive of
bones. The breast was separated to breast meat and breast bone. The offal and giblets includes: skin, heart, liver, gizzard,
and abdominal fat were carefully separated and weighed. The weight of heart, weight of liver without gall bladder, empty
gizzard (gizzard without food contents and internal lining membrane) and abdominal fat weight (fat surrounding gizzard,
bursa, and cloaca) were recorded. All weight measurements were using a sensitive electronic balance (+ 0.1 g precision).
Dressing percentage (DP) was calculated as percent of dressed carcass weight to slaughter live BWs. The weight of
individual carcass parts and organs were recorded as yields, and their relative yields were calculated as yield of carcass
parts and organs percentage to slaughter live BW. Commercial carcass yield was calculated as sum of carcass parts, and
total edible offal yield was determined as the sum of liver, heart, gizzard, skin and abdominal fat.

2.4.4. Economic Efficiency

Economic efficiency analysis involves calculations of costs and profits to determine economic potentials of dietary
inclusion of LMM in the diet as described by Melkamu [43]. The production costs including feed cost, chick cost and
miscellaneous costs (starter feed, medication, vaccines, labor, electric & water), and profits from sale price of live broiler
based on final body weight at 45 days. The costs and prices were based on the prevailed local market prices at Bishoftu
city during experimental period (Oct. — Nov., 2025). The calculated feed costs include formulated diet unit price, feed cost
per chick, feed cost per kg BW, and feed cost per kg BW gain. Diet unit price (ETB/kg) was determined by multiplying the
proportion of each feed ingredient with its price and then adding all prices, separately for grower and finisher phases. The
price of LMM was estimated from unit price of SBM (115 ETB/kg) based on the same unit price per kg of protein (assuming
equal price per kg protein for SBM and LMM) this result in LMM unit price of 14 ETB/kg feed. Performance Index Score
(PIS) and Economic Index Score (EIS) were also calculated [44].

Economic efficiency (EE %) = Net profit per chick *100 / feed cost per chick
Relative Economic efficiency (%) = EE % *100/ EE% control
PIS = Mean final BW (g) x % Livability / (FCR x No. of days reared x 10)

EIS = EIS = PIS/ (mean diet unit price (ETB/kg)

2.5. Chemical Analysis

Representative samples of LMM and ingredients were dried in an oven at 60 °C to constant weight, and then ground to
pass through Tmm mesh screen and stored in air tight bags until analysis. Analyses of proximate compositions were
carried for dry matter (DM), crude protein (CP), crude lipid (CL), crude fiber (CF) and total ash (TA) following methods of
[36]. Nitrogen (N) content was analyzed using Kjeldahl method, and CP was obtained by multiplying N content with 6.25.
The nitrogen free extract (NFE) content was estimated by difference: DM- (CP + CF + CL + Ash). The Metabolizable energy
(ME) of ingredients and dietary treatments were estimated using the equation of Wiseman [45]: ME (kcal/kg DM) = 3951 +
54.4CL (%) — 88.7CF (%) — 40.80Ash (%). The samples were analyzed in duplicates at Chemistry Laboratory of Arba Minch
University, Ethiopia.

2.6. Statistical Analysis

All collected data were analyzed according to One-Way Analysis of Variance using SPSS software (SPSS version 20.0 Inc.
Chicago, IL, USA). Normality of data and homogeneity of variance were checked using Kolmogorov-Smirnoff and Levene
test, respectively before analysis. Statistical difference among treatment means were declared significant at p <0.05, and
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treatment means were separated using Tukey HSD test. Furthermore, orthogonal polynomial contrast analysis was carried
out to test Linear and Quadratic effects of LMM inclusion percentage levels on broiler performance [46]. Person’s
correlation and regression analysis was carried out to evaluate the strength of linear and quadratic relationship among key
variables. The results are reported as means * pooled standard error of mean (SEM), and the p-values of ANOVA and
polynomial contrast analysis.

3. Results
3.1. Nutritional potential of Lemna minor meal as an alternative feed ingredient

The proximate chemical composition and nutritive value of maize grain, soybean meal (SBM), Lemna minor meal (LMM),
and wheat middling are presented in Table 1. Dry matter content varied moderately among ingredients, ranging from 87.5%
in LMM to 91.1% in SBM. These values indicate acceptable storage quality, and air dried LMM has comparable DM
characteristics to conventional feedstuff. Crude protein (CP) content differed substantially among ingredients. SBM
recorded the highest CP content 36.12% (39.6% DM), followed closely by LMM 31.93% (36.5% DM), highlighting the strong
protein potential of LMM. In contrast, wheat middling and maize grain contained considerably lower protein levels. Crude
lipid content was highest in SBM, while LMM and wheat middling showed similarly low lipid concentrations. Crude fiber
content was moderate in LMM and wheat middling but lower in maize grain, reflecting structural carbohydrate differences
among feed sources.

Ash content was markedly higher in LMM compared with the other ingredients, indicating a higher mineral contribution.
Consistent with this, LMM contained the highest calcium and available phosphorus concentrations. Nitrogen-free extract
and metabolizable energy were highest in maize grain and lowest in LMM. Bulk density differed widely among ingredients,
with LMM exhibiting the lowest value, which has implications for feed handling, diet formulation, and voluntary feed intake.

