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Summary: 

The authors describe the potential for marine animal co-products as a valuable resource 

for obtaining health-promoting lipids, including omega-3 polyunsaturated fatty acids. 

Reducing waste in the seafood industry by harnessing these underutilized co-products for 

use in consumer products is also suggested for enhancing sustainability. The manuscript 

is well written and outlines the potential value of the various co-products, suggesting 

opportunities for more eco-conscious practices. To improve the significance of this work 

and provide a comprehensive review, additional text should be added to highlight 

regional differences in the use of biproducts and detail the economic value of low-end vs 

high-end repurposing of these resources. Other suggested revisions are detailed below. 

 

Revisions: 

1.     Portions of this review read more like an opinion paper than a review. The text should 

be revised to demonstrate the reported consensus more accurately on the topics discussed 

as it relates to health-promoting lipids, feasibility of co-products for the various uses 

suggested and impact on sustainability. Summarizing and referencing progress that has 

been made globally to use marine animal co-products would be helpful to the reader. 

Reply: We thank the reviewer for the comments. When you have sections of the 

manuscripts that deal with “Challenges and Future Directions”, or even “Sustainability 

and Environmental Impact”, which are necessarily written with an eye on the future, these 

kind of imply a personal view or conception of the future of the use of these co-products. 

We believe these are important sections in the paper, if the objective is to properly 

characterize the state of the use of marine animal co-products for the purpose of obtaining 

healthy lipids, and set the stage and vindicate a more rational use of these resources in the 

future. However, this is a paper with more than 300 references and an effort has been 

made to substantiate every claim with references throughout all sections. Therefore, 

taking into account the effort made to gather and review all the literature presented, this 

should still be considered essentially a review paper. 

On the subject of demonstrating the current consensus related to health promoting lipids, 

we included additional information in the manuscript in beginning of the “4. The Value 

of Marine Animal Co-Product Lipids for Human Health” section, which already alluded 

to this subject: 

“Lipids make up a wide group of essential macronutrients which are incorporated through 

the diet, which represent energy resources for the cell while also performing other roles 

in important physiological functions such as cellular signaling and regulation of cell 

membrane physical characteristics and function [1]. Unbalanced lipid intake can cause 

either a deficiency in essential fatty acids and fat-soluble vitamins [2-4], or in excess, can 

lead to problems linked with the metabolic syndrome, like hypertension, diabetes and 

cardiovascular but also liver disease [5, 6]. Recent knowledge has pointed out 

diacylglycerols and structured (and PUFA-rich) triglycerides and phospholipids 

(especially omega-3-containing phospholipids) as representing improved nutritional and 

health value [7].”  

Information about other current matters that are (mostly) consensual regarding the health 

promoting characteristics of lipids, such as the importance of dietary PUFA, the 

increasing relevance given to omega-3 fatty acids, and the important characteristics 



phospholipids as convenient vectors for omega-3 delivery are already discussed in the 

manuscript (Section “4. The Value of Marine Animal Co-Product Lipids for Human 

Health”).  

Regarding the feasibility of using co-products for the various uses suggested, additional 

information has also been included for each case in the “5. The Value of Marine Animal 

Co-Product Lipids for Industry” section. In the first case, suggesting the exploitation of 

these resources as sources of omega-3 fatty acids for incorporation in food products, we 

have added the following “The use of omega-3 fatty acids derived from marine animal 

co-products should be enticing given the significant general occurrence of these fatty 

acids in these resources, and should be currently only limited by further prospection and 

characterization efforts and regulatory restrictions. However, there are already examples 

of incorporation from oils from marine animal co-products in foods, such as bakery, dairy 

and meat products [8].”  

Regarding the potential use of omega-3 fatty acids from marine animal co-products in 

nutritional supplements, the text was reformulated and complementary information was 

added: “Omega-3 supplements are commercially available in a variety of different 

formulations from different brands, mostly as (fish) oils or as capsules, thought to 

promote an increase shelf time absorption [9-12]. In alternative to the direct 

commercialization of marine oils, formulations (concentrates or nanoliposome-

containing) of EPA and DHA specifically can also be used as supplements in human 

nutrition [13, 14].” and “Therefore, the market actually exists for additional healthy lipid 

sources, and the use of omega-3 fatty acids derived from marine animal co-products 

should only depend on further technical advances for the optimization of the extraction 

yields using green approaches and regulatory adjustments.”  

