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Abstract 

Introduction: The use of insects and their processed animal proteins (PAPs) for animal nutrition creates the need for 

research into methods useful for routine surveillance for their presence. The aim of this study was to evaluate a modified 

microscopic method for the detection of particles of insects in poultry feed. Material and Methods: A total of 90 samples 

including PAP of insects (Hermetia illucens and Tenebrio molitor), poultry feeds produced with different levels (0–27%) of 

insect PAP content, and other poultry feeds spiked with insect PAP at 1% were investigated using a modified microscopic 

method with a double sedimentation protocol. Results: Characteristic features of insects including cuticulae, muscles, bristles 

and tracheoles were determined in the microscopic images obtained. In all spiked samples, characteristic fragments of insects 

were detected. The fragments of muscle and tracheoles only indicated the presence of material from members of the insect class 

but could not facilitate identification of organisms to species level. Conclusion: The results obtained with this double 

sedimentation protocol for the isolation of insect PAP from feed for poultry have shown that the method can be used in routine 

analysis. 
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Introduction 

Currently, one of the world’s most serious 

economic problems is the depletion of protein sources. 

Between 1988 and 2002, the percentage of fishmeal 

used for aquaculture feed production increased from 

10% to 45%. Because of the rising demand for fishmeal 

without the scaling up of its availability, the price of 

this material has increased sharply and, consequently, 

the cost of aquaculture production has increased (2). 

The world’s population growth entails the need to 

search for alternative protein sources. 

Insects are the most ubiquitous and diverse group 

of organisms in the world. More than 2,000 species of 

insect are considered edible, and generally the members 

of the insect class are rich in lipids and total protein, 

which recommends their exploitation as substitute 

protein sources. Fish, amphibians, reptiles, birds and 

mammals consume insects in nature. Thus, it can be 

supposed that insect proteins may be an important 

source of protein in commercial feed (18, 22, 23). 

The European Commission approved Regulation 

2017/893 of 24 May 2017, which allows the breeding 

of the following species of insects and their use in 

aquaculture nutrition: the black soldier fly (Hermetia 

illucens), common housefly (Musca domestica), yellow 

mealworm (Tenebrio molitor), lesser mealworm 

(Alphitobius diaperinus), house cricket (Acheta 

domesticus), banded cricket (Gryllodes sigillatus) and 

field cricket (Gryllus assimilis). In this regulation, the 

safety requirements for production of insect processed 

animal protein (PAP) are also detailed. 

These species were selected after considering the 

national risk assessments and the European Food 

Safety Authority opinion of 8 October 2015 (9). Insect 

species to process for protein should not have any 

adverse impact on the health of people, animals or 

plants and should not transmit pathogens; neither 

should they be protected or invasive alien species. 

The level of nutrients derivable from insects 

depends on their species, life stage and/or the nutrition 

used during their breeding. Most insect species are 
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marked by high content of proteins (CP) of between 40 

and 60%, which is similar to soy meal levels (50% CP) 

but lower than fishmeal (73% CP) (3, 17, 20, 27). It 

should be noted that insect proteins are characterised by 

a high level of exogenous amino acids, e.g. threonine, 

valine, histidine, phenylalanine and tyrosine (21). 

Fat is the second largest nutrient in the insects 

described. The fat content of insects is highly variable. It 

is higher in the larval stages than in adults, e.g. 37.1% of 

dry matter (DM) for larvae of mealworm but only 

14.41% DM for mealworm imago. This content and fatty 

acid composition differ depending on the diet of insects, 

but generally insect meal contains more polyunsaturated 

fatty acids than fish or poultry meal (1, 25). 

It is generally accepted that chitin is one of the 

factors limiting the use of insects in feed. The chitinase 

activity was observed in several fish species in  

an attempt to understand enzymatic degradation of 

chitinous substances (13). Alternatively, before being 

added to fish diets chitin may be degraded by chemical 

or enzymatic methods such as chitooligosaccharides 

(COS), N-acetylglucosamine or chitosan (11). Low  

level addition of chitin and its metabolites have  

an immunostimulatory effect on fish. However, this 

process significantly increases the cost of producing 

insect meal (10, 13, 15, 16, 26). 

