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Maximizing resource efficiency and reducing waste in fish processing are key to 
enhancing economic productivity, conserving resources, and ensuring nutritional 
security. However, publicly accessible data on seafood processing residues in 
Germany remain unavailable, making it difficult to accurately assess resource 
efficiency. Considerable quantities of salmon are processed in the country, generating 
residues, co-products or by-products, herein summarized under rest raw material 
(RRM). To address this data gap, volumes, utilization, and applications of salmon 
RRM for 2020 were systematically collected, mapped, and analysed using material 
flow analysis (MFA). Results highlight the quantities available at each step along 
the value chain and the current utilizations of this biomass. The applied mixed-
methods approach, incorporating industry reports, surveys, expert interviews, 
and official statistics, revealed that salmon processing generates around 19,500 
tonnes of RRM in Germany. When factoring in imports, nearly 40,000 tonnes of 
RRM are processed in total. Of all salmon raw material processed in Germany, 
~98% is utilized for food and feed and only about 2% go into disposal. Less than 
1% of produced food-grade salmon oil and meal is used for domestic human 
consumption. In light of these results, the potential for transforming salmon rest raw 
material into high-value products, making use of its valuable bioactive compounds, 
is discussed, considering current challenges, such as their confinement to niche 
markets or procedural difficulties in need of resolution. These findings provide 
actionable insights that underscore the potential for strategic RRM management to 
enhance the economic and ecological sustainability of aquatic biomass processing, 
supporting global food security efforts.
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1 Introduction

“Waste is the symbol of inefficiency of any modern society and a representation of 
misallocated resources” (Song et al., 2015).

Sustainable food production has become a critical global challenge of the 21st century, 
driven by the need to feed a growing population while minimizing environmental impact. 
Central to this challenge is the efficient use of existing natural resources, a key objective 
outlined in the United Nations Sustainable Development Goals (SDGs) (United Nations, 
2024), with SDG 2 focused on ending hunger and achieving food security and SDG 12 
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emphasising sustainable consumption and production patterns, 
including responsible waste management (United Nations, 2024). In 
response, resource efficiency has been integrated into Germany’s 
national sustainability strategy (Bundesregierung Deutschland, 2021), 
and the sustainable use of biological resources is promoted through 
the German Biomass Strategy.

A significant focus of sustainable food production is aquatic 
biomass, which is rich in essential nutrients such as protein and 
healthy fats. Harnessing this resource efficiently plays a crucial role in 
strengthening global food security (Food and Agriculture 
Organization of the United Nations (FAO), 2022). The aquatic species 
consumed most in Germany in 2020 is farmed Atlantic salmon (Salmo 
salar), with a share of 18.8% it accounts for the major portion of the 
market volume (Fisch Informationszentrum e.V. (FIZ), 2023). Also 
globally, Atlantic salmon was among the most significant farmed 
aquatic species in 2020, with a total sales volume of 2,721,000 tonnes 
and a market value of 15 billion USD, ranking third in value among 
all farmed aquatic biomass (Food and Agriculture Organization of the 
United Nations (FAO), 2022). That year, Norway, the leading producer 
in Northern Europe, exported 1.1 million tonnes of cage-farmed 
salmon for further processing (Aandahl, 2021).

During processing, substantial amounts of residues or rest raw 
material (RRM)1 are produced, including heads, viscera, skins and 
frames. These have the potential to be  transformed into valuable 
products, such as food items, pharmaceuticals, and animal feed or other 
value-added products, thereby contributing to both economic and 
environmental sustainability (Shahidi et al., 2019). Despite advances in 
understanding the nutritional and economic potential of salmon RRM 
(Ramírez, 2013; Hjellnes et al., 2020; Myhre et al., 2023), the specific 
practices and efficiencies involved in its utilization, particularly within 
the German context, remain insufficiently explored. A key unresolved 
question is how much of these materials emerge, how are they processed 
and utilized within the German industry. This gap in understanding 
hinders efforts to maximize the value of these resources and reduce 
waste, two essential components of sustainable production.

Grasping the utilization of RRM could significantly enhance the 
economic and environmental performance of the German fish 
processing industry (Song et al., 2015). Previous studies have primarily 
focused on the potential applications of RRM (Gildberg et al., 2000; 
Jaczynski, 2008; Rustad et al., 2011; Ramírez, 2013; Kestin, 2017; Le 
Gouic et al., 2017; Stevens et al., 2018; Liu and Dave, 2022). These 
studies indicate that salmonid RRM is an excellent source of potent 
bioactive molecules such as proteins, omega-3 oil, collagen, gelatine, 
peptides, enzymes, hydroxyapatite, and minerals. Biomolecules like 
bioactive peptides exhibit powerful antioxidant, antihypertensive, 
antimicrobial, anticoagulant, and antidiabetic activities 
(Ramakrishnan et al., 2024).

The preferred use of these RRM has been outlined in the “Food 
recovery hierarchy for fish by-products,” adapted from the US EPA 
Food Recovery Hierarchy and the EU food waste hierarchy by 
Stevens et al. (2018), based on scenarios evaluating value-added for 
fish RRM in Scotland (Figure 1). This hierarchy suggests that the 
most environmentally and economically beneficial use of RRM is 
to maintain its food-grade quality and maximize edible yield, 

1  RRM – Rest raw material also referred to as by- or co-products.

prioritizing domestic use over export. The next tier involves 
processing RRM into high-value consumables for human use, such 
as protein powders, hydrolysates, salmon oil supplements, collagen 
supplements, and further niche products. The following tier 
recommends using RRM for animal feed, if used strategically 
resulting in more food for human consumption, or as pet food, 
substituting higher-grade products. Lower tiers include using RRM 
for industrial fuels, fertilizers, and composting. Options that, while 
downgrading the value, are still preferable to landfilling, the least 
desirable option (Stevens et al., 2018).

