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Abstract 15 

Over the past few decades, Indonesian freshwater aquaculture has intensified, raising many 16 

issues on the associated environmental impacts. In this study, a life cycle assessment (LCA) 17 

approach was used to assess the environmental performance of Indonesian giant gourami 18 

(Osphronemus goramy) aquaculture. We compared two contrasting fish production systems: a 19 

traditional monoculture (MoC) or a co-culture with the macrophyte Azolla filiculoides used as 20 

feed alternative to compounded pellets (CoC). Seven impact categories were considered: climate 21 

change, eutrophication, cumulative energy demand, land occupation, acidification, net primary 22 

production use (NPPU) and water dependence. The potential impacts were calculated in terms of 23 

1 kg of fish produced by the systems and were also expressed in terms of surface area (m
2
 of the 24 

farm). Monte Carlo analysis was carried out to evaluate uncertainties in the assessed impacts 25 

based on data uncertainties for the systems. Results highlighted notable differences between the 26 

two production systems. CoC led to less impact relative to climate change, eutrophication and 27 

NPPU per kg of fish produced. These differences were even greater when reporting the impacts 28 

per surface area. Nonetheless, the main contributors of the seven impact categories remained 29 

constant between the two production systems (CoC and MoC). Overall, our findings suggested 30 

that using floating macrophytes as alternative feed resources, even in relatively low proportions, 31 

can improve the environmental performance of giant gourami production. 32 

Keywords: Agroecology, Asia, Aquaculture, Freshwater, LCA33 



1. Introduction 34 

With a production of 4.3 million tons of farmed fish in 2020, Indonesia is the third-largest fish 35 

aquaculture producer country in the world (FAO, 2022a). Since the government made 36 

aquaculture development a national priority in 2009 (Phillips et al., 2015; Rimmer et al., 2013), 37 

fish farming has shown the most rapid expansion of all Indonesian agronomic production 38 

sectors, with an average annual growth of 9% over the last decade (FAO, 2022b). This sector 39 

indeed plays a significant role in the national economy, ensuring food availability and security 40 

and improving living standards for rural communities (Rimmer et al., 2013). Excluding seaweed, 41 

freshwater fish farming represents 66% of aquaculture production in Indonesia (FAO, 2022b) 42 

and relies mainly on small-scale farms, which represent 90% of all fish farms (Maskur et al., 43 

2013). Small-scale fish farmers usually practice aquaculture using low-input and low-level 44 

technology (Pouil et al., 2019). Nevertheless, the increasing demand for freshwater aquaculture 45 

products has driven a shift from low-intensive traditional culture methods to semi-intensive 46 

monoculture production systems. This intensification was accompanied by an increase in the use 47 

of commercial fish pellets (Edwards, 2015; Rimmer et al., 2013), involving a decrease in the 48 

proportion of non-fed Asian aquaculture by a factor of two since the 2000s (excluding China; 49 

FAO, 2022b). Such changes raise many issues on the actual effectiveness of current production 50 

systems regarding the use of resources and the associated negative environmental impacts. These 51 

negative impacts are further reinforced by the large amounts of solid effluents (faeces, feed 52 

wastes) and dissolved nutrients (waste products) discharged resulting from the use of 53 

commercial feeds, which contribute to eutrophication of wild aquatic ecosystems. Several 54 

freshwater reservoirs in Java, where fed fish farming has proliferated, experienced water quality 55 

degradations leading to the occurrence of disease outbreaks and fish death (Rimmer et al., 2013).  56 



Indonesian aquaculture must become more sustainable to meet the national demand for 57 

aquaculture products and also limit their environmental footprint. Henriksson et al. (2019) 58 

evaluated possible interventions and innovations to mitigate environmental impacts related to the 59 

growth of Indonesian aquaculture. The authors found that improving feed efficiency for white 60 

leg shrimp, common carp and tilapia by 20% witnessed major reductions in environmental 61 

impacts. Such interventions imply the design of aquaculture systems that use fewer chemical 62 

products and commercial feeds, more renewable resources, and make the best use of ecosystem 63 

services without impairing their regeneration. Such systems can be called "ecologically 64 

intensive" (Griffon, 2010), having a high level of production per surface area but using 65 

ecological processes as much as possible to optimize natural resource use and develop ecosystem 66 

services (Bonny, 2011). In recent years, a growing effort has been made worldwide to implement 67 

ecological intensification in aquaculture (Aubin et al., 2019), particularly by increasing the 68 

complexity of rearing systems using different complementary species as in integrated multi-69 

trophic aquaculture (Jaeger and Aubin, 2018). However, the proof of concept must be enhanced, 70 

and comparative studies of different production systems for the same species remain scarce.  71 

Among the fish species reared in Indonesia, giant gourami Osphronemus goramy is one of the 72 

primary freshwater commodities of economic importance due to its high price and local demand 73 

(FAO, 2019). With its propensity to consume plant-based feeds, giant gourami is a valuable 74 

candidate for low-input aquaculture (FAO, 2019) and for integrating fish production and plant 75 

culture. Giant gourami production in Indonesia is mainly located on Java Island (79% of the 76 

national giant gourami production; BPS, 2013) and is strongly segmented (FAO, 2019). Rearing 77 

takes place in ponds exclusively dedicated to giant gourami or shared with other species 78 

(Kristanto et al., 2020). Slembrouck et al. (2018) evaluated Azolla as the best candidate among 79 



five floating macrophytes species for the ecological intensification of small-scale fish farming in 80 

tropical areas.  Recently, a study evaluated the feasibility of combining the production of the 81 

floating macrophyte Azolla filiculoides in giant gourami ponds (Caruso et al., 2021), with the 82 

macrophytes being used as an alternative fish feed. Compared with those from a conventional 83 

giant gourami monoculture system exclusively based on exogenous commercial feeds (Caruso et 84 

al., 2021), the use of Azolla proved to be economically advantageous by reducing the amount of 85 

commercial pellets used while maintaining a similar growth rate of the fish and biomass gain at 86 

the end of the trial. However, this study was not dealing with the environmental impacts of using 87 

such alternative production system compared to the conventional monoculture production. 88 

A holistic approach is needed when considering the environmental impacts of production 89 

practices, and life cycle assessment (LCA) is considered a suitable tool for analysing aquaculture 90 

production systems (for review, see Bohnes et al., 2019). LCA is an international standardized 91 

method (ISO, 2006) designed to evaluate the global impact of a product or a process on the 92 

environment. Such evaluation implies the assessment of all the phases required for or caused by 93 

the product's existence; they include raw material uses and energy production, manufacturing, 94 

transport and emissions released into the environment at each stage until the product's end of life. 95 

Over the last two decades, LCA has been regularly used to assess the environmental impacts of 96 

aquaculture production (e.g., Aubin et al., 2006; Medeiros et al., 2017; Mungkung et al., 2013; 97 

Yacout et al., 2016). Several environmental impact categories are regularly used to assess 98 

aquaculture systems (Aubin et al., 2006; Bohnes et al., 2019; Henriksson et al., 2012; 99 

Papatryphon et al., 2004). One advantage of LCA is that it allows different products or systems 100 

to be compared using the same functional unit. Despite the usefulness of LCA, there are various 101 



limitations to its application. One of the critical challenges is the necessity to incorporate 102 

uncertainty in the calculations to produce more robust outcomes (Mendoza Beltran et al., 2018).  103 

The present study aimed to assess the potential benefits of ecological intensification in 104 

Indonesian fish farming. Thus, our objectives were (1) to evaluate the environmental 105 

performances of two production systems of giant gourami aquaculture, with or without the 106 

integration of a co-cultured floating macrophyte (A. filiculoides) and (2) to identify the sources 107 

of uncertainties in the environmental impacts. We hypothesized that the use of Azolla as an 108 

alternative feed should reduce net primary production use, energy demand and climate change 109 

impacts by partially substituting commercial feeds while decreasing eutrophication by improving 110 

nutrient recycling (Caruso et al., 2021).  111 

2. Materials and Methods 112 

2.1. Description of the production system  113 

2.1.1. Giant gourami production system 114 

Although the giant gourami production cycle is not well standardized in Indonesia (Kristanto et 115 

al., 2020), its propagation relies on the natural spawning of captive brooders in ponds and 116 

includes the seven following production segments:  117 

1) The hatchery phase lasts 10 days from egg incubation to 8-9 days after hatching. 118 

Larvae are kept unfed during this period. 119 

2) The nursery phase lasts until juveniles reach 2 ± 0.5 cm of length (40 days; Prakoso et 120 

al., 2019). Tubifex (Tubifex tubifex) worms, usually purchased on local markets, are 121 

the first and primary food provided during larval rearing (i.e., nursery phase).  122 



3) The pre-growing I stage lasts 150 days until juveniles reach 30 g. Commercial feed 123 

(~33% of crude protein) is introduced at the beginning of this segment. 124 

4) The pre-growing II stage, until juveniles reach 180 g (from the "jingo" to the 125 

