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Life Cycle Assessment (LCA) was applied to assess the environmental performance of brackish water polyculture of black tiger prawn, mud crabs, tilapia and milkfish in a pond aquaculture system. The study was conducted on 15 production sites, located in Pampanga province of the Philippines. The scope of analysis covered the hatchery or capture of juveniles from the wild up to the delivery of products to auction markets. Impact categories included eutrophication, acidification, climate change, land occupation, net primary production use, total cumulative energy demand (TCED), and total human labour. Life cycle impact indicators were calculated for one tonne of product (total production or that of individual species) using both energy-based and economic allocations. The results indicated that the main impacts from farming operations were eutrophication, land occupation, acidification and human labour. Feed (molluscs harvested from aquatic ecosystems) mainly influenced net primary production use, TCED and climate change, and harvesting and delivery mainly influenced climate change and TCED. Differences in farm practices and yields induced high variability in impacts. Production site size had no significant effect; however, its distance from the sea appeared to affect its efficiency and, consequently, impacts. Changing the allocation method changed the ranking of species' impacts within each impact category, milkfish having the highest impacts with energy-based allocation and prawn and crabs having the highest impacts with economic allocation. The lack of differences in impacts between intensive monocultures of prawn and tilapia recorded in the literature and the same species in Pampanga's polyculture suggests that the degree of intensification is not a relevant concept for distinguishing impacts of aquaculture systems.
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Introduction

Polyculture is an approach of culturing multiple species in the same space [START_REF] Milstein | Polyculture in aquaculture[END_REF]. Though it originated in agricultural systems, it also has been applied in aquaculture systems, mainly to efficiently increase utilization of natural foods in ponds with multiple trophic levels of cultured species. It is dominant mainly in Asia, especially for local communities, to provide a sustainable livelihood and sources of nutrition (FAO, 2012). The Philippines developed aquaculture along its coast more than 300 years ago. Aquaculture production in the Philippines reached 744,000 tonnes in 2010, ranking 9th in the Asiatic region (FAO, 2012), and plays a significant role in the country's economy [START_REF] Bfar | Philippine fisheries profile[END_REF]). In the Philippines, Pampanga province is one of the main production areas for brackish water polyculture based on a pond aquaculture system. This brackish water polyculture system is located in an estuary that opens onto Manila Bay (Luzon Island) and occupies more than 16,000 ha of ponds in the province. Three to four species are associated with this system: tiger prawn (Penaeus monodon), mud crabs (Scylla serrata and S. olivacea), milkfish (Chanos chanos) and, in areas further from the sea, tilapia (Oreochromis niloticus). Native and introduced wild fish (detailed later) are also part of the polyculture. The rationale for this polyculture system is the combination of complementary species that use different habitats in the pond ecosystem, such as the bottom (tiger prawn and crabs) or the water column (milkfish and tilapia). These species, despite being opportunistic omnivores, also feed on different trophic levels, tiger prawn and crabs focus more on detritus and milkfish and tilapia focuses more on plankton. Moreover, these species meet different market demands: milkfish and tilapia supply the local market, while tiger prawns and crabs are marketed in large cities (mainly in the Philippines).

Performance of polyculture systems is debatable in terms of sustainability, particularly when compared to the results of monoculture. The Life Cycle Assessment (LCA) method has been previously applied to assess the environmental performance of intensive fish-production systems, especially for salmonids (Papatryphon et al., 2004a,b;Pelletier et al., 2007;Pelletier and Tyedmers, 2007;[START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF]d'Orbcastel et al., 2009;[START_REF] Boissy | Environmental impacts of plant-based salmonid diets at feed and farm scales[END_REF][START_REF] Samuel-Fitwi | Sustainability assessment tools to support aquaculture development[END_REF]. However, there are few available studies on pond systems [START_REF] Mungkung | Shrimp Aquaculture in Thailand: Application of Life Cycle Assessment to support sustainable development[END_REF][START_REF] Pelletier | Life cycle assessment of frozen tilapia fillets from Indonesian lakebased and pond-based intensive aquaculture systems[END_REF][START_REF] Bosma | Life cycle assessment of intensive striped catfish farming in the Mekong Delta for screening hotspots as input to environmental policy and research agenda[END_REF][START_REF] Cao | Life Cycle Assessment of Chinese Shrimp Farming Systems Targeted for Export and Domestic Sales[END_REF][START_REF] Cao | Role of life cycle assessment in sustainable aquaculture[END_REF] and even fewer on extensive polyculture systems [START_REF] Casaca | Policultivos de peixes integrados à produção vegetal: avaliação econômica e sócio ambiental (peixe-verde)[END_REF][START_REF] Phong | Life cycle assessment of food production in integrated agriculture-aquaculture systems of the Mekong Delta[END_REF][START_REF] Efole-Ewoukem | Environmental impacts of farms integrating aquaculture and agriculture in Cameroon[END_REF]. However, no studies have been performed on polyculture systems in Asia. Therefore, this study aims to: (1) estimate environmental impacts of this type of polyculture system, (2) define the principal sources of the impacts, (3) discuss their allocation among the species, and (4) compare impacts of this polyculture system to those of intensive fish farming systems.