Table 1. Proximate chemical compositions of feed ingredients (as feed basis)

Nutrients & energy Feed ingredients, average
Maize grain  Soybean meal Lemna minor meal = Wheat middling

DM (%) 88.82 91.13 87.49 89.51
Moisture (%) 11.18 8.87 12.51 11.49
Crude protein (%) 8.67 36.12 31.93 14.54
Crude lipid (%) 2.24 6.77 1.88 1.55
Crude fiber (%) 5.03 11.78 9.64 6.81
Ash (%) 1.01 6.65 16.64 2.07
NFE (%) 71.88 29.82 27.41 64.54
ME (kcal/kg DM)’ 3,540 2,912 2,316 3,277
Lysine (%)? 0.20 2.51 2.43 0.61
Methionine (%)3 0.20 0.57 0.78 0.21
Calcium (%)* 0.03 0.29 1.21 0.12
Available P (%)5 0.26 0.55 0.65 0.67
Bulk density (kg m3) 8072 8002 192¢ 565°
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TME, Estimated Metabolizable energy; DM, dry matter; NFE, nitrogen free extract; the compositions of Lysine?, Methionine3,

Ca* and P° of maize grain, wheat middling, and SBM adapted from [39]; while the respective contents for Lemna minor were
based on reported values for L. minor cultured with organic manure [18, 19, 48].

3.2. Ingredient and nutrient composition of grower and finisher diets containing
Lemna minor

The ingredient composition of the grower and finisher diets is summarized in Table 2. Increasing inclusion levels of LMM
from 0 to 24% progressively replaced SBM and wheat middling in both feeding phases. To maintain dietary energy balance,
maize grain and beef tallow levels were adjusted upward with increasing LMM inclusion. All diets were formulated to meet
nutrient requirements for broiler chickens during the respective growth phases.

The calculated nutrient composition of the experimental diets showed only minor variation across treatments. Dry matter
content declined slightly with increasing LMM inclusion in both grower and finisher diets. Crude protein levels remained
relatively consistent among treatments, indicating effective formulation despite substantial replacement of soybean meal.
Metabolizable energy showed a marginal decline as LMM inclusion increased, reflecting the lower energy density of LMM
compared with maize and soybean meal.

Ether extract increased progressively with higher LMM inclusion due to increased beef tallow supplementation, while crude
fiber showed a slight decreasing trend across treatments. Ash, calcium, lysine, and methionine concentrations increased
with increasing LMM inclusion, whereas available phosphorus showed a slight decline, particularly in finisher diets. Bulk
density decreased significantly with increasing LMM inclusion.

Table 2. Feed ingredients and nutrient compositions of dietary treatments
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Ingredients Dietary Treatments (T)

Grower diet (10-24 days) Finisher diet (25-45 days)

T1 T2 T3 T4 T1 T2 T3 T4
Maize grain 40.0 41.0 42.0 44.0 45.0 47.0 48.5 50.0
Soybean meal 36.0 30.0 24.0 18.0 32.0 27.0 21.0 16.0
L. minor meal 0.0 8.0 16.0 24.0 0.0 8.0 16.0 24.0
Wheat middling 18.0 14.0 10.5 6.0 17.0 11.0 7.0 2.0
Beef tallow 3.0 4.0 4.5 5.0 3.0 4.0 4.5 5.0
L-Lysine HCI 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
DL—Methionine 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Limestone powder 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Salt 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Premix*! 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Calculated composition

Dry matter (%) 90.32 90.14 89.92 89.69 90.23 90.05 89.83 89.62
Crude protein (%) 19.32  19.21 1917 19.08 18.16 18.21 18.14 18.29
ME (kcal kg™ 3082 3092 3072 3055 3103 3110 3093 3072
Ether extract (%) 6.61 7.32 7.53 7.75 6.44 7.20 7.42 7.69
Crude fiber (%) 7.48 7.32 7.20 7.06 7.19 7.07 6.93 6.85
Ash (%) 5.75 6.61 7.49 8.35 5.51 6.41 7.28 8.19
NFE (%) 51.10 49.65 4851 47.45 52.86 51.13 50.03 48.58
Calcium (%) 0.90 0.97 1.05 1.12 0.89 0.96 1.04 1.11
Av. phosphorus (%) 0.42 0.42 0.42 0.41 0.41 0.40 0.39 0.39
Lysine (%) 1.21 1.23 1.26 1.28 1.12 1.15 1.17 1.22
Methionine (%) 0.47 0.49 0.52 0.54 0.46 0.48 0.51 0.53
Bulk density (kgm?) 7198  570b  534b  420c 777a  698b  646c  509d

abcd Row means with different superscript letters are significantly different p<0.05; ME, Metabolizable Energy; NFE,
nitrogen free extract. “'vitamin-mineral premix (BIO-VITAMINERAL®) composition per kg diet: Vit A 19,200 IU, Vit. D5 4,400
IU, Vit. E 6.0 IU, Vit. K3 2.0 mg, Vit. B; 3.2 mg, Vit. B, 4.8 mg, Vit. B¢ 3.6 mg, Vit. B4, 6.0 mcg, Vit. C 12.0 mg, Pantothenic

acid 8.8 mg, Nicotinamide 20.0 mg, Folic acid 0.1 mg, Sodium bicarbonate 300 mg, Sodium Chloride 24 mg, Potassium
Chloride 40 mg, L-Lysine HCI 32 mg, DL-Methionine 20 mg, Manganese 60 mcg, Biotin 40 mcg.

3.3. Effects of Lemna minor inclusion on feed intake, palatability, and nutrient
intake
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Feed intake responses to dietary LMM inclusion on DM bases are presented in Table 3. During the early grower period (days
10-17), birds fed moderate LMM levels (T2 and T3) consumed more feed than those fed the highest level (T4). From day
18 onward, feed intake generally increased with increasing LMM inclusion, with birds fed LMM-based diets consuming
more feed than control diet.

