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Introduction
In 2007, Taiwan produced over 1.49 million tonnes (MT) of 

fish, valued at NTD$ 94.8 billion (US$ 2.9 billion), according to the 
Fisheries Year Book 2007 (Fisheries Agency, Council of Agriculture, 
Taiwan).1 Finite resources and the land-based expansion of Taiwanese 
culture have caused environmental degradation. Therefore, the 
Taiwanese government has supported the development of offshore 
fish farming as a recent priority for national aquaculture development. 
Marine cage aquaculture began in the 1970s in the Penghu Archipelago. 
Among many species of cultured marine fish, cobia has become a 
popular species for cage aquaculture because of its fast growth rate 
and comparatively low production cost. Cobia is a finfish species with 
emerging global potential for mariculture, and it has been the subject 
of research on spawning and grow-out since the early 1990s.2

Marine aquaculture may also cause environmental degradation 
from feces, uneaten feed and use of chemicals if the local carrying 
capacity is exceeded.3  The most important benthic impact relates to 
the formation of anoxic sediments4-6 which can be easily monitored. 
Both sediment condition and waste accumulation are good indicators 
for detecting the environmental condition at aquaculture sites. 
Beveridge7 revealed that environmental deterioration because of high 
organic matter concentrations in the sediments may affect the health 
of farmed fish and hence profitability. Waste and waste-makes quality 
management for marine aquaculture in other countries has not only 
focused on the release limitations of organic matter, and nutrients8-11 
but also on chemicals12,13 used on the farms regardless wherever into 
estuaries or near shore coastal waters.14,15 This investigation uses 
an environmental monitoring program to understand and assess the 
environmental impact of cobia farming.

The distribution patterns of redox and sulfide concentrations were 

mapped and presented at Penghu. Results show that the redox potential 
values at <-100 mV and high sulfide concentrations ranged from 306 
to 1800 μM in sediments were clearly dominant in the feeding zone 
of aquaculture operations. Positive redox potential values and low 
sulfide concentrations < 300 μM were observed at the north direction 
nearby the crossing bridge that is away from the aquaculture site and 
upstream of the current flow inside the Inner Islets. Some sampling 
sites at the outward sites, that were 200 meters, 500 meters away 
from the aquaculture operations, had <-100mV. These suggest the 
wastes from the aquaculture sites were driven with the current and 
dispersed toward the outside inner islets.16 Summerfelt et al.17 reported 
that an ORP of 375-525 mV was required to reach the mean daily 
ozone concentration necessary to obtain full-flow disinfection in 
freshwater RAS. For southern rock lobster larvae, survival was higher 
and bacterial contamination was lower when the ORP was between 
330 and 500 mV.17,18 With moderate ozonation corresponding to an 
ORP value of 250 mV in a low exchange freshwater RAS, rainbow 
trout showed improved performance compared to a system without 
ozonation.19,20

A Geographic Information System (GIS) contains powerful tools 
for processing spatial reference data and can be used to organize and 
present spatial data as part of effective environmental management 
planning.21 Furthermore, buffering is one of the proximity techniques 
in GIS.22 Buffer applications studies of the impact zones of amphibian 
species,23 riparian zones for non-point-source pollution,24 and water 
quality monitoring.25 The objective of this study was initiated by 
choosing the Penghu cobia cage site as a pilot study for the assessment 
of environmental capacity in support of developing risk assessment 
methodologies and guidelines for the sustainable use of marine 
aquaculture sites in the APEC region under the sponsorship of APEC 
Marine Resources Conservation Working Group.26
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Summary

Redox potential is a frequently used measurement in studies under and around marine cage 
farms to assess the environmental status of marine aquaculture. This study presents an 
application of a geographic information system (GIS) to document sediment geochemical 
measures in cobia aquaculture in order to assess the condition of the benthic environment 
using the Chu-Wan marine fish farm as a case study. The objectives of the study was 
to combine GIS presentation with chemical measures as an important and innovative 
methodology in marine aquaculture environmental management. The results show a real 
distribution patterns for both redox potential and sulfide content in relation to position of 
the farm and the current pattern.
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Materials and Methods
Study site characterization

The Penghu Archipelago, located in the middle of the Taiwan 
Strait, is a major fishing ground for most local community. Penghu 
Archipelagos have 276 km of rugged coastline, around 173.8 hectares 
of marine culture sites and the local community marine farmers 1,416. 
Chu-Wan, the largest marine cage culture site, there are around 400 
cages per sites in the bay of Penghu, which is located near the town of 
Chu-Wan, Shiyu Islet, Penghu (23°38.398′ N 119°31.018′ E) (Figure 
1a). The depth of the Chu-Wan culture area is around 8-15m on 
average, and the salinity is about 28.0-32.4%. The average temperature 
is 25-27°C from spring to autumn, declining to an average of 21-
22°C in the winter, with the lowest short-term temperature decline to 
below 16°C during the winter season. The Chu-Wan cove farm site 
of Penghu Island was chosen for this investigation because Penghu’s 
farming production over 60% of the cobia net-cage culture products 
in Taiwan, and it was the first cobia farm in the world.