Materials and methods

Production system

A sample of farms, representative of common practices, was surveyed to conduct the environmental study. Three tiger prawn hatcheries were studied in Zambales, Pangasinan and Quezon Provinces in the east, northeast and west of Luzon Island, respectively. The main difference among them concerns the feed, which is based either exclusively on diatoms (Skeletonema spp.) or on diatoms supplemented with concentrated feeds or brine shrimp (Artemia spp.). Broodstock are fished from the sea with small trawlers. Tiger prawn larvae in Pampanga come mainly from Luzon Island, but also from Mindanao and the Visayas islands. Two tilapia hatcheries were studied in Pampanga, the main production area for tilapia fingerlings on Luzon Island. Milkfish fingerlings are either fished from the sea or provided by Indonesian or Taiwanese hatcheries. When fished, they are caught by hand using a 15-meter-long net. The main fishing area is at Iba, Zambales Province. Once caught, they are transported to Bulacan Province (next to Pampanga Province) and are fed in pre-growing ponds for two months before being sent to Pampanga. About 50% of the fingerlings are fished and 50% are purchased from foreign hatcheries. For the LCA, capture of milkfish fingerlings from the sea was assumed. Crab larvae are collected by hand in the river and mangrove (using a landing net) in two main locations: Aparri Estuary (north of Luzon Island) for the orange mud crab (S. serrata) and Sorsogon Bay (southeast of Luzon Island) for the king mud crab (S. olivacea).
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Fifteen production sites were surveyed in Pampanga. Each production site is a pond with its surrounding area depending on a farm, which is defined by its surface area, location and production practices. The ponds range in size from 1-101 ha. In this area the mean pond size is 19.4 ha [START_REF] Grandmougin | Adaptabilité de deux systèmes piscicoles de la province de Pampanga (Philippines) aux évolutions récentes des facteurs de production[END_REF]. Depending on the size, one or more employees manage the production site and live on the dykes permanently. Several ponds can be operated by the same farmer. Since tiger prawn is the most profitable species in the polyculture, farm activity is mainly organised around its production cycle, which lasts 3-4 months (Fig. 1). Crabs, representing the second most valuable product, are produced in six months. The production cycles of tiger prawns and crabs are independent, as crabs can be harvested without draining ponds. Tilapia and milkfish are sorted at each tiger prawn harvest into large fish that can be sold and small fish that are transferred into another grow-out pond. Consequently, fish are produced in 3-9 months depending on their growth rate and farmers' decisions. Infrastructure is generally limited to the wood or concrete house of the permanent caretaker, motorised boats (made of epoxy resin and fibreglass) and concrete water gates of the pond. The main tiger prawn feed consists of horn snails (Cerithium tenellum), considered a pest [START_REF] Bagarinao | From triphenyltins to integrated management of the `pest' snail Cerithidea cingulata in mangrove-derived milkfish ponds in the Philippines[END_REF], and mangrove whelk (Telescopium telescopium), collected either from a river by the farmer or, for farmers operating several production sites, from Manila Bay (60 km from Pampanga), from where it is transported by truck. Depending on farmer practices, other feeds are distributed in limited quantities during the first weeks of the production cycle as a supplement; for example, trash fish from the previous harvest or the local markets, or in rare cases, frymass. Chemicals and fertilisers commonly used are lime and urea (16-0-0), respectively.

One of the main concerns in the polyculture system is an extremely high mortality rate (up to 95%) of tiger prawn post-larvae (Table 1). Several factors may be responsible, including water pollution, interspecies competition (especially with crabs) and insufficient river flow due to Mt. Pinatubo's eruption, in 1991. Nevertheless, the commonly held cause is the presence of white-spot disease in the ponds, a viral syndrome, which caused major abandonment of tiger prawn monoculture in the Philippines in the 1990s (FAO, 2005). It also must be noted that the fishponds of Pampanga were historically adapted for milkfish culture, not for shrimp. Survival rates of the other three species range from 50-68%.

As previously mentioned, some native and introduced species from the wild are found in Pampanga fishponds. Native species include silver perch (Bidyanus bidyanus), snakehead murrel (Channa striata), goby (Callogobius tanegasimae), and Indian white shrimp (P. indicus), while introduced species include blue tilapia (O. aureus) and white leg shrimp (L. vannamei). These "wild fish" harvested from ponds can represent up to 10% of the gross income of a production site. This was included in the inventory by estimating a mean mass of wild fish per ha.

Ponds are drained using water pumps during the shrimp harvest. Temporary workers are employed for the entire harvest. Transport to market is performed by boat and/or jeep, depending on production site location. Fish and crabs are usually transported separately from shrimp, as the former are sold in local markets and the latter in regional markets.

Environmental impact assessment

LCA is a standardised method (ISO, 2006a;ISO, 2006b) conceived to assess potential impacts associated with producing a product by quantifying and evaluating the resources consumed and emitted into the environment at all stages of its life cycle, from raw material extraction up to its endof-life [START_REF] Guinée | Handbook on Life Cycle Assessment. An Operational Guide to the ISO standards[END_REF]. Each substance emitted or consumed is assigned to indicators in one or more impact categories as a function of its potential environmental effects, according to scientific literature. Impact categories were selected based on previous studies and guidelines in aquaculture LCA (Pelletier et al., 2007;[START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF][START_REF] Henriksson | Life cycle assessment of aquaculture systems-a review of methodologies[END_REF][START_REF] Aubin | A critical panorama of methods used to assess food sustainability[END_REF]: climate change (kg CO 2 -eq.), acidification (kg SO 2 -eq.), eutrophication (kg PO 4 -eq.), and land occupation (m 2 y) were calculated using the characterisation factors of CML2 Baseline 2000 version 2.03 [START_REF] Guinée | Handbook on Life Cycle Assessment. An Operational Guide to the ISO standards[END_REF]. Energy use (MJ) was calculated according to the Total Cumulative Energy Demand (TCED) method, version 1.03 [START_REF] Frischknecht | Implementation of Life Cycle Impact Assessment Methods (version 1.1)[END_REF]. Net Primary Production Use (NPPU), as defined by [START_REF] Pauly | Primary production required to sustain global fisheries[END_REF], refers to the biotic resource used in terms of carbon contents as a result of net carbon flux in the trophic chain involved in feed provision; it was calculated according to Papatryphon et al. (2004b). No toxicity impact categories were included in the study due to the lack of reliable models adapted to tropical brackish water. Water dependence or use was not included, as most of it is brackish and cannot be used for other purposes, and the large amount of water passing through the ponds leads to high variability and uncertainty in flux estimates. In addition, human labour (man.day), referring to the number of nominal 8-hour work days necessary to perform the main production stages (fry hatchery or capture, feed harvesting, pond operations, fish harvesting and transportation at each stage up to markets) was added to the list of environmental impacts. Calculation was performed using Simapro® 7.0 software and the ecoinvent v2.2 database (Swiss Centre for Life Cycle Inventories, 2010) as secondary data. Many items in the ecoinvent v2.2 database were adapted to the local context, in particular the local energy mix for producing electricity [START_REF] Sharma | Electricity industry reforms in the Philippines[END_REF].