Regarding the possible use of marine animal co-products as sources of marine 

phospholipids with upside for the pharmaceutical industry, the following has been added: 

“The exploration of marine animal co-products as viable and sustainable sources of 

marine phospholipids with upside for the pharmaceutical industry is currently 

unexplored. In fact, only a limited number of reports exist characterizing and quantifying 

marine phospholipids in marine animal co-products. Further lipidomic characterization 

of these matrixes, along with the development of green strategies to isolate these 

compounds, will help to signal preferentially rich sources and determine the viability of 

exploring these resources for marine phospholipid isolation.”  

When discussing the feasibility of using marine animal co-products as putative sources 

of plasmalogens, the following text has been added: “Currently, a possible significant use 

of marine animal co-products as sources of plasmalogens with interest for the 

pharmaceutical industry is mostly hindered by the lack of available information and 

proper in-depth lipidomic characterization of the content of these resources at a molecular 

level.”  

Finally, with what regards the feasibility of using lipids from marine animal co-products 

in the cosmeceutical industry, the following has been added: “Moreover, fish oils, some 

of which produced using seafood industry co-products, have been ascribed broad benefits 

for the maintenance of skin homeostasis as well as in skin disorder contexts, including  

photoaging, cutaneous carcinogenesis, dermatitis, cutaneous wounds and 

hyperpigmentation [15]. The skin health-promoting characteristics of these oils are 

generally related to their content in omega-3 fatty acids, especially EPA and DHA [15]. 

This evidence should justify further interest in studying the potential and activities of lipid 

fractions from marine animal co-products in skin care, and therefore uncover additional 

value for the cosmeceutical industry.”  



Concerning the importance of lipids of marine animal co-product origin in the context of 

aquaculture, the feasibility of the use of these resources is already well documented in the 

text, including specific examples. 

Regarding the issue of the current consensus about the impact of the use of marine animal 

co-products in sustainability and progress that was made in the use of marine animal co-

products, additional information was added near the beginning of the “6. Sustainability 

and Environmental Impact” section: “The exploitation of the use of marine animal co-

products in a “Waste to Wealth” approach, representing economic, environmental and 

food security upside, has been widely explored [16]. However, the strategic management 

of marine animal co-products must further employ the concepts of circular economy and 

life cycle thinking in order to increase their efficient use and mitigate the environmental 

impact of the seafood industry [17]. Marine animal co-products are generally recognized 

for having an interesting composition from a chemical standpoint, including valuable 

protein and lipid fractions, minerals, enzymes and vitamins [12]. Currently, there are 

several main paths established for the generation of value from marine animal co-

products: the obtention of marine proteins (fishmeal, silage and hydrolysates), the 

production of PUFA-enriched oils, the production of biodiesel and biogas, and the 

isolation of higher end compounds such as vitamins, enzymes, minerals, taurine and 

creatine and hydroxyapatite directed for specific industrial or pharmaceutical uses [18]. 

A more efficient and profitable use of marine animal co-products depends on new 

valorization approaches and improved recovery technologies for the already signaled and 

novel compounds of interest detected [19, 20], and in this case, the specific presence of 

bioactive lipids has been patently disregarded.”  

 

2.      This review lacks a discussion of geographical differences in the use of marine animal 

co-products as seems to focus primarily on global trends. A discussion of the differences 

in co-product usage between regions (continents/countries/demographics) should be 

added. Importantly, are there major differences in the amount of waste being generated 

based on location? 

Unfortunately, like we state in the manuscript at some point there is not much information 

available about the generation of marine animal co-products: “When writing the present 

review, other than estimates, it was challenging to find credible information on the true 

numbers of marine animal co-product production at global level.” The same lack of 

information also occurs at local level, with just minimal reliable information being made 

available on the subject by authorities. Nevertheless, we found some information at the 

IFFO - The Marine Ingredients Organization site that we are including, along with other 

trends that may be relevant for this subject. We added this discussion at the end of the “2. 