Only few studies have investigated the actual practices employed 
by processors or assessed the efficiency of these practices (Stevens 
et al., 2018; Myhre et al., 2023; Love et al., 2024). Tangible examples 
for good practices are Iceland, where the Iceland Ocean Cluster has 
improved and monitored the efficiency of RRM use (Sigfusson et al., 
2013). Norway recognized seafood RRM as a resource for further 
production since the beginning of the 20th century, producing 
products like fertilizers, animal feed, and fish oil (Rustad et al., 2011). 
Currently, approximately 90% of the Norwegian salmon industry’s 
RRM is utilized, with the data being well-documented through 
national statistics (Ytrestøyl et  al., 2015; Myhre et  al., 2023). In 
contrast, Germany, despite being one of Europe’s major salmon 
processors (European Market Observatory for Fisheries and 
Aquaculture Products (EUMOFA), 2024), lacks publicly available 
documentation on the quantities and utilization of RRM from salmon 
processing, creating a gap in transparency and knowledge about the 
industry’s resource efficiency.

To address this, a comprehensive investigation into the quantities, 
current practices, and challenges associated with salmon RRM 
utilization in Germany was conducted. This study involved original 
data collection and a Material Flow Analysis (MFA), supplemented by 
qualitative expert interviews, to gain a thorough understanding of the 
German salmon industry. By identifying best practices and areas for 
improvement, this research aims to provide actionable insights that 
can enhance resource efficiency in the industry. By closing the 
identified gaps valuable information is provided that can inform 
policy decisions and industry practices, ultimately supporting the 
broader goal of economic and environmental sustainability and 
enhancing sustainable food production.

FIGURE 1

Stevens et al. (2018)—the rise of aquaculture by-products.
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2 Materials and methods

This study employs data from 2020 to quantify RRM occurrence 
and availability, assess current utilization practices, and identify 
opportunities for improving resource efficiency in Germany.

The term rest raw material (RRM) is subdivided according to its 
intended use, following the terminology established by Ulleberg et al. 
(2023) and Aspevik et  al. (2017), based on definitions set by the 
European Parliament: main products are those the industry produces 
for direct sale, such as fillets or whole fish. The remaining biomass is 
classified as rest raw material or residual raw material. RRM that is 
suitable for human consumption is referred to as co-products and forms 
one RRM fraction, while RRM unsuitable for human consumption is 
termed by-products. Co-products are susceptible to microbial and 
chemical deterioration, especially in fatty portions, necessitating 
proper handling to prevent degradation to by-products (European 
Market Observatory for Fisheries and Aquaculture Products 
(EUMOFA), 2024). By-products are further classified into three risk 
categories following European regulation (EC) No 1069/2009 
(European Union, 2009). Category 3 by-products can be  used for 
animal feed under strict conditions (Regulation (EC) No. 999/2001 and 
Regulation (EC) No 1069/2009) (European Union, 2001; European 
Union, 2009). Category 1 and 2 by-products are prohibited from use 
in food or feed (with rarely applied exceptions for feed) and are 
typically utilized for biofuels, fertilizers, or disposed of as waste.

2.1 Data collection

To accurately quantify and assess the utilization of materials in 
each category, a dual data collection approach was applied: Secondary 
data was gathered from official sources and primary data from direct 
industry observations. Secondary data included official trade and 
production statistics from the Federal Statistics Office (Destatis) and 
fisheries landings data from the Federal Institute for Food and 
Agriculture (BLE). Primary data were collected through both 
quantitative and qualitative methods, ensuring a robust and 
comprehensive dataset by combining official statistics with direct 
industry insights. This approach was particularly valuable given the 
lack of prior data on salmon RRM streams in Germany. The 
integration of empirical qualitative data from industry stakeholders 
provided a detailed perspective on the current state of RRM 
management, highlighting potential areas for improvement and 
innovation in resource utilization.

2.1.1 Primary data sources

2.1.1.1 Questionnaires
Structured questionnaires were distributed to all major processing 

companies in Germany involved in the production of salmon main 
products, co-products, by-products, oil and meal. The questionnaires 
focused on obtaining detailed information about the quantities of salmon 
processed, the volumes and types of RRM generated, and their uses or 
disposal. The data collected were instrumental in determining the flow 
of materials from the processing plants to various end uses or disposal 
pathways. Primary quantitative data were obtained in 2023 through 
structured questionnaires with closed-ended questions (see Appendix 1). 
Responding companies covered 23% of the primary salmon processing 

activity and full coverage (100%) of industrial rendering facilities 
involved in secondary processing in Germany in 2020. Small-scale or 
non-industrial processing activities, if present, were not included.

2.1.1.2 Expert interviews
Additional qualitative data were gathered in 2023 and 2024, in 

person, through four semi-structured expert interviews, with a total of 
seven interviewees, each lasting between forty minutes and two and a 
half hours. Interview participants were selected using purposive 
sampling, across Germany, to ensure a broad representation of the 
industry. Criteria for selection included the level of industry overview, 
the size of the company, geographic location, and the type of processing 
activity. This ensured that the insights gathered were representative of 
the relevant industry segments. Interviews were conducted with 
industry professionals, including representatives and managers of fish 
processing and rendering plants, a sustainability officer, a research & 
development manager as well as an operator of a small family-run 
processing company. The interviews aimed to explore factors 
influencing the supply, utilization and application of RRM, including 
logistical and technological constraints, market dynamics, regulatory 
compliance, and environmental conditions. The semi-structured 
interview format (Flick, 2021), guided by predefined guidelines (see 
Appendix 2), allowed for in-depth exploration of key themes while 
providing flexibility for interviewees to discuss additional relevant 
topics. To reflect sector-specific perspectives, interview guides were 
adapted for primary processors, RRM processors, and industry 
representatives, while maintaining common thematic blocks (e.g., input 
forms, residual flows, valorisation routes, efficiency and innovation 
potentials, and practical challenges) to ensure analytical comparability. 
The qualitative insights obtained served multiple purposes: they added 
depth to the study by providing context to the quantitative findings, 
verified and refuted quantitative data, and highlighted emerging trends 
and challenges within the industry. Interviews were analysed employing 
qualitative content analysis, which comprises systematic interpretation 
and coding of textual data to identify patterns, themes, and categories, 
emphasizing an iterative analysis by continually refining codes and 
categories as deeper understanding of the data emerges (Mayring, 
2014). This approach emphasizes a transparent, and replicable analysis, 
with the software MAXQDA 24 (VERBI Software, Berlin, Germany) 
providing the tools to manage, code, and analyse qualitative data in 
alignment with these principles.