Data were collected from April-June 2007 from each stage of the production network: hatcheries, production sites (n=15), feed and fish seed providers and auction markets. Analysis was based on one year of production. Data include all inputs and outputs of the system, including pollutant emissions. From these data, we defined a standard polyculture system, whose boundaries include (1) producing fry/fingerlings at a hatchery (tiger prawns and tilapia) or catching them from a sea/river (milkfish and crabs), (2) growing-out at the production site, and (3) harvest and transport to auction markets. After-market sales, processing, transport and distribution were not included in the system boundaries since each product has a specific fate: 30% of the shrimp is intended for export, crabs and the non-exported shrimp are sold for local and national consumption, and milkfish and tilapia are sold locally. This system definition does not follow the full cradle-to-grave approach recommended in LCA (Joint Research Centre, 2010) but the cradle-to-gate approach usually used in agricultural environmental studies. Consequently, products' end-of-life stages are not taken into account, especially waste management and by-product recycling after processing or consumption, which can influence the environmental performance of the product chain. This is a limit of this study, which focusses more on the production step.

To assess nitrogen (N) and phosphorus (P) emissions into water from each pond, a mass balance was calculated as the difference in masses of N and P in harvested products and those of inputs (larvae/fingerlings, fertiliser and feeds) [START_REF] Cho | Nutritional energetic in fish: energy and protein utilization in rainbow trout (Salmo gairdneri)[END_REF]. The type of N and P emissions (molecular, dissolved or solid) was not considered. As weeds and sediments (except for pond banks) are not exported, all nutrients not fixed by polyculture species were considered to be released into the environment. This method was adapted to pond systems by including gaseous N emissions [START_REF] Gross | Nitrogen transformation and balance in channel catfish pond[END_REF]. The approach of [START_REF] Gross | Nitrogen transformation and balance in channel catfish pond[END_REF] is not fully adapted to our study, as it is based on intensive catfish ponds. Nevertheless, it permits the evaluation of N emissions that do not contribute to eutrophication.

Although they have a huge impact on climate change (characterisation factor of methane is 25 kg CO 2 -eq.kg -1 , [START_REF] Forster | Changes in Atmospheric Constituents and in Radiative Forcing[END_REF] methane emissions were not included in our study for two reasons. The first is the high uncertainty of methane emissions depending on the depth of pond sediments, its organic matter content, the level of anoxia and the water temperature [START_REF] Marty | Denitrification, sulphate reduction and methanogenesis in the upper sediments of a Mediterranean coastal lagoon[END_REF]. The second is the origin of the carbon source of methane, which could be either farming activity or the water catchment. Therefore, it is impossible to distinguish the emissions directly due to farming activities from those which naturally occur without farming activity. The use of methane-emission factors stemming from [START_REF] Frei | Integrated rice-fish production and methane emission under greenhouse conditions[END_REF] obtained in intensive rice-fish culture, as proposed by [START_REF] Phong | Life cycle assessment of food production in integrated agriculture-aquaculture systems of the Mekong Delta[END_REF], would increase the climate change impacts in our study by a factor 10. Considering the questionable relevance of this reference, the lack of reliable data and the high uncertainty of methane emissions, we decided not to include methane emissions. On the other hand, the potential carbon sequestration in pond sediments, as highlighted by [START_REF] Boyd | Role of aquaculture pond sediments in sequestration of annual global carbon emissions[END_REF], which could mitigate the effect of methane emissions on climate change, was also not included due to the lack of data.

We chose to use one tonne of fish production sent to auction market as the functional unit. Due to the multiple fish products, it would have been interesting to choose the weight of edible flesh as the functional unit. Nevertheless, this option would require including the end-of-life of the edible product and the fate of the other products and by-products (bones, heads, etc.), which was not possible within the scope of this study. LCAs were performed at the production-site scale (total production) and the species scale (production of each species). For whole-site analysis, we considered that simultaneous production of tiger prawn, mud crabs, milkfish, tilapia and wild species in the polyculture is not divisible among species and that all inputs are associated with the production of the whole system considered as a black box (Fig. 2). Whole-site results equal the mean results of the 15 production sites.

Assessing the environmental impacts of each species in a polyculture faces the issue of opening the black box and defining processes which can be subdivided. Thus, two separate subsystems were defined: a species-specific sub-system of juvenile production (hatcheries or capture from the wild) and transportation, and a common sub-system, including farm operation and delivery to auction markets, which is still a black box and must be shared among species (Fig. 3). Therefore, calculating the environmental impacts of each species requires defining relevant allocation rules in order to share the impacts associated with the remaining black box. System expansion (to avoid allocation) is not applicable, as the species are not independent (trophic and rearing performance interactions), and it is particularly difficult to find other products which fulfil the same objectives since not all of the species are reared in a monoculture [START_REF] Ardente | Economic allocation in life cycle assessment[END_REF]. Moreover, the mix of methodologies used in complex agricultural systems makes the use of system expansion inappropriate. Two allocation rules were applied, one based on gross energy contents [START_REF] Ayer | Co-product allocation in life cycle assessments of seafood production systems: Review of problems and strategies[END_REF][START_REF] Pelletier | An ecological economic critique of the use of market information in life cycle assessment research[END_REF] and one based on economic values [START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF][START_REF] Aubin | Characterisation of the environmental impact of a turbot (Scophthalmus maximus) re-circulating production system using life cycle assessment[END_REF][START_REF] Boissy | Environmental impacts of plant-based salmonid diets at feed and farm scales[END_REF][START_REF] Efole-Ewoukem | Environmental impacts of farms integrating aquaculture and agriculture in Cameroon[END_REF]. The former were calculated from the U.S. Department of Agriculture (USDA), Agricultural Research Service database (U.S. Department of Agriculture, Agricultural Research Service, 2012), [START_REF] Mwangamilo | Nutritional studies and development of a practical feed for milkfish (Chanos chanos) in Zanzibar, Tanzania[END_REF], and FishBase [START_REF] Froese | FishBase[END_REF], while the latter came from surveyed farmers (Table 2). For species-level analysis, impact categories were limited to eutrophication, TCED, climate change, and human labour.

Preliminary data analysis was conducted using a correlation matrix to highlight relations between descriptive parameters and impacts. Afterwards, a Kruskal-Wallis test was used to identify potential differences between groups of production sites. Comparison of environmental impacts among species using the two allocation rules was performed using an asymptotic paired Wilcoxon signed-rank test. Significance was inferred at p<0.05.

