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ABSTRACT 

Curtis, D.L., Forster, I.P., and Pearce, C.M. 2017. Suitability of duckweed (Lemna minor) 

and soybean (Glycine max) meal as alternative feed ingredients for signal crayfish 

(Pacifastacus leniusculus). Can. Tech. Rep. Fish. Aquat. Sci. 3220: v + 25 p. 

The present study evaluated the suitability of duckweed (Lemna minor) and soybean 

(Glycine max) meal as dietary substitutes for fish meal in prepared diets for juvenile and 

adult signal crayfish (Pacifastacus leniusculus). Three practical diets were prepared: a 

fish meal based reference diet (REF) and two diets each containing a 30% substitution by 

either duckweed (DW) or soybean meal (SBM). A 365-d experiment was carried out to 

evaluate growth and survival of stage II juvenile crayfish when maintained on these diets. 

The apparent digestibility coefficients (ADC) of the diets and ingredients were also 

compared for adult crayfish. There was no significant difference among the three diets in 

juvenile survival or growth (mass or carapace length). The ADCs for dry matter, protein, 

and ash were significantly reduced in the DW diet compared to the REF and SBM diets, 

and the ADCs for duckweed as an ingredient were significantly reduced in comparison to 

soybean meal. The ADC for carbohydrate was not significantly different among all three 

diets tested or between the two test ingredients. Despite the lower apparent digestibility, 

increased food consumption in animals fed the DW diet resulted in an overall greater 

amount of nutrients being absorbed and suggests that signal crayfish may be able to 

thrive on less digestible diets by altering their feeding behaviour. 
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RÉSUMÉ 

Curtis, D.L., Forster, I.P., and Pearce, C.M. 2017. Pertinence de la lentille d'eau (Lemna 

minor) et du tourteau de soya (Glycine max) à titre d'ingrédients alternatifs pour 

l'écrevisse signal (Pacifastacus leniusculus). Can. Tech. Rep. Fish. Aquat. Sci. 

3220: v + 25 p. 

La présente étude a évalué la pertinence de la lentille d'eau (Lemna minor) et du tourteau 

de soya (Glycine max) à titre de substituts alimentaires de la farine de poisson dans les 

régimes alimentaires préparés pour l'écrevisse signal juvénile et adulte (Pacifastacus 

leniusculus). Trois régimes alimentaires pratiques ont été préparés : un régime de 

référence composé de farine de poisson et deux régimes composés de 30 % de lentilles 

d'eau ou de tourteau de soya. Une expérience a été menée pendant 365 jours afin 

d'évaluer le taux de croissance et de survie des jeunes écrevisses signal élevées selon ces 

régimes alimentaires. Les coefficients d’utilisation digestive apparente des régimes 

alimentaires et des ingrédients ont également été comparés à ceux des écrevisses signal 

adultes. Il n'y avait pas de différences importantes entre les trois régimes alimentaires 

relativement aux taux de croissance et de survie des juvéniles (longueur de carapace ou 

masse). Les coefficients d’utilisation digestive apparente pour les matières sèches, les 

protéines et les cendres étaient considérablement réduits dans les régimes alimentaires 

composés de lentilles d'eau en comparaison au régime de référence et au régime composé 

de tourteau de soya, et les coefficients d’utilisation digestive apparente pour la lentille 

d'eau étaient considérablement réduits par rapport au tourteau de soya. Le coefficient 

d’utilisation digestive apparente des hydrates de carbone ne différait pas de manière 

significative entre les trois régimes testés ou entre les deux ingrédients. Malgré la faible 

digestibilité apparente, l'augmentation de la consommation de nourriture chez les 

écrevisses nourries au moyen du régime composé de lentilles d'eau a donné lieu à une 

plus grande quantité globale d'éléments nutritifs absorbés, et laisse entendre que 

l'écrevisse signal peut être en mesure de se développer avec des régimes alimentaires 

moins digestes en modifiant son comportement alimentaire. 



 



1.0 INTRODUCTION 

Crayfish constitute one group of aquatic animals currently being cultured that, by nature 

of their biology, may help to meet the increasing food demands of humankind, while 

minimizing the ecological impacts associated with culture practices. Crayfish are 

typically cultured semi-intensively or extensively in outdoor freshwater ponds. By virtue 

of their design, these ponds limit impacts on the surrounding area. Most crayfish species 

are omnivorous and typically, in culture, derive much of their diet from planted 

vegetation or naturally occurring forage and prey items. Depending on the species and 

culture method, these items can include rice, aquatic macrophytes, insects and their 

larvae, and fish (Huner 1994). Their omnivorous diet makes crayfish excellent candidates 

for the use of alternative feed ingredients such as high-protein plant products (Huner and 

Lindqvist 1995). 

The use of duckweed (Family Lemnaceae) as animal feed has elicited great interest over 

the years, likely due to its ease of cultivation and high protein content (Journey et al. 

1991; Iqbal 1999; Hasan and Chakrabarti 2009). Duckweeds are represented by 

approximately 40 species in the genera Lemna, Spirodella, Wolffia, and Wolffiella and 

have a wide geographic distribution. The majority of these species thrive in nutrient rich 

waters, so much so that there is an extensive body of literature on their use in the 

treatment of wastewater (e.g. Iqbal 1999; Goopy and Murray 2003). Duckweed is often 

abundant in waters that receive high inputs of fertilizers, such as agricultural and golf 

course ponds (D. Curtis, Fisheries and Oceans Canada, unpublished observations).  