The integration of qualitative data with quantitative findings 
aligns with the mixed-methods approach advocated by Barclay et al. 
(2017), particularly in fisheries science and management. This 
approach was crucial for capturing the complex interactions between 
economic, environmental, and social factors that influence the use of 
RRM in the German salmon industry.

2.1.2 Secondary data sources

2.1.2.1 Official statistics
Secondary datasets were used to extrapolate the obtained volumes 

of RRM, their utilization, and disposal across the industry. These 
secondary datasets included import/export records, production and 
landings statistics. Trade data were sourced from the GENESIS-
Online database of the German Federal Statistical Office (Destatis) 
(German Federal Statistical Office, 2025) and the official fishery 
landings data from the German Federal Office for Agriculture and 
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FIGURE 2

Simplified System Overview, visualized in a Sankey Diagram. The 
thickness of the arrows corresponds to the amount of material 
flowing, the color of the arrows signifies the product group. The 
darkgrey boxes show total products, the beige box secondary 
processing, while the lightgrey boxes show salmon sources and 
destinations. The light green background marks the flows ocurring 
within Germany, while the dashed grey line outlines the MFA system 
boundary.

Food (BLE). These statistics were essential for quantifying the total 
supply of raw salmon in the German market, including imports of 
whole salmon, fillets, and convenience products.

2.1.2.2 Industry reports
Additional data were obtained from industry reports, which 

provided context and supplementary information on the quantities 
and types of fish products, as well as the prevailing market conditions 
(Ramírez, 2013).

2.1.3 Data quality
The primary quantitative data were collected and concurrently 

verified through qualitative interviews conducted with key informants 
from relevant industry sectors. These interviews served a dual 
purpose: they provided essential primary data and enabled cross-
validation and clarification of reported quantitative figures.

To mitigate potential bias inherent in industry self-reporting, the 
following strategies were employed: (1) Triangulation of data sources, 
(2) Probing questions during interviews to uncover inconsistencies, 
and (3) outlier exclusion. Such outliers were critically examined and 
excluded from the analysis when deemed unreliable. For each transfer 
coefficient directly derived from primary quantitative data, the 
corresponding 95% confidence interval (CI, upper and lower bounds) 
was calculated and reported.

While this mixed-methods approach enhanced data quality by 
leveraging the strengths of both methods to produce a more robust 
and reliable dataset, it also posed challenges, particularly due to the 
subjective nature of interview data. The study’s limitations and data 
uncertainty are addressed further in a dedicated subsection of the 
Results and Discussion.

2.1.4 Material flow analysis
The applied MFA is an analytical approach designed to 

quantify the flow of materials, tracing their path from harvest 
through various processing stages to ultimate utilization, final 
disposal or recycling. This method provides a systematic overview 
of the quantities of a specific material within a given system, 
enhancing comprehension of the associated transformation 
processes (Huang et al., 2012; Lenglet et al., 2017; Schweinle et al., 
2020), enabling the identification of inefficiencies and 
opportunities for improvement. In this study, the MFA was 
visualized using the software e! Sankey calc, version 5.2.1, to model 
the flow of salmon raw materials through the German processing 
chain, from the point of import or catch to the final disposition of 
resulting products. This study does not fully follow the EU 
Economy-Wide MFA standard due to data availability and focus on 
specific flows. While key output streams relevant to environmental 
impact, such as waste and process water, were included, the full 
Domestic Processed Output (DPO) indicator, including gaseous 
emissions, was not computed.

2.1.5 Scope and system definition
This MFA covers material flows associated with domestic 

Atlantic salmon (Salmo Salar) production and imports of both 
Atlantic and Pacific salmon (Oncorhynchus spp., excluding 
Oncorhynchus mykiss) in Germany. Salmon was selected for three 
methodological reasons: (1) its central role in consumption, 
processing and rest raw material (RRM) generation in Germany, (2) 

high data availability from secondary processors, and (3) its high 
year-round supply through Norwegian aquaculture, which causes 
relatively consistent processing volumes. Restricting the analysis to 
salmon allowed for more robust mass balance calculations, clearer 
transfer coefficient estimation, and reduced seasonal or species-
specific variability in RRM composition.

The analysis covers the salmon supply chain within Germany, 
from input (domestic production and imports) to output (exports, 
consumption, and utilization of salmon main products and salmon 
RRM). In Figures 2 and 3, all in-country end-uses (e.g., food, feed, 
wastewater treatment, and disposal) are shown within the light blue 
“Germany” boundary to reflect the national scope of flows (Figure 2). 
While visually located inside the boundary for clarity, these stages do 
not contribute to further technical transformation and are not included 
in the mass balance calculations of processing stages. Instead, they fall 
outside the MFA system boundary (grey dashed outline). A simplified 
system overview illustrating these boundaries is provided in Figure 2.

The predominant form of salmon entering Germany is head-on, 
gutted (HOG); in this study, this form is referred to as whole salmon. 
Whole salmon is either sold directly to end-users or enters further 
processing to produce fillets and convenience products such as 
smoked salmon, salads, or ready-to-eat meals.

All salmon entering the system—through production or 
import—is collectively referred to as total salmon. From this total 
salmon, a portion is exported, while the remaining volume is sold 
domestically either whole or further processed. Processing yields 
directly edible main products (whole salmon, fillets, convenience 
products) and RRM (co-products, by-products, waste). The RRM is 
either exported, disposed of, or further processed through 
rendering, producing salmon oil, meal, and wastewater. Residual 
material sent to disposal is typically used for energy recovery (e.g., 
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in biogas plants or incineration) and/or as fertilizer in accordance 
with waste management regulations. Wastewater from rendering is 
treated in wastewater facilities. Mass balance checks were applied 
only to processing stages within the MFA system boundary (dashed 
outline). Slight imbalances occurred due to rounding all flow values 
for better readability. Further utilization of wastewater and solid 
waste was not traced and is therefore not considered part of 
the system.

The following section describes the calculation steps used to 
quantify each major flow within the system.

2.1.6 Calculations

2.1.6.1 Balance calculations
These calculations determined the flow of materials through each 

stage, from the total salmon (Equations 1–4) supply through 
processing to the final products, considering imports, exports, and 

waste generation, providing insights into the efficiency of all 
processing stages and the utilization of RRM.

