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A B S T R A C T  

The purpose of this study was to assess the consumed compound diet and juvenile fish, harvested 
fish, and compound diet transport of Karacaören Dam Lake-I rainbow trout cage farming (KRTC) 
in terms of cultural energy (CE) and carbon footprint (CF) expended sustainability. Data was 
collected through face-to-face interviews with the farmers. Cultural energy and carbon footprint were 
calculated with the data obtained from the literature.  The lowest and highest FCRs in KRTC were 
0.91 and 1.18, the closest and farthest distances related to transportation were 387 and 427 km for 
aquafeed factories, 7 and 650 km for hatcheries, and 67 and 450 km for processing factories. Cultural 
energy and carbon footprint expended on consumed compound diet (CECD-Gcal and Mcal kg-1, and 
CFCD-tonne CO2e and kg CO2e kg-1) and cultural energy and carbon footprint expended on 
transportation analyzes (CET-Gcal and Mcal kg-1, and CFT-tonne CO2e and kg CO2e kg-1) were 
performed according to the literature of 20-40 g fish stocked in the beginning of November 2020 and 
270-500 g harvested until early June 2021 in the basin. In the access of sustainability, the CE (Mcal
kg-1) and CF (CO2e kg-1) expended values in kg of the harvested fish were given. The average values
of CE expended of 5 different aquafeed groups used in the basin were 3.65, 3.58, 3.41, 3.25, and 3.55
Mcal kg-1, respectively and the average values of CF expended were 1.05, 1.03, 1.14, 1.40, and 1.10 kg 
CO2e kg-1, respectively. The average share of CE and CF in the compound diet was 86.59% and
86.61%, respectively. The KRTC sustainability criterion for compound diet and transportation values 
was 2.9260 CE:CF. It is recommended to develop a sustainability index of aquaculture systems and
species-specific CE and CF expended values. 
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Introduction 

The aquaculture studies of countries with a high share in 
world food production are a reference in the species-based 
evaluation of sustainability against global climate change. 
Freshwater aquaculture meets 77% of the world’s edible 
aquaculture production, excluding aquatic plants. Freshwater 
aquaculture has provided 80% of the finned finfish production 
with external feed support since 2000 (Zhang et al., 2022). 
Türkiye is an innovative country with a strong sectorial 
direction in intensive finfish aquaculture on a world scale. 
Türkiye, which is the leading country among European and 
Mediterranean countries in portioned rainbow trout farming 
was the world leader until 2012, but after this year it left the 
world leadership to Iran. In 2019, 22.48% of the world rainbow 
trout production shares were provided by Iran and 13.43% by 
Türkiye (FAO, 2022). Rainbow trout farming in Türkiye’s 
inland waters increased regularly from 42,572 tonnes in 2000 to 
135,732 tonnes in 2021 (GDFA, 2022). 

The length of the coastline is 8,333 km, with an area of 8,903 
km² nearly 200 natural lakes, approximately 177,714 km of 
rivers, 342,377 hectares of dam lakes, 70,000 hectares of lagoon 
lakes, Türkiye has a total aquaculture production capacity of 
25,577,200 hectares (Demir & Sevinç, 2020; Arslan & Oguzhan 
Yıldız, 2021). Karacaören-I Dam Lake, which is located within 
the borders of Isparta and Budur provinces of Türkiye’s Lakes 
Region Basin, was built on the Aksu stream for irrigation, flood 
control, and electricity generation. The dam is 93.00 m high 
from the stream bed and has a normal water code of 270 m, and 
the reservoir volume and area at normal water level are 1234 
hm³ and 45.50 km², respectively (Becer Ozvarol & İkiz, 2009) 
(Figure 1). 

In terms of the stability of the world and examining the 
extent of that stability, the true cost of resource consumption 
and environmental degradation will help us determine the 
energy value of the production system (Henriksson et al., 2010). 
In aquaculture, species, feeding habits, and aquaculture systems 
cause differences in energy use, making it difficult to establish 
basic rules for determining energy use efficiency (Pelletier et al., 
2011). Along with the food systems, the fishery and aquaculture 
sector is also associated with the source of greenhouse gases that 
cause global climate change, which is dependent on the energy 
use of non-renewable fossil fuels (Pelletier et al., 2011; Muir, 
2015; Boyd et al., 2019). However, the energy use of aquaculture 
in the fossil fuel-based global food system is around 1%. As a 
cross-sectoral approach, the energy efficiency of farmed fish, 
calculated as energy input per protein-energy output, is better 
than the production of livestock (Hargreaves et al., 2019). It is 
important to evaluate the resources and practices of the 

fisheries sector, to determine the sustainability of energy use 
and to determine resource dependence (Muir, 2015). 

In the agrifood chain, our direct or indirect energy needs 
and the purpose of using it reveal whether it can meet food 
security and sustainably support development goals (FAO, 
2012). Cultural energy (CE) and carbon footprint (CF) studies 
in aquaculture can be considered as a concept that offers 
important approaches to sustainability (Diken et al., 2021, 2022; 
Diken & Koknaroglu, 2022). The carbon footprint in food 
production is expressed as the total kg of CO2equivalent (e) 
emitted per kg of an edible product obtained within the scope 
of all activities. The calculation is based on estimations of the 
emission amounts for each input during the product life cycle 
(Lutz, 2021). CE or embodied energy results of aquaculture are 
fossil-based non-renewable energy values that include 
calculations of energy values other than solar sources (Kurnia 
et al., 2019). Agrifood production, which currently relies 
heavily on fossil fuels, needs energy at every step to meet the 
growing demand for food. Improving access to energy, using 
energy more efficiently, and increasing the use of renewable 
energy sources will be beneficial to energy input and thus 
increase efficiency (FAO, 2012). A global-scale aquaculture feed 
factory is turning to low-emission feed production in its feed 
production planning without sacrificing quality and feed 
production to contribute to the sustainability of the aquaculture 
industry (Hatchery Feed & Management, 2021). At the same 
time, within the scope of reducing the CF values caused by the 
transport of the produced feed to the farm, private feed facility 
investments belonging to the farm have also been started 
(Hatchery International, 2021).  