The use of duckweed as a feed ingredient or as whole feed in agriculture and aquaculture 

began in the 1980s (Journey et al. 1991). In aquaculture, duckweed has primarily been 

used in small-scale experimental, commercial, and subsistence farming, mostly in 

Bangladesh (Hasan and Chakrabarti 2009). A number of studies have shown increased 

growth rates on duckweed relative to other plant-based feeds, likely owing to its high 

protein content, which more closely resembles animal protein due to its high 

concentrations of the essential amino acids lysine and methionine (Journey et al. 1991). 

The optimal culture conditions for the extensive or semi-intensive culture of crayfish 

(small, relatively shallow, freshwater ponds) also mimic the optimal conditions for the 

growth of duckweed (Journey et al. 1991; Wickens and Lee 2002). One concern with the 

co-culture of duckweed and crayfish may be that crayfish stocked at optimal density may 

not be able to keep up with the growth rates of duckweed, which can double its biomass 

in less than 48 h under optimal conditions (Iqbal 1999). This may necessitate additional 

harvest of the duckweed crop in order to maintain optimal water quality standards in 

grow-out ponds. Another limiting factor in the use of duckweed as a feed is its high water 

content (92–94%), which may lead to premature satiation if used fresh and increases 

costs associated with its use as a dry feed ingredient (Journey et al. 1991).  

The signal crayfish (Pacifastacus leniusculus) is native to British Columbia (BC) and 

commands a high price as a luxury food item in foreign markets. The demand for signal 

crayfish led to interest in developing intensified aquaculture practices as far back as the 

1970s (Mason 1974; Wickens and Lee 2002). More recently, there has been interest in 
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developing optimal culture conditions for hatching (Carral et al. 1992; Perez et al. 2003; 

Saez-Royuela et al. 2009) and raising (Ahvenharju and Ruohonen 2005; Gonzalez et al. 

2010, 2011) juveniles. There has also been a recent surge in attention to developing 

compound diets for this species for use in intensive or semi-intensive culture (Wolf 2004; 

Gonzalez et al. 2009; Carral et al. 2011; Fuertes et al. 2012, 2013a,b, 2014). However, 

these recent efforts have primarily been based in Sweden, Spain, and other countries 

where this species has been introduced. To date, little work has been done on this species 

in its native range. Furthermore, despite a growing body of literature, these studies have 

primarily examined the effects of diet on growth and survival in juveniles, and there have 

been few studies looking at the digestibility of feed ingredients in adult signal crayfish 

(but see Moshiri and Goldman 1969; Ellis et al. 1987). The primary objective of the 

current study, therefore, was to determine the suitability of duckweed (Lemna minor) as a 

dietary ingredient in signal crayfish feeds through both growth experiments using 

juveniles and digestibility studies with adults, and to compare these results with a 

commonly used fish meal substitute, soybean (Glycine max) meal. 

2.0 MATERIALS AND METHODS 

This research was conducted at the facilities of the Pacific Biological Station (PBS) in 

Nanaimo, BC, Canada. 

2.1 DIET PREPARATION 

A reference diet (REF) with fish meal and two test diets, each containing a 30% straight 

substitution of the test ingredient, either dried duckweed (DW) or soybean meal (SBM), 

were prepared (Table 1). Briefly, the test ingredients were added to the dry REF pre-mix, 

the oil was then added, followed by gelatin mixed with water. The mash was thoroughly 

mixed at each step using a mechanical mixer. Pellets were extruded using a mechanical 

mincer fitted with a 3-mm die and air dried at room temperature. Diets were then 

vacuum-bagged and stored at -20°C. The diets for all experiments contained chromic 

oxide as an inert marker (Table 1). 

2.2 GROWTH EXPERIMENT 

Berried, female broodstock (n = 32) of P. leniusculus were locally sourced from Asturia 

Aquaculture Crayfish Consulting, Ladysmith, BC, Canada, on March 31, 2011 (mean ± 

SE carapace length: 45.0 ± 1.3 mm; mean ± SE number of eggs: 58 ± 7). Broodstock 

were held in vertical incubators (Marisource, Fife, Washington, USA), with each level 

divided into 6 separate compartments (L x W x H: 18 x 15 x 7 cm) by plastic dividers, 

each compartment containing 1 berried female. The bottom of each compartment 

consisted of 10-mm mesh, allowing juveniles to pass through once they became free 

living, minimizing cannibalism by the broodstock. The trays were provided with flowing, 

de-chlorinated municipal water at a rate of approximately 5 L min
-1

. Temperature (15.0 ±

0.0°C; mean ± SE) was maintained by mixing heated and chilled water. Prior to entering 

the tank, water was passed through a column containing crushed oyster shell in order to 

maintain pH and hardness at levels that were conducive to growth. Using this method, pH 

values were maintained between 7.2 and 7.5, and hardness (measured as CaCO3, using a 

LaMotte test kit model CA-DR, Chestertown, Maryland, USA) was maintained at about 
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24 ppm. Illumination was provided solely by overhead fluorescent lighting and crayfish 

were maintained on a 12 h:12 h light:dark cycle. Broodstock were fed daily on a diet of 

salmon feed (Pacific Salmon Starter Feed, EWOS, Surrey, BC, Canada) until the 

appearance of the first stage I juveniles, after which feed was withheld. This ensured that 

no additional food was available to the juveniles prior to collection and administration of 

test diets. 