The balance of total salmon remaining in Germany ( GERS ) was 
calculated as follows:

	

( ) ( ) ( )
( ) ( ) ( )

= − + −
+ − +

GER whl whl fil

fil con con catch

S S import S export S import
S export S import S export S

	 (1)

whlS  = whole salmon
filS  = salmon fillet
conS  = salmon convenience products
catchS  = domestically caught salmon

Whole salmon exports were deducted from whole salmon 
imports, while exported salmon fillet was deducted from imported 
salmon fillets and exported convenience products from imported 

FIGURE 3

Salmon rest raw material flow for Germany (year 2020) visualized in Sankey diagram. The thickness of the arrows corresponds to the amount of 
material flowing, the color of the arrows signifies the product group. The darkgrey boxes show total main and secondary products, the beige box 
secondary processing, while the lightgrey boxes show salmon sources and destinations. The light green background marks the flows ocurring within 
Germany, while the dashed grey line outlines the MFA system boundary. All numbers refer to the product weight (rounded metric tonnes).
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convenience products (Equation 1). The resulting balances were 
added to the domestically caught salmon to estimate the total 
salmon available in Germany.

2.1.6.2 RRM calculation
Transfer coefficients for RRM generated from the processing of 

whole salmon and fillets were calculated as the median of values 
derived from primary quantitative data collected from the primary 
processing industry. Subsequently, these factors were applied to the 
volumes derived from the secondary data to compute the total 
salmon RRM available in Germany. Determining the quantities of 
RRM was a crucial aspect, and the application of transfer coefficients 
was highly relevant in this context (Myhre et  al., 2023). The 
following transfer coefficients (TC) were used for determining 
RRM shares:

RRM from processing head-on gutted salmon:
_RRM HOGTC  = 0.33 (95% CI, lower/upper: 0.31–0.42)

RRM from processing salmon fillets:
_RRM filTC  = 0.05 (95% CI, lower/upper: 0–0.17)

In addition, the share of whole salmon sold without further 
processing was determined:

Whole salmon sales: whlTC  = 0.06 (95% CI, lower/upper: 0–0.33)

These factors were derived from industry data and validated 
through expert interviews to ensure accuracy (see Table 1).

The RRM resulting from salmon processing ( GERRRM ) was then 
determined by applying these transfer coefficients:

	

( ) ( )( )( )
( )( )

= − ∗ ∗

+ ∗

0.06

0.33 0.05
GER GER whl GER whl

GER fil

RRM S S S S

S S
	

(2)

From the balance of whole salmon (imports, production and 
exports), whole salmon sold without further processing was 
subtracted (6%), as all RRM of these salmon accrue at the final 
consumers and are not available for further processing. The 
remaining volume was multiplied with the RRM transfer 
coefficient for whole salmon (33%) extracted from the 
questionnaires. Next, the available volume of salmon fillet in 
Germany was multiplied by the RRM transfer coefficient of salmon 
fillet processing (5%) and added to the RRM from whole salmon 
processed in Germany to account for RRM coming from fillet 
trimming. This calculation yielded the total RRM available from 
German processing (Equation 2).

Primary data from rendering plants on domestic inputs (full data 
coverage) were subtracted from this total, with the remainder 

representing material not further processed, which was divided into 
exports and waste.

2.1.6.3 Disposal calculation
Information on the distribution of RRM sold for human 

consumption, sold for other purposes and amounts that were disposed 
could also be extracted from primary data, a transfer coefficient for 
disposal of RRM was determined by summarizing all primary data on 
disposal amounts and calculating its share from the summarized rest 
raw material amount:

_RRM dispTC  = 0.08

The share of RRM declared as waste comprised 8%. Thus, the 
disposal quantity ( dispRRM ) was calculated as:

	 = ∗0.08disp GERRRM RRM 	 (3)

2.1.6.4 Export Calculation
The remaining RRM not intended for further processing ( rendRRM ) 

or disposal ( dispRRM ) was assumed to be exported ( expRRM ).

	 = − −exp GER rend dispRRM RRM RRM RRM 	 (4)

3 Results and discussion

This chapter first presents the results of the MFA for salmon based 
on quantitative data. It then integrates findings from both quantitative 
and qualitative analyses to provide additional insights into the 
pathways and processes involved in salmon utilization and explores 
key obstacles and opportunities for rest raw material (RRM) 
management in Germany. Building on this, the broader implications 
for overall resource efficiency are discussed. The chapter concludes 
with a reflection on data quality and study limitations.

3.1 Salmon rest raw material flow analysis

3.1.1 Raw material supply
With only 5–10% of wild-caught Pacific salmon (Oncorhynchus 

spp.), which was imported headed and gutted (HG), an estimated 
90–95% of all salmon consumed in Germany in 2020 originated from 
aquacultural production of Atlantic salmon (Salmo salar) in Norway 
(80–90%), Scotland, Ireland, Iceland and the Faroes. As salmon were 
typically slaughtered at or close to the production facility, their viscera, 
and blood remained in the country of origin and were utilized as 

TABLE 1  Conversion Categories, the respective transfer coefficients and percentages, extracted from primary data to determine material flows of 
salmon in Germany.

Conversion category RRM HOG processing RRM fillet processing Whole salmon sales Disposal

Transfer coefficients 0.33 0.05 0.06 0.08

Percent 33% 5% 6% 8%
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fertilizer and feed according to industry experts. The overwhelming 
majority of resulting head-on-gutted salmon (HOG) was transported 
to European processing plants by truck. This condition of raw material 
was preferred by industrial processors due to its traceability and lower 
degree of spoilage (Interview, 2024). The German HOG salmon 
imports amounted to over 60,000 t (Figure 3, top section, product 
group: Salmon Whole), adding the negligible German inland 
production of 0.5 t, and deducting exports of over 10,000 t, around 
50,000 t of HOG salmon remained in Germany. Approximately, 6% 
(95% CI, lower/upper: 0–0.33) or 2,800 t rounded product weight of 
these were sold directly as an end-product without further processing 
(Figure 3, left, product group: Salmon Whole).