The use of insects and their processed animal 

protein (PAP) for animal nutrition requires the 

development of a method for the surveillance of 

contamination and dishonest practice in the formulation 

of feedstuffs. Presently, there are two methods 

authorised for the detection of animal proteins: light 

microscopy and real-time PCR (5, 6, 7, 8). The 

microscopic method allows observation of the different 

structures of animals, vegetables and minerals. Lighter 

fragments of insect cuticulae are concentrated in the 

flotate with plant particles. This fraction is very large, 

and the detection of elements of insects is difficult. For 

this purpose, a modified microscopic method with  

a double sedimentation protocol (24) was used. This 

article describes experimental work to assess the 

usefulness of the modified microscopic method with  

a double sedimentation protocol. 

Material and Methods 

Samples were divided into two groups. The first 

group (n = 45) comprised 5 samples of black soldier fly 

(Hermetia illucens – HI), 30 samples of poultry 

compound feed (10 samples of starter, 10 samples of 

grower and 10 samples of finisher) with known levels of 

insect PAP of 0%, 13%, 20% and 27%, and 10 samples 

of poultry feed spiked with 1% HI PAP. The second 

group (n = 45) had the same composition except for the 

inclusion of yellow mealworm (Tenebrio molitor – TM) 

PAP instead of HI PAP. 

For the identification of insect PAP, the 

microscopic method described in Commission 

Implementing Regulation (EU) 2020/1560 was applied 

with modifications (24). This regulation provides 

guidelines for the detection and identification of animal 

particles. In the first step, samples of insect proteins were 

examined. Microscopic images showed characteristic 

features of Hermetia illucens and Tenebrio molitor. In 

the second step, samples of poultry feed with insect 

PAPs were analysed. 

Protocol of feed samples sedimentation. A 50 g 

mass of a feed sample was ground using a knife mill and 

10 g was transferred into a closed sedimentation funnel 

of 250 mL capacity. Next, 100 mL of tetrachloroethylene 

(TCE) with a density of 1.62 g/cm3 was added. After  

at least 3 min, the sediment on the filter paper was 

collected. This step was mandatory under the regulation 

cited above. 

Approximately 30 mL of the TCE was drained, the 

same volume of petroleum ether (PE) with a boiling 

point of 40–60℃ and density of 0.65 g/cm3 was added to 

the sedimentation funnel, and the funnel contents were 

thoroughly mixed. After 10 min, the second sediment 

and flotate were collected on Petri dishes. Three 

fractions were dried in a fume cupboard. The entire 

flotate or a part thereof was examined for specific insect 

particles under a biological microscope. 

The microscopic identification of insects by 

characteristic features was performed using paraffin oil 

as the embedding medium. In routine analysis, paraffin 

oil serves for the identification of bone fragments in 

sediment. The samples were observed using an Olympus 

BX53 light microscope under a transmitted bright field 

at different magnifications. With regard to the spiked 

samples, one slide with matter from the flotate was 

analysed. 

Results 

Characteristic features of insects were determined 

in the microscopic images obtained. During the analysis, 

the appearance of the exoskeleton was explored. Figures 

1–5 present the irregular shape and cellular structures of 

the constituents of the HI exoskeleton (cuticula). In these 

structures, five or six walls with a lighter centre were 

visible and they resembled a honeycomb (Figs 1–3). In 

some structures, a central darker dot was detected  

(Fig. 3). The colour of these materials was observed to 

range from from greyish-cream to dark brown. 

In addition, fragments of HI exoskeletons with 

numerous long bristles ranging in colour from yellow to 

brown were observed (Figs 4–5). 

In the material from TM exoskeletons, only 

sporadic black dots were observed (Fig. 6). In some dots, 

very short, dark bristles were visible (Fig. 7). The 

fragments of the exoskeletons were bright greyish-

yellow to deep greyish-amber in colour. Irregular light 

spots were observed in the exoskeletons of TM  

larvae (Fig. 8). 
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Fig. 1. Fragment of Hermetia illucens cuticula with visible 
honeycomb-like structure 

 

 
 

 

Fig. 2. Typical fragment of Hermetia illucens cuticula with 

honeycomb-like structure 
 

 

 

 

Fig. 3. Fragment of Hermetia illucens cuticula with visible dark dots 

in the centre of cells in the honeycomb-like structure 

 

Fig. 4. Fragment of Hermetia illucens cuticula with characteristic 
bristles 

 

 

 

 

Fig. 5. Fragment of Hermetia illucens wing with characteristic 
bristles 
 

 