 

Beginning on April 22, 2011, approximately 1,500 stage II juveniles were collected over 

a period of 1 week. Juvenile crayfish were not fed during this time. Of the juveniles 

collected, 126 were haphazardly chosen for use in the growth experiment. Stage II 

juvenile crayfish were then haphazardly allocated to trays in a vertical incubator as 

described above. Each tray was divided into 20 compartments (L x W x H: 3.5 x 3.5 x 7 

cm) by clear acrylic dividers, 18 of which contained an individual crayfish. The top and 

bottom of each chamber were covered with 1-mm mesh to allow water flow. The clear 

dividers presumably allowed the crayfish to see each other, but prevented physical 

interaction and cannibalism. Each compartment was randomly assigned to 1 of 3 diet 

treatments. Each tray contained an equal number (6) of replicates of each diet to 

minimize any possible effects of tray placement within the vertical incubator. A total of 

126 individuals were tested in 7 trays (n = 42). At about 09:00 h Monday to Friday for 1 

year, animals were fed their assigned diet to slight excess. Uneaten diet remaining from 

the previous feeding was removed prior to each day’s feeding. During this time, any 

mortalities or moults were also recorded and removed. At approximately 4-week intervals 

for 1 year, the crayfish were gently blotted dry with tissue paper and weighed to the 

nearest 0.001 g and carapace length to the nearest 0.1 mm was measured using either a 

microscope fitted with an ocular micrometer or digital calipers. 

 

2.3 DIGESTIBILITY EXPERIMENT 

Adult crayfish were captured by trapping in the Nanaimo River and transferred to PBS in 

thermally-insulated containers filled with aerated freshwater. Crayfish weighed an 

average of 10.7 ± 0.2 g (mean ± SE, n = 234). Animals were haphazardly assigned to 1 of 

18 tanks (10–13 individuals per tank; L x W x H: 50 x 30 x 30 cm) which were held in 1 

of 6 water tables arranged in stacks of 2. Each tank had an insert that was divided into 15 

smaller chambers (L x W x H: 10 x 10 x 10 cm) by 13-mm mesh. Each of these smaller 

chambers contained an individual crayfish. Each of the 3 diets was randomly assigned to 

1 of the 3 tanks per water table. This method helped to ensure that any effects due to tank 

placement applied to each treatment evenly. The bottom of each insert had 5-mm wide 

slots which retained feed, but allowed faeces to pass through, minimizing coprophagy 

during the faecal collection period. A translucent lid was placed over each tank to allow 

light penetration while minimizing outside disturbance and preventing the crayfish from 

moving between the smaller chambers. Photoperiod during this experiment was 16 h:8 h 

light:dark and light was provided solely by overhead fluorescent lighting. Water 

parameters were maintained as described above. Crayfish were acclimated to the 3 test 

diets for a period of 6 weeks prior to the commencement of faecal collection. At 09:00 h 

each day, food was provided and crayfish were allowed to feed ad libitum for 2 h, after 

which excess food and any faeces produced during this time were removed by draining 

and thoroughly rinsing each tank. Immediately prior to the next feeding, faeces were 
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collected by siphoning. Preliminary experiments showed that 22 h was enough time for 

the passage of a meal and that there was minimal leaching loss of the faeces during this 

period. However, as with some other species of decapods, a small amount of faecal 

material was produced immediately after each subsequent meal (Hopkin and Nott 1980). 

Faecal collection was carried out over a period of 10 d. Faecal material was separated by 

sieving to 30 µm and immediately dried to constant weight at 65°C. At the end of the 

experiment, faecal material from 2 tanks for each treatment was randomly selected and 

pooled over the entire collection period to provide enough sample for later analysis. This 

method provided a total of 3 samples per diet treatment. An estimate of faecal production 

(g dry faecal material g wet weight crayfish
-1

 d
-1

), standardized to biomass of each tank 

and accounting for daily survival, was generated. The amount of food consumed was 

calculated based on the estimate of faecal production and the dry matter digestibility for 

each diet. The apparent digestibility coefficients of dry matter (ADCdm), crude protein 

(ADCcp), total carbohydrate (ADCcho), and ash (ADCash) for each diet and substitute 

ingredient (ADCing; duckweed and soybean meal) were determined based on the formulas 

suggested by Jones and De Silva (1998):  

 

ADC = 100 - 100 x [(% Marker Feed) / (% Marker Faeces) x (% Nutrient Faeces / % 

Nutrient Feed)] 

 

and Forster (1999): 

 

ADCing = [(a + b) x ADCcom – (a) x ADCref] b
-1

  

 

Where: ADCing is the apparent digestibility coefficient of the test ingredient; ADCcom is 

the apparent digestibility of the combined diet; ADCref is the apparent digestibility 

coefficient of the reference diet; the nutrient contribution of the reference diet to the 

nutrient content of the combined diet, a = (level of nutrient in the reference diet) x (100 - 

i); the nutrient contribution of the test ingredient to the nutrient content of the combined 

diet, b = (level of nutrient in the test ingredient) x i; and i = the level of test ingredient in 

the combined diet. 