The current flow goes from north to south (Figure 1b). The Inner 
Islets have a tidal current velocity in the range of 0.5-339cm/sec. The 
highest current velocity is observed at the bridge connecting the Bei-
Sha and Shi-Yu Islets. The lowest current velocity (0.5 cm/sec) is 
observed at Magong Cove. The tidal current can reach two-thirds of 
the total length of the Inner Bay within six hours. The turnover time of 
the water at the Inner Islets has been estimated to be one week.

Figure 1 Marine cage culture sites and flow patterns of the residual current 
direction in Penghu, Taiwan. 1a) overall geographic location; 1b) current flow, 
cage sites and flotilla positioning within the licence boundaries (short strips) 
at Penghu Inner Islets.

Sampling collection

Sediment samples were collected by divers from May 2005 every 
quarter. Samples were collected, running parallel with the current, 
under each cage farm from 0m, 50m, 100m, 200m, 500m, 1000m, 

2000m upstream to 2000m downstream. This was done to investigate 
environmental conditions as they gradually change from areas of 
intensive farming activity to areas farther away from the farm. 
Sediments were also sampled at reference sites with no aquaculture 
activities (Figure 2). In addition to parallel sampling, samples were 
also gathered from the cage boundary 45 degrees downstream at 
1000m and 2000m.

Figure 2 Chu-Wan Cove sampling site of Penghu bay. The cage farms licences 
are within the dotted line areas. There are 5 blacks of cage flotillas with the 
following production characteristics: (a)=10 cages; (b)=12 cages; (c)=26 cages; 
(d)= 240 cages; (e)= 360 cages with total annual biomass output of around 
5,000 tonnes.

A time series of marine environmental impact assessment related 
to the whole cobia cage farming process at the Chu-Wan Cove grow-
out site was conducted from May 2005 to December 2006. The 
study was performed for 18 months, until the adult fish were ready 
for harvest. This was to permit the assessment of long-term changes 
in cage conditions and discovery of the most appropriate method for 
monitoring changes in environmental conditions related to aquaculture 
development.

Environmental monitoring program

The environmental monitoring program (EMP) approach of Chou 
et al.27 was adopted to evaluate the marine environmental impact 
of cobia marine aquaculture environmental management. The EMP 
ratings were assessed by the diver on site following the guidelines 
defined by the Department of Environment and Local Government 
of New Brunswick, Canada.28 Redox potential in core samples 
was measured with a Fisher Scientific Co., USA. AP-63 (PH/MV/
Temp/Ion), using methods described by Wildish et al.29 The sulfide 
probes were calibrated just before use on each sampling day by 
checking against freshly prepared Na2S．9H2O solutions at three 
concentrations (10μM, 100μM and 1000μM).29 Sediment samples 
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were mixed immediately after collection with sulfide antioxidant 
buffer (SOAB from Fisher Science Co.) (1:1 v/v). Sulfide levels 
were recorded in millivolts (mV) when the reading stabilized. These 
methods were confirmed experimentally by Wildish et al. & Crawford 
et al.29-32 demonstrated that water quality parameters do not have 
significant effect on the culture environment and provided no help to 
reveal the impact condition of the culture site in Penghu and the redox 
potential was -420 mV.

Geographic Information System application

This study presents for use in cobia aquaculture a GIS application 
based on Arc Map,33 a GIS software package. The application includes 
sediment chemical measures (redox and sulfide) for assessing the 
impact of environment at the Chu-Wan marine fish farm. We use 
the buffer zone to show the impact for marine cage culture (Figure 
3&4). On the other hand, the boundary use inverse distance weighted 
(IDW) interpolation determines cell values using a linearly weighted 
combination of a set of sample points. The weight is a function of 
inverse distance. The GIS derives the impact map by overlay and 
spatial analysis of a point layer of sampling sites representing control 
sites, outside and under the cages.

Figure 3 Mapping of sediment redox potential (mV) GIS gradients, n is the 
sample size.