"dampal" stage), is the first stage of the production cycle during which fish are able to 126 

eat plant materials (FAO, 2019). This production stage lasts 160 days. 127 

5) The growing phase lasts 120 days. During this phase, fish are fed with commercial 128 

pellets and plant materials (mainly giant taro Alocasia macrorrhizos leaves). At the 129 

end of this production phase, fish of ≤ 500 g are sold, and the biggest fish are selected 130 

as future brooders.  131 

6) Brooder selection lasts 210 days, where fish of ≥ 2000 g are sorted by sex and 132 

separated. Plant materials become the predominant feed at this stage, and commercial 133 

feeds are used as supplements. 134 

7) The egg production period is continuous throughout the year. The average weight of 135 

brooders used for egg production is 3.6 kg, and they are usually kept for 10 years of 136 

production. 137 

Note: all the values used in our analysis are average values gathered from surveys of 138 

approximately 40 giant gourami farms (Kristanto et al., 2020). 139 

Except for hatchery and nursery phases, usually performed in plastic basins and wooden tanks 140 

covered by tarpaulin filled with stagnant water, all the production phases are performed in flow-141 

through systems, mainly in earthen ponds of 300-1000 m
2
 in size with gravity-flow water supply 142 

system from local reservoirs or upstream aquaculture farms. The production chain for giant 143 

gourami is shown in Figure 1. 144 



2.1.2. Scenarios of production: experiment details and records 145 

The system under study consisted of a typical small-scale Javanese polyculture fish farm where 146 

farmers can quickly shift from one species to another to better adapt to the market and the 147 

difficulties encountered. Kristanto et al. (2020) underlined that giant gourami is mainly produced 148 

by farmers producing other species in variable proportions. Thus, only about 50% of the surface 149 

is dedicated to giant gourami rearing. The production capacity is about 2 tons per year. All the 150 

production is sold on local markets (< 10 km of the production site). The farm included in this 151 

study is located in Bogor district, West Java, in the village of Babakan (-6°28'S; 106°42'E; alt: 152 

125 m). The farm size (i.e., 2100 m
2
) is in the range typically observed locally (Kristanto et al., 153 

2020). While a non-negligible number of aquaculture farms are located in the peri-urban area in 154 

West Java (see Kristanto et al. (2020) for details), our study site is mainly bordered by rice 155 

fields.  156 

The studied production cycle, which lasts 160 days (i.e., two production cycles per year), 157 

consisted in rearing giant gourami from 30 to 180 g of average fresh weight (i.e., from the 158 

"jingo" stage to the "dampal" stage). This phase corresponds to the pre-growing stage II 159 

described in section 2.1.1 (Figure 1). "Jingo" fish were purchased from the neighbourhood and 160 

were stocked at a density of 6 fish m
-2

.   161 

The production system consisted of four earthen ponds, whose size varied between 353 and 482 162 

m
2
 with depths ranging from 0.46 to 0.55 m. Each pond was equipped with PVC pipes for inlet 163 

and outlet water; anti-predator nets held by bamboo poles were placed 1 m from the banks. 164 

Ponds connected in series were filled by gravity with water from a reservoir located at <1 km 165 

from the farm. Before production, ponds were dried; the bottom was levelled and the banks were 166 



consolidated with sediment accumulated during the previous production cycle. Then, unwanted 167 

species were removed and the water, transported by gravity from a reservoir located at <1 km 168 

from the farm, was limed and fertilized using organic fertilizer (typical composition: poultry 169 

manure mixed with rice bran at a 0.5:1 ratio on a dry weight basis; Purnomo et al., 2017). 170 

Production takes place in open-flow water (average water renewal 4-8% d
-1

).  171 

Traditionally, giant gourami are reared in a monoculture system (MoC). To evaluate the 172 

possibilities of using floating macrophytes for ecological intensification of tropical freshwater 173 

fish aquaculture, as suggested by Slembrouck et al. (2018), an experiment was carried out 174 

throughout one 160-day production cycle in 2018 to test a new giant gourami rearing system 175 

based on co-culture with Azolla (CoC). Here, the two production systems (CoC and MoC) were 176 

operated as described below.  177 

The MoC system fed fish exclusively on commercial extruded pellets of known composition 178 

(Table 2). According to fish growth, the daily ration was 3 to 5% of the estimated wet biomass 179 

which is slightly higher than what is usually done by farmers (FAO, 2019). The final feed 180 

conversion ratio (FCR) reached 2.8. Fertilizer was regularly added to the ponds (equiv. 6 kg m
-2

 181 

per year) to stimulate primary productivity. The annual fish production volumes reached 2 kg m
-2

 182 

in this production system, and mortality was 8% per production cycle. 183 

In the CoC system, Azolla was cultivated in the space available between the banks and the anti-184 

predator net (80 m
2
 of production surface) (Figure 2) in earthen ponds managed as described 185 

above with slightly higher use of fertilizer than in the MoC system (i.e., 7.5 kg m
-2

 an
-1

). Fish 186 

were fed for two days with extruded pellets as described above, then one day with Azolla at a 187 

food ration of 8% of the estimated fish biomass. Such rationing corresponds to the amount of 188 



Azolla the fish can ingest within 24h. Azolla, coming from an initial stock maintained in two 33 189 

m
2
 tarpaulin tanks, was stocked at an initial concentration of 400 g m

-2
, and Azolla growth was 190 

checked every three days (before distribution to the fish). Azolla was regularly sampled for 191 

chemical analyses (Table 2). During our experiment, stable production of Azolla was not met as 192 

initially planned, and its production regularly collapsed in the ponds. During the 160-day fish 193 

production cycle, only two cycles of Azolla production occurred for a total of 40 days of 194 

production. A complementary experiment was performed to understand better the limiting 195 

factors in the mass production of Azolla in ponds (Pouil et al., 2020). That experiment suggested 196 

that phosphorus (P) was likely the main limiting factor in Azolla production, with an average of 197 

0.4 µmol L
-1

 measured in the ponds, with the optimal growth occurring at a concentration of 2.0 198 

µmol L
-1

. In addition, the occurrence of grazing snails (3-4 adult individuals m
-2

) may reduce 199 

Azolla production by 35% (Pouil et al., 2020). Thus, we built a scenario based on the 200 

extrapolation of the data (i.e., zootechnical and economic performance, chemical analyses) 201 

collected when co-culture was effective (i.e., 40 days) for the entire 160-day production period, 202 

and uncertainty related to the production of Azolla was included in the uncertainty analysis (see 203 

Section 2.6). The mortality and the annual fish production volume were comparable to the MoC 204 

system (i.e., 2 kg m
-2

), and the FCR reached 2.1 given the average reduction of ~25% of the 205 

extruded pellets used. 206 

2.2. Assessment methodology 207 

2.2.1. Goal and scope  208 

This LCA study followed ISO standards (ISO, 2006) and aimed at evaluating the environmental 209 

relevance of ecological intensification of giant gourami culture by integrating a co-culture of 210 



Azolla, which may provide the ecological services of water depuration and provision of 211 

complementary feed for fish. Environmental performances of earthen pond-based production of 212 

giant gourami aquaculture were evaluated through: (1) a traditional semi-intensified monoculture 213 

system as used in West Java province (MoC), (2) a co-culture production system including 214 

Azolla (CoC). This study is based on experimental results designed to compare the efficiency of 215 

the two rearing systems. The results were expressed per kg of fresh fish and m
2
 of surface area. 216 

As an additional information, results expressed per kg of protein are also available in the 217 

Supplementary Material (Table S1). 218 

The system boundaries used in this study were from "cradle to farm gate" (Figure 2). They 219 

included the production of capital goods (infrastructure and equipment), the production of 220 

organic fertilizers and lime, the production of fish feed (including the production of ingredients 221 

from agriculture or fishery sectors), the production of fish juveniles, farm operations (including 222 

the local emission of nutrients and pollutants), the use of energy sources, and the transportation 223 

of critical inputs (juveniles, fish feed, equipment), and the transport of fish from the farm gate to 224 

the local market by motorcycle or small trucks.  225 

2.2.2. Life cycle inventory  226 

Inventory data for giant gourami fingerling production and brooder management were compiled 227 

mainly by collecting the data from fish farms and production centres producing giant gourami 228 

fry located in the Bogor and Tasikmalaya regencies (n=37, Kristanto et al., 2020). We also used 229 

experimental data from the experiments we performed on giant gourami egg production in the 230 

BPPSIGN Center, Tasikmalaya (Arifin et al. 2020; Slembrouck et al., 2019, 2020) and larval 231 

rearing in the RIFAFE, Cijeruk (Arifin et al., 2019; Prakoso et al., 2021).  232 



The inventory of the experimental phase was recorded during daily on-site monitoring of one 233 

entire production cycle from November 2017 to April 2018. The descriptive data concerning the 234 

studied sub-system are summarized in Table 1. The inventory covered farm operations, as well 235 

as the following processes: production of farm inputs such as energy carriers, fertilizers, 236 

juvenile, exogenous feeds (including ingredient production and processing), and farm equipment 237 

and infrastructures (i.e., equipment; construction of buildings and breeding infrastructures) and 238 

transportation at all stages. Water flow at the outlet of each pond was measured daily to estimate 239 

the water balance. The fate of nitrogen (N) and phosphorus (P) was based on a nutrient-balance 240 

experiment performed on-site involving chemical analysis of fish, fertilizers, feeds, inlet and 241 

outlet water, water and sediment (Pouil et al., 2019). Data for pond gaseous emissions were 242 

adapted from the literature. Gaseous fluxes are influenced significantly by factors such as 243 

drainage, primary productivity, and the availability of organic matter in aquaculture ponds (Yang 244 

et al., 2018). It is important to note that fish production plays a pivotal role in shaping these 245 

variables, especially in the context of our pond production systems, where the absence of 246 

drainage, the organic fertilization practice, and the provision of commercial feed are key 247 

determinants. Denitrification and ammonia volatilization were assumed to be equivalent to 248 

17.4% and 12.5% of the N inputs, respectively as found in channel catfish ponds (Gross et al., 249 