The energy expenditure share of feed in intensive cage 
farming was 79 and 78% for salmon and grouper/bass, 
respectively (Flos & Reig, 2017). CE and CF expended 
consumed compound diet share of Turkish rainbow trout cage 
farming was close to 80% and 75%, respectively (Diken et al., 
2021, 2022). In this study, the status of sustainable aquaculture 
in Karacaören-I Dam Lake which is one of the important inland 
aquaculture areas of Türkiye was determined by calculating the 
CE and CF budget of compound diet, and compound diet and 
fish transportation of rainbow trout cage farming in 
Karacaören-I Dam Lake. 

Material and Methods 

Rainbow Trout Cage Farming Management 

This study is based on the data of 22 cage farms rearing 
rainbow trout in Karacaören-I Dam Lake within the borders of 
Isparta and Burdur provinces in Türkiye’s Mediterranean 
Region Lakes Region (Figures 1, 2). Data was collected through
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face-to-face interviews with the farmers. Rainbow trout 
juveniles stocked in Karacaören-I Dam Lake as 20-40 g in early 
November 2020 were harvested 270-500 g until early June 2021 
with a mortality rate varying between 1-10% (Table 1). The cage 
farms used 5 different aquafeed groups (CD/A, CD/B, CD/C, 
CD/D, CD/E). A compound diet with 6 diameters of 1.9 mm 
(D1), 3 mm (D2), 4 mm (D3), 4.5 mm (D4), 5 mm (D5), and 6 
mm (D6) was used in these 5 different aquafeed groups. The 
order of the lowest and highest chemical compositions of 5 
different aquafeed groups were like that 44-51 CP (crude 
protein), 17-22 CF (crude fat), 6.1-10.6 CA (crude ash), 0.9-2.4 
CF (crude fibre) for D1 and D2, 38.7-45 CP, 20-25.2 CF, 6.8-11 
CA, 1.7-2.7 CF for D3 and D4, 44-45 CP, 20-21 CF, 8.6-11 CA, 
1.7-2.4 CF for D5, and 37-45 CP, 20-25.3 CF, 9.5-11 CA, 0.9-2.8 
CF for D6. The feed ingredients used in diets generally vary as 
fish meal, poultry meal, blood meal, krill meal, hydrolysed 
feather protein, fish oil, soybean oil, soybean meal, soybean 
concentrated, wheat, wheat flour/middlings, wheat gluten, corn 
gluten/protein, sunflower meal, sunflower cake, guar protein, 
yeast extract, vitamins, and minerals. Each diet has different 
feed ingredients content.  

Cultural Energy (CE, Mcal kg-1) and Carbon Footprint 

(CF, kg CO2e kg-1) Expended Analyses 

The CE and CF values of the compound diets were 
determined by the method given by Diken & Koknaroglu 
(2022) and Diken et al. (2022) (Feedipedia, 2002; IAFFD, 2020). 

Based on the chemical analysis of the compound diets and 
the feed ingredients content, the CE values of the compound 

diets (Mcal kg-1) were determined by multiplying the unit 
values of feed ingredients (Mcal kg-1) with the usage percent 
rate of the feed ingredients (Tables 2, 3). It was calculated by 
multiplying the total consumed compound diet amount (Table 
1) by the unit values of the feeds (Tables 2, 3), and the cultural

Figure 1. Karacaören-I Dam Lake (Türkiye) (Google Earth, 
2022) 

Figure 2. Karacaören-I Dam Lake rainbow trout cage farms 
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energy expended on consumed compound diet (CECD) values 
are given in Table 4, and the carbon footprint expended on a 
consumed compound diet (CFCD) values are given in Table 5. 
CE and CF expended calculations for the transport of 
compound diet, juvenile and harvested fish (cultural energy 
expended on transportation-CET, carbon footprint expended 
on transportation-CFT) were calculated by multiplying the 
distance and amount given in Table 1 by the unit values in 
Tables 2 and 3, and the results are given in Tables 6 and 7. The 
sustainability management of KRTC according to CECD, 
CFCD, CET, and CFT is given in Table 8.  

Results and Discussion 

Karacaören Dam Lake-I Rainbow Trout Cage Farming 

In the production period of 2020-2021, 22 Karacaören Dam 
Lake-I rainbow trout cage farms (KRTC) produced 83.31% of 
their total annual project capacity (Table 1; Figures 1, 2). While 
the annual project capacity of inland water species was 215,022 
tonnes and the production of inland aquaculture species was 
136,042, 135,732 tonnes of this amount was met from trout 
production (GDFA, 2022). KRTC is the basin where 
production is above the average of Türkiye. 

Table 2. Cultural energy values for input and output of compound diet and transportation of Karacaören-I Dam Lake rainbow trout 
cage farming 

Items Unit Mcal unit-1 References 
CE expended on consumed compound diet 
Feed ingredients 
fish oil kg 2.38 Chatvijitkul et al. (2017) & Davulis et al. (1977) 
soybean oil kg 2.24 Chatvijitkul et al. (2017) & Smith et al. (2007) 
fish meal, anchovy kg 4.45 Chatvijitkul et al. (2017) & Davulis et al. (1977) 
krill meal kg 17.95 Ecoinvent v3 
blood meal kg 5.45 Ecoinvent v3 
poultry meal kg 2.32 Chatvijitkul et al. (2017) & Davulis et al. (1977) 
hydrolysed feather protein kg 0.05 Ecoinvent v3 
corn gluten/protein  kg 2.98 Chatvijitkul et al. (2017) 
soybean meal kg 0.93 Chatvijitkul et al. (2017) & Smith et al. (2007) 
soybean concentrated kg 5.43 Ecoinvent v3 
sunflower meal kg 0.68 Ecoinvent v3 
sunflower cake* kg 0.68 Ecoinvent v3 
wheat kg 0.95 Chatvijitkul et al. (2017) & Davulis et al. (1977) 
wheat flour/middlings kg 1.84 Chatvijitkul et al. (2017)  
wheat gluten kg 2.98 Chatvijitkul et al. (2017)  
guar protein** kg 0.93 Chatvijitkul et al. (2017) 
yeast, extract kg 28.32 Ecoinvent v3 
vitamins kg 0.09 Chatvijitkul et al. (2017)  
minerals kg 0.09 Chatvijitkul et al. (2017)  
pellets production kg 0.51 Hognes et al. (2011) 
CE expended (Mcal kg-1) 
Aquafeed 1.9mm 3mm 4mm 4.5mm 5mm 6mm Mean ± SD 
A 3.76 3.61 3.61 3.61 3.65 ± 0.08 
B 3.60 3.57 3.57 3.57 3.58 ± 0.01 
C 3.38 3.29 3.29 3.67 3.41 ± 0.18 
D 3.34 3.22 3.34 3.11 3.25 ± 0.11 
E 5.40 2.78 3.23 2.77 3.55 ± 1.25 
CE expended on transportation 
Items Unit Mcal unit-1 References 
Truck km.kg 0.00083 Pimentel (1980) 