3) Results and specific discussion

Life cycle impact assessment

A table showing the characteristics and results of impact categories farm by farm is available in the supplementary data (Table A1). At the whole-site level, climate change impact is mainly influenced by feeds (35%), harvesting operation (22%) and fertilisers (13%), as is energy use (40%, 23% and 8%, respectively) (Fig. 4). The high contribution of feeds to climate change and energy use can be explained by the high quantities of molluscs fed to tiger prawns (400-5000 kg/ha per cycle). Collecting molluscs with a boat-operated net induces high fuel consumption. The relatively high contribution of tiger prawn larvae production to climate change (8%) is due to the extremely low survival rate of the tiger prawns. Harvesting has a moderate influence on climate change and TCED due to high fuel consumption for pond drainage (15-45 l of diesel per ha). The higher level of the Pampanga River since Mt. Pinatubo's eruption prevents ponds from draining at low tide.

Farm operation is the main contributor to eutrophication (97%) due to nutrient emissions into the environment and is associated with low input-use efficiency. However, significant differences in eutrophication were observed among ponds depending on their emissions of N and P compounds, which result from the productivity level, use of fertilisers and quantities of feeds provided. Thus, the most productive sites have a negative value for eutrophication, indicating the water-cleaning role of ponds, which recycle nutrients from inlet water. Juvenile tilapia and tiger prawn production contributes little to eutrophication (0.6% and 0.3%, respectively). The low impact of producing tilapia fingerlings may be due to the relatively small size of this sub-component, the low fertilisation rate (urea applied only twice a year) and a high Feed Conversion Ratio (kg of feed distributed per kg of fish produced) of the grow-out stage. Tiger prawn larvae are fed mainly Skeletonema sp. (phytoplankton), which induces low N and P emissions. Moreover, only larvae are fed, as the broodstock is not fed during the few days it is kept for spawning. Acidification impact is mainly influenced by farm operation (67%) due to the use of energy by daily operations and the estimated ammonia emissions from the water. This estimated value has high uncertainty due to the model used.

NPPU (43,444 kg of carbon) is mainly influenced by feeds (95%) due to the use of wildcaught molluscs. Crab larvae collected in rivers and mangroves contribute to 4% of NPPU. These
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results can help assess the sustainability of supplying molluscs and larval crabs. Growing-out (at the farm stage) is the major contributor to land occupation (99%), as the extensive polyculture system occupies a relatively large area. Nevertheless, this area was modified by people many years ago (mangroves were cleared 50 years ago), and the salty soils cannot be used for agricultural purposes.

With regard to human labour, one tonne of products requires 142 working days. The main contributor to human labour is farm operation (51%), making the farm stage the main employer of the production system. Other contributors include feeds (14%), based on two fishermen catching 800 kg of molluscs in four hours; crab larvae (10%), employing one fisherman to catch an average of 100 larvae; and the harvesting stage (8%).

Testing the homogeneity of environmental impacts within site groups 3.2.1. Effect of production-site size

Farm size is often considered an important factor influencing production efficiency. We specifically investigated it because of an inverse relationship observed by [START_REF] Irz | Efficiency and farm size in Philippine aquaculture. Analysisin a ray production frontier framework[END_REF] between size and technical efficiency in a sample of 127 Filipino brackish water polyculture farms. In Irz and Stevenson's study, the term "farm" is not defined, but we assume that it refers to a group of ponds that depend on the same manager. The two concepts, "farm size" and "production-site size", are different; nevertheless, the largest farms have the largest ponds [START_REF] Stevenson | Working paper 1 -A typology of brackish-water aquaculture systems in the Philippines[END_REF][START_REF] Baruthio | La durabilité de l'aquaculture: quelles représentations? Analyse des exploitations et de la perception des acteurs de la filière de polyculture extensive dans la province de Pampanga aux Philippines[END_REF][START_REF] Heijdova | La polyculture en étangs côtiers saumâtres de la province de Pampanga (Philippines)[END_REF]. In our study, the 15 production sites were classified into two groups according to pond size. The threshold was fixed at 15 ha based on classifications of polyculture ponds in Pampanga [START_REF] Heijdova | La polyculture en étangs côtiers saumâtres de la province de Pampanga (Philippines)[END_REF][START_REF] Lazard | EVAD -Evaluation de la durabilité des systèmes de production aquacoles-, Rapport scientifique à mi-parcours[END_REF].

Comparison of large and small sites (Fig. 5) reveals no significant differences in impact among the categories, possibly due to the small sample size and high variability. Nevertheless, there is a trend for large sites to have higher eutrophication, acidification, TCED and NPPU impacts, with higher variability. This is not due to a difference in productivity per ha (as both have the same mean land occupation, Table 3) but may be due to the ability to manage production factors (feeds, energy) on such large areas. This assumption is similar to that of [START_REF] Irz | Efficiency and farm size in Philippine aquaculture. Analysisin a ray production frontier framework[END_REF], but its validity is limited by the sample size. Managers of large sites generally have long-standing experience in aquaculture and use more traditional practices, especially in the choice of the species seeded (more tilapia and milkfish) than small farmers [START_REF] Grandmougin | Adaptabilité de deux systèmes piscicoles de la province de Pampanga (Philippines) aux évolutions récentes des facteurs de production[END_REF][START_REF] Stevenson | Working paper 1 -A typology of brackish-water aquaculture systems in the Philippines[END_REF][START_REF] Irz | Efficiency and farm size in Philippine aquaculture. Analysisin a ray production frontier framework[END_REF]. The difference may also be due to innovative practices, such as the progressive use of probiotics (dehydrated microorganisms) by some small farmers. Moreover, usually fewer tiger prawn larvae are stocked in small ponds (mean of 121,000 post-larvae/ha in small sites and 213,000 post-larvae/ha in large sites) and their yield is higher (mean of 243 kg/ha in small sites and 193 kg/ha in large sites). Human labour per tonne of product is higher for small sites and mainly concerns farm operation. This can be explained by the fewer permanent employees needed per ha on large sites (one employee taking care of 6-11 ha), whereas at least one employee is required on a small site regardless of size. However, these hypotheses were based on results from 15 sites and should be confirmed by analysing a larger sample.