 

 

Fig. 6. Fragment of Tenebrio molitor cuticula with characteristic 

black dots 
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Fig. 7. Fragment of Tenebrio molitor cuticula with black dots and 
short, dark bristles 

 

 

 

Fig. 8. Fragment of Tenebrio molitor cuticula with irregular light 
spots 

 

 

 

Fig. 9. Fragments of muscles with visible tracheoles 
 

 

In the material of both species of insect, elements 

of muscle fibres were found and fragments of 

tracheoles as respiratory system particles were noted 

(Figs 9–12). Fragments of muscle as square or 

rectangular structures were also discovered. These were 

bright yellow in colour and sometimes transparent. In 

the fragments of muscle sarcomeres, zigzag striation 

was visible (Fig. 10). 

At higher magnification, a spiral, transversal 

thickening was observed in the tracheoles (Figs 10–12). 
 

 

 

Fig. 10. Fragments of muscle with zigzag striation 

 

 

 

Fig. 11. Fragments of a tracheole with circumferential thickening 
 

 

 

Fig. 12. Tracheoles with circumferential thickening of the cuticle 
inside 
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In the next stage of the research, samples of 

compound feed for poultry spiked with insect PAP 

were examined. Characteristic fragments of insects 

were detected in all spiked samples. The most often 

observed fragments were of muscles, tracheoles, 

bristles and cuticula. 

No particles were observed in the samples without 

PAP from insects. Figure 13 shows the mean amount of 

characteristic particles. Readily identifiable HI and TM 

elements were observed in all poultry feed samples 

with insect PAP content (whether as produced or added 

as spiking), as Figs 13–15 show. In the samples 

contaminated to a level of 1%, more than five typical 

particles were detected: nine particles in samples with 

HI and seven in samples with TM. 

In the samples with HI PAP content level above 

13%, on average 27 particles were observed, and 51 

particles were detected in the samples with 27% PAP. 

In the samples with a TM PAP constituent of 

above 13%, an average of 21 particles were observed, 

and 36 were visible in the samples with 27% PAP. 

Only one fragment of bristle was observed in the 

samples with 27% TM PAP and no such particles were 

identified in samples with lower TM PAP content. 
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Fig. 13. Comparison of the mean numbers of insect particles of Hermetia illucens (HI) and Tenebrio molitor (TM) in 
the samples of poultry feed spiked with 1% of insect processed animal protein (PAP) content 
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Fig. 14. Correlation of the mean numbers of Hermetia illucens (HI) particles per slide with the level of insect processed animal 
protein (PAP) content in poultry feed 
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Fig. 15. Correlation of the mean numbers of Tenebrio molitor (TM) particles per slide with the level of insect processed animal 

protein (PAP) content in poultry feed 
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It should be noted that in samples with every 

proportion of PAP content, fragments of muscles and 

tracheoles were observed most frequently. 

Discussion 

Currently, the microscopic method is one of the 

methods authorised for the detection of animal protein 

in feed. This method has routinely been used in the 

official monitoring of feed since 2004. The method is 

characterised by high sensitivity: the limit of detection 

has been determined to be 0.1%. The choice of this 

method for the identification of particles from insects is 

appropriate because of its simplicity and the modest 

level of experience needed in analysts. No specific 

laboratory equipment is required for the examination; 

this method is technically easy. 

Modification of the PAP isolation protocol in the 

microscopic method is a very important element that 

facilitates the detection of insect particles. Only the 

flotate obtained after double sedimentation was used 

for the examination. Veys and Baeten (24) confirmed 

the coefficient for the separation of insect particles 

from other fragments of feed for aquaculture. 

Tetrachloroethylene with a density of 1.62 g/cm3 was 

used in the routine analysis, and petroleum ether with  

a boiling point of 40–60℃ and density of 0.65 g/cm3 

was applied in the experiment. The mixture of 30% PE 

and 70% TCE had a density of about 1.26 g/cm3. 

Particles from insects were obtained from flotate in the 

range of 40 to 69%, approximately 25 times higher than 

is possible by using the method described in the 

Commission Implementing Regulation (8). 

In the first step, the characteristics of the insect 

fragments were determined. The pre-existing literature 

describes possible applications of microscopy for 

differentiating the fragments of insects in fish feed. 