Note: CE = cultural energy. * Since sunflower meal and cake are derived from the same process, sunflower meal data is a very good 
approximation to sunflower cake data. ** Since guar is a typical Indian crop, the values of soybean meal have been used. 
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Table 3. Carbon footprint (kg CO2e) values for input and output of compound diet and transportation of Karacaören-I Dam Lake 
rainbow trout cage farming 

Items Unit kg CO2e unit-1 References 

CF expended on consumed compound diet 

Feed ingredients 
fish oil kg 0.99 Hognes et al. (2011) 
soybean oil kg 2.024 Schmidt (2015) 
fish meal, anchovy kg 0.99 Hognes et al. (2011) 
krill meal kg 5.4 Parker & Tyedmers (2012) 
blood meal kg 2.45 Ecoinvent v3 
poultry meal kg 3.14 Hognes et al. (2011) 
hydrolysed feather protein kg 0.0244 Ecoinvent v3 
corn gluten/protein kg 1.061 O’Brien et al. (2014) 
soybean meal kg 0.541 Moe et al. (2014) 
soybean concentrated kg 3.20 Hognes e al. (2011) 
sunflower meal kg 0.468 Ecoinvent v3  
sunflower cake* kg 0.468 Ecoinvent v3  
wheat, Chile kg 0.425 Vellinga et al. (2013)  
wheat flour/middlings kg 0.913 Ecoinvent v3 
wheat gluten kg 2.08 Hognes et al. (2011) 
guar protein** kg 0.164 Ecoinvent v3 
yeast, extract kg 5.91 Ecoinvent v3 
vitamins kg 1.62 Rotz et al. (2019) 
minerals kg 1.62 Rotz et al. (2019) 
pellets production kg 0.13 Hognes et al. (2011) 

CF expended (kg CO2e kg-1) 

Aquafeed 1.9mm 3mm 4mm 4.5mm 5mm 6mm Mean ± SD 
A 1.07 1.05 1.05 1.05 1.05 ± 0.01 
B 1.03 1.03 1.03 1.03 1.03 ± 0.00 
C 1.14 1.12 1.12 1.19 1.14 ± 0.03 
D 1.41 1.39 1.40 1.38 1.40 ± 0.01 
E 1.47 0.89 1.08 0.96 1.10 ± 0.26 

CF expended on transportation 

Items Unit kg CO2e unit-1 References 
km.tonnes 0.236, 0.468, 0.722 Robertson et al. (2015) 

Note: CF = carbon foot print. *Since sunflower meal and cake are derived from the same process, sunflower meal data is a very good 
approximation to sunflower cake data. ** Since guar is a typical Indian crop, the values of Indian soybean meal have been used. 

A total of 3,236,720 tonnes of compound diets were used 
from 5 different aquafeed factories in KRTC. The shortest 
distance between cage farms to aquafeed factories is 315 km, the 
longest distance is 427 km, and the average distance is 387 km 
(Table 1). KRTC FCR values were the lowest at 0.91, the highest 
at 1.18, and the average at 1.08. The companies numbered 1, 9, 
and 14 from the cage farms have used 3 different aquafeed 
factories (Table 1). Fifteen KRTC juvenile fish needs were met 
from hatcheries established on the Göksu Stream flowing into 
the Karacaören Dam Lake. While the average distance of the 

hatcheries to the KRTC basin is 93.1 km, the distance of the 
hatchery with the longest distance to the cage farm is 650 km 
(Table 1). The distance between the processing factories to the 
cage farms is 150.3 km on average, with the shortest at 67 km 
and the longest at 450 km. Cage farm 2 sent the harvested fish 
in half and half to 2 different processing factories (Table 1). 

The management strategies were similar due to the kinship 
of the cage farms because some different cage farms were 
owned by the same person or company (Table 1). 
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Table 4. Cultural energy expended on consumed compound diet (CECD) of Karacaören-I Dam Lake rainbow trout cage farming 

Code Total cultural energy expended on consumed compound diet (Gcal) 

Farm Aquafeed 1.9mm 3mm 4mm 4.5mm 5mm 6mm Σ 

1 A 105.29 187.54 389.51 581.34 1,263.69 3.4163 

C 11.83 21.41 44.46 73.85 151.55 0.3689 

E 18.89 18.10 43.62 55.85 136.45 0.4097 

Σ1,551.69 4.1949 

2 A 26.32 198.36 245.25 270.50 740.43 3.9293 

3 A 7.52 21.64 36.07 50.49 115.72 3.7706 

4 D 16.70 31.20 49.40 73.30 171.59 3.9538 

5 C 10.14 29.64 32.93 40.32 113.03 3.4673 

6 B 15.30 30.39 57.20 69.71 172.59 3.9336 

7 B 15.30 30.39 58.98 71.50 176.16 3.9366 

8 B 14.40 28.60 53.62 64.35 160.96 3.9259 

9 A 12.03 25.97 54.82 73.64 166.46 3.7338 

C 1.35 2.96 6.26 9.44 20.01 0.4024 

E 2.16 2.51 6.14 7.14 17.94 0.4489 

Σ204.41 4.5851 

10 C 6.76 21.41 23.05 29.32 80.54 3.4494 

11 B 7.20 21.45 35.75 51.83 116.23 4.1510 

12 E 215.85 167.09 64.62 447.56 4.0687 

13 D 66.78 386.35 668.96 497.77 1,619.85 3.4465 

14 A 105.29 187.54 389.51 581.34 1,263.69 3.4163 

C 11.83 21.41 44.46 73.85 151.55 0.3689 

E 18.89 18.10 43.62 55.85 136.45 0.4097 

Σ1,551.69 4.1949 

15 D 66.78 257.56 501.72 622.21 1,448.27 3.4982 

16 D 183.65 321.96 501.72 68.44 1,075.76 3.4590 

17 D 16.70 64.39 334.48 140.00 555.56 3.5162 

18 A 8.01 122.34 80.61 210.97 3.2068 

19 D 46.75 80.49 133.79 18.67 279.69 3.4530 

20 D 13.36 25.76 20.07 21.78 80.96 3.5199 

21 D 13.36 25.76 20.07 21.78 80.96 3.5199 

22 B 3.60 17.87 17.87 35.75 75.09 3.2650 

Σ/Average 255.78 992.03 2,163.37 157.99 3,800.56 3,659.99 11,029.72 3.7475 

Note:  = CECD value per kg of rainbow trout aquaculture (Mcal). 