2000). Values for methane (CH4) and nitrous oxide (N2O) emissions were extracted from Yang 250 

et al. (2018) who measured fluxes in semi-intensive shrimp ponds: 3.09 mg m
-2

 h
-1

 and 0.5 µg m
-251 

2
 h

-1
 for CH4 and N2O emissions, and carbon dioxide (CO2) fixation in pond sediment was 252 

evaluated at 21.56 mg m
-2

 h
-1

 (Yang et al., 2018).  253 

Background data (i.e., construction materials, fuel, rearing equipment) were based on the 254 

ecoinvent v3.8 database (Wernet et al., 2016) and adapted to the local context. The inventory 255 



data for Indonesian electricity production were obtained from EIA (2021). Data on feed 256 

production were collected based on detailed reports supplied by the feed manufacturer in which 257 

all feed ingredients were quantified while proximate analysis were performed to determine 258 

nutritional composition (Table 2). The feed formulations were then validated regarding 259 

nutritional constraints according to Guillaume et al. (1999). Data on feed processing were 260 

supplemented with detailed information from a local feed producer. The inventory data for local 261 

fishmeal production (discarded fish) was collected from a local fishery processing plant 262 

dedicated to frozen fish (for export), surimi and fishmeal (Palembang, Sumatra Island). Heat 263 

energy from wood wastes was used for fishmeal processing (Mungkung et al., 2013). Inventories 264 

for crop-based feedstuffs were adapted from the ECOALIM dataset (Wilfart et al., 2016) to 265 

consider transportation to Indonesia. Distances for road and boat transport were estimated using 266 

Google Maps®. For organic fertilizer, we used the inventory for poultry manure on the global 267 

market available in the ecoinvent v3.8 database while inventory of rice produced in China, from 268 

the same database, was used for rice bran considering a mass allocation (Ayer et al., 2007).  269 

2.2.3. Life cycle impact assessment 270 

Midpoint impact categories were selected based on previous studies and recommendations for 271 

aquaculture LCA (Aubin et al., 2009; Bohnes et al., 2019; Papatryphon et al., 2004; Wilfart et 272 

al., 2013):  273 

 acidification (mol H
+
 eq), which aggregates substances that release hydrogen ions into 274 

the ecosystem; 275 

 cumulative energy demand (CED; MJ), which aggregates the energy used from 276 

renewable and non-renewable sources; 277 



 climate change (kg CO2 eq), which aggregates greenhouse gas emissions; 278 

 eutrophication (kg PO4
3-

 eq), aggregating nutrient emissions that lead to oxygen 279 

depletion, impacting aquatic and terrestrial environments and adding the theoretical 280 

oxygen demand (ThOD) calculation for solid wastes from fish farms (Aubin et al., 2009); 281 

 land occupation (m
2
 yr) which represents the terrestrial ground area used; 282 

 net primary production use (NPPU, kg C) refers to the use of a net primary producer as a 283 

biotic resource in the sense of being unavailable for other purposes, as defined by 284 

Papatryphon et al. (2004); 285 

 water dependence (m
3
) included the volume of water used in ponds as proposed for 286 

aquaculture production systems by Aubin et al. (2009) and the amount of water used in 287 

the other production phases. 288 

The impact assessment was conducted according to (1) the International Reference Life Cycle 289 

Data System (ILCD) method for acidification and climate change, (2) the CML IA method, 290 

version 3.06 for eutrophication potential, and land occupation. Total energy use was calculated 291 

using the Cumulative Energy Demand method, version 1.10. Calculations were made using 292 

SimaPro software 8.5.4.0 (PréConsultants, Amersfoort, The Netherlands). As mentioned earlier, 293 

the ecoinvent version 3.8 database was used for background data, and the Agribalyse® database 294 

(Koch and Salou, 2014) was used for agricultural machinery, agricultural products and feed 295 

ingredients (ECOALIM dataset; Wilfart et al., 2016). For comparison purpose, we also 296 

performed the impact assessment using ReCiPe 2016 Midpoint (H) version 1.08 (Table S2 in the 297 

Supplementary Material). 298 

2.6. Uncertainty analysis 299 



The process for determining the uncertainty in the production systems was adapted for primary 300 

and secondary data. Among the primary data, the most important source of uncertainties in the 301 

CoC system was the production of Azolla. Considering the risk of predation and the variation in 302 

Azolla productivity due to the environmental conditions (light, nutrients) observed in ponds 303 

(Pouil et al., 2020), an uncertainty rate of 50% was applied in Azolla used as alternative feed in 304 

this production system. For other primary data (i.e., other inputs used and fish harvested), the 305 

standard deviation of the replicates was used in a normal distribution, as suggested by Medeiros 306 

et al. (2017). For secondary data, the pedigree matrix from Ciroth et al. (2016) was used to 307 

quantify uncertainty in the values selected from the literature (i.e. ThOD, N volatilization and 308 

denitrification and fluxes of CH4, CO2 and N2O). We applied a lognormal distribution to the 309 

results generated from the matrix. Monte Carlo (MC) analysis was performed in SimaPro 310 

software 8.5.4.0. 311 

2.7. Data analysis 312 

To compare the CoC and MoC systems while considering uncertainty, we ran 1000 interactions 313 

in pairs in an MC analysis. This method indicated the number of times one system had higher 314 

impacts than the other. We considered that the two systems differed if one had higher impacts in 315 

at least 90% of the runs (Medeiros et al., 2017).  316 

3. Results 317 

Figure 3 presents the LCA impacts by category calculated per kg of fish produced (Figure 3A) or 318 

by m
2
 of the farm (Figure 3B) for the CoC and MoC giant gourami production systems. Overall, 319 

we found similar trends regardless of the functional units chosen (i.e., product-based or surface-320 



based). Thus, values presented in the following sections are first provided by kg of fresh fish; 321 

values expressed by m
2
 are also given in Table 3. 322 

3.1. Impact assessment 323 

Among the impact categories selected, the MoC system had the highest impacts for all of them 324 

except land occupation (Figure 3 and Table 3), with 4.7 ± 0.2 m
2
 yr

-1 
being required to

 
produce 1 325 

kg of fish in MoC and 4.8 ± 0.3 m
2
 yr

-1
 in CoC. The highest differences between CoC and MoC 326 

were for NPPU (23-27% less in CoC): the production of 1 kg of fish required 13.8 ± 1.3 kg C in 327 

MoC, but the NPPU value of the CoC system was noticeably lower with 9.1 ± 0.9 kg C (i.e. 328 

~25% less NPPU required in CoC). The second largest differences in environmental impacts 329 

between the two production systems were for water dependence (12-17% less in CoC) with 330 

values of 10.1 ± 3.5 m
3
 and 8.7 ± 1.7 m

3
 in MoC and CoC, respectively. Similarly, implementing 331 

the CoC system reduced eutrophication (i.e., 11-16% less in CoC). Climate change showed a 332 

reduction of 10-15% in the CoC with, per kg of fish produced, 6.4 ± 0.3 kg of CO2 eq compared 333 

with MoC where 7.1 ± 0.1 kg CO2 eq were estimated (Figure 3). Differences between CoC and 334 

MoC were less pronounced for the other impact categories. The energy requirements for 335 

producing 1 kg of fish from the ponds were slightly reduced in the CoC, with 130 ± 7 MJ vs 139 336 

± 4 MJ for MoC (i.e. 7-11% less in CoC; Figure 3). The gain provided by CoC in acidification 337 

was comparable, with values of 0.14 ± 0.01 mol H
+
 eq for CoC and 0.15 ± 0.01 mol H

+
 eq for 338 

MoC, equivalent to an impact reduction of 6-11% (Figure 3). 339 

Contributions of the rearing system components (energy, exogenous feeds, 340 

equipment/infrastructures, farm operations, fertilizers, fish inputs and transport) varied according 341 

to the impact category and to the system (Figure 3 and Table 3). Overall, the ranking of the 342 



different contributors among the seven impact categories remained constant between the two 343 

production systems (CoC and MoC). Results presented in Figure 3 show that for eutrophication 344 

and water dependence, farm operations contributed the most to the impacts (81-82% and 52-345 

58%, respectively), and the second largest contributor for these impact categories was fish inputs 346 

(11-13% and 42-48%, respectively). For NPPU, climate change and CED, exogenous feeds were 347 

the main contributors (83-86%, 37-45% and 31-40%, respectively), followed by fish inputs (14-348 

17%, 20-22% and 18-19%, respectively) and/or fertilizers (15-21% for climate change and 27-349 

35% for CED; Figure 3). For acidification, the main contributors were ranked as follows: 32-350 

34% for fish inputs, 30-32% for farm operations and 15-19% for exogenous feeds, accounting 351 

for ~80% of the total acidification. Interestingly, land occupation was mainly driven by 352 

fertilizers (49-60%) and exogenous feeds (28-38%; Figure 3). 353 

3.2. Uncertainty analysis 354 

Uncertainty analysis qualifies data according to their origin, considering the uncertainties linked 355 

to the production of macrophytes in the CoC and including the variabilities observed between 356 

ponds in the LCA. Considering a threshold beyond which the two systems differed if one had 357 

higher impacts in at least 90% of the MC runs, there were notable significant differences 358 

between the two production systems. The analysis showed that CoC leads to less impact relative 359 

to climate change, eutrophication and NPPU on a production basis (per kg of fish produced; 360 

Figure 4A). The differences are even more marked on a farm surface basis (per unit area (m
2
); 361 

Figure 4B), where, in this case, CED was also significantly lower in the CoC. 362 

4. Discussion 363 

4.1. Product-based vs area-based LCA approach 364 



The functional unit is the basis of comparison in LCAs and influences allocation decisions at the 365 

farm gate (Henriksson et al., 2012). Here, we used a descriptive product-based functional unit 366 

(kg of fish) that is appropriate for comparisons between studies (Bohnes et al., 2019). Van Der 367 

Werf et al. (2020) highlighted the interest in combining product-based and area-based LCA 368 

when studying agricultural systems that provide a broad range of ecosystem services. For 369 

instance, although organic agriculture generally emits fewer pollutants per unit of land occupied 370 

than conventional agriculture (an area-based approach), it may have higher impacts per unit of 371 

product (e.g., land occupation, eutrophication and acidification). Thus, we also expressed the 372 

environmental impacts using an area-based functional unit (m
2
 of farm), an original approach in 373 