3.1.2 Generated fillet and RRM
Collected data showed that, on average, the fillet yield of salmon 

processing was 67% (from HOG to fillet). After processing, the 
remaining volumes, along with imports of almost 40,000 t fillets and 
37,500 t convenience products, amounted to over 100,000 t of salmon 
main products (fillets and convenience products) for human 
consumption in Germany (Figure 3, left). The processing of HOG 
salmon generated considerable amounts of RRM, including 
trimmings, heads, frames, skins, and belly flaps. Based on the applied 
transfer coefficients, approximately 33% (95% CI, lower/upper: 0.31–
0.42) of this processed biomass was classified as RRM. The total RRM 
generated from HOG salmon in 2020 amounted to almost 16,000 
tonnes. Additionally, the processing of imported fillets produced 
another 5% of RRM (95% CI, lower/upper: 0–0.17) in the form of 
trimmings or skin, contributing a further 3,500 tonnes, bringing the 
total RRM generated from salmon processing in Germany to 
approximately 19,500 tonnes.

3.1.3 RRM destinations
The data analysis showed that larger domestic companies 

predominantly directed all RRM to foreign markets or to fish meal 
and oil production, while smaller companies, dealing with smaller 
amounts of residues, often opted for disposal. A fraction of 
co-products (~2,500 t) was exported for direct human consumption 
(Figure 3, right), i.e., frozen salmon heads to Asian markets, where 
there was demand for such products in traditional cuisines, or fresh 
frames to European processors specialized in mechanically deboned 
meat production (MDM), a processing technique of mechanically 
separating edible muscle tissue from bones and skin (Froning, 1981; 
Palmeira et al., 2016).

RRM intended for meal and oil production was collected in 
large tubs, sorted by co-products, by-products, and certification 
status (MSC/ASC). This process resulted in 12,500 tonnes of 
Category 3 by-products and 5,500 tonnes of co-products (Figure 3, 
top/centre). Notably, co-products were treated according to the 
same hygiene regulations as conventional food production 
(appropriate cold chain, storage, transport, quality inspections etc.). 
According to industry experts in Germany, these products were 
exclusively obtained from a small number of medium to larger 
companies across Europe, specializing in salmon processing, thereby 
enabling stable, high-quality production of single-origin products 
(Interview, 2023). Category 3 by-products were collected from 
primary processing plants by truck, partly within a regular collection 
service offered by the RRM processors, and stored in underground 

bunkers. Only about a third of these were sorted by species 
(Interview, 2023). Approximately 1,500 tonnes of co-products were 
downgraded to category 3 by-products at the rendering plant due to 
quality issues upon arrival and redirected to category 3 
by-product rendering.

Both imported and domestically produced salmon co- and 
by-products, totalling nearly 40,000 tonnes, were rendered (wet) using 
a combination of thermal and mechanical treatment. This process 
yielded almost 15,000 tonnes of salmon oil and meal, of which 2,000 
tonnes were food-grade oil and meal, suitable for human consumption 
(Figure 3, mid-section).

3.1.4 Utilization
The current utilization of RRM and RRM products could 

be  divided into four primary pathways: (1) food for human 
consumption, (2) animal feed, (3) wastewater treatment and (4) 
disposal/energy use (Figure 3, bottom section). Oil and meal products 
found usage both domestically and abroad, with 63% exported and 
37% used in Germany. Overall, around 92% of the salmon RRM 
produced in Germany was used for food or feed, resulting in a RRM 
disposal rate of 8%, equivalent to 3.2% of whole salmon (HOG) supply 
in Germany. These approximately 1,600 t in product weight were 
disposed of at a charge and directed to biogas plants for energy 
recovery, with generated residues possibly used as agricultural 
fertilizer. Waste disposal typically involved materials that were 
unsuitable for further processing due to spoilage or contamination, or 
that could not be  transported to rendering facilities economically 
(Interviews, 2023, 2024).

The RRM rendering of co- and by-products demonstrated full 
utilization nearly without any further residues apart from a small 
amount of fat content in the processing water. RRM that disqualified 
for human consumption at arrival in the rendering plant was 
redirected to category 3 processing.

The material flow underscored the marginal utilization of salmon 
oil and protein for human consumption. Of the 700 t of food grade 
salmon oil and protein remaining in Germany, only a fraction (~1%) 
was utilized as food. The vast majority of food grade co-products was 
used for petfood, along with most of the nearly 5,000 t of category 3 
oil and meal remaining in Germany (Figure 3, bottom section). Over 
9,000 t of domestically produced salmon oil and meal were exported 
(Figure  3 bottom right), mainly for utilization in aquafeed and 
petfood production.

3.2 Obstacles and potentials

The findings of this study highlight both opportunities and 
challenges associated with the utilization of salmon RRM in Germany. 
Although salmon occupies the lower end of the RRM spectrum for 
aquatic biomass, which ranges from about 30 to 85% of the total 
biomass weight (Rustad et al., 2011), the large volumes of Atlantic 
salmon processed in Germany still result in substantial amounts of 
RRM, underscoring its potential for efficient resource utilization. Its 
popularity among consumers (Fisch Informationszentrum e.V. (FIZ), 
2023), the uniform size and year-round availability, make farmed 
salmon an appealing option for primary processing as well as RRM 
rendering (Interviews, 2023).
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3.2.1 Obstacles and potentials in current 
utilization of RRM

Applying the fish by-product hierarchy established by Stevens et al. 
(2018), the utilization efficiency of salmon RRM can be further assessed. 
With no landfill and only 8% disposal (energy use), 92% utilization of 
RRM from salmon processing for food and feed (Figure  3) can 
be considered an exemplary use of resources, still 70% of RRM was 
downgraded directly after primary processing from co-product to 
category 3 by-product (Figure  3), mainly due to the absence of a 
continuous cold chain, limited storage capacity, and general handling 
practices at the primary processing plant. Of the remaining co-products 
another 25% was downgraded at the rendering plant, following 
additional checks regarding freshness and the absence of foreign 
materials in the RRM containers, before secondary processing.