Cultural Energy and Carbon Footprint Expended on 

Consumed Compound Diet 

The average lowest and highest CE and CF expended values 
of the compound diets were calculated as 3.65 and 
3.25 Mcal kg-1 and 1.03 and 1.40 kg CO2e kg-1 (Tables 2, 3). This 

situation is related to the rate of use of feed ingredients 
depending on the chemical composition of the compound 
diets. It is similar to the difference in the embodied energy 
values of their feeds depending on the feed ingredients content 
reported by Chatvijitkul et al. (2017). The results were similar 
to the 3.40 Mcal kg-1 CE expended value of rainbow trout diets 
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reported by Diken & Koknoroglu (2022), but higher than the 
0.97 kg CO2e kg-1 CF expended value reported by Diken et al. 
(2022). In addition, considering the report of Boissy et al. 
(2011), which states that depending on the diet content, the 
climate change effect (kg CO2e) of a plant-based diet in trout 
feed is 6% lower than that of a fish meal-based standard diet, it 
can be concluded that the CF of diets can be improved in trout 
aquaculture. At the same time, it has been reported that the 

choice of different feed production systems and feed 
ingredients considering the distance effect should be evaluated 
in terms of environmental impact strategies to create the less 
global warming effect of aquaculture feeds (da Silva Pires et al., 
2022). Although these approaches reveal the importance of 
plant-derived feed ingredients for the sustainability of trout 
diets, attention should be paid to the kg CO2e unit-1 values of 
feed ingredients given in Table 3 in compound diet rations. 

Table 5. Carbon footprint expended on consumed compound diet (CFCD) of Karacaören-I Dam Lake rainbow trout cage farming 

Code Total Carbon Footprint Expended on Consumed Compound Diet (tonne CO2e) 

Farm Aquafeed 1.9mm 3mm 4mm 4.5mm 5mm 6mm Σ 
1 A 30.00 54.53 113.26 169.04 366.83 0.9917 

C 3.98 7.27 15.10 23.90 50.24 0.1358 
E 5.15 5.81 14.55 19.26 44.76 0.1210 

Σ 461.83 1.2485 

2 A 7.50 57.68 71.31 78.65 215.14 1.1417 

3 A 2.14 6.29 10.49 14.68 33.60 1.0949 

4 D 7.04 13.86 21.07 27.63 69.60 1.6038 

5 C 3.41 10.07 11.18 13.05 37.70 1.1566 

6 B 4.37 8.75 16.47 20.08 49.67 1.1321 

7 B 4.37 8.75 16.99 20.59 50.70 1.1330 

8 B 4.12 8.24 15.44 18.53 46.33 1.1299 

9 A 3.43 7.55 15.94 21.60 48.52 1.0884 
C 0.45 1.01 2.13 3.05 6.64 0.1489 
E 0.59 0.36 0.97 2.46 4.38 0.0982 

Σ 59.54 1.3355 

10 C 2.27 7.27 7.83 9.49 26.86 1.1503 

11 B 2.06 6.18 10.30 14.93 33.46 1.1950 

12 E 58.81 53.65 21.56 134.02 1.2183 

13 D 28.17 166.33 280.92 221.05 696.47 1.4819 

14 A 30.00 54.53 113.26 169.04 366.83 0.9917 
C 3.98 7.27 15.10 23.90 50.24 0.1358 
E 5.15 5.81 14.55 19.26 44.76 0.1210 

Σ 461.83 1.2485 

15 D 28.17 110.89 210.69 276.31 626.06 1.5122 

16 D 77.47 138.61 210.69 30.39 457.17 1.4700 

17 D 7.04 27.72 140.46 62.17 237.40 1.5025 

18 A 2.57 39.85 25.27 67.70 1.0290 

19 D 19.72 34.65 56.18 8.29 118.85 1.4672 

20 D 5.63 11.09 8.43 9.67 34.82 1.5140 

21 D 5.63 11.09 8.43 9.67 34.82 1.5140 

22 B 1.03 5.15 5.15 10.30 21.62 0.9400 

Σ /Average 69.69 350.19 804.63 51.63 1,402.09 1,296.98 3,975.21 1.2827 

Note:  = CFCD value per kg of rainbow trout aquaculture (kg CO2e) 



Diken (2022) Marine Science and Technology Bulletin 11(4): 475-492 

484 

Table 6. Cultural energy expended on transportation (CET) of Karacaören-I Dam Lake rainbow trout cage farming 

Code Aquafeed Hatchery Processing Factory Σ 

Farm Aquafeed Σ Gcal Σ Gcal CO2e Σ Gcal CO2e 
1a,b,c A 110.13 0.2977 0.58 0.0016 19.52 0.0528 

C 15.11 0.0408 0.31 0.0008 29.20 0.0789 
E 14.96 0.0404 

Σ140.20 0.3790 Σ0.89 0.0024 Σ48.71 0.1317 0.5131 
2b,c A 64.66 0.3431 0.46 0.0025 36.59 0.1942 0.5781 

0.01 0.0001 7.22 0.0383 
Σ0.48 0.0025 Σ43.81 0.2325 

3b A 10.09 0.3289 0.07 0.0024 
0.01 0.0005 
Σ0.09 0.0029 13.72 0.4470 0.7788 

4b D 17.72 0.4083 2.03 0.0469 
1.46 0.0337 
Σ3.50 0.0806 27.51 0.6340 1.1229 

5b C 11.42 0.3504 0.07 0.0023 
0.30 0.0092 
Σ0.37 0.0115 2.71 0.0831 0.4449 

6 B 12.61 0.2875 0.12 0.0026 5.78 0.1317 0.4218 
7 B 12.88 0.2877 0.12 0.0026 5.78 0.1291 0.4194 
8 B 11.77 0.2629 0.12 0.0028 5.78 0.1409 0.4066 
9a,c A 14.57 0.3268 1.50 0.0337 