LCA aquaculture studies (Bohnes et al., 2019; Henriksson et al., 2012). Our results show that the 374 

choice of the functional unit did not result in significant differences in environmental impacts for 375 

the LCA impact categories considered. Nevertheless, even if the conclusions remain similar 376 

comparing the two production systems (CoC and MoC), a greater difference between the 377 

systems was observed using the area-based functional unit for the following impact categories: 378 

acidification, CED and NPPU. 379 

4.2. Comparison of production systems  380 

The responses in environmental impacts between the two studied production systems differed 381 

according to the impact category considered. The two systems remained similar considering land 382 

occupation and water dependence, although CoC showed slightly lower impacts for the latter 383 

category. Using CoC as an alternative to MoC was expected to reduce land utilization by 384 

decreasing the quantity of extruded pellets used. Nevertheless, the beneficial effects of reducing 385 

exogenous feed were attenuated by the higher quantity of organic fertilizer from the intensive 386 

poultry production system and rice culture (Purnomo et al., 2017) for Azolla production in CoC. 387 



Such results highlight the need to better control the origin and the quantity of fertilizers used for 388 

pond fertilization. 389 

Between the two production systems, the differences observed in acidification, CED, climate 390 

change eutrophication and NPPU were mainly explained by the lower use of exogenous feed in 391 

CoC (-25% on average per kg of fish produced). Our study confirms previous investigations 392 

highlighting that feed production is the major contributor to different impact indicators in semi-393 

intensive aquaculture production systems (e.g., Wilfart et al., 2013; Yacout et al., 2016). The 394 

difference reflects the high impact of feed production, from the extraction of raw materials up to 395 

manufacturing processes, which require large amounts of energy and resources (Ghamkhar and 396 

Hicks, 2020). The processing of feed is by far the highest contributor to NPPU. Such results are 397 

in accordance with Mungkung et al. (2013), who pinpointed feed production as the unique 398 

contributor to NPPU (100%) in Indonesian tilapia-carp production systems. In addition to its 399 

predominant environmental impact, fish feed has a significant economic impact on the 400 

aquaculture farm because some ingredients are imported, which is frequently the case for small-401 

scale fish farming practised in Indonesia (Slembrouck et al., 2018). 402 

The importance of FCR, and hence of extruded feeds in general, has been highlighted by 403 

numerous LCA aquaculture studies. In literature reviews, Aubin (2013) and Bohnes et al. (2019) 404 

have concluded that feed production is the primary source of environmental impacts. In the 405 

present study, FCR for commercial pellets was relatively high in giant gourami compared with 406 

other omnivorous species like carp and tilapias (Fry et al., 2018).  407 

In small-mouthed fish like giant gourami, uneaten feeds can represent 30% of the feed supplied 408 

(Bosma and Verdegem, 2011; Van Der Meer et al., 1997; Verdegem, 2013). In giant gourami, 409 



Pouil et al. (2019) suggested that a significant proportion of the nutrients in pond sediments 410 

comes from uneaten commercial pellets. Nevertheless, FCR can be improved in the co-culture 411 

system (2.1 vs 2.8 for CoC and MoC, respectively) by using Azolla as a partial alternative feed 412 

resource. Here, we assumed that the improvement of FCR, calculated for commercial feeds, in 413 

CoC is related to the changes in feeding practices. The alternance between feeding with Azolla, a 414 

less nutritive resource, and commercial pellets may contribute in reducing the quantity of 415 

uneaten feed in particular. Indeed, Narimbi et al. (2018) also found very high FCR (6.4) in daily-416 

fed GIFT tilapia while FCR was six times lower in weekly-fed fish suggesting wastage of feed 417 

when fish were daily fed. Lower FCR decreases the amount of feed delivered as well as the 418 

excess nutrients released in the water, influencing eutrophication.  419 

Eutrophication is a primary concern among farmers and local populations due to the risks for 420 

water quality in reservoirs (Mungkung et al., 2013). A broad range of eutrophication potential 421 

has been reported in the literature for different aquaculture systems (i.e., 0.01 to 0.3 kg PO4 eq 422 

per kg of fish; Ghamkhar et al., 2021; Medeiros et al., 2017; Mungkung et al., 2013; Pelletier and 423 

Tyedmers, 2010; Yacout et al., 2016). The differences in eutrophication between MoC and CoC 424 

can be identified through the nutrient concentrations measured in the water outlet with a notable 425 

decrease in P released from the CoC ponds (Table 1). Here, the differences in eutrophication is a 426 

consequence of the lower FCR in the CoC system that limits the impacts related to the farm 427 

operations (i.e. reducing on-farm nutrient emissions). Indeed, the nutrient emissions resulting of 428 

biological activity of fish, is the major contributor to eutrophication (see, e.g., Mungkung et al., 429 

2013; Wilfart et al., 2013), and is driven by the quality and the amount of feeds used.  430 

Interestingly, our results regarding the contribution of exogenous feeds in acidification and 431 

climate change differ from the literature. Indeed, in previous studies, exogenous feeds explain 64 432 



to 95% of the acidification potential observed in different aquaculture pond systems, including 433 

Indonesian intensive tilapia monoculture (Pelletier and Tyedmers, 2010) or tilapia-carp 434 

polyculture (Mungkung et al., 2013) and Egyptian intensive and semi-intensive tilapia 435 

monoculture (Yacout et al., 2016). Similarly, most LCA aquaculture studies, carried out in 436 

production systems that are sometimes very different from fertilized ponds, report that feeds are 437 

drivers of climate change (Bohnes et al., 2019; Wilfart et al., 2023). In this study, we found a 438 

relatively low contribution of exogenous feeds to acidification (15-18%), with fertilizers and fish 439 

inputs contributing to more than 40% of the total acidification. A similar trend was observed for 440 

climate change, where fertilizers and fish inputs explain 35-43% of the impacts, with exogenous 441 

feeds also accounting for ~40%. Such findings can be explained by the origin of the organic 442 

fertilizer (i.e., poultry manure mixed with rice bran; Purnomo et al., 2017), a co-product from 443 

intensive agriculture used in large quantities in our production systems. Furthermore, the fish 444 

used in this experiment, as described in Section 2.1.1, are already six months old, meaning that 445 

their own production also required exogenous feeds and other inputs, which explains their 446 

significant contributions to the estimated global impacts on our production systems. Such 447 

findings differ from LCAs performed in aquaculture systems where the fish inputs are based on 448 

younger life stages (eggs or larvae for example). 449 

Recent studies reported that one of the leading production constraints in the Indonesian 450 

aquaculture sector, in addition to the dependence on imported feed ingredients (Henriksson et al., 451 

2017), is energy sources (Henriksson et al., 2019, 2017). Previous studies have also pointed out 452 

that energy consumption during fish feed production is one of the significant contributors to 453 

CED (e.g., Mungkung et al., 2013; Pelletier and Tyedmers, 2010; Yacout et al., 2016). Overall, 454 

the estimated CED are comparable to other semi-intensive aquaculture production systems. For 455 



instance, Yacout et al. (2016) found 238 MJ eq per kg of fish produced in an Egyptian Nile 456 

tilapia (Oreochromis niloticus) semi-intensive production system, compared with a tilapia 457 

intensive production system being almost fivefold more efficient in energy use, with 53 MJ eq 458 

per kg of fish production than a semi-intensive system. In this study, we found that ecological 459 

intensification performed in the CoC could also significantly improve energy efficiency in giant 460 

gourami pond production. 461 

4.3. Origins of the uncertainties 462 

The uncertainty in this study was similar to other LCA aquaculture studies (Dekamin et al., 463 

2015; Medeiros et al., 2017). Nevertheless, comparisons between studies remain challenging due 464 

to the heterogeneity in the studied systems and rearing practices and the origin of the data. Here, 465 

we compared similar production systems, except for including Azolla in the CoC system as a 466 

partial alternative to extruded pellets. However, the stable production of this floating macrophyte 467 

was more challenging than expected and inadequate in the present experiment, presumably due 468 

to the predation by snails and nutrient deficiency (Pouil et al., 2020). Nevertheless, the scenario 469 

built for CoC, designed based on experience gained in the production of Azolla on this farm 470 

(Caruso et al., 2021), made it possible to estimate uncertainties related to the exogenous feed 471 

gain in the implementation of such a production system. The uncertainties related to Azolla 472 

production mainly affect the impact categories in which exogenous feeds contribute strongly. 473 

Therefore, unsurprisingly, we observed higher variability in the CoC systems for NPPU, climate 474 

change, CED and, to a lesser extent, land occupation. 475 

In addition to Azolla production, the other sources of uncertainties for all impact categories 476 

include variability among the two replicates of each system, the inherent variability already 477 



accounted for in the ecoinvent database and the assumptions made for mass-balance modelling. 478 

Interestingly, most of the data we recorded from the replicates of the two systems were, overall, 479 

comparable. There was a relatively high uncertainty on water dependence, particularly for the 480 

MoC system. Indeed, the ponds used, connected in series and fed by the same river, experienced 481 

fluctuating flows during the production cycle. Although this only had a minor effect on fish 482 

production, the water inputs in the study were highly variable, especially for MoC. 483 

Nutrients (N and P) fluxes can be an important source of uncertainties in LCA aquaculture 484 

studies. Here, most of the data used were extracted from chemical analysis of each compartment 485 

included in the production systems (i.e. water, feeds, fertilizer and fish), and the N and P 486 

quantities stored in sediments were taken from Pouil et al. (2019) that gives nutrient budgets in 487 

the same ponds with an MoC system of giant gourami. Assuming the occurrence of Azolla in the 488 