Cumulative feed intake during the grower phase was significantly higher in T2 and T3 compared with T1, while birds fed T4
showed intermediate values. During the finisher phase and over the whole experimental period, feed intake increased
progressively from T1 to T4. Average daily feed intake followed a similar pattern, with the highest values consistently
observed in birds fed higher levels of LMM.

Dietary palatability improved significantly with increasing LMM inclusion, suggesting good acceptability of LMM-based
diets. Water-to-feed ratio decreased significantly in LMM-based birds, particularly during the finisher phase and over the
whole period. Daily intakes of crude protein, lipid, fiber, ash, and metabolizable energy increased linearly with increasing
LMM inclusion. The metabolizable energy-to-protein intake ratio which indicate balanced supply of both energy and protein
for growth was maximized at T2 followed by T3, and then declined at higher LMM.

Table 3. Feed and Nutrient intake of broiler chickens fed on graded level of LMM based diets
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Age in days

FI (g/bird)
Day 10K17

Day 180124
Day 25[31
Day 321138
Day 39145
Grower (101124)
Finisher (25[145)

Whole period (10145)

Palatability (%) (10145)

ADFI (g/bird/day)
Day 10017

Day 18[24

Day 250131

Day 32138

Day 391145

Grower (10[24)
Finisher (25[145)
Whole period (10845)
WFR!

Grower (101124)
Finisher (25[145)
Whole period (10145)

Nutrient (g/bird/day)

Crude protein
Lipid
Crude fiber

Ash

Dietary Treatments

T1

4028b
638°
737°
870°
1103°
1040P
2710P
3750P

88.1b

57.48b
91.1°

105.3°
124.2°
157.5¢
74.2°

129.1°

107.1P

2.75%
2.692

2.72°

19.8P
6.974
7.82P

6.014

T2

4132
6732
8362
1020°
1157°
10872
3013?
41002

94.32

59.12
96.22
119.42
145.8°
165.3°
77.6°
143.5°

117.12

2.58P
2.30P

2.41b

21.62
8.49°¢
8.40°2

7.61°¢

T3

4142
6612
8472
10632
11723
1075°
3083?
41582

94.8?

59.22
94.42
121.12
151.92
167.5°
76.82
146.8%0

118.8?

2.622b
2.25P

2.40bP

22.02
8.87>
8.36°

8.75P
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T4

391P
6622
8592
10702
12182
105320
31472
42002

95.3?

55.9°
94.52
122.72
152.92
174.0°
75.2°
149.92

120.12

2.682b
2.17°

2.38P

22.28
9.25%
8.32°

9.91¢

SEM

3.69

4.30

13.9

34.4

39.2

0.99

0.53

0.61

1.99

1.59

1.58

0.54

1.64

1.12

0.03

0.05

0.04

0.21

0.08

0.08

0.07

p-value

0.006
0.002
0.001
0.001
0.001
0.009
0.001
0.001

0.003

0.006
0.002
0.001
0.001
0.001
0.009
0.001

0.001

0.023
0.001

0.001

0.001
0.001
0.003

0.001

0.101

0.014

0.001

0.001

0.001

0.411

0.001

0.001

0.001

0.101

0.014

0.001

0.001

0.001

0.414

0.001

0.001

0.269

0.001

0.001

0.001

0.001

0.004

0.001

0.001

0.004

0.014

0.001

0.727

0.002

0.008

0.004

0.02

0.001

0.004

0.014

0.000

0.727

0.002

0.008

0.004

0.007

0.012

0.004

0.006

0.001

0.005

0.016




‘ ME(kcaI/blrd/day) 332b 3642 3672 3682 3.47 0.001 0.001 0.002 ‘

‘ME:Protein intakeratio 1676 16.812 16.77® 16.59¢ 0.002 0.001 0.001  0.001 ‘

abcd row means with different superscript letters significantly different p<0.05; WFR', mean daily water to feed

consumption ratio per pen; Fl, feed intake; ADFI, average daily feed intake; ME, metabolizable energy; SEM, standard error of
mean; A, p-value of one-way ANOVA; L, p-value of linear analysis; Q, p-value of quadratic analysis. T1, T2, T3, and T4, dietary
treatments partially substituting SBM with LMM included at 0%, 8%, 16%, and 24% in the diet, respectively.

3.4. Growth performance of broiler chickens

Initial body weight at day 10 did not differ significantly among dietary treatments, indicating uniformity of birds at the start
of the experiment (Table 4). From day 17 onward, significant differences in body weight were observed among treatments.
Birds fed 8% LMM (T2) consistently recorded the highest body weights at subsequent ages; while birds fed 24% LMM (T4)
showed the lowest values.

Body weight gain and average daily gain during the grower phase were significantly higher in birds fed T2 and T3 compared
with T4. During the finisher phase, birds fed T4 achieved relatively high weight gains, although this did not consistently
translate into superior final body weight. Over the entire experimental period, total body weight gain and average daily gain
were highest in T2.

Livability remained high across all treatments, exceeding 95% throughout the study, with no significant dietary effects.
Broiler performance index during the grower phase was significantly higher in birds fed T2 and T1 compared with T4, while
no significant differences were observed during the finisher phase or over the whole period.