 

2.4 PROXIMATE ANALYSIS 

Diets and ingredients were analysed in duplicate for moisture (16 h at 100°C in a drying 

oven), ash [2 h at 600°C in a muffle furnace; AOAC Official Method 942.05 (Horwitz 

2000)], lipid [chloroform/methanol procedure of Bligh and Dyer (1959)], crude protein 

[Kjeldahl nitrogen was determined by sulfuric acid digestion followed by flow injection 

analysis (FIAStar 5000 TKN module, Denmark), with percentage nitrogen multiplied by 

6.25 to obtain percentage crude protein], and crude fibre (Method CAM SOP-00721, 

Maxxam Analytics, Mississauga, Ontario, Canada). Nitrogen-free extract (NFE) was 

determined as the dry matter less protein, lipid, ash, and fibre. 

 

Due to the small amount of faeces produced over the 10-d collection period, different 

methods were chosen to determine the protein and carbohydrate content of feed and 

faecal samples for the calculation of digestibility. To determine the concentration of 

protein in food and faecal samples, dried samples were first ground using a mortar and 
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pestle and then hydrolysed in a 0.5 N NaOH solution. Approximately 30 mg of sample 

was added to 10 ml of 0.5 N NaOH. The solution was incubated overnight at room 

temperature, and then incubated for a further 3 h at 60°C. Protein concentration was 

determined using a modified Lowry assay [DC Protein Assay, Bio-Rad Laboratories 

(Canada) Ltd., Mississauga, Ontario, Canada]. The total carbohydrate content of each 

feed and faecal sample was determined using the phenol-sulphuric acid method with D-

glucose as a standard (Dubois et al. 1956). Prior to the addition of phenol, samples were 

hydrolysed in 1.0 N sulphuric acid for 3 h in an 85°C water bath and allowed to cool to 

room temperature. All samples for protein and total carbohydrate determination were 

analysed in triplicate. 

 

2.5 STATISTICS 

For the growth experiments, estimated survival times were compared using a Kaplan-

Meier Log-Rank survival analysis. Growth (mass and carapace length) data were 

subjected to a two-way repeated measure (RM) ANOVA. The effect of diet on the 

number of moults was determined by a Kruskal-Wallis one-way ANOVA on ranks, as the 

assumption of normality (Shapiro-Wilk test, p < 0.05) could not be met even after 

transformation. For the digestibility experiment, food consumed, faeces produced, 

ADCdm, ADCcp, ADCcho, and ADCash were all compared among diets using either a 

one-way ANOVA or a Kruskal Wallis one-way ANOVA on ranks where the assumption 

of normality could not be met. Where significant differences existed, further comparisons 

were made using either Dunn’s method (Kruskal-Wallis) or the Holm-Sidak method 

(one-way ANOVA). Differences in ingredient digestibility were determined by a t-test. 

All analyses were performed using SigmaPlot 12.5 (Systat Software Inc., San Jose, 

California, USA). The error rate for significance in all tests was 5%. 

 

3.0 RESULTS 

 

3.1 GROWTH EXPERIMENT 

All 3 of the diets tested appeared to have good palatability, with juvenile crayfish 

immediately feeding when presented with fresh food pellets. The REF and SBM diets 

appeared to have greater stability than the DW diet. However, when left for more than 24 

h, uneaten pellets of both the REF and the SBM diets became almost entirely covered 

with microbial growth, whereas none was present on the DW diet. Subjective visual 

inspection indicated that juvenile crayfish fed the DW diet had darker pigmentation than 

those fed the REF and SBM diets, which showed little colouration (Fig. 1). 

 

At the end of the 365-d experimental period, there were no significant differences in the 

survival of juvenile crayfish fed the REF, DW, or SBM diets (Fig. 2; χ
2

2 = 1.981, p = 

0.371). Survival was generally high, with 90, 90, and 81% of the juvenile crayfish 

surviving for the REF, DW, and SBM diets, respectively. There was a significant effect 

of time on growth when measured as either mass (Fig. 3A; RM ANOVA, F12, 1259 = 

358.659, p < 0.001) or carapace length (Fig. 3B; RM ANOVA, F12, 1259 = 1175.986, p < 

0.001). There was no significant effect of diet on either mass (RM ANOVA, F2, 1259 = 

0.726, p = 0.486) or carapace length (RM ANOVA, F2, 1259 = 1.460, p = 0.237) and there 

was no significant interaction between the two factors. Mean wet mass of the crayfish at 
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the end of the trial was 1.626 ± 0.121, 1.730 ± 0.177, and 1.835 ± 0.177 g for the REF, 

DW, and SBM diets, respectively (Fig. 3A). Mean carapace length at the end of the trial 

was 18.1 ± 0.4, 18.0 ± 0.6, and 19.0 ± 0.4 mm for the REF, DW, and SBM diets, 

respectively (Fig. 3B). Despite these overall similarities, there was considerable within- 

treatment variability in individual growth. At the end of the experiment, crayfish ranged 

from 9.8 to 27.0 mm in carapace length and displayed an over 15-fold range in mass 

(0.326 to 5.016 g). For crayfish that survived to the end of the trial, there was no 

significant difference in the number of moults that were observed, with crayfish moulting 

a mean of 9.2 ± 0.1 times in their first year of growth. The minimum number of moults 

observed was 5 and the maximum number was 13. Data on the number of moults should 

be interpreted with caution, however, since crayfish occasionally consumed their exuvia  

before it could be observed. This was determined when an increase in carapace length 

was observed at the next measurement interval, but the presence of the exuvia had not 

been recorded for that interval during daily checks.  