CoC was not drastically affected by particulate N and P in sediments (related to uneaten feed, 489 

faeces, plankton sedimentation, dead fish, etc.), the overall N and P values we used in the study 490 

are reliable. Digestibility determines the fate of nutrients and the amounts of nutrients in the 491 

water column (digestible wastes) and sediment (non-digestible wastes) (Medeiros et al., 2017). 492 

Here, we calculated ThOD, an interesting parameter to refine the impacts related to 493 

eutrophication as suggested by Aubin et al. (2009), using digestibility values for protein, 494 

carbohydrates, lipids, ash and fibre. Only protein digestibility values have been found for giant 495 

gourami in literature (Andriani et al., 2019). Thus, other digestibility information (i.e. fat, 496 

carbohydrates, ash, P) came from an experiment based on Nile tilapia, another omnivorous 497 

species (Schneider et al., 2004). This lack of data in the literature reduces the accuracy of the 498 

estimates. However, the release of nutrients (N and P) from the two production systems was 499 



derived mainly from chemical analysis allowing a relatively accurate determination of the 500 

nutrient budgets. 501 

Gaseous emissions to the atmosphere were the parameters with higher uncertainties in the 502 

pedigree matrix. The processes considered were denitrification and ammonia volatilization, 503 

which directly influence eutrophication. Denitrification and ammonia volatilization rates were 504 

based on Gross et al. (2000), a reference cited in some LCA aquaculture studies (e.g., Medeiros 505 

et al., 2017; Wilfart et al., 2013). This reference indicates a loss of roughly 40% of N inputs 506 

through these processes in channel catfish ponds. Nevertheless, in the literature, variability in N 507 

emissions in the air from aquaculture ponds is huge. For instance, NH3 volatilization represents 508 

~1% to total N input in feed for snakehead and bighead carp polyculture ponds (Hou et al., 509 

2018), but NH3 volatilization is equivalent to 10-66% of the N input in feed in shrimp ponds 510 

(Dien et al., 2018; Li et al., 2019; Lorenzen et al., 1997; Páez-Osuna et al., 1999). Such 511 

differences can be explained by the variety of the pond aquaculture systems studied, with diverse 512 

locations, species and rearing practices. Overall, these discrepancies highlight the need to 513 

consider such uncertainties of these processes in aquaculture LCA studies. 514 

Other sources of uncertainties qualified through the pedigree matrix were the emissions of CH4 515 

and N2O and the CO2 fixation in the ponds. Indeed, high variability of such emissions is 516 

expected in aquaculture ponds: reported pond emissions to air vary from 0.01 to 20 mg CH4 m
-2

 517 

h
-1

 and 1 to 252 μg N2O m
-2

 h
-1

 (Kosten et al., 2020; Yang et al., 2022; Yuan et al., 2019). 518 

Interestingly, high greenhouse gas (GHG) emissions from aquaculture ponds have been reported 519 

in some studies during the culture period (Chen et al., 2016, 2015; Datta et al., 2009), suggesting 520 

the importance of including them in LCA. In our analysis, we used values from Yang et al. 521 

(2018), which include measurements during the culture and non-culture period of Chinese 522 



shrimp polyculture and earthen carp ponds based on a stocking density comparable to that in our 523 

study and a semi-intensive production strategy. Overall, we hypothesized that the presence of 524 

Azolla in the CoC system has no significant impact on CH4 and N2O emissions from the ponds. 525 

Nevertheless, some sources suggest that Azolla plays a role in these flows. For example, previous 526 

studies have shown that Azolla application in flooding rice paddy can either increase (Chen et al., 527 

1997; Ying et al., 2000) or have no influence or decrease (Ali et al., 2015; Kimani et al., 2018; 528 

Liu et al., 2017; Singh and Strong, 2016) CH4 and N2O emissions from rice soils. Similarly, 529 

Azolla can also contribute to CO2 sequestration in ponds (Hamdan and Houri, 2022). 530 

Nevertheless, despite the discrepancy between these studies associated with the difficult 531 

comparison between rice paddies and aquaculture ponds, we considered the assumption 532 

reasonable. The overall conclusions of this study would not change if pond GHG emissions were 533 

excluded, but we include them in the LCA we performed given their importance to climate 534 

change, as previously suggested by Medeiros et al. (2017). 535 

 536 

5. Conclusion 537 

The development of Indonesian freshwater pond aquaculture in recent years has shifted from 538 

low-intensity traditional culture methods to monoculture production systems, with increasing 539 

intensification accompanied by the use of commercial feed pellets. Here, for most of the impact 540 

categories investigated, the co-culture system (CoC) with Azolla appeared to be more efficient 541 

than the semi-intensive monoculture (MoC) of giant gourami O. goramy. The observed 542 

improvements can be directly related to reducing the use of commercial pellets and a better 543 

control of the origin of the fertilizer used for enriching the ponds. Overall, we found that 544 



environmental performances for giant gourami production can be enhanced by using floating 545 

macrophytes as an alternative feed resource, even in relatively low proportions. Nevertheless, the 546 

production of this macrophyte species has still to be optimized to enhance its efficiency for use 547 

as a feed supplement while the economic repercussions of a shift to a production system based 548 

on co-culture with Azolla have to be investigated. 549 

Acknowledgements 550 

This work was financially supported by the French National Research Agency (ANR-RF-2015-551 

01) through the IMTA Effect project of the ERA-NET COFASP program. The authors thank 552 

Bang Macho and the local fish farmers in the village of Babakan for sharing their experiences 553 

and knowledge. The authors acknowledge Ahmad Sihabuddin, Sumanta and Gusnia Sundari 554 

from the IRD for their help in data collection. This is the publication ISEM XXXX-XXX. 555 

References 556 

Ali, M.A., Kim, P.J., Inubushi, K., 2015. Mitigating yield-scaled greenhouse gas emissions 557 

through combined application of soil amendments: A comparative study between 558 

temperate and subtropical rice paddy soils. Sci. Total Environ. 529, 140–148. 559 

https://doi.org/10.1016/j.scitotenv.2015.04.090 560 

Andriani, Y., Setiawati, M., Sunarno, M.T.D., 2019. Diet digestibility and growth performance 561 

of giant gouramy juvenile, Osphronemus goramy fed on diet supplemented using 562 

glutamine. J. Ikhtilogi Indones. 19, 1–11. 563 

Arifin, O.Z., Prakoso, V.A., Subagja, J., Kristanto, A.H., Pouil, S., Slembrouck, J., 2019. Effects 564 

of stocking density on survival, food intake and growth of giant gourami (Osphronemus 565 

goramy) larvae reared in a recirculating aquaculture system. Aquaculture 509, 159–166. 566 



https://doi.org/10.1016/j.aquaculture.2019.05.010 567 

Arifin, O.Z., Slembrouck, J., Subagja, J., Pouil, S., Yani, A., Asependi, A., Kristanto, A.H., 568 

Legendre, M. 2020. New insights into giant gourami (Osphronemus goramy) reproductive 569 

biology and egg production control. Aquaculture, 519, 734743. 570 

https://doi.org/10.1016/j.aquaculture.2019.734743 571 

Aubin, J., 2013. Life Cycle Assessment as applied to environmental choices regarding farmed or 572 

wild-caught fish. CAB Rev. Perspect. Agric. Vet. Sci. Nutr. Nat. Resour. 8. 573 

https://doi.org/10.1079/PAVSNNR20138011 574 

Aubin, J., Callier, M., Rey-Valette, H., Mathé, S., Wilfart, A., Legendre, M., Slembrouck, J., 575 

Caruso, D., Chia, E., Masson, G., Blancheton, J.P., Ediwarman, Haryadi, J., Prihadi, T.H., 576 

de Matos Casaca, J., Tamassia, S.T.J., Tocqueville, A., Fontaine, P., 2019. Implementing 577 

ecological intensification in fish farming: definition and principles from contrasting 578 

experiences. Rev. Aquac. 11, 149–167. https://doi.org/10.1111/raq.12231 579 

Aubin, J., Papatryphon, E., Van Der Werf, H.M.G., Chatzifotis, S., 2009. Assessment of the 580 

environmental impact of carnivorous finfish production systems using life cycle 581 

assessment. J. Clean. Prod. 17, 354–361. https://doi.org/10.1016/j.jclepro.2008.08.008 582 

Aubin, J., Papatryphon, E., Van Der Werf, H.M.G., Petit, J., Morvan, Y.M., 2006. 583 

Characterisation of the environmental impact of a turbot (Scophthalmus maximus) re-584 

circulating production system using Life Cycle Assessment. Aquaculture 261, 1259–1268. 585 

https://doi.org/10.1016/j.aquaculture.2006.09.008 586 

Ayer, N.W., Tyedmers, P.H., Pelletier, N.L., Sonesson, U., Scholz, A., 2007. Co-product 587 

allocation in Life Cycle Assessments of seafood production systems: review of problems 588 



and strategies. Int. J. Life Cycle A. 12, 480–487. https://doi.org/10.1065/lca2006.11.284 589 

Bohnes, F.A., Hauschild, M.Z., Schlundt, J., Laurent, A., 2019. Life cycle assessments of 590 

aquaculture systems: a critical review of reported findings with recommendations for 591 

policy and system development. Rev. Aquac. 11, 1061–1079. 592 

https://doi.org/10.1111/raq.12280 593 

Bonny, S., 2011. L’agriculture écologiquement intensive : nature et défis. Cah. Agric. 20, 451–594 

462. https://doi.org/10.1684/agr.2011.0526 595 

Bosma, R.H., Verdegem, M.C.J., 2011. Sustainable aquaculture in ponds: principles, practices 596 

and limits. Livest. Sci. 139, 58–68. https://doi.org/10.1016/j.livsci.2011.03.017 597 