Table 4. Growth performance of broiler chickens fed on graded level of LMM based diets

Page 12/28



Age in days

Live BW (g/bird)
Day 10 (Initial)
Day 17

Day 24

Day 31

Day 38

Day 45 (Final)
BW gain (g/bird)
Day 10117

Day 18124

Day 25031

Day 32K38
Day 3945

Grower (10824)
Finisher (25/45)
Whole period (10/45)

ADG (g/bird/day)
Day 10017
Day 18024

Day 25031

Day 32038
Day 39145

Grower (10824)
Finisher (25145)
Whole period (10[45)
Livability %

Grower (10824)

Finisher (25145)
Whole period (10[45)

Dietary Treatments

T1

260.1
509.8%
800.0°

1119.3°
1482.8P

1905.2P

249.7
290.32P

319.3b
363.5

422.4°
539.92
1105.2P

1645.1P

35.7
41.5P

45.6P
51.9

60.3P
38.6°
52.6°

47.0P

100.0
95.6
95.6

T2

259.2
528.1°
832.72
1181.0°
1540.12

1950.78

268.9
304.62

348.32
359.1

410.6°
573.5°
1118.02P

1691.5°

38.4
43.52

49.8?
51.3

58.7°
41.02
53,28

48.32

100.0
100.0
100.0

T3

259.3
517.63°
804.12b
1135.0°
1507.4°

1924.82b

258.2
286.5P

330.9%
372.4

417.4°
544.82
1120.72b

1665.52P

36.9
40.9°

47.33b
53.2

59.6°
38.92
53.42b

47.6°

97.8
97.8
95.6

T4

254.8
494.0°
748.0°
1041.0°
1430.5°

1910.2P

239.2
254.0°

293.0°¢
389.4

479.7°
493.2°
1162.22

1655.4P

34.2
36.3¢

41.9¢
55.6

68.5°
35.2b
55.32

47.3°

97.8
97.8
95.6
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SEM

3.32
5.80

8.96

5.88

7.07

6.69

7.20
3.99

5.61

8.84
8.00

10.27

10.42

6.99

1.03
0.57

0.80

1.26
1.14

0.73

0.50

0.20

1.57
2.72
2.72

p-value

0.682
0.018

0.001
0.001
0.001

0.005

0.091
0.001

0.001

0.154
0.001

0.004
0.023

0.008

0.091
0.001

0.001

0.154
0.001

0.004
0.022

0.009

0.596
0.728
0.594

0.322
0.057

0.002

0.001

0.001

0.724

0.228
0.001

0.005

0.050
0.001

0.006

0.006

0.884

0.228
0.001

0.005

0.050
0.001

0.006

0.006

0.883

0.242
0.725
0.717

0.599
0.007

0.001

0.001

0.001

0.002

0.029
0.001

0.001

0.260
0.002

0.003

0.205

0.004

0.029
0.001

0.001

0.259
0.002

0.003

0.205

0.004

1.000
0.438
0.439




Broiler Index

Grower (10824) 200,32 216.62 192 62b 161.6P 8.00 0.008 0.004 0.018
Finisher (25145) 205.6 197.5 189.4 200.0 7.97 0.573 0.506 0.275
Whole period (10045) 197.4 199.4 182.1 178.0 6.48 0.113 0.031 0.652

abc Row means with different superscript letters significantly different p<0.05; SEM, standard error of mean; BW — body
weight; ADG - average daily weight gain; A, p-value of one-way ANOVA; L, p-value of linear effect; Q, p-value of quadratic
effect. T1, T2, T3, and T4 dietary treatments with inclusions of Lemna minor meal (LMM) in the diet at 0, 8%, 16%, and 24%,
respectively by partially replacing SBM in diets.

3.5. Feed efficiency and nutrient utilization

Feed conversion ratio varied significantly among dietary treatments and growth phases (Table 5). During the grower phase,
birds fed the highest level of LMM exhibited poorer FCR compared with birds fed lower inclusion levels. A similar pattern
was observed during the finisher phase, where higher LMM inclusion resulted in increased FCR values. Over the entire
experimental period, FCR increased progressively with increasing LMM inclusion, indicating reduced feed efficiency at
higher substitution levels.

Feed utilization efficiency, protein efficiency ratio, and energy efficiency ratio were highest in birds fed the control diet and
declined significantly with increasing LMM inclusion. These findings suggest that although LMM improved feed intake and
reduced feed cost, excessive inclusion may compromise nutrient utilization efficiency.

Table 5. Feed Conversion and Nutrient Utilization of broiler chicken fed on graded level of LMM based diets

Age in days Dietary Treatments SEM p-value
T1 T2 T3 T4 A L Q

FCR

Day 10K17 1.61 1.54 1.61 1.64 0.06 0.670 0.537 0.450
Day 180124 200  291P 231b pg1@  0.04 0001 0.001 0.008
Day 25031 231 240 2566 9g3a  0.04 0001 0.001 0.008
Day 32138 040> 9843 ogsa  o7sa  0.06  0.002 0.004  0.002
Day 39145 0623 9gpa ogia ossb 006 0019 0357 0.003
Grower (10024) 1.93b 1.90P 1983 92132 0.05 0.039 0.013 0.101
Finisher (250145) 245 2708 92758 9773 0.03  0.001 0.001  0.001
Whole period (10045) 5 ogb 2 493 2502 2542 0.028 0.001 0.001 0.103
FUE (10145) 0439° 0413 040° 0394b 0005 0001 0001 0.087
PER (10145) 2368  229b  21gbc o19¢ 003 0001 0001 0.109
EER (107145) 1428 133°  130° 12.9° 015 0.0017 0.007  0.052
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abe — row means with different superscript letters significantly different p<0.05; SEM,, standard error of mean; FCR, feed

conversion ratio; FUE, feed utilization efficiency; PER, protein efficiency ratio; EER, metabolizable energy efficiency ratio; A,
p-value of one-way ANOVA, L, p-value of linear analysis; Q, p-value of quadratic analysis; T1, T2, T3, and T4 dietary
treatments with inclusions of Lemna minor meal (LMM) in the diet at 0, 8%, 16%, and 24%, respectively.