C 2.00 0.0054 4.17 0.0936 
E 1.98 0.0444 

Σ18.55 0.3767 0.15 0.0033 Σ5.67 0.1272 0.5071 
10b C 8.13 0.3483 0.07 0.0032 

0.30 0.0128 
Σ0.37 0.0160 1.81 0.0773 0.4416 

11 B 8.50 0.3035 0.01 0.0004 4.33 0.1547 0.4586 
12 E 40.64 0.3694 19.09 0.1735 8.67 0.0788 0.6217 
13 D 166.42 0.3541 8.72 0.0185 38.93 0.0828 0.4554 
14a,b,c A 110.13 0.2977 0.58 0.0016 19.52 0.0528 

C 15.11 0.0408 0.31 0.0008 29.20 0.0789 
E 14.96 0.0404 

Σ121.36 0.3790 Σ0.89 0.0024 Σ48.71 0.1317 0.5131 
15 D 149.77 0.3618 10.46 0.0253 35.03 0.0846 0.4717 
16 D 109.11 0.3508 194.22 0.6245 28.06 0.0902 1.0656 
17 D 56.58 0.3581 3.49 0.0221 13.62 0.0862 0.4664 
18 A 20.93 0.3182 3.85 0.0585 15.43 0.2346 0.6113 
19 D 28.36 0.3501 75.53 0.9325 8.02 0.0990 1.3816 
20 D 8.32 0.3618 0.58 0.0253 1.98 0.0859 0.4729 
21 D 8.34 0.3627 0.60 0.0259 1.98 0.0859 0.4745 
22 B 5.49 0.2387 0.06 0.0025 2.21 0.0960 0.3372 
Σ/Average 1,050.70 0.3400 323.69 0.0927 368.24 0.1566 0.5893 

Note:  = CET value per kg of rainbow trout aquaculture (Mcal). It includes calculations resulting from a = aquafeed factory 
distance difference and b,c = difference of vehicles used in transportation 
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Table 7. Carbon footprint expended on transportation (CFT) of Karacaören-I Dam Lake rainbow trout cage farming 

Code Aquafeed Hatchery Processing Factory Σ 

Farm Aquafeed Σ tonne CO2e Σ tonne CO2e Σ tonne CO2e 
1a,b,c A 31.32 0.0847 0.17 0.0004 5.55 0.0150 

C 4.30 0.0116 0.09 0.0002 8.30 0.0224 
E 4.25 0.0115 

Σ39.87 0.1078 Σ0.25 0.0007 Σ13.85 0.0374 0.1459 
2b,c A 18.38 0.0976 0.13 0.0007 20.63 0.1095 

0.01 0.0001 4.07 0.0216 
Σ0.14 0.0008 Σ24.70 0.1311 0.2294 

3b A 3.53 0.1151 0.04 0.0014 
0.01 0.0004 
Σ0.06 0.0018 7.74 0.2521 0.3689 

4b D 5.04 0.1161 0.58 0.0133 
0.42 0.0096 
Σ0.99 0.0229 7.82 0.1803 0.3193 

5b C 3.97 0.1219 0.06 0.0020 
0.17 0.0052 
Σ0.23 0.0072 1.53 0.0468 0.1759 

6 B 3.59 0.0818 0.03 0.0008 3.26 0.0742 0.1567 
7 B 3.66 0.0818 0.03 0.0007 3.26 0.0728 0.1553 
8 B 3.35 0.0816 0.03 0.0008 3.26 0.0794 0.1618 
9a,c A 4.14 0.0929 0.04 0.0009 0.43 0.0096 

C 1.74 0.0127 1.19 0.0266 
E 1.72 0.0126 

Σ7.60 0.1183 Σ1.61 0.0362 0.1554 
10b C 2.31 0.0990 0.06 0.0028 

0.17 0.0072 
Σ0.23 0.0100 1.02 0.0436 0.1526 

11 B 2.96 0.1059 0.01 0.0004 2.44 0.0872 0.1935 
12 E 11.55 0.1050 5.43 0.0493 21.23 0.1930 0.3474 
13 D 47.32 0.1007 2.48 0.0053 7.75 0.0165 0.1224 
14a,b,c A 31.32 0.0847 0.17 0.0004 5.55 0.0150 

C 4.30 0.0116 0.09 0.0002 8.30 0.0224 
E 4.25 0.0115 

Σ39.87 0.1078 Σ0.25 0.0007 Σ13.85 0.0374 0.1459 
15 D 42.59 0.1029 2.97 0.0072 9.96 0.0241 0.1341 
16 D 31.02 0.0998 55.22 0.1776 7.98 0.0257 0.3030 
17 D 16.09 0.1018 0.09 0.0063 3.87 0.0245 0.1326 
18 A 5.95 0.0905 1.10 0.0166 4.20 0.0667 0.1738 
19 D 8.06 0.0996 21.48 0.2651 2.28 0.0281 0.3928 
20 D 2.37 0.1029 0.17 0.0072 0.56 0.0244 0.1345 
21 D 2.37 0.1031 0.17 0.0074 0.56 0.0244 0.1349 
22 B 1.56 0.0679 0.03 0.0014 1.92 0.0835 0.1528 
Σ/Average 304.94 0.1004 92.35 0.0269 149.37 0.0723 0.1995 

Note:  = CFT expended per kg of rainbow trout aquaculture (kg CO2e). It includes calculations resulting from a = aquafeed factory 
distance difference and b,c = difference of vehicles used in transportation 
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Table 8. Total cultural energy and carbon footprint expended values in Karacaören-I Dam Lake rainbow trout cage farming 
sustainability management 
Cage 
Farm 

Compound Diet Transportation TOTAL Compound Diet 
(%) Aquafeed Hatchery Processing factory Σ 

CE CF CE CF CE CF CE CF CE CF CE CF CE CF CE:CF 

1 4.1949 1.2485 0.3790 0.1078 0.0024 0.0007 0.1317 0.0374 0.5131 0.1459 4.7080 1.3944 89.10 89.54 3.3763 

2 3.9293 1.1417 0.3431 0.0976 0.0025 0.0008 0.2325 0.1311 0.5781 0.2294 4.5074 1.3711 87.17 83.27 3.2874 

3 3.7706 1.0949 0.3289 0.1151 0.0029 0.0018 0.4470 0.2521 0.7788 0.3689 4.5494 14639 82.88 74.80 3.1078 