 

3.2 DIGESTIBILITY EXPERIMENT 

Adult signal crayfish readily fed on the REF, DW, and SBM diets throughout the 

digestibility trials (Fig. 4A). However, there was a significant difference in the amount of 

food consumed for each diet (ANOVA on Ranks, H2 = 34.794, p < 0.001). On a dry-

matter basis, crayfish consumed significantly more of the DW diet (3.69 ± 0.14 mg g 

biomass
-1

 d
-1

) than either the REF (2.37 ± 0.16 mg g biomass
-1

 d
-1

) or the SBM diet (2.76 

± 0.16 mg g biomass
-1

 d
-1

). On a wet-weight (dry-weight) basis, this equates to 

approximately 0.29 (0.24), 0.48 (0.37), and 0.39 (0.30)% biomass d
-1

 for the REF, DW, 

and SBM diets, respectively. Subsequently, there was also a significant effect of diet on 

faecal production in the 22 h post feeding (Fig. 4B; ANOVA on Ranks, H2 = 86.303, p < 

0.001). Crayfish fed the DW diet produced more than double the amount of faeces (1.11 

± 0.04 mg g biomass
-1

 d
-1

) compared to those fed either the REF (0.39 ± 0.03 mg g 

biomass
-1

 d
-1

) or SBM (0.47 ± 0.03 mg g biomass
-1

 d
-1

; p < 0.05) diets. 

 

There was a significant effect of treatment on ADCdm (Fig. 5A; ANOVA, F2,6 = 83.661, 

p < 0.001). The DW diet was significantly less digestible (69.8 ± 0.6%) than either the 

REF (83.5 ± 0.7%) or the SBM (83.0 ± 1.2%) diets. Accordingly, the ADCdming for 

duckweed (45.9 ± 1.8%) was significantly lower than that of soybean meal (81.6 ± 4.2; t-

test, t4 = -7.796, p < 0.01). There was a significant effect of diet on ADCcp (Fig. 5B; 

ANOVA, F2, 6 = 28.660, p < 0.001), with the ADCcp being significantly lower for the 

DW diet (79.6 ± 0.6%) than either the REF (85.6 ± 0.8%) or the SBM (87.9 ± 0.9%) 

diets. The ADCcping of soybean meal was high (90.8 ± 2.0%), significantly higher than 

that of duckweed (68.8 ± 1.8%; t-test, t4 = -8.072, p < 0.01). There was no significant 

effect of diet on ADCcho (Fig. 5C; ANOVA, F2, 6 = 3.514, p = 0.098). The ADCcho was 

90.1 ± 0.4, 88.3 ± 0.9, and 87.8 ± 0.6% for the REF, DW, and SBM diets, respectively. 

There was also no significant difference in the ADCchoing between duckweed (77.4 ± 

6.2%) and soybean meal (82.4 ± 1.9%; t-test, t4 = 0.772, p = 0.483). Crayfish absorbed a 

substantial portion of the ash content in all the diets tested, although the amount varied 

significantly with diet (Fig. 5D; ANOVA, F2, 6 = 12.009, p < 0.01), with the ADCash of 

the DW diet (33.8 ± 3.3%) being significantly less than either the REF (48.5 ± 1.2%) or 
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the SBM (52.2 ± 3.4%) diets. The ADCashing was significantly less for duckweed (23.9 ± 

5.5%) than for soybean meal (61.5 ± 11.8%; t-test, t4 = -2.888, p < 0.05). 

 

4.0 DISCUSSION 

 

In recent years, there has been increased interest in the nutritional requirements and the 

development of diets for signal crayfish in aquaculture, studies having examined the use 

of fish meal substitutes such as feather meal (Fuertes et al. 2014), pea protein concentrate 

(Fuertes et al. 2013a), and poultry by-product meal (Fuertes et al. 2013b), among other 

components. Although such substitutes may be more cost effective than fish meal, 

duckweed may prove to be a more effective alternative since it can be grown on-site in 

the same ponds as adult crayfish, providing them food while improving water quality in 

the ponds. Duckweed may also be suitable as a low- or no-cost feed for extensive or 

semi-intensive culture of other species of crayfish in developing countries due to its high 

protein content and similar amino acid composition to many animal-based feed 

ingredients (Journey et al. 1991). In the present study, juvenile crayfish showed similar 

growth and survival on all 3 diets tested, suggesting that the duckweed diet may be a 

more viable commercial option compared to a standard reference diet or a soybean-based 

diet due to lower costs, especially when fed whole. This idea is supported by the 

increased food consumption (and subsequent increased total nutrient absorption) and 

darker pigmentation observed in the present study.  

 

Beyond the nutritional value of diets, a number of other factors such as effects on product 

and water quality and the long-term acceptability by the organism are important when 

considering feed ingredients. Pigmentation is an important factor in the marketability of 

aquaculture products and plant-based pigments are often added to feeds to increase 

pigmentation and improve product quality (Gupta et al. 2007). When raised on the REF 

or SBM diets, juvenile crayfish were nearly opaque, whereas those raised on the DW diet 

showed good pigmentation. The pigmentation of most crustacean shells is attributable to 

carotenoids, primarily astaxanthin, derived from the animals’ diet (Ponce-Palafox et al. 