3.6. Carcass characteristics and edible organ yields

Carcass traits and edible organ yields are presented in Table 6. Slaughter live body weight, dressed carcass weight, and
dressing percentage were not significantly affected by dietary LMM inclusion, indicating that overall carcass yield was
maintained across treatments.

Dietary LMM inclusion significantly influenced breast meat yield. Birds fed 8% LMM recorded the highest absolute and
relative breast meat yields, suggesting an optimal inclusion level for muscle deposition. Other carcass cuts, including thigh,
drumstick, wing, and back, were not significantly affected by diet. Edible organ weights showed some response to dietary
LMM. Gizzard weight increased significantly with increasing LMM inclusion, reflecting greater dietary fiber content and
mechanical digestion activity. Total edible offal increased linearly with LMM inclusion, while abdominal fat tended to
increase at the highest inclusion level.

Table 6. Carcass characteristics of broiler chickens fed on graded level of LMM based diets
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Parameters

Slaughter live BW, g/bird
Dressed carcass weight, g

Dressed percentage, %

Dietary Treatments

T1
1,807
1,279
70.7

Absolute (g) & Relative yield (%BW)

Breast meat, g

Breast meat, %

Breast?, g

Breast®, %
Thigh, g
Thigh, %
Drumstick, g
Drumstick, %
Neck, g
Neck, %
Wing, g
Wing, %
Back, g

Back, %

Commercial carcass?, g
Organs & Giblets

Skin, g

Skin, %

Liver, g

Liver, %

Heart, g

Heart, %

Gizzard, g
Gizzard, %

Abdominal Fat, g
Abdominal Fat, %

Total edible offal, g

291.9P
16.12
440.1°

24.3P
177.3
9.80
167.9
9.28
50.7
2.81
72.6
4.01
108.2
5.99
1017

114.9
6.36
42.7
2.36
13.5
0.73

25.8P

1.43P
34.8
1.93
231.8

T2
1,872
1,352
72.3

326.0°
17.42
49522

26.52
188.0
10.05
168.3
8.99
54.1
2.89
74.1
3.96
105.6
5.64
1085

125.6
6.72
40.0
2.13
14.9
0.80

30.62b

1.642b
36.0
1.93
2471

T3
1,876
1,344
71.6

302.82b
16.28P
464.73°

24.8%°
182.7
9.74
168.4
8.99
49.6
2.65
74.1
3.95
110.3
5.88
1050

118.5
6.31
38.6
2.06
12.1
0.65

37.52

2.00?
43.9
2.36
250.7
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T4
1,884
1,343
71.3

292.1P
15.5°
451.6°

24.0°
192.6
10.22
171.5
9.10
63.5
3.37
72.2
3.84
110.3
5.86
1062

1251
6.64
37.4
1.98
13.7
0.73

37.82

2.012
66.0
3.51
280.0

SEM

29.7
18.3
0.46

6.06

0.34

10.7

0.43

6.47
0.29
5.45
0.27
3.09
0.19
1.91
0.08
6.26
0.32
19.1

5.29
0.30
2.56
0.13

0.06
2.54

0.13

8.91
0.49
10.9

P-value

A

0.31
0.07
0.20

0.01

0.02

0.03

0.02

0.42
0.63
0.96
0.85
0.05
0.12
0.85
0.50
0.94
0.89
0.16

0.45
0.73
0.53
0.25
0.42
0.37
0.03

0.03

0.12
0.15
0.07

L

0.12
0.06
0.65

0.43

0.07

0.94

0.19

0.19
0.47
0.67
0.66
0.04
0.13
0.91
0.17
0.70
0.93
0.28

0.35
0.06
0.17
0.57
0.83
0.04
0.01

0.01

0.03
0.05
0.02

Q

0.37
0.07
0.08

0.01
0.02
0.01
0.01

0.95
0.47
0.81
0.47
0.13
0.13
0.41
0.73
0.84
0.62
0.18

0.71
0.55
0.77
0.94
0.97
0.23
0.40

0.44

0.28
0.36
0.54




Total edible offal, % 12.83 13.21 13.38 14.87 0.64 0.20 0.05 041

The value for each treatment represents the mean of six birds (2 birds per replicate, and 3 replicates per treatment).

a.b.c row mean within the same category with different superscript letters significantly different p<0.05; BW, live body
weight; 3yield of breast meat and bone; 4yield of total carcass parts; SEM, standard error of mean; A, p-value of one-way
ANOVA; L, p-value of linear response; Q, p-value of quadratic response; T1, T2, T3, and T4 dietary treatments with
inclusions of Lemna minor meal (LMM) in the diet at 0, 8%, 16%, and 24%, respectively.

3.7. Economic performance of broiler chickens

Economic evaluation of the dietary treatments is summarized in Table 7. Diet unit price per kg declined progressively as
SBM was replaced by LMM in the diet. Grower, finisher, and total feed costs per bird were significantly lower in diets
containing higher levels of LMM.

Total feed cost per kilogram body weight gain and production cost per bird decreased significantly with increasing LMM
inclusion, with the lowest values recorded in T4. These reductions were primarily driven by the lower cost of LMM relative to
SBM.

Net profit, benefit—cost ratio, economic efficiency, and relative economic efficiency increased with increasing LMM
inclusion, indicating improved profitability of LMM-based diets. Although production index score did not differ significantly
among treatments, the overall economic advantage favored higher inclusion levels.