Distance from the sea

The straight-line distance of the farm (measured by GPS) from the sea was significantly correlated with acidification (R=-0.57), human labour (R=0.66) and tiger prawn productivity (R=0.57), with high but insignificant correlation with other impacts. Therefore, we classified the production sites into three groups based on their distance from the sea: <10 km (n = 5), 10-20 km (n = 7), and >20 km (n = 3).

The limit of statistical significance was reached only in the differences between the <10 km and >20 km groups for acidification and eutrophication (Fig. 6, supplementary data Tables A2, A3, A4). Results show a trend for impacts to decrease with increasing distance from the sea. This trend seems associated with an increase in productivity per ha (Table 3), as land occupation also tends to decrease with distance. As fishponds are located in an estuary and near sea level, polyculture farms are subject to daily tides. Salinity gradually decreases as distance from the sea increases, determining the aquatic environment and where species are reared (in particular tilapia, which grow mostly in freshwater, and mud crabs, which prefer a saline environment). Salinity influences the presence of disease, specifically white-spot disease, which usually spreads when salinity exceeds 15 ppm and
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causes tiger prawn mortality. The greater the water salinity, the more tiger prawn larvae are stocked, which induces an indirect increase in impacts associated with larvae production. Additionally, tilapia production is correlated with system productivity per ha (R=0.76). As this species is more adapted to freshwater, the difference in environmental impacts between high-and low-salinity polycultures increases even further.

3.3. Environmental impacts of each species in the polyculture system according to allocation rules At the species level, economic allocation induces greater differences between species for each impact category than energy-based allocation (Fig. 7). Moreover, species ranks differ among impact categories. Milkfish tend to have the highest mean impacts with energy-based allocation, while tiger prawn and mud crabs tend to have the highest mean impacts with economic allocation. Tilapia tends to have the lowest impacts regardless of allocation rule.

With energy-based allocation, environmental impacts of the species are significantly different, except between tilapia and wild species (for all impacts), tiger prawn and mud crabs (for climate change, human labour and TCED), tiger prawn and tilapia (for human labour and TCED), and tiger prawn and wild species(for human labour). With economic allocation, environmental impacts of the species are significantly different, except between mud crabs and tiger prawn (for all impacts) and milkfish and wild species (for eutrophication, human labour and TCED).

Thus, different allocation rules can cause impact estimates of species to differ. Nevertheless, mud crabs and tiger prawn have similar impacts in each category regardless of allocation rule (except for eutrophication). Also, regardless of allocation rule and the impact categories selected here, milkfish always differs from mud crabs, tiger prawn, tilapia and wild species; mud crabs always differ from milkfish, tilapia and wild species; tiger prawn always differs from wild species; and tilapia always differs from milkfish and mud crabs. Nevertheless, these differences are not in the same direction regarding the allocation rules, which changes the order of species when they are ranked by the magnitude of their impacts.

Comparison with environmental impacts in other studies

The environmental impacts of Pampanga polyculture systems were compared to those in previous studies of aquaculture production on the basis of one tonne of fish at the farm gate. For this purpose, TCED, climate change and eutrophication impacts of either all aquatic products (no allocation) or separated tilapia and tiger prawn (with both energy-based and economic allocations) from our study were compared to impacts estimated for intensive tilapia culture in ponds in Indonesia [START_REF] Pelletier | Life cycle assessment of frozen tilapia fillets from Indonesian lakebased and pond-based intensive aquaculture systems[END_REF], traditional tilapia and Clarias gariepinus polyculture in Cameroon [START_REF] Efole-Ewoukem | Environmental impacts of farms integrating aquaculture and agriculture in Cameroon[END_REF], intensive tiger prawn monoculture in Thailand [START_REF] Mungkung | Potentials and limitations of life cycle assessment in setting ecolabelling criteria: A case study of Thai shrimp aquaculture product[END_REF], and flow-through intensive trout (Oncorhynchus mykiss) culture in France [START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF]. Differences in LCA methodology application and flesh yields of the species may limit the comparability of results. Nevertheless, the order of the magnitude of impacts can be discussed.

TCED, climate change and eutrophication impacts in Pampanga are within the same range as those in other studies of aquatic products (Fig. 8). In most cases the averages of impacts from the literature are within the Pampanga farm variability for the same species. Per tonne, mean TCED and climate change impacts are similar for tilapia in the intensive Indonesian case study (26,500 MJ, 2,100 kg CO 2 -eq.), tilapia in Pampanga with energy-based allocation (23,000 MJ, 1,600 kg CO 2 -eq.) and total production in Pampanga (30,000 MJ, 2,200 kg CO 2 -eq). Tilapia from Pampanga with economic allocation have a lower mean TCED (5,700 MJ), similar to that of family ponds in Cameroon (2,500 MJ), and the lowest mean climate change (400kg CO 2 -eq.) and eutrophication (17 kg PO 4 -eq.) impacts.

Mean TCED and climate change impacts for one tonne of tiger prawn are similar for Thai intensive tiger prawn (45,600 MJ, 3,100 kg CO 2 -eq.) and Pampanga tiger prawn with economic allocation (49,200 MJ, 3,600 kg CO 2 -eq.). These levels are the highest for climate change but below that for intensive trout for TCED (78,200 MJ). Eutrophication is relatively high for Pampanga prawn with economic allocation (158kg PO 4 -eq.), higher than that for Thai intensive tiger prawn (64kg PO 4eq), but lower than in the Cameroonian case study (292 kg PO 4 -eq.). Pampanga tiger prawn with energy-based allocation have lower impacts in the three impact categories (30,300 MJ, 2,300kg CO 2eq., 90 kgPO 4 -eq.), similar to those for total Pampanga production.
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4) General discussion

4.1Variability and uncertainty

All estimated impacts in this study have high variability, which reflects the variability in farmers' practices, as the species mix differs among ponds. We observed trends in impacts due to pond size, but farm size alone cannot explain the observed variability. Moreover, we cannot declare that yields vary as a function of site size, as observed previously [START_REF] Irz | Efficiency and farm size in Philippine aquaculture. Analysisin a ray production frontier framework[END_REF]. Nevertheless, the increasing variability with site size suggests a decrease in control over production due to the challenges and risks of larger ponds. The trend of decreasing labour per tonne of fish with increasing site size produced reinforces this hypothesis.