BPS, 2013. Jumlah rumah tangga usaha budidaya bukan ikan hias menurut wilayah dan jenis 598 

ikan utama. https://st2013.bps.go.id/dev2/ index.php/site/tabel?tid=57&wid=3200000000 599 

(accessed 25 August 2019). 600 

Caruso, D., Pouil, S., Samsudin, R., Sihabuddin, A., Slembrouck, J., 2021. Towards ecological 601 

intensification through the co-production of the floating macrophyte Azolla filiculoides and 602 

the giant gourami Osphronemus goramy Lacepède (1801) in Indonesian ponds. J. Appl. 603 

Aquac. https://doi.org/10.1080/10454438.2021.1932667 604 

Chen, G.X., Huang, G.H., Huang, B., Yu, K.W., Wu, J., Xu, H., 1997. Nitrous oxide and 605 

methane emissions from soil-plant systems. Nutr. Cycl. Agroecosystems 49, 41–45. 606 

https://doi.org/10.1023/a:1009758900629 607 

Chen, Y., Dong, S., Wang, F., Gao, Q., Tian, X., 2016. Carbon dioxide and methane fluxes from 608 

feeding and no-feeding mariculture ponds. Environ. Pollut. 212, 489–497. 609 

https://doi.org/10.1016/j.envpol.2016.02.039 610 



Chen, Y., Dong, S., Wang, Z., Wang, F., Gao, Q., Tian, X., Xiong, Y., 2015. Variations in CO2 611 

fluxes from grass carp Ctenopharyngodon idella aquaculture polyculture ponds. Aquac. 612 

Environ. Interact. 8, 31–40. https://doi.org/10.3354/aei00149 613 

Ciroth, A., Muller, S., Weidema, B., Lesage, P., 2016. Empirically based uncertainty factors for 614 

the pedigree matrix in ecoinvent. Int. J. Life Cycle Assess. 21, 1338–1348. 615 

https://doi.org/10.1007/s11367-013-0670-5 616 

Da Silva, V.P., Van Der Werf, H.M.G., Soares, S.R., 2010. LCA of French and Brazilian poultry 617 

broiler production systems. Working towards a more sustainable agri-food industry, in: 618 

Proceedings of the 7th International Conference on Life Cycle Assessment in the Agri-619 

Food Sector. Bari, Italy. 620 

Datta, A., Nayak, D.R., Sinhababu, D.P., Adhya, T.K., 2009. Methane and nitrous oxide 621 

emissions from an integrated rainfed rice-fish farming system of Eastern India. Agric. 622 

Ecosyst. Environ. 129, 228–237. https://doi.org/10.1016/j.agee.2008.09.003 623 

Dekamin, M., Veisi, H., Safari, E., Liaghati, H., Khoshbakht, K., Dekamin, M.G., 2015. Life 624 

cycle assessment for rainbow trout (Oncorhynchus mykiss) production systems: a case 625 

study for Iran. J. Clean. Prod. 91, 43–55. https://doi.org/10.1016/j.jclepro.2014.12.006 626 

Dien, L.D., Hiep, L.H., Hao, N. Van, Sammut, J., Burford, M.A., 2018. Comparing nutrient 627 

budgets in integrated rice-shrimp ponds and shrimp grow-out ponds. Aquaculture 484, 628 

250–258. https://doi.org/10.1016/j.aquaculture.2017.11.037 629 

EIA, 2021. Country Analysis Executive Summary: Indonesia. US Energy Information 630 

Administration, Washington. 631 

https://www.eia.gov/international/content/analysis/countries_long/Indonesia/indonesia.pdf632 



Edwards, P., 2015. Aquaculture environment interactions: past, present and likely future 633 

trends. Aquaculture 447, 2–14. https://doi.org/10.1016/j.aquaculture.2015.02.001 634 

FAO, 2022a. FishstatJ - Software for Fishery and Aquaculture Statistical Time Series. Rome. 635 

FAO, 2022b. The State of World Fisheries and Aquaculture 2022. Towards Blue 636 

Transformation. Food and Agriculture Organization, Rome. 637 

FAO, 2019. Cultured Aquatic Species Information Programme: Osphronemus goramy [WWW 638 

Document]. URL https://www.fao.org/fishery/en/culturedspecies/osphronemus_goramy/en 639 

(accessed 11.30.22). 640 

Fry, J.P., Mailloux, N.A., Love, D.C., Milli, M.C., Cao, L., 2018. Feed conversion efficiency in 641 

aquaculture: do we measure it correctly? Environ. Res. Lett. 13, 024017. 642 

https://doi.org/10.1088/1748-9326/aaa273 643 

Ghamkhar, R., Boxman, S.E., Main, K.L., Zhang, Q., Trotz, M.A., Hicks, A., 2021. Life cycle 644 

assessment of aquaculture systems: does burden shifting occur with an increase in 645 

production intensity? Aquac. Eng. 92, 102130. 646 

https://doi.org/10.1016/j.aquaeng.2020.102130 647 

Ghamkhar, R., Hicks, A., 2020. Comparative environmental impact assessment of aquafeed 648 

production: Sustainability implications of forage fish meal and oil free diets. Resour. 649 

Conserv. Recycl. 161, 104849. https://doi.org/10.1016/j.resconrec.2020.104849 650 

Griffon, M., 2010. Pour des Agricultures Ecologiquement Intensives. L'Aube, Avignon. 651 

Gross, A., Boyd, C.E., Wood, C.W., 2000. Nitrogen transformations and balance in channel 652 

catfish ponds. Aquac. Eng. 24, 1–14. https://doi.org/10.1016/S0144-8609(00)00062-5 653 



 uillaume,  .,  aus ik, S. ., Bergot,  .,  étailler, R., 1999. Nutrition et Alimentation des 654 

Poissons et Crustacés, INRA, Paris. 655 

Hamdan, H.Z., Houri, A.F., 2022. CO2 sequestration by propagation of the fast-growing Azolla 656 

spp. Environ. Sci. Pollut. Res. 29, 16912–16924. https://doi.org/10.1007/s11356-021-657 

16986-6 658 

Henriksson, P.J.G., Banks, L.K., Suri, S.K., Pratiwi, T.Y., Fatan, N.A., Troell, 2019. Indonesian 659 

aquaculture futures — identifying interventions for reducing environmental impacts. 660 

Environ. Res. Lett. 14, 124062. 661 

Henriksson, P.J.G., Guinée, J.B., Kleijn, R., De Snoo, G.R., 2012. Life cycle assessment of 662 

aquaculture systems-A review of methodologies. Int. J. Life Cycle Assess. 17, 304–313. 663 

https://doi.org/10.1007/s11367-011-0369-4 664 

Henriksson, P.J.G., Tran, N., Mohan, C.V., Chan, C.Y., Rodriguez, U.P., Suri, S., Mateos, L.D., 665 

Utomo, N.B.P., Hall, S., Phillips, M.J., 2017. Indonesian aquaculture futures – Evaluating 666 

environmental and socioeconomic potentials and limitations. J. Clean. Prod. 162, 1482–667 

1490. https://doi.org/10.1016/j.jclepro.2017.06.133 668 

Hou, J., Wang, X., Wang, J., Xia, L., Zhang, Y., Li, D., Ma, X., 2018. Pathway governing 669 

nitrogen removal in artificially aerated constructed wetlands: impact of aeration mode and 670 

influent chemical oxygen demand to nitrogen ratios. Bioresour. Technol. 257, 137–146. 671 

https://doi.org/10.1016/j.biortech.2018.02.042 672 

ISO, 2006. ISO 14040:2006 Environmental management — Life cycle assessment — Principles 673 

and framework, International Organization for Standardization, Geneva. 674 

Jaeger, C., Aubin, J., 2018. Ecological intensification in multi-trophic aquaculture ponds: an 675 



experimental approach. Aquat. Living Resour. 31. https://doi.org/10.1051/alr/2018021 676 

Kimani, S.M., Cheng, W., Kanno, T., Nguyen-Sy, T., Abe, R., Oo, A.Z., Tawaraya, K., Sudo, S., 677 

2018. Azolla cover significantly decreased CH4 but not N2O emissions from flooding rice 678 

paddy to atmosphere. Soil Sci. Plant Nutr. 64, 68–76. 679 

https://doi.org/10.1080/00380768.2017.1399775 680 

Koch, P., Salou, T., 2014. AGRIBALYSE: Methodology, Version 1.1A. Angers, France. 681 

Kosten, S., Almeida, R.M., Barbosa, I., Mendonça, R., Santos Muzitano, I., Sobreira Oliveira-682 

Junior, E., Vroom, R.J.E., Wang, H.J., Barros, N., 2020. Better assessments of greenhouse 683 

gas emissions from global fish ponds needed to adequately evaluate aquaculture footprint. 684 

Sci. Total Environ. 748, 141247. https://doi.org/10.1016/j.scitotenv.2020.141247 685 

Kristanto, A.H., Slembrouck, J., Subagja, J., Pouil, S., Arifin, O.Z., Prakoso, V.A., Legendre, 686 

M., 2020. Survey on egg and fry production of giant gourami (Osphronemus goramy): 687 

current rearing practices and recommendations for future research. J. World Aquac. Soc. 688 

51, 119–138. https://doi.org/10.1111/jwas.12647 689 

Li, F., Feng, J., Zhou, X., Xu, C., Haissam Jijakli, M., Zhang, W., Fang, F., 2019. Impact of rice-690 

fish/shrimp co-culture on the N2O emission and NH3 volatilization in intensive aquaculture 691 

ponds. Sci. Total Environ. 655, 284–291. https://doi.org/10.1016/j.scitotenv.2018.10.440 692 