4 3.9538 1.6038 0.4083 0.1161 0.0806 0.0229 0.6340 0.1803 1.1229 0.3193 5.0766 1.9231 77.88 83.40 2.6399 

5 3.4673 1.1566 0.3504 0.1219 0.0115 0.0072 0.0831 0.0468 0.4449 0.1759 3.9121 1.3325 88.63 86.80 2.9360 

6 3.9336 1.1321 0.2875 0.0818 0.0026 0.0008 0.1317 0.0742 0.4218 0.1567 4.3554 1.2889 90.31 87.84 3.3792 

7 3.9366 1.1330 0.2877 0.0818 0.0026 0.0007 0.1291 0.0728 0.4194 0.1553 4.3560 1.2884 90.37 87.94 3.3810 

8 3.9259 1.1299 0.2629 0.0816 0.0028 0.0008 0.1409 0.0794 0.4066 0.1618 4.3326 1.2918 90.61 87.47 3.3540 

9 4.5851 1.3355 0.3767 0.1183 0.0033 0.0009 0.1272 0.0362 0.5071 0.1554 5.0923 1.4909 90.04 89.58 3.4155 

10 3.4494 1.1503 0.3483 0.0990 0.0160 0.0100 0.0773 0.0436 0.4416 0.1526 3.8910 1.3029 88.65 88.29 2.9864 

11 4.1510 1.1950 0.3035 0.1059 0.0004 0.0004 0.1547 0.0872 0.4586 0.1935 4.6097 1.3884 90.05 86.07 3.3200 

12 4.0687 1.2183 0.3694 0.1050 0.1735 0.0493 0.0788 0.1930 0.6217 0.3474 4.6905 1.5657 86.74 77.81 2.9957 

13 3.4465 1.4819 0.3541 0.1007 0.0185 0.0053 0.0828 0.0165 0.4554 0.1224 3.9019 1.6043 88.33 92.37 2.4322 

14 4.1949 1.2485 0.3790 0.1078 0.0024 0.0007 0.1317 0.0374 0.5131 0.1459 4.7080 1.3944 89.10 89.54 3.3763 

15 3.4982 1.5122 0.3618 0.1029 0.0253 0.0072 0.0846 0.0241 0.4717 0.1341 3.9699 1.6463 88.12 91.85 2.4114 

16 3.4590 1.4700 0.3508 0.0998 0.6245 0.1776 0.0902 0.0257 1.0656 0.3030 4.5246 1.7730 76.45 82.91 2.5520 

17 3.5162 1.5025 0.3581 0.1018 0.0221 0.0063 0.0862 0.0245 0.4664 0.1326 3.9826 1.6351 88.29 91.89 2.4357 

18 3.2068 1.0290 0.3182 0.0905 0.0585 0.0166 0.2346 0.667 0.6113 0.1738 3.8180 1.2028 83.99 85.55 3.1743 

19 3.4530 1.4672 0.3501 0.0996 0.9325 0.2651 0.0990 0.0281 1.3816 0.3928 4.8346 1.8601 71.42 78.88 2.5991 

20 3.5199 1.5140 0.3618 0.1029 0.0253 0.0072 0.0859 0.0244 0.4729 0.1345 3.9929 1.6485 88.16 91.84 2.4222 

21 3.5199 1.5140 0.3627 0.1031 0.0259 0.0074 0.0859 0.0244 0.4745 0.1349 3.9944 1.6489 88.12 91.82 2.4225 

22 3.2650 0.9400 0.2387 0.0679 0.0025 0.0014 0.0960 0.0835 0.3372 0.1528 3.6022 1.0928 90.64 86.02 3.2964 

Ave. 3.7475 1.2827 0.3400 0.1004 0.0927 0.0269 0.1566 0.0723 0.5893 0.1995 4.3368 1.4822 86.59 86.61 2.9682 

Note:  = Mcal or kg CO2e expended corresponding per kg of rainbow trout aquaculture. Ave. = Average 

The CD/A-4mm, 5mm, and 6mm diets with the same 
chemical compositions had lower CE and CF expended values 
compared to the CD/A-3mm diet (Tables 2, 3). This situation 
was due to the rate of use of fish meals, the high crude protein 
value of the A-3mm diet, and the low crude fibre. While the 
crude fibre ratios of the B diets were the same, the CE expended 
value was high due to the high crude protein value of the B-
3mm diet (Table 2). Crude protein and crude fat total values 
were similar at a rate of 64% in CD/B-3mm and 65% in other B 
diets, respectively. While the CE value of the fish meal was 
higher than fish oil, the CF values were similar (Tables, 3, 4). 
Because of this situation, while the CE expended value of the 
CD/B-3mm diet was high, the CF values of all B diets were 

similar. The difference in the crude fibre values of the C diets 
affected the CE and CF expended values of the diets. The CE 
and CF expended values of the 6mm diet with the lowest crude 
fibre values were higher than the other C diets (Tables 2, 3). The 
crude fibre and crude protein ratios of D diets affected the CE 
and CF expended value. The 6mm diet with a high crude fibre 
value was the diet with low CE and CF expended value (Tables 
2, 3). Compared to the CD/D-6mm diet, the 4 mm diet, which 
had a high crude protein value and a low crude fibre value had 
the lowest CE and CF expended values after this diet. The 
difference in feed ingredients used in the E diets affected the CE 
and CF expended values of the diets (Tables 2, 3). At the same 
time, the increase in the crude fibre ratio and the decrease in the 
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crude protein ratio affected these values. The limiting effect of 
the crude fibre value of the diet formulations on the feed 
ingredient utilization rate primarily affected the CE and CF 
expended values of the diets. In addition, the feed ingredient 
differences of the same diet groups also affected the CE and CF 
expended values of the diets (Tables 2, 3).  

Rainbow trout farming with different compound diets in 
KRTC 1, 9, and 14 fish farms increased the cultural energy 
expended on consumed compound diet (CECD) and carbon  

footprint expended on consumed compound diet (CFCD) 
values per kg of rainbow trout aquaculture (Tables 4, 5). 
Although the FCR values of these farms were similar, the CECD 
and CFCD values increased to raise per kg of rainbow trout 
aquaculture due to the low amount of harvested fish from farm 
9. While the CECD value of farm 22 using a B diet with low FCR
values was low per kg of rainbow trout aquaculture, the high
FCR value of farm 11 using the same diet increased this value
(Tables 1, 4). The CECD value increased depending on the FCR
value of the D compound diet with a low CE expended value
(Table 1, 4). The increase in FCR values of farms 15, 16, and 17
using the D compound diet increased the CECD value per kg of
rainbow trout aquaculture. Farms 13 and 19 using the D
compound diet had a low CECD per kg of rainbow trout
aquaculture.