Interview data revealed that the logistics and infrastructure 
required to keep RRM edible—such as cooled facilities, transportation, 
and economies of scale—pose a significant challenge for processors, 
particularly smaller ones, thereby restricting the supply of co-products. 
Notably, co-products are very susceptible to microbial and chemical 
degradation, likely due to the disruption of biological membranes 
during processing, and therefore require timely and careful handling 
(Ulleberg et al., 2023). Additionally, the process of sorting RRM by 
species often proves too costly for smaller processors, further 
constraining the availability of co-products and limiting their use 
across different applications. Similar findings were presented by 
Stevens et al. (2018) for Scottish salmon processors. The study suggests 
that establishing a network of medium- to small-scale processors for 
the collective management and storage of RRM could enhance 
revenue streams. By pooling resources and infrastructure, such a 
network would improve efficiency, reduce operational costs, and 
better capitalize on the value of RRM (Stevens et al., 2018).

Another reason for marginal human consumption, experts 
pointed out, is the lack of domestic markets for food-grade fish oil and 
meal in Germany. This is attributed to a lack of marketing and limited 
local demand for value-added products such as oil, protein, or 
co-products like salmon heads, based on cultural customs. Larger 
processors export specific co-products to well-established markets in 
Asia (Figure 3, right), where these products have a long-standing 
tradition of being used for human consumption.

While the fish by-product hierarchy indicates that the highest-
value use of fish RRM is as food or food ingredients (Stevens et al., 
2018), it can be argued that this is only valid if sufficient demand is 
generated and the process is economically sustainable. Currently, fish 
oil in the form of Omega-3 capsules as dietary supplement is often 
manufactured abroad at a more affordable price and lower quality 
according to industry experts. Meanwhile, pet food producers are 
willing to pay a high price for fish oil and meal, hampering the 
incentive to create a market for human consumption (Interview, 
2023). Yet, the market for dietary supplements has grown considerably 
in the past years (Djaoudene et al., 2023) and might hold additional 
marked potential for RRM-based products.

The collected data indicates that salmon oil and protein from 
RRM currently find no application in German aquafeed production 
(Figure  3, bottom). This can be  attributed to EU restrictions in 
salmonid breeding due to regulation (EU) No 142/2011 against intra-
species feeding (European Union, 2011), which is intended to prevent 
the spread of disease. Although this officially only applies to protein, 

in practice it is extended to oil (Interview, 2023). Consequently, this 
disqualifies the use of salmon oil and meal in trout farming, the main 
carnivorous aquaculture species grown in Germany.

Additionally, qualitative insights suggest that fish meal derived 
from RRM exhibits lower protein levels compared to meal produced 
from reduction fisheries, where the entire fish, including meat and 
viscera, is processed. For fast-growing aquaculture species, like 
salmonids, high levels of protein are essential (72–75% raw protein), 
whereas lower levels (63–65% raw protein) are more suitable for slow-
growing Mediterranean species.

Experts further indicate that the German rendering industry 
observed a decline in EPA and DHA2 levels in farmed salmon from 15 
to 7% between 1995 and 2010, after which levels have stabilized 
(Interview, 2023). These findings align with Sprague et al. (2016), who 
observed a decline in EPA/DHA levels in farmed Scottish Atlantic 
salmon from 2006 to 2015, attributed to the increased use of vegetable 
oils in aquafeeds. Shepherd and Bachis (2014) reached a similar 
conclusion. While this decline poses a challenge for the industry’s 
omega-3 rich marketing, farmed salmon still offers more long-chain 
omega-3 fatty acids than most other fish species and all terrestrial 
livestock (Sprague et  al., 2016). However, aquafeed producers 
increasingly consider algae oils as a substitute, due to its broad 
spectrum of fatty acids (Interview, 2023). While algae oil traditionally 
carried a higher price, experts have reported a notable reduction in 
costs over the past year, attributed to increasing investments in algae 
aquaculture. As a result, its price has reached parity with fish oil. This 
trend is expected to continue, potentially making algae oil a more 
economically viable option (Interview, 2024).

3.2.2 Obstacles and potentials in traditional RRM 
rendering

German rendering plants face several challenges that threaten 
their economic profitability. These include an inconsistent supply of 
RRM, driven by rising salmon prices, a growing, competitive market 
for RRM (e.g., pet food industry, mink feed, biogas production) and 
global crises (e.g., Covid-19). Maintaining a consistent supply is 
crucial for ensuring full capacity utilization, making these challenges 
particularly problematic. In the context of production for human 
consumption, the increasingly stringent regulations and food safety 
thresholds in Germany require processors to test for a growing 
number of contaminants, leading to higher costs. Consequently, 
maintaining traditional fish meal production from RRM in its current 
form will be  difficult in the long term. According to experts, 
improvements and innovation are inevitable for continued existence. 

2  Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are essential 

omega-3 fatty acids primarily synthesized by microalgae in aquatic ecosystems 

(Gladyshev et al., 2013). These fatty acids are transferred through the food 

chain, accumulating in fish, which have been the main source for human 

consumption (Gladyshev et al., 2013; Salem and Eggersdorfer, 2015). However, 

with depleting fish stocks and increasing demand, alternative sources are being 

explored (Adarme-Vega et al., 2014). The body needs EPA & DHA omega-3 s 

to develop and function optimally in every stage of life (Food and Agriculture 

Organization of the United Nations (FAO), 2022; Salem and Eggersdorfer, 2015; 

Shepon et al., 2022).
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One approach to improve the quality of category 3 products is to 
upgrade RRM storage by replacing underground bunkers with silos, 
implementing a first-in, first-out system (RRM stored first is processed 
first), while allowing for effective cooling of the stored materials. 
Other approaches are more focussed on innovations making use of the 
numerous properties of RRM components.