Marine Animal Co-Products” section: “Taking into account geographical idiosyncratic 

tendencies regarding both the production/capture and consumption trends driven by 

regional socioeconomic and cultural constraints, differences in the production of co-

products both regarding quantity and types are to be expected. According to the IFFO - 

The Marine Ingredients Organization site, Asia is the main responsible for the recycling 

of raw materials from the seafood industry, accounting for the production of 40.0% of 

marine ingredients based on co-products, followed by Europe (23.3%) and Latin America 

(20.8%), with North America producing just 7.8% of global co-products [21]. This is 

somewhat expected since in 2020, Asian countries distinctly lead total fishery production 

(70%) [22]. Although considerable efforts have been produced to more readily utilize 

marine animal co-products originated from the seafood processing worldwide, their 

exploration and use may vary considerably regionally [23]. In Asia, seafood value chains 

effectively accommodate these resources resulting in little waste, while in Europe, a 



stricter legislation (as response to bovine spongiform encephalopathy and other food 

threats) has rendered the utilization of these resources more difficult [24, 25]. In other 

regions less developed, a more lenient legislation and the low valorization of the co-

products make disposal more generalized [23]. As specific cases of a specially efficient 

utilization of marine animal co-products we have the case of Norway, which has 

developed processing facilities able to process over 0.65 million tons of seafood co-

products by year, and where the Norwegian Atlantic salmon industry is reported to utilize 

90% of its byproducts [26].” 

 

3.      A discussion of the specific economic potential, referencing appropriate sources for 

this data, should be added. Are there estimates for the value of these co-products or data 

on revenue generated in countries that are utilizing more of these animal co-products? 

Again, there not many sources available with reliable information or projections on this 

subject. We include the information presented on the Future Market Insights (FMI) site. 

We also make mention of the case of Scotland, where studies have been conducted 

presenting concrete evidence of economic upside in the use of marine animal co-products. 

This information was added to the “1. Introduction” section: “The global marine co-

products market was proposed to represent 33.7 million dollars in 2023, with the current 

projections anticipating this value to almost double by 2033 (64.8 million dollars), with 

this growth being proposed to be essentially driven by the expansion of the mariculture 

sector, technical advances in extraction and processing techniques and the development 

of  novel applications as functional foods and nutraceuticals [27]. The importance of a 

rational and holistic perspective for the repurposing of marine animal co-products may 

be essential for the generation of revenue. A study appraising the effectiveness of the 

Scottish salmon farming system proposed that, although resources are generally well 

utilized, the co-product value output could be improved by 803%, representing 5.5% 

more value to the salmon industry [16]. This could be achieved by a strategic management 

of the co-products (heads, frames, trimmings and belly flaps) focusing on optimizing 

edible yield and repurposing and direct them specifically for domestic and foreign food 

markets [16]. In fact, while salmon co-products may not especially appreciated in some 

markets, they may be in high demand in others, and that is the case of salmon heads in 

Vietnam, frames in Eastern Europe, and belly flaps in Japan [28].”  

The economic upside of the use of marine animal co-products in the context of the fish 

oil market and as sources of omega-3 for the food/supplement industries are already 

evidenced in the manuscript: 

“The fish oil market represented a total of 1905.77 million dollars in 2019 and is 

continually growing [29], with fish oil produced from fish co-products representing 26% 

of total production in 2016 [30].” 

“The global lipid nutrition market, mostly based on the promise of omega-3 fatty acids as 

health promoters, is expected to reach 17 million dollars by 2031, growing by 7.6% 

annually over the 2021-2031 period, driven by increasing demand [31].” 

 

4.      Add a discussion of the known/approved pharmaceutical uses for these co-products 

worldwide. References demonstrating the utilization of these co-products for higher-end 

purposes would be beneficial to readers. 

Reply: A discussion about implemented uses of compounds derived from marine animal 

co-products for higher end purposes (pharmaceutical and cosmeceutical industries) was 

added to the section “5. The Value of Marine Animal Co-Product Lipids for Industry”: 

“There are several compounds that are extracted from marine animal co-products with 

established demand for high-end uses in the pharmaceutical and cosmeceutical industries. 