The reason why the CECD value of farm 10 using 
compound diet C was similar to farms 13 and 19 per kg of 
rainbow trout aquaculture was due to the low FCR (Tables 1, 
4). Farm 22 in the basin had a low CFCD value per kg of 
rainbow trout aquaculture (Tables 1, 5). The most important 
factor in this value was that although the CF expended value of 
compound diet B was low, the amount of diet consumed due to 
FCR was low (Table 1).  

Farms 13 and 19 with low FCR had a low CECD per kg of 
rainbow trout aquaculture, but a high CFCD (Tables 1, 4, 5). 
This is due to the CF value of compound diet. As the FCRs of 
the farms using the same compound diets increased, the CECD 
and CFCD values of the compound diets consumed per kg of 
rainbow trout aquaculture increased (Tables 1, 4, 5). The CECD 
value per kg of rainbow trout aquaculture in the basin was high 
in farm 4, depending on the high value in the FCR (Tables 1, 5). 
FCR was the most influential factor over CECD and CFCD 
value per kg of rainbow trout aquaculture. In general, 5 and 6 
mm compound diets from the grow-out diets of farms 
increased the CECD and CFCD values, and depending on these 
values, it increased the Mcal and kg CO2e values per kg of 
rainbow trout aquaculture (Tables 1, 4, 5). 

Depending on the nutritional habits of the cultivated 
species, the diversity of feed ingredients used in compound 
diets and the formulation differences affected the CE and CF 

expended values (Tables 1, 2, 3). In aquaculture, the feed had a 
high energy input of 53-86% (Pelletier et al., 2011; Diken & 
Koknaroglu, 2022). This rate was similar to broiler and layer 
hen production. The reason for this was the use of high-quality 
feed ingredients in the feed of chickens and laying hens 
(Koknaroglu & Atilgan, 2007; Akunal & Koknaroglu, 2021). 
The reason for the high CE expended values of carnivorous 
species such as rainbow trout was due to the need for feed 
ingredients (fish meal, fish oil, corn and wheat gluten, soybean 
concentrated, etc.) of animal origin and/or higher protein value 
in their diets. The CE expended values of diets belonging to 
carnivorous species such as rainbow trout were high due to feed 
ingredients with low CE expended value from other ruminant 
livestock (sheep) (Demircan & Koknaroglu, 2007; Demircan, 
2008; Koknaroglu, 2008, 2010; Cinar & Koknaroğlu, 2019; 
Koknaroglu & Hoffman, 2019). According to Chatvijitkul et al. 
(2017), and Diken & Konaroglu (2022), the CE expended value 
of rainbow trout compound diets was between 2.93-3.40 Mcal 
kg-1. In this study, the CE expended an average value of 
compound diets between 3.25-3.65 Mcal kg-1 (Table 3). The CE 
expended values for hybrid catfish, tilapia, pangasius, Atlantic 
salmon, whiteleg shrimp, back tiger shrimp from other aquatic 
species were reported as 1.17, 1.39, 1.27, 2.98, 2.17, 2.54 Mcal 
kg-1, respectively (Chatvijitkul et al., 2017). The percentage of 
crude protein in European seabass compound diets was 
between 3.61-4.21 Mcal kg-1, due to its relatively high value 
related to the rainbow trout diet (Diken et al., unpublished). The 
CE value of one kg of concentrated feed for beef cattle and dairy 
cattle was 1.13 Mcal kg-1 (Demircan, 2008; Koknaroglu, 2008) 
and 1.30 Mcal kg-1, respectively.  

Considering the 77.78% and 77.88% cultural energy and 
72.60% carbon footprint values of the consumed compound 
diet, excluding the transportation values of rainbow trout cage 
farming (Diken et al., 2021, 2022; Diken & Koknaroglu, 2022), 
also in this study, the high rates of CE and CFP expended values 
of compound diet and consumed compound diet due to FCR 
support the result of feed-induced CE and CF budget increase. 
Flos & Reig (2017) reported that the feed had an energy share 
of 79% in intensive salmon cage cultivation. The CECD 
expended rate of earthen pond European seabass farming was 
calculated as 28.06% (Diken et al., unpublished). Together with 
these reports, the results of the current study revealed that CE 
and CF expended values based on feed should be considered as 
sustainability criteria in trout farming (Tables 5, 6). 

In addition to a fish meal with high protein values, high 
emissions due to land use, such as soybean production, had 
affected salmonid feed emissions (MacLeod et al., 2020). Ziegler 
et al. (2021), reported that 85% of the total CF in salmon 
production was made up of feed. Similarly, the cage had a high 
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share in rainbow trout farming compared to feed, and fish and 
feed transportation (Tables 4, 5, 6, 7, 8). The result of the study 
showed that the use of FCR and high-emission feed ingredients 
increased the CF expended value, supporting the finding that 
FCR increase in salmon fish farming and feed inputs with 
intense emissions caused an increase in emissions in 
production (Ziegler et al., 2021) (Tables 1, 3, 5). This and 
similar approaches enable us to understand the statements that 
CO2e was reported to be used on feed labels as an indicator of 
the sustainability of the private aquaculture sector (Hatchery 
Feed & Management, 2021).  

Cultural Energy and Carbon Footprint of 

Transportation 

The compound diet transportation of cage farms 6, 7, 8, and 
22 closest to the aquafeed factory in KRTC were the farms with 
low CET and CFT values per kg of rainbow trout aquaculture 
(Tables 1, 6, 7). Among these farms, farm 22, which had low 
transport distances, has the lowest CET and CFT values per kg 
of rainbow trout aquaculture (Tables 1, 6, 7). Farm 4 was the 
farthest from the aquafeed factory and processing factory 
(Table 1). CET was high per kg of rainbow trout aquaculture 
due to distance (Table 6). However, the CEF value for 
transportation per kg of rainbow trout aquaculture was not 
high (Table 7). 