Pond distance from the sea seems to influence impacts, with a trend of higher impacts for production sites closer to the sea. In this case, yields seem to play a role, as land occupation increases with proximity to the sea, indicating a decrease in production per ha. Proximity to the sea directly influences pond water salinity and may influence tiger prawn mortality (susceptibility to viral diseases) and the species assemblage, as tilapia do not tolerate high salinity. These two factors seem to influence the yield and, indirectly, the environmental impacts. These results show the large variability in environmental impacts of extensive systems and the utility of combining LCA and geo-located studies to better understand the environmental context, the differentiation of practices and the environmental impacts of agricultural production systems.

Another source of variability in our results may be uncertainty in the collected data. As pointed out by others [START_REF] Efole-Ewoukem | Environmental impacts of farms integrating aquaculture and agriculture in Cameroon[END_REF][START_REF] Henriksson | Life cycle assessment of aquaculture systems-a review of methodologies[END_REF], traditional farming systems are poorly documented, and life cycle inventory is particularly difficult to conduct, as it is based mainly on farmers' knowledge and estimates. Consequently, data quality may differ according to who is interviewed. Considering the high variability observed in our study, the number of production sites surveyed ( 15) is not sufficient to minimise variability around estimated means. The number of seafood-oriented LCA studies that estimate variability in their results is too small to compare the level of variability that we observed in impacts. Nevertheless, we expect that the heterogeneity of local environments and diversity of practices in large production systems (vast ponds), based partly on wild-caught feed, may induce higher variability in environmental impacts than fish farming in tanks or pens with standard water quality and externally formulated feeds. We did not include the uncertainty due to primary data collection and secondary data, as proposed by [START_REF] Henriksson | A protocol for horizontal averaging of unit process dataincluding estimates for uncertainty[END_REF] and the Joint Research Centre ( 2010), but only the variability of the performances of the production sites. A deeper analysis of uncertainty would be an interesting issue for environmental assessment of this kind of production system [START_REF] Henriksson | Life cycle assessment of aquaculture systems-a review of methodologies[END_REF]; nevertheless, it remains a methodological challenge, especially in tropical countries.

Allocation issues.

Environmental assessment of this system faces the challenge of distributing the environmental burden among its interrelated species, and different positions can be adopted. Three approaches were used in our study. The first is to consider the polyculture system as a whole, wherein there is no reason to differentiate the species, as they are interdependent and the productivity of one is determined by the presence and productivity of others. In this case, a mass-allocation rule can be used so that each species has the same impact per unit mass. This solution is the most robust and most adapted to homogeneous groups of species in a polyculture. Nevertheless, it seems less adapted to a more heterogeneous system including plants or molluscs, such as Integrated Multi Trophic Aquaculture [START_REF] Troell | Ecological engineering in aquaculture -Potential for integrated multi-trophic aquaculture (IMTA) in marine offshore systems[END_REF], and where species do not have the same status (trophic level, role, cultural or culinary interest) or economic value.

The second approach, energy-based allocation, is more mechanistic and biological, as it is based on the gross energy that every species captures and assimilates. This position is supported by several authors [START_REF] Tyedmers | Biophysical accounting in aquaculture: insights from current practice and the need for methodological development[END_REF][START_REF] Ayer | Co-product allocation in life cycle assessments of seafood production systems: Review of problems and strategies[END_REF][START_REF] Pelletier | Life cycle considerations for improving sustainability assessments in seafood awareness campaigns[END_REF][START_REF] Pelletier | An ecological economic critique of the use of market information in life cycle assessment research[END_REF] and seems relevant for polycultures when it can help explain the sharing of energy available among species in the production system. Nevertheless, this approach is insufficient for explaining the functional relationship between species, as their trophic levels are not considered. Moreover, the same limits as for mass allocation appear when the value of the system's species (co-products) is too different.

The third approach is economic allocation. This position better reflects the causality of the production process [START_REF] Ardente | Economic allocation in life cycle assessment[END_REF]. This rule assumes that the production system is designed to maximise profits by favouring the most valuable species; thus, it allocates environmental burden according to the total values of co-products. This approach is severely criticised [START_REF] Pelletier | An ecological economic critique of the use of market information in life cycle assessment research[END_REF], arguing that current economic values and other market signals do not reflect the environmental dimension of economic activities and that economic values rapidly change according to the market, inducing unstable allocation rules. Nevertheless, this approach is regularly used in seafood LCA [START_REF] Aubin | Life cycle analysis as applied to environmental choices regarding farmed or wildcaught fish[END_REF][START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF][START_REF] Boissy | Environmental impacts of plant-based salmonid diets at feed and farm scales[END_REF][START_REF] Jerbi | Life cycle assessment (LCA) of two rearing techniques of sea bass (Dicentrarchus labrax)[END_REF], continuing the debate [START_REF] Pelletier | Response to Weinzettel[END_REF].

In this study, use of economic allocation induces greater differences in impacts among species due to the large difference in market value per kg, as reported by others [START_REF] Ayer | Co-product allocation in life cycle assessments of seafood production systems: Review of problems and strategies[END_REF]. With energy-based allocation, milkfish has higher impacts as it is a fatty fish which stores a large quantity of gross energy in adipose tissues (Table 2) despite having a lower trophic level (2.0) than tiger prawn (2.6). Conversely, in economic allocation, tiger prawn and mud crabs have the highest environmental impacts due to their relatively high market price.

Tiger prawn, mud crabs and milkfish do not have the same purpose in the production system. In the 1980s in Pampanga, the traditional polyculture system was converted into tiger prawn monoculture due to tiger prawn's high market price. At the beginning of the 1990s, diseases and economic crisis pushed farmers to return their production system to polyculture but keep tiger prawn as the target product; mud crabs and tiger prawn still had high market value (FAO, 2005). Additionally, milkfish and tilapia are considered water-cleaning species, limiting disease proliferation and ensuring a stable but limited income. Moreover, tiger prawn and crabs are sold mainly for export outside the province for their flavour and festive qualities, while milkfish and tilapia are sold mainly on the local market to support local populations highly dependent on fish. These arguments tend to favour economic allocation, which seems more logical given that different species are produced because they have different intrinsic (and not necessarily energy-based) qualities and values [START_REF] Ardente | Economic allocation in life cycle assessment[END_REF][START_REF] Weinzettel | Understanding who is responsible for pollution: What only the market can tell us -Comment on "An ecological economic critique of the use of market information in life cycle assessment research[END_REF]. The use of economic allocation renders the environmental impacts of Pampanga tilapia similar to those of tilapia from Cameroonian polyculture, and those of Pampanga tiger prawn similar to those of intensive Thai tiger prawns. Economic allocation is relevant for co-optimising economic and environmental performances but probably not for optimising biophysical performance.