2006; Ju et al. 2011). The darker colour of animals fed the DW diet in the present study is 

likely due to high levels of xanthophylls and other pigments found in the duckweed 

(Haustein et al. 1990; Journey et al. 1991). When used as a diet supplement in Japanese 

quail, the increased beta-carotene in duckweed improved egg yolk colour relative to that 

of quail fed soybean meal (Suppadit et al. 2012). As with the present findings, Celada et 

al. (1989) also determined that when juvenile signal crayfish were fed a diet of fresh 

aquatic macrophytes, pigmentation was improved relative to those fed an artificial 

compound diet. These results suggest that the addition of aquatic macrophytes is 

important in the formulation of compound diets for intensive production of signal 

crayfish with greater pigmentation, which are thought to be of higher quality and 

therefore more marketable. This will prevent the need for adding costly pigments to 

compound diets (Gupta et al., 2007).  

 

Another important consideration when choosing feed ingredients is their effects on feed 

stability and subsequently water quality. As prepared in the present study, using gelatin 

as a binder, the DW diet appeared to be less stable than the other two diets. However, this 



8 

 

may reflect a broader phenomenon since many crustaceans externally masticate, cutting 

and shredding their food with the 3
rd

 maxillipeds, prior to ingestion (Barker and Gibson 

1977; Ahvenharju and Ruohonen 2005). The uneaten, fine particulate matter generated 

during the feeding process is then no longer accessible to the animals as food and is also 

difficult to clean from tanks, potentially leading to reduced water quality regardless of 

pellet stability. Future work should examine other diet preparation methods to improve 

stability (see Dominy et al. 2003), and thereby culture water quality. More stable pellets 

may also increase the animals’ ability to handle the pellets and therefore increase food 

intake. When left for greater than 24 h, the REF and SBM diets both showed considerable 

microbial growth, whereas the DW diet appeared unaffected. Duckweed has 

antimicrobial properties that are likely attributable to its high tannin and steroid content 

(Effiong and Sanni 2009a,b; Gulcin et al. 2010). Therefore, the addition of duckweed to 

compound diets for crayfish may improve water quality and reduce the need for tank 

cleaning relative to the use of other diets. 

 

When carrying out digestibility studies, it has been suggested that crayfish be acclimated 

to test diets for a minimum of 6 d (Brown et al. 1990). In the present investigation, adult 

crayfish were fed test diets for a period of 6 weeks prior to sample collection. This period 

was used to overcome any gorging by signal crayfish following periods of starvation or 

transition to a new diet (Rundquist and Goldman 1983) and to minimize any differences 

in nutritional state. Additionally, when fed a single diet, even though it is nutritionally 

complete, animals may reduce their intake (Brown et al. 1990). Data from the present 

study showed consistent daily faecal production and feeding rates throughout the study, 

suggesting that crayfish did not become palled and that the diets used in the present study 

may be suitable for longer-term growth trials with adult animals. 

 

It is difficult to compare growth rates among studies because of the wide range of 

experimental parameters used, the most influential of which in ectothermic organisms is 

temperature (Weiser 1973). Although a number of studies have shown more rapid growth 

of juvenile signal crayfish when held at warmer temperatures, the one available 

investigation that also held crayfish at 15°C (Celada et al. 1989) reported similar growth 

rates in terms of both mass (range of 99 to 160 mg after 80 d) and carapace length (range 

of 6.9 to 8.9 mm after 80 d) in a number of trials using fresh and compound diets. 

Although shorter grow-out cycles may be achieved at higher temperatures, the financial 

savings associated with lower temperatures may be more cost effective. The present 

study found no effect of a 30% soybean meal substitution on survival, which is consistent 

with recent findings by Fuertes et al. (2012), who determined that a 25% substitution had 

no effect, but that survival was reduced at 35% substitution. Although there was no 

statistically significant effect, the present results did show a trend towards decreased 

survival at 30% substitution, suggesting that the threshold lies somewhere between 25 

and 30%. 

 

In the present study, the range of observed feed intakes (0.237, 0.369, 0.303% biomass d
-

1
 for REF, DW, and SBM, respectively, on a dry-weight basis) was within those reported 

for adult signal crayfish and similar species. It is important to note however that feed 

intake comparisons among studies are difficult to make due to differences in 
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experimental conditions and the units used to report results (e.g. dry versus wet weights). 

Rundquist and Goldman (1983) found that signal crayfish consumed about 0.2% biomass 

d
-1

 of brine shrimp, and Moshiri and Goldman (1969) observed a feed intake of 0.69–

1.21% biomass d
-1

 when signal crayfish were fed dried raw chicken or aquatic vascular 

plants. In the field, Guan and Wiles (1998) observed a wide range of feed intakes from 

0.22 to 6.02% biomass d
-1

, with the amount varying with season and crayfish size. The 

present results and those previously reported for signal crayfish tend to fall at the lower 

end of the observed range of feed intake in crustaceans (Curtis et al. 2010, 2012; McGaw 

and Curtis 2013a). However, at higher levels of feed intake, ADCdm may be reduced 

(Brown et al. 1990). This suggests that, although animals in the present study consumed 

relatively more of the DW diet, the overall small meal size for all of the diets may reflect 

a strategy to increase ADCdm. 

 

Although a number of recent investigations have examined the effects of different diet 

ingredients on the growth and survival of juvenile signal crayfish (Wolf 2004; Gonzalez 

et al. 2009; Carral et al. 2011; Fuertes et al. 2014), few have looked at the digestibility of 

different feed ingredients for adult animals (Moshiri and Goldman 1969; Ellis et al. 