Table 7. Economic Efficiency of broiler chickens fed on graded level of LMM in diet
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Items Dietary Treatments p-value

T1 T2 T3 T4 SEM

Grower diet unit price, ETB/kg 77.70 72.80 67.10 61.40

Finisher diet unit price, ETB/kg 75.20 70.60 65.40 60.50

Grower Fl, kg/bird 1150 12058 11962 11743 0.008  0.007
Finisher Fl, kg/bird 3.003P 3.3462 343922 35112 0.038 0.001
Total FI, kg/bird 4.152P 4.5512 46272 4.687° 0.044  0.001
Final BW, kg/bird 1905 195128 19258 {910b  0.007  0.005
Grower BWG, kg/bird 0.5402 0.5742 0.5452 0.493P 0.010 0.004
Finisher BWG, kg/bird 1105 1118% 1121%® 11602 0.010  0.023
Grower feed cost, ETB/bird 89 42 g7.72 80.3P 72.1¢ 0.584  0.001
Finisher feed cost, ETB/bird 295.82 236.22 22458  212.5b 2.751 0.002

Grower feed cost per kg BWG, ETB/kg 16562 15322 147.6° 14620 3.798  0.025
Finisher feed cost per kg BWG, ETB/kg  9(4.32 211.42 200.32 182.8P 2.507  0.001
Total Feed cost per kg BWG, ETB/kg 191.62 191 52 183.0P 171.9¢ 2.241 0.001
Total Feed cost per kg BW, ETB/kg 16542  166.12 158.32  149.0°> 1.871  0.001
Total Feed cost per broiler, ETB/bird 315.28b 32402 304.7P 284.5¢ 3.115 0.001

Chick cost, ETB/bird 115 115 115 115
Miscellaneous costs, ETB/bird 41.8 41.8 41.8 41.8

Production cost per broiler, ETB/bird 472.0% 48082 467 5° 441.3¢ 3.13 0.001

Production cost per kg BW, ETB/kg 24782 2465 23983 9237gb 205 0.002
Total profit, ETB/bird 762.1P 780,32 77002  764.1P 2.68 0.005
Net profit, ETB/bird 290 1P 299 5b 30843 399082 4.67 0.006
Benefit Cost ratio 1.61° 1.63P 1.67° 1.732 0.02 0.001
Economic Efficiency, EE% 92 2b 92 5b 101.3% 11342 2.38 0.001
Relative EE, % 100P 100.4° 110.0P 123.0° 2.60 0.001
PIS 228.7 230.0 210.4 205.5 7.51 0.110
EIS 3010 3.93eb 3.202b 3382 0.10 0.04

a.b.c Row means within the same category with different superscript letters significantly different p<0.05; Fl, feed intake;
SEM standard error of mean; ETB, Ethiopian Birr (Ethiopian currency, 1 US Dollar =150.0 ETB) ; BW, body weight; BWG, body
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weight gain; EE, Economic Efficiency; PIS — production index score; EIS — economic index score;; T1, T2, T3, and T4 dietary
treatments with inclusions of Lemna minor meal (LMM) in the diet at 0, 8%, 16%, and 24%, respectively.

3.8. Correlation, regression, and overall response to Lemna minor inclusion

Correlation analysis revealed strong relationships between LMM inclusion level and performance parameters (Table 8).
LMM inclusion was negatively correlated with diet bulk density and positively correlated with feed intake and feed
conversion ratio. In contrast, protein and energy efficiency ratios were negatively associated with increasing LMM inclusion.

Quadratic regression analysis demonstrated that average daily feed intake, growth performance, carcass weight, and breast
meat yield increased with LMM inclusion up to an optimum level, after which performance declined (Eq. 1 to 5). These
relationships indicate a biological threshold beyond which additional LMM inclusion offers diminishing returns.

Table 8. Pearson'’s linear correlation and quadratic regression analysis

LMM DBD  ADFI FBW ADG  FCR EER PER CW  BMY GW AF
LMM 1 -0.98" o0.85% 010 003  og9* -0.85" -0.88™ 052 027 977 o0.61"
DBD L 083* 001 012 _gg6™ 081" 085" 054 020  _g72* 063"
ADFI 1 029 035 g97* -0.98" -0.97" 060° 006 g4  0.39
FBW 1 097" 0.04 012  -010 057 g73* -001  -0.20
ADG 1 0.10 017  -012 054 st 0.04 -0.11
FCR 1 099" -0.99% 049 011 ggg* 0.4
EER 1 099%™ 049 004  _gg3* -0.40
PER 1 048 010  _gge 045
CW 1 037  0.54 0.10
BMY 1 0.09  -0.19
GW 1 0.50
AF 1

Quadratic Regression Equations

Equations R R2 SE P-value
Ea-1 ADFI (g/b/d) = 1.33LMM - 0.035LMM? + 107.50 0.940 089 209  <0.001
Ea.2  FBW (g/b) = 5.50LMM - 0.235LMM?2 + 1905.35 0750  0.57 1527 0.024
Ea.3  ADG (g/b/d) = 0.153LMM - 0.006LMM? + 47.13 0709 050 046  0.043
Ea.4  cw (g/b) = 9.31LMM - 0.292LMM?2 + 1283.04 0.708 ~ 0.50  32.0  0.044
Q.5 BMY (%BW) = 0.241LMM - 0.011LMM? + 24.57 0705 050 093 0047

* significant correlation at p<0.05; ** significant at p<0.01; LMM, Lemna minor meal % inclusion level in diet, DBD, diet bulk
density; ADFI, average daily Feed Intake on DM bases; BW, body weight, FBW, Final body weight; ADG, average daily gain;
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FCR, feed conversion ratio; PER, protein efficiency ratio; EER, energy efficiency ratio; CW, Carcass weight; BMY, relative
breast meat yield (%BW); GW, Gizzard weight; AF, Abdominal fat. R, correlation coefficient; R2, coefficient of determination;
SE, standard error of estimate. The correlation and regression analysis values based on 12 observations.