Results
Figure 3&4 present the graphically position data plot distribution 

patterns of GIS, redox and sulfide concentration gradients respectively. 
Analytical results indicate that redox potential values of <−100mV 
and high sulfide concentrations of >301μM in sediments were clearly 
dominant under the cages and nearby of the aquaculture operations. 
Positive redox potential values and low sulfide concentrations of 
<50μM were observed in the north direction near the bridge, away 
from the aquaculture site and upstream of the main current flow inside 
the Inner Islets. Some outward sampling sites, specifically those 200m 

and 500m away from the aquaculture operations, had redox potential 
values of <−100mV. These values showed that wastes from the 
aquaculture sites were driven with the current and dispersed toward 
the outer section of the inner islets.

Figure 4 Mapping of sediment sulfide (μM) GIS gradients, n is the sample size.

Figure 5 illustrates the plot of redox potential versus sulfide values. 
These results indicate an exponential relationship between sediment 
redox potential values and sulfide concentrations, with a correlation 
coefficient value of 0.734 (or 0.724 without outliers). This supports 
the view that the sediment geochemistry data from this study were 
valid and useful for resource management requirements.

Figure 5 Plot of redox potential v.s. sulfide concentration in sediments from 
cobia aquaculture sites, Penghu.

Discussion and conclusion
Sites or region-specific environmental management programs can 

feasibly be developed from the two-year environmental data now 
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available for comparison with the former survey data. The sampling 
data were compared with research data from Ku et al.32 that suggested 
the Chu-Wan mariculture area had not undergone huge environmental 
changes over the past two decades. However, the redox and sulfide 
survey data from cage sediment in Chu-Wan aquaculture areas for 
2005 and 2006 indicate that the environment has not been maintained 
in a suitable condition for sustainable development, especially the 
inshore area.

Many countries have set mandatory minimum distances between 
farms, e.g., 5 km in Norway and 8 km in Scotland Beveridge & 
Crawford et al.7,15 studied marine farming development plans (MFDP) 
in Tasmania that were based on studies from Europe where farm wastes 
were generally found to be concentrated within 35m of the edge of the 
cage. However, the distance between culture areas in Chu-Wan is only 
around 100m, showing that the marine culture capacity in this area 
is too dense. The benthic environmental impact of marine culture is 
typically at its greatest at 20-50m from the site.31 The sediment impact 
is dependent on farm size, water depth, hydrodynamic regime, and 
bottom topography as well as sediment characteristics.34,35 For example 
in Canadian marine cage cultures it can reach the 100m zone.27 While 
in more emerg system Chile this may be a distance more then twice 
of farm.34 Our analytical results for the redox potential and sulfide 
value in the downstream area of Chu-Wan indicate that the benthic 
impact can reach 500m. The impact map can clearly help farmers and 
fishery authorities plan the environmental capacity, rotation timing 
and culture guidelines according to the impact map.36

The environmental impacts of aquaculture need to be measured 
and quantified, so that the fishery authorities can estimate the potential 
impacts of new lease proposals and use this information to restrict 
the expansion of sites to a safe level, thus minimizing the risk of 
environmental degradation. GIS provides an ideal visualisation 
platform for professionals to analyze the many data on a variety of 
environmental parameters, so that results for such factor can be over 
layed and interactions be interposed, apply models and make the 
most suitable decisions for the fishery authorities and farmers. The 
GIS combined method with geochemical measures is particularly 
important in monitoring the future development of coastal zone, 
and can provide early indicators signals for inshore, and offshore 
culture environment management. This type of investigation could 
contribute to a fully integrated, sustainable decision support baseline 
for aquaculture site selection and future development.

Acknowledgments
None.

Conflicts of interest
None.

References
1. http://www.fa.gov.tw/eng/statistics/yearbooks/2007/96tab7e.xls.

2. Hu, Shin Hwa The Development and Status of Taiwan Cage Culture, 
Fisheries Extension Special Publication Vol. 1999;17:1–8.

3. Wildish DJ, Keizer PD, Wilson AJ, et al. Seasonal changes of dissolved 
oxygen and plant nutrients in seawater near net pens in the macrotidal 
Bay of Fandy. Canadian J Aquat Sci. 1993;50(2):303–311.

4. Blackburn TH, Lund BA, Krom MD C– and N–mineralisation in 
the sediments of earthen marine fishponds. Mar Ecol Prog Ser. 
1988;44:221–227.

5. Hargrave BT, Duplisea DE, Pfiffer E, Wildish DJ Seasonal changes 
in benthic fluxes of dissolves oxygen and ammonium associated with 
marine cultured Atlantic salmon. Mar Ecol Prog Ser. 1993;96:249–257.