Liu, J., Xu, H., Jiang, Y., Zhang, K., Hu, Y., Zeng, Z., 2017. Methane emissions and microbial 693 

communities as influenced by dual cropping of Azolla along with early Rice. Sci. Rep. 7, 694 

1–14. https://doi.org/10.1038/srep40635 695 

Lorenzen, K., Struve, J., Cowan, V.J., 1997. Impact of farming intensity and water 696 

managementon nitrogen dynamics in intensive pond culture: a mathematical model applied 697 



to Thai commercial shrimp farms. Aquac. Res. 28, 493–507. 698 

Maskur, M., Rina, R., Hamid, M.A., 2013. Small-scale freshwater aquaculture extension 699 

development in Indonesia. https://enaca.org/?id=189&title=small-scale-aquaculture-700 

extension-in-indonesia. (accessed 25 August 2019). 701 

Medeiros, M. V., Aubin, J., Camargo, A.F.M., 2017. Life cycle assessment of fish and prawn 702 

production: Comparison of monoculture and polyculture freshwater systems in Brazil. J. 703 

Clean. Prod. 156, 528–537. https://doi.org/10.1016/j.jclepro.2017.04.059 704 

Mendoza Beltran, A., Chiantore, M., Pecorino, D., Corner, R.A., Ferreira, J.G., Cò, R., Fanciulli, 705 

L., Guinée, J.B., 2018. Accounting for inventory data and methodological choice 706 

uncertainty in a comparative life cycle assessment: the case of integrated multi-trophic 707 

aquaculture in an offshore Mediterranean enterprise. Int. J. Life Cycle Assess. 23, 1063–708 

1077. https://doi.org/10.1007/s11367-017-1363-2 709 

Mungkung, R., Aubin, J., Prihadi, T.H., Slembrouck, J., Van Der Werf, H.M.G., Legendre, M., 710 

2013. Life cycle assessment for environmentally sustainable aquaculture management: a 711 

case study of combined aquaculture systems for carp and tilapia. J. Clean. Prod. 57, 249–712 

256. https://doi.org/10.1016/j.jclepro.2013.05.029 713 

Narimbi, J., Mazumder, D., Sammut, J., 2018. Stable isotope analysis to quantify contributions 714 

of supplementary feed in Nile tilapia Oreochromis niloticus (GIFT strain) aquaculture. 715 

Aquac. Res. 49, 1866–1874. https://doi.org/10.1111/are.13642 716 

Nhu, T. T., Schaubroeck, T., Henriksson, P. J., Bosma, R., Sorgeloos, P., & Dewulf, J. (2016). 717 

Environmental impact of non-certified versus certified (ASC) intensive Pangasius 718 

aquaculture in Vietnam, a comparison based on a statistically supported LCA. Environ. 719 



Pollut., 219, 156-165. https://doi.org/10.1016/j.envpol.2016.10.006 720 

Páez-Osuna, F., Guerrero-Galván, S.R., Ruiz-Fernández, A.C., 1999. Discharge of nutrients 721 

from shrimp farming to coastal waters of the Gulf of California. Mar. Pollut. Bull. 38, 585–722 

592. https://doi.org/10.1016/S0025-326X(98)00116-7 723 

Papatryphon, E., Petit, J., Kaushik, S.J., Van Der Werf, H.M.G., 2004. Environmental impact 724 

assessment of salmonid feeds using Life Cycle Assessment (LCA). Ambio 33, 316–323. 725 

https://doi.org/10.1579/0044-7447-33.6.316 726 

Pelletier, N., Tyedmers, P., 2010. Life cycle assessment of frozen tilapia fillets from indonesian 727 

lake-based and pond-based intensive aquaculture systems. J. Ind. Ecol. 14, 467–481. 728 

https://doi.org/10.1111/j.1530-9290.2010.00244.x 729 

Phillips, M., Henriksson, P., Tran, N., Chan, C., Mohan, C., Rodriguez, U.-P., Suri, S., Hall, S., 730 

Koeshendrajana, S., 2015. Exploring Indonesian aquaculture futures, 39. Penang, 731 

Malaysia. 732 

Pouil, S., Samsudin, R., Slembrouck, J., Sihabuddin, A., Sundari, G., Khazaidan, K., Kristanto, 733 

A.H., Pantjara, B., Caruso, D., 2020. Effects of shading, fertilization and snail grazing on 734 

the productivity of the water fern Azolla filiculoides for tropical freshwater aquaculture. 735 

Aquat. Bot. 160, 103150. https://doi.org/10.1016/j.aquabot.2019.103150 736 

Pouil, S., Samsudin, R., Slembrouck, J., Sihabuddin, A., Sundari, G., Khazaidan, K., Kristanto, 737 

A.H., Pantjara, B., Caruso, D., 2019. Nutrient budgets in a small-scale freshwater fish pond 738 

system in Indonesia. Aquaculture 504, 267–274. 739 

https://doi.org/10.1016/j.aquaculture.2019.01.067 740 

Prakoso, V.A., Pouil, S., Cahyanti, W., Sundari, S., Arifin, O.Z., Subagja, J., Kristanto, A.H., 741 



Slembrouck, J., 2021. Fluctuating temperature regime impairs growth in giant gourami 742 

(Osphronemus goramy) larvae. Aquaculture 539, 736606. 743 

https://doi.org/10.1016/j.aquaculture.2021.736606 744 

Purnomo, C.W., Indarti, S., Wulandari, C., Hinode, H., Nakasaki, K., 2017. Slow release 745 

fertiliser production from poultry manure. Chem. Eng. Trans. 56, 1531–1536. 746 

https://doi.org/10.3303/CET1756256 747 

R Development Core Team, 2022. R: A Language and Environment for Statistical Computing. R 748 

Foundation for Statistical Computing, Vienna. 749 

Rimmer, M.A., Sugama, K., Rakhmawati, D., Rofiq, R., Habgood, R.H., 2013. A review and 750 

SWOT analysis of aquaculture development in Indonesia. Rev. Aquac. 5, 255–279. 751 

https://doi.org/10.1111/raq.12017 752 

Schneider, O., Amirkolaie, A.K., Vera-Cartas, J., Eding, E.H., Schrama, J.W., Verreth, J.A.J., 753 

2004. Digestibility, faeces recovery, and related carbon, nitrogen and phosphorus balances 754 

of five feed ingredients evaluated as fishmeal alternatives in Nile tilapia, Oreochromis 755 

niloticus L. Aquac. Res. 35, 1370–1379. https://doi.org/10.1111/j.1365-2109.2004.01179.x 756 

Singh, J.S., Strong, P.J., 2016. Biologically derived fertilizer: a multifaceted bio-tool in methane 757 

mitigation. Ecotoxicol. Environ. Saf. 124, 267–276. 758 

https://doi.org/10.1016/j.ecoenv.2015.10.018 759 

Slembrouck, J., Arifin, O.Z., Pouil, S., Subagja, J., Yani, A., Asependi, A., Kristanto, A.H., 760 

Legendre, M. (2020). Seasonal variation of giant gourami (Osphronemus goramy) 761 

spawning activity and egg production in aquaculture ponds. Aquaculture, 527, 735450. 762 

https://doi.org/10.1016/j.aquaculture.2020.735450 763 

https://doi.org/10.3303/CET1756256


Slembrouck, J., Arifin, O.Z., Pouil, S., Subagja, J., Yani, A., Kristanto, A.H., Legendre, M. 764 

(2019). Gender identification in farmed giant gourami (Osphronemus goramy): a 765 

methodology for better broodstock management. Aquaculture, 498, 388–395. 766 

https://doi.org/10.1016/j.aquaculture.2018.08.056 767 

Slembrouck, J., Samsudin, R., Pantjara, B., Sihabuddin, A., Legendre, M., Caruso, D., Richoux, 768 

N., 2018. Choosing floating macrophytes for ecological intensification of small-scale fish 769 

farming in tropical areas: a methodological approach. Aquat. Living Resour. 31. 770 

https://doi.org/10.1051/alr/2018017 771 

Van Der Meer, M.B., Faber, R., Zamora, J.E., Verdegem, M.C.J., 1997. Effect of feeding level 772 

on feed losses and feed utilization of soya and fish meal diets in Colossoma macropomum 773 

(Cuvier). Aquac. Res. 28, 391–403. https://doi.org/10.1046/j.1365-2109.1997.00869.x 774 

Van Der Werf, H.M.G., Knudsen, M.T., Cederberg, C., 2020. Towards better representation of 775 

organic agriculture in life cycle assessment. Nat. Sustain. 3, 419–425. 776 

https://doi.org/10.1038/s41893-020-0489-6 777 

Verdegem, M.C.J., 2013. Nutrient discharge from aquaculture operations in function of system 778 

design and production environment. Rev. Aquac. 5, 158–171. 779 

https://doi.org/10.1111/raq.12011 780 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The 781 

ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle Assess. 782 

21, 1218–1230. https://doi.org/10.1007/s11367-016-1087-8 783 

Widiyanto, A., Kato, S., Maruyama, N., 2003. Environmental impact analysis of Indonesian 784 

electric generation systems. JSME Int. Journal, Ser. B Fluids Therm. Eng. 46, 650–659. 785 



https://doi.org/10.1299/jsmeb.46.650 786 

Wilfart, A., Espagnol, S., Dauguet, S., Tailleur, A., Gac, A., Garcia-Launay, F., 2016. 787 