Other environmental impacts

LCA methodology provides a single-year estimate of the environmental impacts of a given production system by considering all inputs and outputs from all production stages. Considering the application of LCA to an extensive system, one remaining issue is which functional unit is the most suitable (e.g., product mass or area occupied). One advantage of the method, however, is its high flexibility depending on the goal and scope of the study.

Calculation of impacts and contribution analysis based on the 15 production sites showed that the system components that contribute most are farm operation, feeds and harvest. The main impact related to feeds is NPPU because of high mollusc consumption. Little information is available about stocks of the two main species concerned (horn snails and mangrove whelk). According to the farmers interviewed, no decrease in snail supply was observed in the past few years; however, a few believe it will happen in the future, particularly because the local resource of mangrove whelk is no longer sufficient. This issue has become a concern of Local Government Units. Among improvements that can be made in studying these systems, one is to consider degradation of aquatic ecosystems caused by mollusc collection for pond feeding, as trawling erodes the benthos and destroys natural habitats. This impact was estimated for trawling in fisheries [START_REF] Ziegler | Life cycle assessment of frozen cod fillets including fishery-specific environmental impacts[END_REF][START_REF] Nilsson | Spatial distribution of fishing effort in relation to seafloor habitats in the Kattegat, a GIS analysis[END_REF] and could be adapted to the Pampanga context.

Alternatives to using molluscs as feed in polycultures could be explored, but concentrated feeds cannot be considered because of their high cost and because species may compete for them. The failure of past experiences in using concentrated feeds in semi-intensive (and intensive) tiger prawn culture shows their unsuitability for polyculture. Alternatives must be considered, such as the use of
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trash fish as a supplemental feed in appropriate conditions or by-products from terrestrial agricultural activities (which unfortunately tend to be far from ponds). Aside from the main contributors highlighted by LCA results, lesser contributors with specific environmental issues must be mentioned, such as the capture of tiger prawn broodstock, milkfish fingerlings and juvenile crabs in the wild. Tiger prawn broodstock has significantly decreased in several regions, particularly the Visayas Islands, and the supply of broodstock remains one of the main issues for tiger prawn hatcheries. No studies have been performed, however, to estimate the size of the broodstock in the natural environment. As for milkfish fingerlings, milkfish hatcheries are being developed in the Philippines, as milkfish production is expected to increase in the near future [START_REF] Bfar | Dissemination and adoption of milkfish aquaculture technology in the Philippines[END_REF]. However, 50% of the fingerling supply is still wild-caught. Ideally, a balance must be found between wild capture, a source of income for local fishermen, and monitored reproduction in hatcheries, which protects natural resources. As a continuation of the present study, comparison of the impacts of catching vs. reproducing milkfish would be interesting to add to further studies on the state of natural resources. Another issue for consideration is interactions between capture and culture fisheries, as cultivated broodstock and its offspring must not decrease genetic variability in wild populations. As for juvenile crabs caught in mangroves, the development of crab hatcheries, still in the experimental stage, has been long-awaited. Another target is to increase mud crab stocks in mangroves [START_REF] Sorgeloos | Sustainable production of mud crab Scylla sp. through stock enhancement in mangroves, 4th Framework Programme[END_REF]. Unfortunately, the inclusion of consequences of human activities on biodiversity in the LCA framework remains a challenge, especially when applied to aquatic systems [START_REF] Aubin | Life cycle analysis as applied to environmental choices regarding farmed or wildcaught fish[END_REF].

Although our study focuses on environmental impacts, a more complete assessment of sustainability would be important to better understand economic and social challenges associated with this polyculture system in the Philippines and help to define governance objectives. For instance, the role of this polyculture in sustaining the local population economically has been investigated, showing a benefit for poor people [START_REF] Irz | The equity and poverty impacts of aquaculture: Insights from the Philippines[END_REF]. In our study, human labour is considered more an input to the production system. The number of workdays does not consider the quality of, qualification for or difficulty of the work. It is not a social impact category, as considered in UNEP/SETAC Guidelines for Social Life Cycle Assessment of Products [START_REF] Unep | Guidelines for Social Life Cycle Assessment of Products[END_REF]. Nevertheless, this indicator reports the amount of work and, indirectly, the number of people involved in the production of one functional unit. Therefore, it reflects the activity's importance to the economy and community of a territory. For instance, one tonne of fish from Pampanga polyculture requires on-site human labour of 74 man.day (52% of total human labour), compared to on-site labour of 13 man.day for trout farming in France (unpublished data), an intensive system poorly integrated with the community of the territory it occupies [START_REF] Lazard | Aquaculture system diversity and sustainable development: fish farms and their representation[END_REF]. To better understand the direct and indirect influence of the activity on the value chain, it is necessary to complement attributional LCA with other methods, such as the Porter Value Chain or Life Cycle Costing [START_REF] Aubin | A critical panorama of methods used to assess food sustainability[END_REF]. [START_REF] Naylor | Effect of aquaculture on world fish supplies[END_REF] define aquaculture as interventions in fish life cycles ranging from exclusion of predators and control of competitors (extensive aquaculture) to enhancement of food supply (semi-intensive) to the provision of all nutritional requirements (intensive). Additionally, intensification implies increasing the density of individuals, which requires greater use and management of inputs, greater generation of waste products and increased potential for the spread of pathogens. In our study, comparison of mean values for key environmental impacts did not differentiate "intensive" systems (i.e., trout farming, Thai tiger prawn production, Indonesian tilapia production) from "extensive" systems such as Pampanga polyculture (total production). In contrast, tilapia production in polyculture using economic allocation tends to have lower impact than the other environmental profiles. On the basis of our results and those published in other studies (Fig. 8), differences between intensive and extensive systems seem to depend more on the sources of inputs (mainly feed components and energy carriers) and their transformation efficiencies within the production system. The determination of environmental impacts is then due more to system efficiency than to system intensiveness. This observation is consistent with the results of [START_REF] Cao | Life Cycle Assessment of Chinese Shrimp Farming Systems Targeted for Export and Domestic Sales[END_REF] and [START_REF] Cao | Role of life cycle assessment in sustainable aquaculture[END_REF] who compared intensive and semi intensive white leg shrimp culture in China, and with the results of Wilfart et al. (2012?), who used a combination of LCA and Emergy to demonstrate that it is the efficiency of natural and technologic means which differentiate extensive and intensive aquatic production systems. In polyculture pond systems, the low degree of intensification is

Degree of intensification
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compensated by the low environmental cost of the ecological processes that sustain productivity. When calculated per unit mass, the environmental impacts of semi-extensive aquaculture systems cannot be considered as always lower than those of intensive systems. It would not be the same, however, if one calculates impacts using surface area as the functional unit. In this case, the less intensive systems have a better environmental profile.