6. Wu RSS, Lam KS, Mackay DW, et al. Impact of marine fish farming 
on water quality and bottom sediment: a case study in the sub–tropical 
environment. Mar Environ Res. 1994;38(2):115–145.

7. Beveridge MCM Cage Aquaculture. In: Fishing News Books, (2nd edn), 
Oxford, London, pp. 1996;346.

8. Rosenthal H Fish farm effluents and their control in EC countries: 
summary of a workshop. J Appl Ichthyol. 1994;10(4):215–224.

9. Ackefors H, Enell M The release of nutrients and organic matter 
from aquaculture systems in Nordic countries. J Appl Ichthyol. 
1994;10(4):225–241.

10. Gowen RJ Managing eutrophication associated with aquaculture 
development. J Appl Ichthyol. 1994;10(4): 242–257.

11. Read PA, Fernandes TF, Miller KL The derivation of scientific guidelines 
for best environmental practice for the monitoring and regulation of 
marine aquaculture in Europe. J Appl Ichthyol. 2001;17(4):146–152.

12. Sano T Control of fish disease, and the use of drugs and vaccines in 
Japan. J Appl Ichthyol. 1998;14(3–4): 131–137.

13. Costello MJ, Grant A, Davies JM, et al. The control of chemicals used in 
aquaculture in Europe. J Appl Ichthyol. 2001;17:173–180.

14. Henderson A, Gamito S, Karakassis J, et al. Use of hydrodynamic 
and benthic models for managing environmental impacts of marine 
aquaculture. J Appl Ichthyol. 2001;17(4):163–172.

15. Crawford CM Environmental management of marine aquaculture in 
Tasmania, Australia. Aquaculture. 2003;226(1–4):129–138.

16. Chiau WY, Chou CL, Shih YC Assessment of Environmental Capacity 
and Development of Risk Assessment Methodologies and Guidelines 
for Use in Marine Aquaculture in APEC region: a Pilot Study in Taiwan. 
Proceedings of the fifth APEC Roundtable Meetings on the Involvement 
of the Business/Private Sector in the sustainability of the Marine 
Environment, Kaohsiung, Taiwan. 2007

17. Summerfelt ST, Sharrer MJ, Tsukuda SM, et al. Process requirements for 
achieving full–flow disinfection of recirculating water using ozonation 
and UV irradiation. Aquacult Eng. 2009;40(1):17–27.

18. Ritar AJ, Smith GG, Thomas CW Ozonation of seawater improves the 
survival of larval southern rock lobster, Jasus edwardsii, in culture from 
egg to juvenile. Aquaculture. 2006;261(3):1014–1025.

19. Li, Xian, Jean–Paul Blancheton, Ying Liu, Sebastien Triplet , et al. 
Effect of oxidation–reduction potential on performance of European 
sea bass (Dicentrarchus labrax) in recirculating aquaculture systems. 
Aquaculture International. 2014;22(4): 263–1282.

20. Good C, Davidson J, Welsh C, et al. The effects of ozonation on 
performance, health and welfare of rainbow trout Oncorhynchus mykiss 
in low–exchange water recirculation aquaculture systems. Aquacult 
Eng. 2011;44(3):97–102.

21. Pérez OM, Ross LG, Telfer TC, et al. Water quality requirements for 
marine fish cage site selection in Tenerife (Canary Islands): predictive 
modelling and analysis using GIS. Aquaculture. 2003;224(1–4):51–68.

22. Mu Lan A shape–based buffering method. Environment and Planning B: 
Planning and Design. 2008;35: 399– 412.

23. Löfvenhaft K, Runborg S, Sjögren–Gulve P Biotope patterns and 
amphibian distribution as assessment tools in urban landscape planning. 
Landscape and Urban Planning. 2004;68(4):403– 427.

24. Narumalani S, Zhou Y, Jensen JR Applications of remote sensing and 
geographic information systems to the delineation and analysis of 
riparian buffer zones. Aquatic Botany. 1997;58(3–4):393– 409.