Ottoboni et al. (19) first described the characteristic 

features of insects. More details were described by 

Veys and Baeten (24). The appearance of cuticle 

fragments is quite specific to insects and such 

fragments present no great challenge in identification. 

However, in this study new elements of the HI and TM 

cuticula were observed. Furthermore, some of the dark 

browns of the cuticula fragments of HI were similar to 

the husks of rape and therefore these particles were 

harder to classify. In husks of rape, the centre of the 

structures was darker than in the insect fragments (14). 

The bristles on the surface of cuticula fragments of HI 

were the most noticeable characteristic (19, 24). 

However, the cuticula fragments of TM were difficult 

to recognise because the dots were not always 

observed. 

The most typical fragments of insect PAP are 

fragments of muscle and tracheoles. In insect muscles, 

zigzag structures are commonly observed as the result 

of a specific striation of sarcomeres. Frequently, the 

ratio of myosin : actin is 6 : 1 in insect muscle (12). 

Some limited taxonomic attribution of muscles is 

possible because for the flight muscles of G. assimilis, 

the ratio of myosin : actin is 3 : 1 (4). Fragments of 

tracheoles with taenidia were visible and were 

frequently observed in the muscles. The presence of the 

fragments of muscle and tracheoles indicates only that 

the material is of insect origin and cannot assist in 

classification to lower taxons. 

In routine analysis of feed in the first 

determination, four slides of sediment and two slides of 

flotate are examined. In this study, only one slide of 

flotate from the feed samples was inspected. This 

reduction confirmed that double sedimentation 

complements the microscopic method. 

The obtained results confirm that it was possible 

to detect insect fragments in the feed. Typical insect 

particles were detected in all insect PAP–containing 

samples. The range of particles from the insects 

widened proportionally to the level of insect PAP in the 

samples. In all samples with 1% insect PAP, particles 

of muscles and tracheoles were detected most 

frequently. Only in samples with 20% of HI PAP and 

27% of TM PAP were fewer fragments of tracheoles 

than muscles detected. 

It should be pointed out that the fragments are not 

species specific to the extent to which they could be 

observed in this study. The presence of these fragments 

can only be an indicator of the presence of insect 

material. The appearance of cuticulae of the examined 

insects allows their characteristic features to be 

determined. However, in routine analysis, it is possible 

that only fragments of muscle or tracheoles are 

observed. For this reason, it is necessary to seek a rapid 

method for the identification of the insect’s species. 

More specific methods for determining the insect 

species would be used in the second step of feed 

monitoring. Similarly, the official surveillance of 

aquafeeds with no declared PAP content is now being 

undertaken in the first analysis using the microscopic 

method. When terrestrial PAP is detected, the particular 

terrestrial sources from which it originates are 

established using real-time PCR for the identification 

of ruminant DNA. 

In conclusion, the results obtained using the 

protocol of double sedimentation for the isolation of 

insect PAP from feed for poultry have shown that the 

method can be used in routine analysis. The presence of 

muscle or tracheole fragments can only be a coarse 

indicator of the presence of insect material. To 

determine the insect species, more specific methods 

must be used, e.g. PCR. 

 

Conflict of Interests Statement: The authors declare 

that there is no conflict of interests regarding the 

publication of this article. 

 

Financial Disclosure Statement: This study was 

financially supported by the National Centre for 

Research and Development in the 2018–2020 budget as 



 A.Weiner, K. Kwiatek/J Vet Res/66 (2022) 403-409 409 

 

 

part of the GOSPOSTRATEG 1/385141/16/NCBIR/ 

2018 project. 

 

Animal Rights Statement: None required. 

References 

1. Barrosso F.G., de Haro C., Sánchez-Muros M.-J., Venegas E., 

Martínez-Sánchez A., Perez-Bañón C.: The potential of various 

insect species for use as food for fish. Aquaculture 2014, 422–

423, 193–201, doi: 10.1016/j.aquaculture.2013.12.024. 

2. Barrows F.T., Bellis D., Krogdahl A., Silverstein J.T., Herman 

E.M., Sealey W.M., Rust M.B., Gatlin D.M. 3rd: Report of the 

plant products in aquafeed strategic planning workshop:  

an integrated, interdisciplinary roadmap for increasing utilization 

of plant feedstuffs in diets for carnivorous fish. Rev Fish Sci 

2008, 16, 449–455, doi: 10.1080/10641260802046734. 