3.2.3 Obstacles and potentials of innovative RRM 
utilization

Industry experts reported a general trend towards the use of RRM 
for more specialized, high-value products (Interview, 2023). Ongoing 
research explores various pathways for higher added-value and diverse 
applications of salmon RRM, recognizing its considerable potential. 
Through enzymatic or chemical hydrolysis this rich source of protein 
can be converted into bioactive peptides offering numerous health 
benefits (Ramakrishnan et al., 2024). Enzymatic hydrolysis of salmon 
skin, for instance, can produce bioactive and nutritious hydrolysates 
with antihypertensive antioxidant and antimicrobial properties 
(Abdollahi and Undeland, 2018; Vázquez et  al., 2021). Notably, a 
peptide (TPEVHIAVDKF) from Atlantic salmon by-products showed 
anti-allergic activity by inhibiting β-hexosaminidase release (Wang 
et al., 2020). Further, the extraction of collagen from salmon skin and 
scales is one of the innovations, receiving increasing attention from 
numerous health-related industries, including biomedical, food, and 
cosmetic sectors, as well as wound healing in pharmaceuticals (Sae-
leaw and Benjakul, 2018; Oslan et al., 2022; Gaikwad and Kim, 2024). 
Collagen from fish is considered advantageous due to high availability, 
biocompatibility, ease of absorption by the body system, no religious 
restraints and low zoonotic disease risk compared to terrestrial, 
mammalian sources (Magtaan et al., 2021; Oslan et al., 2022). Various 
extraction methods, including acid-soluble, enzyme-soluble, and 
advanced techniques like ultrasound and supercritical fluid extraction, 
have been developed to optimize collagen yield (Oslan et al., 2022; 
Gaikwad and Kim, 2024). Given the increasing demand for collagen, 
it is essential to identify sources that are both sustainable and 
economically feasible (Gaikwad and Kim, 2024).

However, key interviewees highlighted several challenges that need 
to be addressed if this is explored further, including the management 
of problematic side streams such as caustic soda and phosphoric acid, 
with pH levels exceeding eight or dropping below four. Also, the 
economic viability of these processes remains uncertain, as well as the 
acceptance by consumers in European countries. Another promising 
application of salmon RRM mentioned during the interviews is the 
production of functional proteins, which can serve as alternatives to 
soy-based emulsifiers and various other uses in the food additives 
industry, or help to reduce water loss during fish smoking processes. 
However, if enzymatic hydrolysis is employed, higher costs are incurred 
due to the use of enzymes in the production process (Interview, 2023). 
Overall, innovative products such as collagen, functional peptides or 
salmon leather remain niche products, with engineering challenges in 
their production process yet to be fully addressed.

3.3 Overall resource efficiency of salmon 
processing in Germany

Maximizing the use of rest raw materials (RRM) in fish processing 
is crucial not only for improving overall resource efficiency but also 

for reducing environmental impact and economic losses along the 
value chain. In the context of rising global protein demand and 
sustainability pressures, aiming for 100% utilization of side streams 
becomes a strategic priority for both industry and policy (Gill et al., 
2025; Venslauskas et al., 2021).

Germany stands out as one of the largest processors and 
consumers of Atlantic salmon in Europe, alongside France and Poland 
(European Market Observatory for Fisheries and Aquaculture 
Products (EUMOFA), 2024). As an importer of head-on gutted 
(HOG) salmon, where blood and viscera remain in the country of 
origin, Germany becomes responsible for the downstream resource 
efficiency of the remaining edible and non-edible parts of this 
resource. The presented study shows that approximately 98% of 
salmon raw material (HOG salmon and fillets) processed in Germany 
is utilized either for food or pet food, with only ~2% going into waste 
treatment for energy recovery and/or fertilizer use. This level of 
utilization compares favourably with international benchmarks. 
Norway’s aquaculture sector, dominated by Atlantic salmon, reports 
about 90% RRM utilization, with blood, originating from 
slaughterhouses, remaining as the main underutilized component 
(Myhre et al., 2023). In contrast, utilization rates in Norway’s demersal 
fisheries remain significantly lower, ranging between 50–60% (Myhre 
et al., 2023). These differences highlight the salmon sector’s biological, 
technical, and economic advantages, which enable more efficient and 
comprehensive use of available biomass.

International visions point toward a “zero-waste” biorefinery 
approach, where 100% of fish co-streams are valorised into high-value 
products for food, feed, biomaterials, cosmetics, nutraceuticals, 
followed by utilisation of the remaining residue for co-generation of 
energy and soil fertilisers (Ekins et al., 2016).

From a sustainability perspective, resource efficiency 
contributes to reducing pressure on ecosystems, lowering 
greenhouse gas emissions, and improving the circularity of food 
systems (Ekins et al., 2016; Halpern et al., 2022). By maximizing 
value recovery from existing biomass rather than increasing 
primary production, the environmental footprint of the seafood 
sector can be significantly reduced (Areche et al., 2024; Cooney 
et  al., 2023; Cadena et  al., 2024). This aligns with Sustainable 
Development Goal 12.3, which aims to halve per capita global food 
waste at the retail and consumer levels, and reduce food losses along 
production and supply chains, including post-harvest losses, by 
2030 (United Nations, 2024). Germany has committed to this goal 
through its National Food Waste Reduction Strategy (Federal 
Ministry of Food and Agriculture (BMEL), 2019) which emphasizes 
the valorisation of side streams in the food and agricultural sectors, 
including fish processing. In this context, resource efficiency is not 
just a technical or economic indicator, it becomes a key lever for 
achieving sustainability in food systems. Germany’s well-established 
infrastructure for rest raw material (RRM) collection and processing 
provides a strong foundation. However, the findings of this study 
indicate that there is still untapped potential to shift from rendering 
to produce low-value outputs such as fishmeal and oil for pet food 
and feed applications to higher-value applications, such as food 
ingredients, nutraceuticals, and bio-based materials. While high 
utilization rates are a positive indicator, they do not automatically 
translate into high sustainability performance. In line with broader 
sustainability goals, it is increasingly essential to consider not just 
how much is used, but also how it is used. Such a transition would 
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not only enhance economic returns but also support national and 
international sustainability commitments.

Policy and industry can draw several conclusions from the results 
of this study. First, targeted investment in RRM upgrading 
technologies could help shift current outputs into higher-value 
applications. Second, collaborative networks among small processors 
could improve economies of scale for RRM handling of regionally 
caught species and imported fish products beyond salmon. The 
potential of integrating other species more in the existing, highly-
efficient value chain should be examined further.