3.9 Overall biological and economic responses of broiler chickens to graded inclusion of Lemna minor meal

Overall response patterns illustrated in Figure 1 showed that moderate LMM inclusion (approximately 8-16%) optimized
growth performance, carcass traits, and economic efficiency. Higher inclusion levels primarily enhanced cost reduction
rather than biological efficiency, highlighting the importance of balancing nutritional and economic objectives.

4. Discussion

4.1. Nutritional potential of Lemna minor meal as an alternative feed
ingredient

The relatively high crude protein content of Lemna minor meal (LMM) (36.5% DM) observed in this study confirms its
suitability as a plant-based protein source in poultry nutrition. Recent studies have shown that L. minor protein content can
range from 30% to 41%, depending on growth conditions and nutrient availability, making it competitive with conventional
protein sources [18—-19, 47-48]. This supports the present findings and highlights the potential of LMM to partially replace
soybean meal in broiler diets.

The high ash content and elevated mineral concentrations, particularly calcium and phosphorus, observed in LMM are
consistent with earlier reports describing duckweed as a mineral-rich biomass [18, 48]. While this characteristic may reduce
the need for inorganic mineral supplementation, it also contributes to lower metabolizable energy values of the diet. Similar
reductions in dietary energy density associated with duckweed inclusion have been reported in broiler feeding trials [30,
49].

The low bulk density of LMM observed in this study has important implications for feed formulation and intake regulation.
Reduced bulk density has been associated with increased feed volume and compensatory feed intake in poultry,
particularly when dietary energy density is low [50]. However, excessive reductions in bulk density may negatively affect
feed handling and nutrient utilization efficiency, especially at high inclusion levels.

4.2. Effects of Lemna minor inclusion on diet composition and
formulation characteristics

The successful formulation of nutritionally balanced diets despite progressive replacement of soybean meal with LMM
demonstrates the flexibility of duckweed as a feed ingredient. Previous studies have reported that duckweed can be
incorporated into poultry diets without compromising crude protein content when energy and amino acid adjustments are
applied [50, 51]. This supports the present formulation strategy, where maize grain and supplemental fat were adjusted to
maintain dietary energy. However, the increase in ether extract with higher LMM inclusion reflects the need to compensate
for the lower inherent energy density of duckweed biomass. Similar formulation approaches have been documented in
studies evaluating alternative protein ingredients, where supplemental fat was used to sustain performance [52]. However,
excessive reliance on dietary fat may alter nutrient partitioning and carcass composition.

The observed reduction in bulk density with increasing LMM inclusion is consistent with the physical properties of dried
duckweed meal, fluffy and voluminous nature [30, 53]. According to Taylor et al. [54], bulk density is a critical but often
overlooked factor affecting feed intake behavior and processing efficiency, suggesting the importance of considering
physical as well as chemical diet characteristics, particularly during formulating diets for young birds, due to gut fill limit
effect.
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4.3. Effects of Lemna minor on feed intake, palatability, and nutrient
utilization

The increase in feed intake observed with LMM-based diets is likely a compensatory response to reduced dietary energy
concentration. Broiler chickens are known to regulate feed intake primarily to satisfy energy requirements, resulting in
higher consumption when energy density is low. Similar intake responses or comparable to control diet at the optimum
inclusion level have been reported in broilers fed diets containing duckweed and other low-energy plant ingredients [7, 49,
55-57]. Thus, the improved palatability scores associated with LMM inclusion suggest that duckweed biomass is readily
accepted by broilers. Duckweed contains pigments, minerals, and bioactive compounds that may enhance feed
attractiveness [23, 25, 58]. Conversely, others reported reduced feed intake compared to control diet at low to moderate
inclusion level [29, 30, 53]. The variability in intake responses across studies indicates that palatability and digestibility may
depend on processing method, inclusion level, age of the birds, nutrient composition of duckweed and total diet.

Although total nutrient intake increased with higher LMM inclusion, the declining metabolizable energy to protein ratio
suggests potential inefficiencies in nutrient utilization at high inclusion levels. Reduced amino acid digestibility of
duckweed protein has been reported previously and may partially explain this observation [49].

4.4. Effects of Lemna minor on growth performance of broiler
chickens

The improved growth performance observed at moderate LMM inclusion levels indicates that duckweed can effectively
support broiler growth when incorporated within optimal limits. Concurrently, comparable body weight gain in broilers fed
diets containing moderate levels of duckweed meal relative to conventional soybean and other protein rich based diets
have been reported [30, 49, 59-61]. Conversely, the decline in growth performance at the highest LMM inclusion level is
consistent with reports that excessive duckweed inclusion may reduce nutrient digestibility and energy availability [29, 30,
62]. High fiber and ash contents may limit nutrient absorption and increase maintenance energy requirements, thereby
reducing growth efficiency.

High livability across all treatments confirms that LMM does not pose health or toxicity risks to broiler chickens. This
agrees with previous studies indicating that duckweed and other aquatic species are safe for poultry consumption when
properly processed and included at appropriate levels, due to health promoting vitamins and bioactive compounds in
duckweed with immunomodulatory and antibiotic effects [7, 23, 30, 63].