Farm 11 had the lowest CET and CFT values per kg of 
rainbow trout aquaculture in the basin, due to the low-capacity 
rainbow trout farming, the low need for juvenile fish, and the 
supply of juvenile fish from the close-range hatchery on the 
Göksu Stream located in the same basin (Tables 1, 6, 7). Since 
cage farms 1 and 14, which had the highest rainbow trout 
aquaculture in the basin, meet the need for juvenile fish from 
the hatcheries in the same basin, and the distance to the 
processing factory was below the average values of the basin, the 
CE and CF expended values of transportation were low (Table 
1, 6, 7). Since cage farms 16 and 19 meet their juvenile fish needs 
from the same hatchery at the farthest distance, and the need 
for juvenile fish was high, the CET and CFT expended values 
were high (Tables 1, 6, 7). Cage farms 1, 2, 3, 6, 7, 8, 9, 11, 14, 
and 22, which provide juvenile fish needs from hatcheries on 
Göksu Stream, were farms with low CET and CFT values per kg 
of rainbow trout aquaculture (Tables 1, 6, 7).  

CET and CFT of harvested fish per kg of rainbow trout 
aquaculture due to the proximity of farm 13 with the highest 
production to the processing factory were low (Tables 1, 6, 7). 
The CFT value of the harvested fish was high per kg of rainbow 
trout aquaculture since farm 22 transports the harvested fish 
with a low-capacity vehicle (Table 7). 

If the distance of a farm to the aquafeed factory, hatchery, 
and processing factory in KRTC was below the average of the 
basin, the CET and CFT values per kg of rainbow trout 
aquaculture were low (Tables 1, 6, 7). The average values of 
0.5893 Mcal kg-1 CET and 0.1995 kg CO2e CFT per kg of 
rainbow trout aquaculture of farms 1, 14, and 15, which had the 
highest production in the basin, were below the basin average 
values (Tables 1, 6, 7). These results support the statement that 
the transport distance reported by Diken et al. (2021, 2022), 
affected the value of CE and CF expended transportation in 
trout farming. It has also been reported that CE expended 
transportation will increase by 2.22-3.08% in the simulation of 
the fact that the need for feed and juvenile fish in earthen pond 
European sea bass farming was provided from farther region 
enterprises (Diken et al., unpublished). Similarly, in the rainbow 
trout cage farming simulation study by Diken (2021), it was 
reported that the CE expended transportation value of the 
farms that met the compound diet requirement from longer 
distances, where the FCR ratios did not change, increased 
significantly. A private firm reported that they were planning to 
establish a feed facility on a salmon farm to reduce the carbon 
footprint of feed-related transportation (Hatchery 
International, 2021). As a result, it was reported that the 
transportation distance compared to the feed had a lower share 
of CE and CF expended but had an effect that should be taken 
into account in rainbow trout farming (Diken et al., 2021, 
Diken & Koknaroglu, 2022, Diken, unpublished).  

Climate change is effective in the growth and food security 
of the aquaculture sector (Cubillo et al., 2021). It was reported 
that Norwegian salmon aquaculture in open cages had a lower 
CF value than RAS cultivation in the United States, but the CF 
value of imported Norwegian salmon offered for consumption 
in the USA increased due to transportation involving the 
transportation of Norwegian salmon to the USA (Liu et al., 
2016). These reports draw attention to the CF value associated 
with transportation in aquaculture and support this report in 
terms of sustainability in the current study. These evaluations 
revealed that the CF global-scale approach to the sustainability 
of aquaculture, production should be handled on a national and 
local basis. There was a relationship between CF analysis and 
energy calculations (Flos & Reig, 2017) and Ziegler et al. (2021), 
who reported that cage salmon farming had a total CF feed 
share of 85% due to differences in aquaculture production 
systems. Similarly, it was reported that 90% of the CF of 
different aquaculture systems in India was from feed (Adhikari 
et al., 2013). These results are considered an important criterion 
to be considered in the sustainability of feed and feed-based 
studies in aquaculture. In the results of the evaluation of KRTC 
management in Table 8, it had been determined that the 
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compound diet budget had an important place in the 
sustainability of rainbow trout farming, according to the 
average values of 86.59% CECD and 86.61% CFCD per kg of 
rainbow trout aquaculture. The 1.2-2.7 kg CO2e value per kg 
live-weight gain of Atlantic salmon farming presented in the 
Pelletier & Tyedmers (2007), report is similar to the feed and 
transportation values of the study (Table, 8). It was important 
for CET sustainability that the hatcheries, where cage farms 
provide juvenile fish, were very close to Karacaören-I Dam 
Lake. In addition, when the report of Korkut et al. (2007), was 
examined, it could be stated that the distances of Türkiye 
aquafeed factories to the basin were below the Türkiye average, 
which is important in CET sustainability. Considering that the 
estimated distance of the Aegean aquafeed factory evaluated in 
the study in another dam lake where intensive production was 
made in Türkiye was around 3.5 times, the average distance of 
the Karacaören-I Dam Lake Basin, the cage farm compound 
diet transportation value of the other basin with the same 
production capacity would be calculated 3.5 times more. 

Troel et al. (2004) reported that the increase in capacity had 
a positive effect on the energy used for unit production. 
Similarly, Demircan & Koknaroglu (2007) reported that the 
increase in farm size had a positive effect on energy use 
efficiency. According to these evaluations and the results of the 
study, production should be made according to the project 
capacity in terms of sustainability in KKTC. The 2.9682 CE:CF 
KRTC sustainability value of the catchment compound diet and 
transportation given in Table 8 should be taken into account in 
future studies. 

Conclusion 

One of the most important factors affecting the CE and CF 
expended values of rainbow trout farming was the CE and CF 
expended value and FCR of the compound diet, depending on 
the feed ingredients and usage rates. Depending on the FCR, 
with the value of CE and CF expended from the compound diet, 
transportation can be considered as a sustainability criterion in 
terms of production and food safety of rainbow trout farming. 
KRTC was in a sustainable position in terms of its distance from 
the aquafeed factory, hatchery, and processing facility. KRTC 
was in a sustainable position in terms of its distance from the 
aquafeed factory, hatcheries, and processing facilities. 
Aquaculture facilities need to produce according to their 
annual project production capacity in terms of reducing the CE 
and CF expended sustainability values per kg of rainbow trout 
aquaculture. In terms of aquaculture systems and aquaculture 
types, it is recommended to develop the sustainability index of 
the aquaculture species (species-specific) and aquaculture 
system (system-specific) CE and CF expended values. 
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