Lastly, the quantified RRM flows presented in this study provide 
an important empirical basis for future Life Cycle Assessments (LCAs) 
of salmon processing. Johansen et al. (2022) highlight that the degree 
of RRM utilization in the market (referred to as by-product utilization 
in market, BUiM) is crucial for appropriately allocating environmental 
impacts in LCA models (Johansen et  al., 2022). Their model for 
Atlantic Salmon LCA uses utilization data primarily derived from 
Kontali Analyse AS, which compiles information from desktop 
studies, industry interviews, consumer trends, and trade statistics 
including EUMOFA (Johansen et al., 2022). However, for Germany, 
the salmon BUiM value applied in their model is approximately 60%, 
a figure that underestimates actual utilization significantly as this 
study’s detailed data demonstrates. This discrepancy underlines the 
importance of country-specific RRM utilization data, as proxy values 
can lead to inaccurate environmental impact allocations (Johansen 
et al., 2022). By providing detailed, empirical German data showing a 
utilization rate of about 98% of salmon raw material (HOG and fillet), 
this study enables more precise allocation in LCAs, reducing 
uncertainty and improving the accuracy of environmental assessments 
of salmon products in Germany and the wider European market.

3.4 Study limitations and data uncertainty

This study combines official statistics, industry-derived 
quantitative data, and expert interviews to model salmon processing 
flows in Germany. While this mixed-methods approach provides 
valuable insights, certain limitations must be acknowledged.

Domestic production, import, and export volumes of salmon raw 
material were obtained from official statistics, whereas data on 
subsequent processing stages relied on primary data collection. The 
extent of primary data coverage varied across these stages.

The quantitative survey was conducted as an additional 
module of a regular biennial industry study and was distributed 
in writing to all identified processing facilities in Germany, with 
one follow-up reminder. While the industrial RRM processing 
sector was fully represented, only 23% of raw material processed 
by primary salmon processors in Germany was covered. 
Incomplete responses were included if internally consistent 
variable pairs (e.g., input and output quantities) were fully 
reported; otherwise, they were excluded. No imputation was 
applied, ensuring methodological rigor but limiting completeness. 
The low response rate among primary processors highlights the 
need for improved incentives or mandatory reporting, particularly 
for large operators.

Building on this dataset, uncertainty in RRM estimation 
remains a notable limitation. Based on primary processor responses, 
approximately 33% of incoming head-on gutted (HOG) salmon 

resulted in RRM. This estimate, while derived from a limited 
sample, aligns reasonably well with international benchmarks. 
Winther et al. (2020) report edible yields of 71% for HOG salmon 
to B-trim and 54% for total edible product, corresponding to RRM 
shares of 29 and 46%, respectively. The estimate from this study falls 
within that range, particularly given differences in trimming 
specifications and processing technologies. The estimated 5% RRM 
share from fillet processing, based on questionnaire responses, 
aligns with values reported by Stevens et al. (2018), who identify 
skin and belly flaps as typical residual fractions in a similar 
magnitude, providing an additional benchmark for validation. To 
further verify the plausibility of these values, reported RRM 
volumes were cross-checked against data from RRM processors, for 
which full data coverage was achieved. The good agreement 
between the estimated supply of RRM from primary processing and 
the actual inflows into RRM rendering facilities supports the 
validity of the reported ratio. A deviation from the EU EW-MFA 
standard may affect the studies comparability but was necessary 
given the mentioned data constraints and study scope.

Qualitative data were collected via seven semi-structured 
interviews targeting key stakeholders across the value chain, including 
both small-scale and large-scale primary processors, RRM processors, 
and sector representatives. While the sample size is small, participants 
were selected for their central positions and broad operational insight, 
ensuring coverage of relevant perspectives. Triangulation with 
quantitative data helped mitigate self-reporting bias, though some 
degree of subjectivity remains, especially regarding efficiency and 
valorisation potentials.

Finally, this study focuses on the year 2020, during which the 
COVID-19 pandemic influenced consumption patterns and trade 
dynamics. While aggregate salmon exports were not significantly 
affected, firm-level analysis revealed that lockdown measures 
influenced trade patterns for specific product forms, with larger firms 
showing stronger reactions (Asche et  al., 2022). Moreover, the 
availability of residual materials fluctuates due to short-term contracts 
between primary and secondary processors. These factors limit 
generalizability and underscore the need for multi-year datasets to 
capture long-term trends and improve robustness.

Despite these limitations, the combination of high-coverage 
official data, survey responses, and expert interviews provides a 
coherent and internally consistent depiction of salmon processing 
flows. Cross-checks against international yield factors further support 
the reliability of key estimates.

4 Conclusion

The lack of publicly available data on the quantities and utilization 
of RRM from salmon processing in Germany was addressed in this 
study. Through a comprehensive investigation of the amounts, current 
practices, challenges, and opportunities related to salmon RRM 
recovery, the findings offer actionable insights that enhance resource 
efficiency in the industry, inform policy decisions, and ultimately 
support the broader goals of economic and environmental 
sustainability in food production.

This study highlights the considerable potential for enhancing 
sustainable management of aquatic resources through the integration 
of RRM recovery strategies in aquatic biomass processing. Germany 
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has a well-established infrastructure for managing RRM, including 
rendering facilities and transport networks. Presently, 98% of salmon 
raw material is utilized for food and animal feed and ~2% disposed as 
waste and used for energy production. While utilization of RRM 
products for the pet food market is currently well-established, there is 
substantial potential for higher-value applications in other markets. If 
the use of RRM for human consumption is deemed the most desirable 
approach, optimizing infrastructure post-primary processing is 
essential to maintain quality standards for human consumption.

The efficient utilization and strategic management of RRM can 
significantly enhance the economic and nutritional value of aquatic 
biomass. With a continuous growth of aquaculture production, 
ensuring the resulting biomass is used resource-efficiently is critical for 
future sustainability. While financial incentives are main drivers for the 
processing industry, considerations of food security and production are 
equally vital for optimizing the overall system’s efficiency.

This study offers valuable insights for policymakers and industry 
stakeholders, encouraging continuous advancements in responsible 
and sustainable practices, by providing new data and shedding light 
on an often-overlooked aspect of the industry.

However, further research is needed to evaluate resource efficiency 
and innovation potential across different regions and species. Results 
from this study could be used to fine tune environmental impact 
assessments of processed salmon fillets and convenience products, by 
considering more precise amounts going into RRM processing. Also, 
future studies should continue to explore the potential of emerging 
technologies, such as enzymatic hydrolysis, in improving the efficiency 
of RRM utilization.

Ultimately, advancing sustainable processing practices and 
maximizing the use of co-products throughout the sector can play a 
crucial role in enhancing food security and promoting more 
sustainable food production on a global scale.
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