In aquaculture, a polyculture is generally based on complementarities of the levels in the food chain, behaviours and habitats of its aquatic species [START_REF] Milstein | Polyculture in aquaculture[END_REF]. In our study, this complementarity was extended to different markets. The advantages of a polyculture system are based on the better use of nutritive resources and consequently a decrease in losses, which are potential pollutants. The mixture of species induces a better resistance to diseases. This is one of the reasons Pampanga farmers have abandoned tiger prawn monoculture in favour of fish polyculture (white-spot disease breakdown). Globally, polyculture is a more robust and resilient system than monoculture, since its complexity induces better stability. This robustness is valid in the economic sphere, as polyculture is able to transform low-quality nutritive resources less exposed to market-price changes and to produce different products for different markets. Although LCA can estimate the environmental performance of such a system, and indirectly show its efficiency in transforming inputs, it is less able to describe a system's robustness or resilience in biophysical and economic spheres. Thus, LCA must be complemented by other types of studies.

Conclusion

Brackish water polyculture in Pampanga has existed for more than 300 years. It was developed in mangrove areas and extended until the 1970s [START_REF] Primavera | Mangroves and brackishwater pond culture in the Philippines[END_REF]. Mangrove destruction is now irreversible in that area, and pond conversion for mangrove rehabilitation is no longer considered. A particularity of the current polyculture system is that it derives from a traditional system. It must be maintained and developed, as it combines the provision of a local supply of protein from fish with the production of high-value products intended to support the national economy. Nevertheless, the high variability in impacts estimated by LCA indicates that room exists for improving systems by adapting existing practices. Differences in environmental impacts as a function of production-site distance from the sea suggest that polyculture practices (e.g., species assembly, water renewal) must be adapted according to salinity. The high dependence of the farming system on natural resources, especially for nutrition sources (snails) and fish seed (mud crab and milkfish juveniles) puts system sustainability and related ecosystems at high risk.

The impacts of producing the different species in this polyculture system do not greatly differ from those of intensive monoculture of the same species. More research is needed to increase its productivity while preserving natural resources in a context of increasing demand for aquatic products. LCA succeeded in globally estimating certain environmental impacts of this production system. Nevertheless, the methodology must continue to develop to improve assessment of impacts on biodiversity and to reach consensus on key concerns such as allocation. Some key issues about pond systems, such as carbon sequestration in pond sediments and methane emissions, which can have a great impact on climate change, must be better documented before being implemented in LCA studies. More case studies are required to better evaluate these aquatic production systems, especially in Asia, where they play major roles in human nutrition and the economy. 
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Table 1: Mean stocking densities, mortality rates and annual production of the brackish polyculture system of Pampanga, based on a 30-production-sites sample in a previous survey from April-July 2006. [START_REF] Baruthio | La durabilité de l'aquaculture: quelles représentations? Analyse des exploitations et de la perception des acteurs de la filière de polyculture extensive dans la province de Pampanga aux Philippines[END_REF]. 

Figure 1 :Figure 2 :

 12 Figure captions

Figure 3 :

 3 Figure 3: Definition of the Pampanga brackish water polyculture system used for environmental assessment of species-specific production.

Figure 4 :

 4 Figure 4: Impacts (+1 standard deviation) and contribution analysis for 1 tonne of polyculture products in the Pampanga brackish water system.

Figure 5 :

 5 Figure 5: By impact category, relative impacts for 1 tonne of aquatic products in the Pampanga area as a function of production site size: small (<15 ha, n = 8) vs. large (16-91 ha, n = 7). The highest value per category has a value of 100. Error bars represent 1 standard deviation.

Figure 6 :

 6 Figure 6: By impact category, relative impacts per 1 tonne of aquatic products from Pampanga as a function of production site distance from the sea: <10 km (n = 5), 10-20 km (n = 7), >20 km (n = 3). The highest value per category has a value of 100. Error bars represent 1 standard deviation.

Figure 7 :

 7 Figure 7: Mean eutrophication, climate change, total cumulative energy demand (TCED), and human labour impacts of 1 tonne of each species in the Pampanga brackish water polyculture system using either energy-based or economic allocation of the farm-operation stage. Error bars represent 1 standard deviation.

Figure 8 :

 8 Figure8: Relative energy use, climate change and eutrophication impacts of 1 tonne of tiger prawn, tilapia (according to energy-based and economic allocation) and total production of the Pampanga polyculture system compared to 1 tonne of tilapia, tiger prawn and trout in previous studies, allocated between energy-based or economic allocation. "All species Pampanga" is presented as a reference in both groups. Error bars represent 1 standard deviation.

  

Table 2 :

 2 Gross energy content and mean prices (Philippine pesos, PhP) of species in Pampanga brackishwater polyculture.

	Species	Gross Energy	Price
		(kcal/100 g)	(PhP/kg)
	tilapia	96	35
	milkfish	148	50
	mud crabs	90	365
	Tiger prawn	85	375
	wild species	104	115

Table 3 :

 3 Average farm production yields and standard deviation, according to production site size groups (L: large, S: small) and distance to the sea groups (<10 km, 10 -20 km , >20 km).

				Yields (kg/ha)
			Number Mean Stand dev.
	Production				
	site size	L	7	779	379
		S	8	783	230
	Distance	<10km	5	637	222
	to the sea 10-20 km	7	819	359
		>20 km	3	935	194
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