1987). In the present study, nutrient and ingredient digestibility values were generally 

high and fell within the range of digestibility and assimilation and digestive efficiency 

values published for other species of crayfish and crustaceans (Grahame 1983; Brown 

1995a; McGaw and Curtis 2013b). There were, however, differences observed among the 

diets. The ADCdm and ADCcp for both the diet and ingredient were lower for diets 

containing duckweed, despite the ADCcho for the diet and ingredient being similar. 

Digestibility of a given diet depends greatly on interactions among the constituents of the 

different ingredients in the diet and their subsequent effects on digestive enzyme 

production and secretion (Simon 2009). The differences (or lack thereof) in digestibility 

among diets in the present study may be attributable to the higher crude fibre and ash 

content of the DW diet. The differences in digestibility may also be attributable to higher 

anti-nutritionals, such as lectins or phytins in the DW diet, however a study in common 

carp (Cyprinus carpio) showed no such effects when a diet containing duckweed was 

compared to other feedstuffs known to be high in anti-nutritionals (Yilmaz et al. 2004).  

  

In the field, signal crayfish display a high level of adaptability in their diet, as evidenced 

by their broad niche width (Olsson et al. 2009). In North America, signal crayfish are 

mainly detritivores (Bondar et al. 2005), feeding on decomposing plant matter, whereas 

in Europe they are more predatory (Guan and Wiles 1998), feeding on 

macroinvertebrates. Results from Bondar et al. (2005) and Guan and Wiles (1998) 

suggest that, in both cases, the natural diet of signal crayfish is comprised of a high 

proportion of vegetation, including items, such as wood, that are high in fibre (cellulose 

and lignin) and thought to be hard to digest. Like many other crustaceans (Linton et al. 

2006), some species of crayfish have been shown to display both endogenous and 

exogenous cellulase activity (Xue et al. 1999). However, such activity does not 

necessarily translate into increased diet digestibility (Pavasovic et al. 2006). As in the 

present study, in red claw crayfish fed a diet high in cellulose or indigestible Fuller’s 

earth, despite high levels of digestive enzyme activity, both ADCdm and ADCcp were 

reduced and it was thought that these reductions were attributable to dietary fibre or other 
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indigestible material physically obstructing the digestive enzymes (Pavasovic et al. 

2006). Although these reductions appear detrimental, crayfish may display a strategy 

similar to that of land crabs, with diets high in plant material, whereby decreased N 

content of the diet is compensated for through protein sparing and increased food 

consumption (Linton and Greenaway 2007). Such a conclusion is supported in the 

present study by the increase in food consumption when signal crayfish were fed the DW 

diet with its higher ash and fibre content. 

 

The broad digestive ability of signal crayfish raises an important technical consideration 

when determining the digestibility of potential feedstuffs. As has been observed for other 

crustaceans (Forster and Gabbott 1971; Jones and De Silva 1998), the ADCash for the 

feed ingredients tested was high (and highly variable), ranging from 23.9 ± 5.5% for 

duckweed to 61.5 ± 11.8% for soybean meal. These results suggest that, as with other 

crustaceans (Jones and De Silva 1998), despite their ease of use, methods using ash or 

acid-insoluble ash as an inert marker may not be appropriate for signal crayfish. Not only 

does such high ash digestibility produce spurious digestibility values overall when using 

ash as a marker, they differ a great deal based on the ingredients being tested. This may 

present difficulties when investigating the digestibility of whole or fresh feedstuffs. High 

ash digestibility in crustaceans, particularly freshwater ones, may be attributable to their 

need to mineralize their carapace following ecdysis. The need to procure and conserve 

minerals is evidenced in crayfish by the mineralization of the gastroliths prior to ecdysis 

and the consumption of their exuvia following ecdysis (Wheatly and Gannon 1995).  

 

Despite a generally lower digestibility, the behavioural mechanism of increased food 

consumption for the DW diet may be enough to overcome the deficiencies in digestibility 

and actually lead to increased growth rates of adult crayfish. In fact, it is likely that food 

consumption was underestimated in the present study, as there was a small amount of 

faeces voided upon consumption of the next meal, as has been observed in some other 

crustaceans (Hopkin and Nott 1980). For all of the nutrients measured, when the absolute 

amount absorbed based on the amount consumed was examined, crayfish ingested more 

digestible dry matter, protein, and carbohydrate when fed the DW diet than either of the 

other two diets. This emphasizes the importance of palatability and associated changes in 

feeding behaviour when formulating compound diets. The passive effects of meal size 

and composition on gastric processing may also affect digestive efficiency. In the present 

study, the DW diet had higher ash content and a higher fibre content than the other two 

diets, factors which are generally associated with decreased digestibility and digestive 

efficiency (McGaw and Curtis 2013b). However, in turtles, the addition of duckweed to 

formulated diets led to increased transit times (Bouchard and Bjorndal 2006), which in 

crustaceans often improves digestive efficiency (McGaw and Curtis 2013b) and may 

serve to partially counteract the effects of high ash and fibre content. Increased meal size 

also increases gut transit time in the crayfish Procambarus clarkii (McGaw and Curtis 