3. Bosch G., Zhang S., Oonincx D.G.A.B., Hendriks W.H.: Protein 

quality of insects as potential ingredients for dog and cat foods.  

J Nutr Sci 2014, 3, 1–4, doi: 10.1017/jns.2014.23. 

4. Chapman R.F.: The insects: Structure and function, Fifth 

Edition, edited by S.J. Simpson, A.E. Douglas, Cambridge 

University Press, Cambridge, 2013. 

5. Commission of the European Communities: Commission 

Regulation (EC) No 152/2009 of 27 January 2009 laying down 

the methods of sampling and analysis for the official control of 

feed. OJEU L 2009, 54, 26/02/2009, 1–130. 

6. European Commission: Commission Regulation (EU)  

No. 51/2013 of 16 January 2013 amending Regulation (EC)  

No. 152/2009 as regards the methods of analysis for the 

determination of constituents of animal origin for the official 

control of feed. OJEU L 2013, 20, 23/01/2013, 33–43. 

7. European Commission: Commission Regulation (EU) 2017/893 

of 24 May 2017 amending Annexes I and IV to Regulation (EC) 

No 999/2001 of the European Parliament and of the Council and 

Annexes X, XIV and XV to Commission Regulation (EU)  

No. 142/2011 as regards the provisions on processed animal 

protein. OJEU L 2017, 138, 25/05/2017, 92–116. 

8. European Commission: Commission Implementing Regulation 

(EU) 2020/1560 of 26 October 2020 amending Annex VI to 

Regulation (EC) No. 152/2009 laying down the methods of 

analysis for the determination of constituents of animal origin for 

the official control of feed. OJEU L 2020, 27/10/2020, 357,  

17–23. 

9. European Food Safety Authority Panel, Hardy A., Benford D., 

Noteborn H.P.J.M., Halldorsson T.I., Schlatter J., Solecki R.A., 

Jeger M., Knutsen H.K., More S., Mortensen A., Naegeli H., 

Ockleford C., Ricci A., Rychen G., Silano V., Turck D.: 

Scientific Opinion on a risk profile related to production and 

consumption of insects as food and feed. EFSA J 2015, 13, 4257, 

doi: 10.2903/j.efsa.2015.4257. 

10. Finke M.D.: Estimate of chitin in raw whole insects. Zoo Biol 

2007, 26, 105–115, doi: 10.1002/zoo.20123. 

11. Kim S.-K., Rajapakse N.: Enzymatic production and biological 

activities of chitosan oligosaccharides (COS): a review. 

Carbohydr Polym 2005, 62, 357–368, doi: 10.1016/j.carbpol. 

2005.08.012. 

12. Klowden M.J.: Physiological systems in insects, Third Edition, 

Academic Press, New York, 2013. 

13. Kroeckel S., Harjes A.-G.E., Roth I., Katz H., Wuertz S., 

Susenbeth A., Schulz C.: When a turbot catches a fly: Evaluation 

of a pre-pupae meal of the Black Soldier Fly (Hermetia illucens) 

as fish meal substitute – Growth performance and chitin 

degradation in juvenile turbot (Psetta maxima). Aquaculture 

2012, 364/365, 345–352, doi: 10.1016/j.aquaculture.2012.08.041. 

14. Kwiatek K., Przeniosło M., Weiner A.: Przewodnik do metody 

mikroskopowej wykrywania przetworzonego białka zwierzęcego 

w środkach żywienia zwierząt (A guidebook on detection of 

processed animal protein in animal feedstuffs with microscopy – 

in Polish). Wydawnictwo PIWet-PIB, Puławy, 2013. 

15. Lin S., Mao S., Guan Y., Lin X., Luo L.: Dietary administration 

of chitooligosaccharides to enhance growth, innate immune 

response and disease resistance of Trachinotus ovatus. Fish 

Shellfish Immunol 2012, 32, 909–913, doi: 10.1016/j.fsi. 

2012.02.019. 

16. Lin S., Mao S., Guan Y., Luo L., Pan Y.: Effects of dietary 

chitosan oligosaccharides and Bacillus coagulans on the growth, 

innate immunity and resistance of koi (Cyprinus carpio koi). 

Aquaculture 2012, 342, 36–41, doi: 10.1016/j.aninu. 

2019.06.003. 