4.5. Effects of Lemna minor on feed efficiency and nutrient utilization

The increase in feed conversion ratio with higher LMM inclusion reflects reduced feed efficiency, a trend commonly
reported when low-energy, high-fiber ingredients are included at excessive levels [57, 64]. Although birds increased feed
intake, this did not translate proportionally into weight gain. Similarly, the decline in protein and energy efficiency ratios
suggests that nutrients supplied by LMM were not utilized as efficiently as those from soybean meal. The reduction in
digestibility of duckweed protein and amino acids, and bioavailability of nutrients due to high fiber and anti-nutritional
factors may explain the reduced efficiency observed at higher inclusion levels [49, 65]. These findings highlight the trade-off
between reduced feed cost and biological efficiency. As noted by Hugel [25], economic benefits from alternative feed
ingredients must be weighed against potential reductions in nutrient utilization efficiency.

4.6. Effects of Lemna minor on carcass characteristics and edible
organ yields

The lack of significant differences in dressing percentage among treatments suggests that LMM inclusion does not
adversely affect carcass yield. Similar findings have been reported in broilers fed alternative protein sources, where overall
carcass traits remained stable when diets were nutritionally balanced [11, 59, 63, 66]. Conversely, the enhanced breast meat
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yield observed at moderate LMM inclusion may be attributed to improved amino acid availability, particularly lysine, which
plays a key role in muscle protein synthesis [67—-68]. This supports the use of LMM as a functional protein source when
included within optimal limits.

The increase in gizzard weight with higher LMM inclusion likely reflects greater dietary fiber content, consistent with
adaptive enlargement reported in poultry fed fibrous diets [29, 57, 66]. While moderate gizzard development may improve
digestion, excessive enlargement may increase energy expenditure.

4.7. Economic implications of Lemna minor inclusion in broiler diets

The progressive reduction in feed cost with increasing LMM inclusion highlights the economic advantage of replacing
soybean meal with locally available alternative protein sources. Previous studies have emphasized duckweed’s potential to
reduce feed costs, particularly in regions where conventional protein ingredients are expensive [69]. Similarly, Demann et al.
[49] reported inclusion of duckweed in broiler diet could be effective to improve profitability as it could be produced at
minimal cost and potential to integrate with poultry farming.

Despite reduced feed efficiency at higher inclusion levels, overall economic efficiency improved due to lower feed costs.
This pattern has been reported in other evaluations of unconventional feed ingredients, where savings cost outweighed
modest reductions in growth performance [51, 55, 60, 61]. However, the divergence between biological and economic
optima suggests that moderate inclusion levels may provide the best balance between performance and profitability.
Strategic inclusion of LMM is therefore essential to maximize economic returns without compromising production
efficiency.

4.8. Overall response patterns and optimal inclusion level of Lemna
minor

The nonlinear response of growth performance and efficiency parameters to increasing LMM inclusion reflects a typical
quadratic pattern reported for alternative feed ingredients [7, 25, 62]. Such responses indicate the presence of an optimal
inclusion range beyond which performance declines. Variability in duckweed nutrient composition and digestibility
underscores the importance of standardized cultivation and processing methods. Improving protein digestibility through
addition of enzyme and processing techniques may enhance the feeding value of LMM and allow higher inclusion levels
[30, 49, 66].

Overall, the present findings confirm that Lemna minor meal can be effectively used as a partial replacement for soybean
meal in broiler diets when included at moderate levels. Continued research integrating nutrition, processing, and economics
is essential to fully exploit its potential as a sustainable feed resource.

Conclusion

The present study demonstrated that Lemna minor meal (LMM) can be effectively used as a partial replacement for
soybean meal in broiler diets without compromising overall performance, carcass yield, or livability. Lemna minor exhibited
high crude protein and mineral contents, confirming its potential as a locally available alternative protein source. Dietary
inclusion of LMM significantly influenced feed intake, growth performance, nutrient utilization, carcass traits, and economic
outcomes. Broilers fed moderate inclusion levels of LMM (approximately 8—16%) achieved superior body weight gain,
average daily gain, feed efficiency, and breast meat yield, indicating optimal biological performance at these levels. In
contrast, higher inclusion levels increased feed intake and feed conversion ratio, reflecting reduced nutrient utilization
efficiency, likely associated with lower dietary energy density and bulk density. Despite this, higher LMM inclusion
substantially reduced feed cost and improved net profit, benefit—cost ratio, and overall economic efficiency. Quadratic
regression analysis further confirmed that growth performance and carcass traits responded optimally to moderate LMM
inclusion, while economic advantages increased with higher substitution levels. Overall, Lemna minor meal represents a
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nutritionally viable and economically attractive alternative protein source for broiler production. Strategic inclusion at
moderate levels optimizes biological efficiency, whereas higher inclusion favors cost reduction, supporting flexible use of
LMM depending on production objectives.

Future Lines of Work

Future research should focus on amino acid digestibility, nutrient bioavailability, and energy utilization of Lemna minor meal
in broilers. Studies evaluating enzyme supplementation, processing methods, and standardized cultivation practices are
needed to improve feed efficiency at higher inclusion levels. Long-term trials assessing meat quality, gut health, and
environmental impacts will further strengthen recommendations for large-scale adoption.
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Figure 1

Percentage change in productive performances and Economic Efficiency of broiler chicken feed on graded percentage of
Lemna minor meal (LMM) in the diet compared to the control diet. (Key: ADFI, Average Daily Feed Intake; ADG, Average
Daily Gain; FCR, Feed Conversion Ratio; FC/kg BWG, feed cost per body weight gain; NP, Net Profit; EE, economic efficiency;
CY, carcass yield; BMY, breast meat yield (each data point average of three replication per treatment).
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