Collagen, gelatin, and collagen derivatives [32, 33], protein hydrolysates [32], chitin and 

chitosan [32-37], glycosaminoglycans [12, 38] and hydroxyapatite [39, 40] in particular 

have well established importance in the pharmaceutical, cosmeceutical and biomedicine 

industries (in addition to the aforementioned astaxanthin). The prospection of bioactive 

lipids and the investigation of the biological activities of lipid extracts from marine animal 

co-products have the potential to add to this list and to increase the value of these 

resources and expanding their applications for higher-end purposes.” 

Please note that, for now and to the authors best knowledge, there are no concrete 

applications of particular lipid species or lipid extracts obtained from marine animal co-

products specifically in such industries. In the manuscript, we do highlight the cases of 

astaxanthin and tocopherols that occur plentifully in some cases of marine animal co-

products and should be present in lipid fractions of such resources and acknowledge their 

importance specifically in the case of the cosmeceutical industry. 

 

5.      Nearly all the figures are oversimplified and do not enhance the readers’ 

understanding of the text. Some of the figures are also misleading, such as figure 4, which 

is not sufficiently supported by the references. The authors should avoid health-claims 

that are not widely reported and accepted for these co-products. Many of the referenced 

biological activities and health benefits are not substantiated in this review. All figures 

should be revised to add value to this review. 

Reply: An effort was made to make all figures more informative, and Figure 4 in 

particular was modified in order to include only the most consensual health benefits of 

lipids known to occur in marine co-products. 

 

6.      Although the authors mention some of the potential challenges of using marine 

animal co-products for human consumption/use, there is a clear omission of marine 

toxins and impact of harmful algal blooms on these resources. The text also reads in a 

way that plays down the potential issues with contamination of these co-products such as 

the viscera where toxins often accumulate. The language should be corrected to define 

the known issues more clearly regarding contaminants, especially the bioaccumulation 

of many toxicants and toxins in these tissues. 

Reply: A discussion about the problem that the presence of marine toxins and other 

toxicants may represent for the use of marine animal co-products was included in the “7. 

Challenges and Future Directions” section, where problems related with the presence of 

contaminants (metals (and metalloids), pesticides, polychlorinated biphenyls, dioxins and 

(micro)plastics) was already mentioned: “Moreover, another technical challenge may 

have to do with the potential presence of contaminants in marine animal co-products, 

namely those known to accumulate in marine animal biomass, such as metals (and 

metalloids), pesticides, polychlorinated biphenyls, dioxins and (micro)plastics [126, 284, 

326-328]. Contaminant accumulation has been reported in crustacean hepatopancreas 

[41-43], and in the skin, viscera, bones and scales of fish [44-48]. Mollusks also 

accumulate toxicants [49-52], with the digestive glands and gills of hard-shelled animals 

representing preferential accumulation sites  [53-55]. The presence of marine biotoxins 

may represent a very concrete challenge for the use of marine animal co-products. These 

biotoxins, produced by bacteria, cyanobacteria, and microalgae, are known to 

bioaccumulate in fish, mollusks and crustaceans [56-60]. In the case of the presence of 

biotoxins in fish co-products in particular, this may in fact represent a problem since fish 

appear to preferentially accumulate toxins in the viscera rather than in the flesh [61-65]. 

Therefore, it becomes paramount to signal the collection of fish and marine animals in 

the vicinities of harmful algal blooms incidence where these toxins are abundantly 



produced [66], even for purposes of making use of animal parts not directly intended for 

dietary consumption. These concerns about the presence of contaminants in marine 

animal co-products should not be taken lightly and may imply additional thorough quality 

control measures and investments in hazard analysis and critical control point (HACCP) 

and decontamination procedures, ensuring the safety and purity of lipid extracts.” 

 

7.      Minor edits to spelling and grammar are needed. Abbreviations such as HACCP 

should also be defined first. 

Reply: The text was thoroughly reviewed for spelling and grammar errors, as also 

suggested by other reviewers. “Hazard analysis and critical control point” (HACCP) is 

now properly defined in the text. 
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