ECOALIM: A dataset of environmental impacts of feed ingredients used in French animal 788 

production. PLoS One 11, 1–17. https://doi.org/10.1371/journal.pone.0167343 789 

Wilfart, A., Garcia-Launay, F., Terrier, F., Soudé, E., Aguirre, P., Skiba-Cassy, S., 2023. A step 790 

towards sustainable aquaculture: multiobjective feed formulation reduces environmental 791 

impacts at feed and farm levels for rainbow trout. Aquaculture 562. 792 

https://doi.org/10.1016/j.aquaculture.2022.738826 793 

Wilfart, A., Prudhomme, J., Blancheton, J.P., Aubin, J., 2013. LCA and emergy accounting of 794 

aquaculture systems: towards ecological intensification. J. Environ. Manage. 121, 96–109. 795 

https://doi.org/10.1016/j.jenvman.2013.01.031 796 

Yacout, D.M.M., Soliman, N.F., Yacout, M.M., 2016. Comparative life cycle assessment (LCA) 797 

of tilapia in two production systems: semi-intensive and intensive. Int. J. Life Cycle 798 

Assess. 21, 806–819. https://doi.org/10.1007/s11367-016-1061-5 799 

Yang, P., Lai, D.Y.F., Huang, J.F., Tong, C., 2018. Effect of drainage on CO2, CH4, and N2O 800 

fluxes from aquaculture ponds during winter in a subtropical estuary of China. J. Environ. 801 

Sci. 65, 72–82. https://doi.org/10.1016/j.jes.2017.03.024 802 

Yang, P., Tang, K.W., Tong, C., Lai, D.Y.F., Zhang, L., Lin, X., Yang, H., Tan, L., Zhang, Y., 803 

Hong, Y., Tang, C., Lin, Y., 2022. Conversion of coastal wetland to aquaculture ponds 804 

decreased N2O emission: evidence from a multi-year field study. Water Res. 227, 119326. 805 

https://doi.org/10.1016/j.watres.2022.119326 806 

Ying, Z., Boeckx, P., Chen, G.X., Van Cleemput, O., 2000. Influence of Azolla on CH4 emission 807 



from rice fields. Nutr. Cycl. Agroecosystems 58, 321–326. 808 

https://doi.org/10.1023/A:1009871308968 809 

Yuan, J., Xiang, J., Liu, D., Kang, H., He, T., Kim, S., Lin, Y., Freeman, C., Ding, W., 2019. 810 

Rapid growth in greenhouse gas emissions from the adoption of industrial-scale 811 

aquaculture. Nat. Clim. Chang. 9, 318–322. https://doi.org/10.1038/s41558-019-0425-9  812 



Figure captions  813 

 814 

Figure 1. Schematic view of the production chain of semi-intensive giant gourami aquaculture. 815 

Weights and size provided are means are average values gathered from surveys of approximately 816 

40 giant gourami farms (Kristanto et al., 2020). 817 

 818 

Figure 2. System boundaries for giant gourami (A) monoculture (MoC) and (B) co-culture 819 

(CoC) production systems.  820 

 821 

Figure 3. Contribution of each input or production step in environmental impacts per (A) kg of 822 

fish and (B) m
2
 of the farm in traditional giant gourami monoculture (MoC) and co-culture with 823 

the floating macrophyte Azolla filiculoides (CoC) systems. CED: cumulative energy demand; 824 

NPPU: net primary production use. 825 

 826 

Figure 4.  Uncertainties in the environmental impacts per (A) kg of fish and (B) m
2
 of the farm 827 

in the traditional giant gourami monoculture system (MoC) and the co-culture system with the 828 

floating macrophyte Azolla filiculoides (CoC) for each impact category. Asterisks denote 829 

significant differences between the two production systems. We considered that the two systems 830 

differed if one had higher impacts in at least 90% of the runs. CED: cumulative energy demand; 831 

NPPU: net primary production use.  832 
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Figure 4  836 



Table 1. Pond characteristics, rearing performances and electricity and water consumption used 837 

in the LCA of the monoculture (MoC) and the co-culture with the floating macrophyte Azolla 838 

filiculoides (CoC) of giant gourami (mean ± 1 standard deviation).  839 

 
CoC MoC 

Pond characteristics and inputs 

Surface (m
2
) 771 840 

Depth (m) 0.5 0.5 

Rearing structures earthen ponds 

tarpaulin tanks 

earthen ponds 

Equipment PVC pipes 

bamboo pools 

anti-predator nets 

fishing net 

happas 

PVC pipes 

bamboo pools 

anti-predator nets 

fishing net 

Fertilizers (kg) 5802 ± 580 5020 ± 502 

Pellets (kg) 2874 ± 302 3811 ± 59 

Azolla (kg) 2848 ± 1424 - 

Rearing performances 

Initial body weight (g) 29 ± 6 28 ± 5 

Fish stocking density (fish m
-2

) 6 6 

Stocked fish biomass (kg yr
-1

) 274 297 

FCRpellets (wet weight)
1
 2.1 2.8 

Final body weight (g) 193 ± 52 183 ± 39 

Fish productivity (tonne ha
-1 

yr
-1

) 19.9 19.6 

Energy and water inputs 

Electricity consumption (kWh yr
-1

) 422 403 

Water (m
3 

yr
-1

) 6985 ± 2544 9425 ± 5863 

Nutrient releases from water   

N (mg L
-1

) 1.4 ± 0.5 1.5 ± 0.4 

P (mg L
-1

) 0.167 ± 0.258 0.026 ± 0.031 
1FCRpellets = feed conversion ratio, considering only the commercial feed (extruded pellets) and 840 

calculated as the ratio between the amount of distributed pellets (kg) and the biomass gain (kg) 841 

over the production cycle  842 



 Table 2. Ingredients and composition values of the feeds (n = 5 and n = 30 samples analysed for 843 

pellets and Azolla, respectively) used in monoculture (MoC) and co-culture with the floating 844 

macrophyte Azolla filiculoides (CoC). Except for moisture, composition values are expressed on 845 

a dry matter basis. 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

Composition (%, Mean ± SD)   Extruded pellets Azolla filiculoides 

Moisture 7.95 ± 0.49 92.06 ± 1.17 

Proteins 32.72 ± 0.23 20.29 ± 5.47 

Lipids 5.29 ± 0.17 1.76 ± 0.61 

Carbohydrates 47.29 ± 0.25 50.89 ± 4.72 

Ash 10.01 ± 0.36 11.49 ± 1.75 

Fibres 4.70 ± 0.20 15.58 ± 3.03 

Phosphorus 1.47 ± 0.12 0.25 ± 0.13 

Ingredients (% [origin]) 

Fish meal 10 [Chili] 

Fish meal 11 [East Java] 

Soybean meal 15 [Argentina] 

Meat and bone meal 10 [Australia] 

Wheat bran 20.5 [Australia 

Rice bran 25 [West Java] 

Fish oil 2 [East Java] 

Plant oil 2.5 [Banten/West Java] 

Choline chloride 0.5 [China] 

Premix vitamin 2 [China] 

Premix mineral 1.2 [China] 

Butylated hydroxytoluene 

(BHT) 
0.3 [Central Java] 



46 
 

Table 3. Results of the Monte Carlo analysis (n = 1000) applied to the two production systems: monoculture (MoC) and co-culture with the 857 

floating macrophyte Azolla filiculoides (CoC) for each impact category. We considered that the two systems differed if one had higher impacts 858 

in at least 90% of the 1000 runs (see values in bold in the last column). 859 

 860 

 861 

Functional unit Category System Median Q1 (25%) Q3 (75%) Mean SD MoC > CoC (%) 

Fish weight (kg) Acidification (mol H
+
 eq.) CoC 0.139 0.134 0.144 0.139 0.007  

  MoC 0.147 0.142 0.152 0.148 0.008 78.8 

 Cumulative energy demand (MJ) CoC 129.787 124.828 134.099 129.565 6.653  

  MoC 138.986 136.27 141.493 138.897 3.889 88.6 

 Climate change (kg CO2 eq.) CoC 6.394 6.165 6.595 6.383 0.306  

  MoC 7.108 7.027 7.191 7.109 0.125 98.4 

 Eutrophication (kg PO4
3-

 eq.) CoC 0.246 0.243 0.25 0.246 0.005  

  MoC 0.278 0.268 0.287 0.278 0.014 98.3 

 Land occupation (m
2
 year) CoC 4.773 4.538 4.989 4.766 0.328  

  MoC 4.732 4.569 4.888 4.728 0.236 46.5 

 Net primary production use (kg C) CoC 9.123 8.489 9.714 9.116 0.87  

  MoC 11.833 11.731 11.949 11.837 0.157 100 

 Water dependence (m
3
) CoC 8.791 7.609 9.732 8.708 1.659  

  MoC 10.255 7.808 12.345 10.117 3.484 64.4 

Farm surface (m
2
) Acidification (mol H

+
 eq.) CoC 0.21 0.203 0.219 0.211 0.011  

  MoC 0.235 0.227 0.244 0.236 0.013 93.8 

 Cumulative energy demand (MJ) CoC 196.47 190.368 202.691 196.505 9.813  

  MoC 221.05 217.39 224.814 221.098 6.095 97.9 

 Climate change (kg CO2 eq.) CoC 9.672 9.378 9.97 9.674 0.453  

  MoC 11.327 11.204 11.443 11.323 0.19 100 

 Eutrophication (kg PO4
3-

 eq.) CoC 0.373 0.368 0.378 0.373 0.007  

  MoC 0.442 0.426 0.458 0.442 0.024 99.9 

 Land occupation (m
2 
year) CoC 7.227 6.937 7.562 7.237 0.48  

  MoC 7.529 7.292 7.751 7.52 0.374 67.9 

 Net primary production use (kg C) CoC 13.827 12.958 14.584 13.793 1.275  

  MoC 18.864 18.708 19.016 18.864 0.237 99.9 

 Water dependence (m
3
) CoC 13.168 11.37 14.957 13.165 2.463  

  MoC 15.663 11.911 19.249 15.519 5.814 64.0 