2013a). Therefore, the increased amount of food consumed with the DW diet, along with 

its higher ash and fibre content, may help to increase digestive efficiency (despite 

otherwise lower digestibility) through changes in gastric processing. 
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Despite reports of ontogenetic shifts in the diet of signal crayfish in the field (Guan and 

Wiles 1998), whereby as crayfish mature the amount of vegetation included in their diet 

gradually increases, the present results suggest that partial replacement with duckweed 

works well for both juveniles and adults. It is possible that the inclusion of large amounts 

of fibrous plant material in the natural diet of signal crayfish is attributable to the 

presence of either exogenous or endogenous cellulase activity, as has been observed for 

other species of crayfish (Xue et al. 1999). However, these diets may impair the 

digestibility of other nutrients (Pavasovic et al. 2006). The broad array of endogenous 

digestive enzymes present in the crayfish gut (Brown 1995b) should allow for the 

inclusion of a variety of agricultural by-products in compound diets for signal crayfish, 

and it is this adaptability that makes them excellent species for aquaculture (Huner and 

Lindqvist 1995). The results presented here suggest that, rather than cellulase activity 

alone, it is likely a combination of behavioural mechanisms to increase food 

consumption, the presence of cellulase activity, and the passive effects of diet 

composition on gastric processing that make signal crayfish an excellent candidate for the 

use of duckweed and other plant-based dietary substitutes as feeds. 
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7.0 TABLES 

 

Table 1. Composition of the practical diets. 

 

  Diet 

Ingredients (g kg
-1

)* Reference 30% Duckweed 30% Soybean Meal 

     Fish meal
1
 540.0 378.0 378.0 

     Soybean meal
2
 0 0 300 

     Duckweed
3
 0 300 0 

     Wheat flour 340.0 238.0 238.0 

     Fish oil 20.0 14.0 14.0 

     Gelatin 50.0 35.0 35.0 

     Vitamin and mineral premix
4, 5

 2.5 1.8 1.8 

     Decapsulated Artemia cysts
6
 25.0 17.5 17.5 

     Copper supplement premix
7
 1.0 0.7 0.7 

     Calcium phosphate monobasic 16.5 11.6 11.6 

     Chromic oxide 5.0 3.5 3.5 

 
   Proximate Composition (%)** 

        Moisture 19.0 22.7 28.7 

     Crude protein 50.1 43.1 50.8 

     Crude fat 7.3 5.3 4.2 

Crude fibre 0.7 3.3 1.7 

     Ash 12.2 20.1 11.2 

     Nitrogen-free extract 29.7 28.2 32.1 

     Gross energy (kJ g
-1

) 19.3 17.2 14.9 

 
   *As mixed 

   **Determined on a dry-matter basis 

  1
 Anchovy meal; Skretting of Canada, Vancouver, BC, Canada  

 2
 Solvent extracted, de-hulled; Taplow Feeds Ltd., Chilliwack, BC, Canada  

 3
 Collected from ponds at Broken Briar Enterprises, Chemainus, BC, Canada 

 4 
Minerals (mg kg

-1
 premix): ZnSO4 30000, CuSO4 2000, MnSO4 8000, FeSO4 24500, 

CA(IO3)2 2000, Na2SeO3 40.    
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5 
Vitamins (kg

-1
 premix): Vitamin A 1000000 IU, Vitamin D 960000 IU, Vitamin E 20000 

IU, Vitamin K 400 mg, Vitamin B12 6000 µg, Biotin 6000 µg, Thiamine 2400 mg, Niacin 

60000 mg, Pantothenic acid 6500 mg, Pyridoxine 2250 mg, Folic acid 1000 mg, Vitamin C  

15000 mg 
6
 Artemia franciscana; Brine Shrimp Direct, Ogden, Utah, USA  

7
 Copper (mg 100 g

-1
 premix): CuSO4· 5H2O 7.9, Wheat starch 92.1  
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8.0 FIGURES 

 

 
 

Figure 1. Representative images showing the difference in pigmentation of signal 

crayfish fed the reference (A), duckweed (B), and soybean meal (C) diets. 
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Figure 2. Survival of juvenile signal crayfish fed either a reference diet (REF) or one with 

a 30% substitution of duckweed (DW) or soybean meal (SBM) for 365 d from the onset 

of exogenous feeding. Values are the daily proportion of animals surviving each day. 
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Figure 3. Mass (A) and carapace length (B) of juvenile signal crayfish fed either a 

reference diet (REF) or one with a 30% substitution of duckweed (DW) or soybean meal 

(SBM) for 365 d from the onset of exogenous feeding.  Values are means ± SE (n = 42). 

 

 

A 
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Figure 4. Estimated rate of food consumption (A) and actual faecal production (B) by 

adult signal crayfish fed either a reference diet (REF) or one with a 30% substitution of 

duckweed (DW) or soybean meal (SBM). Values are mg of dry matter g whole biomass
-1

 

d
-1

 and are mean ± SE (n = 42). Different letters indicate significantly different means (p 

< 0.05). 
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Figure 5. Apparent digestibility coefficients of dry matter (ADCdm; A), crude protein 

(ADCcp; B), carbohydrate (ADCcho; C), and Ash (ADCash; D) of diets and ingredients 

for adult signal crayfish fed either a reference diet (REF) or one with a 30% substitution 

of duckweed (DW) or soybean meal (SBM). Values are mean ± SE (n = 42). Different 

letters (diets) and symbols (ingredients) indicate significantly different means (p < 0.05).  

 

 