17. Makkar H.P.S., Tran G., Heuzé V., Ankers P.: State-of-the-art on 

use of insects as animal feed. Anim Feed Sci Technol 2014, 197, 

1–33, doi: 10.1016/j.anifeedsci.2014.07.008. 

18. Oonincx D.G.A.B., van Broekhoven S., van Huis A., van Loon 

J.J.A.: Feed conversion, survival and development, and 

composition of four insect species on diets composed of food by-

products. PLoS One 2015, 10, 1–7, doi: 10.1371/journal.pone. 

0144601. 

19. Ottoboni M., Tretola M., Cheli F., Marchis D., Veys P.,  

Baeten V., Pinotti L.: Light microscopy with differential staining 

techniques for the characterisation and discrimination of insects 

versus marine arthropods processed animal proteins. Food Addit 

Contam Part A 2017, 8, 1377–1383, doi: 10.1080/19440049. 

2016.1278464. 

20. Ramos-Elorduy J., Pino-Moreno J.M., Correa S.C.: Edible 

insects of the state of Mexico and determination of their nutritive 

values (in Spanish). An Inst Biol Univ Nac Auton Mexico Ser 

Zool 1998, 69, 65–104. 

21. Rumpold B.A., Schlüter O.K.: Nutritional composition and 

safety aspects of edible insects. Mol Nutr Food Res 2013, 57, 

802–823, doi: 10.1002/mnfr.201200735. 

22. Van Huis A., Van Itterbeeck J., Klunder H., Mertens E., 

Halloran A., Muir G., Vantomme P.: FAO Forestry paper 171: 

Edible insects: future prospects for food and feed security. Food 

and Agriculture Organization of the United Nations, Rome, 

2013. 

23. Veldkamp T., van Duinkerken G., van Huis A., Lakemond 

C.M.M., Ottevanger E., Bosch G., van Boekel M.A.J.S.: 

Wageningen UR Livestock Research Report 638: Insects as  

a sustainable feed ingredient in pig and poultry diets  

– a feasibility study. Wageningen UR Livestock Research, 

Lelystad, 2012. 

24. Veys P., Baeten V.: Protocol for the isolation of processed 

animal proteins from insects in feed and their identification by 

microscopy. Food Control 2018, 92, 496–504, doi: 

10.1016/j.foodcont.2018.05.028. 

25. Yang L.F., Siriamornpun S., Li D.: Polyunsaturated fatty acid 

content of edible insects in Thailand. J Food Lipids, 2006, 13, 

277–285, doi: 10.1111/j.1745-4522.2006.00051.x. 

26. Zhang Y., Zhou Z., Liu Y., Cao Y., He S., Huo F., Qin C.,  

Yao B., Ringø E.: High-yield production of chitinase from 

Aeromonas veronii B565 as a potential feed supplement for 

warm-water aquaculture. Appl Microbiol Biotechnol 2014, 98, 

1651–1662, doi: 10.1007/s00253-013-5023-6. 

27. Zielińska E., Baraniak B., Karaś M., Rybczyńska K.,  

Jakubczyk A.: Selected species of edible insects as a source of 

nutrient composition. Food Res Int 2015, 77, 460–466, doi: 

10.1016/j.foodres.2015.09.008. 

 

http://dx.doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1080/10641260802046734
https://doi.org/10.1017/jns.2014.23
https://doi.org/10.1002/zoo.20123
https://doi.org/10.1016/j.carbpol.2005.08.012
https://doi.org/10.1016/j.carbpol.2005.08.012
https://doi.org/10.1016/j.aquaculture.2012.08.041
https://doi.org/10.1016/j.fsi.2012.02.019
https://doi.org/10.1016/j.fsi.2012.02.019
https://doi.org/10.1016/j.aninu.2019.06.003
https://doi.org/10.1016/j.aninu.2019.06.003
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1371/journal.pone.0144601
https://doi.org/10.1371/journal.pone.0144601
https://doi.org/10.1080/19440049.2016.1278464
https://doi.org/10.1080/19440049.2016.1278464
https://doi.org/10.1002/mnfr.201200735
https://doi.org/10.1016/j.foodcont.2018.05.028
https://doi.org/10.1016/j.foodcont.2018.05.028
https://doi.org/10.1111/j.1745-4522.2006.00051.x
https://doi.org/10.1007/978-3-319-54528-8_67-1
https://doi.org/10.1007/978-3-319-54528-8_67-1