https://doi.org/10.15406/jamb.2016.04.00101
http://www.fa.gov.tw/eng/statistics/yearbooks/2007/96tab7e.xls
http://www.nrcresearchpress.com/doi/abs/10.1139/f93-035#.WFj7BbmBE1k
http://www.nrcresearchpress.com/doi/abs/10.1139/f93-035#.WFj7BbmBE1k
http://www.nrcresearchpress.com/doi/abs/10.1139/f93-035#.WFj7BbmBE1k
http://www.int-res.com/articles/meps/44/m044p221.pdf
http://www.int-res.com/articles/meps/44/m044p221.pdf
http://www.int-res.com/articles/meps/44/m044p221.pdf
http://www.int-res.com/articles/meps/96/m096p249.pdf
http://www.int-res.com/articles/meps/96/m096p249.pdf
http://www.int-res.com/articles/meps/96/m096p249.pdf
http://www.sciencedirect.com/science/article/pii/0141113694900043
http://www.sciencedirect.com/science/article/pii/0141113694900043
http://www.sciencedirect.com/science/article/pii/0141113694900043
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00162.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00162.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00163.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00163.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00163.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00164.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1994.tb00164.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00311.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00311.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00311.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1998.tb00630.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1998.tb00630.x/abstract
http://ec.europa.eu/dgs/maritimeaffairs_fisheries/consultations/aquaculture/contributions/2001_chemicals_aquaculture.pdf
http://ec.europa.eu/dgs/maritimeaffairs_fisheries/consultations/aquaculture/contributions/2001_chemicals_aquaculture.pdf
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00313.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00313.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1439-0426.2001.00313.x/abstract
http://www.sciencedirect.com/science/article/pii/S0044848603004733
http://www.sciencedirect.com/science/article/pii/S0044848603004733
http://www.sciencedirect.com/science/article/pii/S0144860908000691
http://www.sciencedirect.com/science/article/pii/S0144860908000691
http://www.sciencedirect.com/science/article/pii/S0144860908000691
http://www.sciencedirect.com/science/article/pii/S0044848606006582
http://www.sciencedirect.com/science/article/pii/S0044848606006582
http://www.sciencedirect.com/science/article/pii/S0044848606006582
http://link.springer.com/article/10.1007/s10499-013-9745-3
http://link.springer.com/article/10.1007/s10499-013-9745-3
http://link.springer.com/article/10.1007/s10499-013-9745-3
http://link.springer.com/article/10.1007/s10499-013-9745-3
http://www.sciencedirect.com/science/article/pii/S0144860911000173
http://www.sciencedirect.com/science/article/pii/S0144860911000173
http://www.sciencedirect.com/science/article/pii/S0144860911000173
http://www.sciencedirect.com/science/article/pii/S0144860911000173
http://www.sciencedirect.com/science/article/pii/S0044848602002740
http://www.sciencedirect.com/science/article/pii/S0044848602002740
http://www.sciencedirect.com/science/article/pii/S0044848602002740
https://pdfs.semanticscholar.org/bf94/6914f082fead2d70bd78e642533d1d3babe3.pdf
https://pdfs.semanticscholar.org/bf94/6914f082fead2d70bd78e642533d1d3babe3.pdf
http://www.sciencedirect.com/science/article/pii/S0169204603001543
http://www.sciencedirect.com/science/article/pii/S0169204603001543
http://www.sciencedirect.com/science/article/pii/S0169204603001543
http://www.sciencedirect.com/science/article/pii/S030437709700048X
http://www.sciencedirect.com/science/article/pii/S030437709700048X
http://www.sciencedirect.com/science/article/pii/S030437709700048X


Sediment characteristics under and around cobia cage farms at penghu, taiwan, as visualized by redox 
potential and sulfide content profiles using gis as documentation tool

5
Copyright:

©2016 Yi-Che et al.

Citation: Yi-Che S, Chao-Kai Y, Wen-Yan C. Sediment characteristics under and around cobia cage farms at penghu, taiwan, as visualized by redox potential and 
sulfide content profiles using gis as documentation tool. J Aquac Mar Biol. 2016;4(6):11‒12. DOI: 10.15406/jamb.2016.04.00101

25. Yin ZY, Walcott S, Kaplan B, Cao J, Lin W, et al. An analysis of the 
relationship between spatial patterns of water quality and urban 
development in Shanghai, China. Computers, Environment and Urban 
Systems. 2005;29(2):197–221.

26. http://www.apec.org/apec/projects.html

27. Chou CL, Haya K, Paon LA, Moffatt JD A regression model using 
sediment chemistry for the evaluation of marine environmental impacts 
associated with salmon aquaculture cage wastes. Mar Pollut Bull. 
2004;49(5–6):465–472.

28. DELG Environmental management guidelines for the Atlantic salmon 
marine cage aquaculture industry in New Brunswick Final Draft, (EMG) 
Version 1.00 Section 3 of 4. Environmental Quality Objectives and 
Monitoring Programs. 2000

29. Wildish DJ, Akagi HM, Hamilton N, et al. A recommended method for 
monitoring sediments to detect organic enrichment from mariculture in 
the Bay of Fundy. Can Tech Rep Fish Aqua Sci. 1999;2286:1 –31.

30. Crawford CM, Catriona KA, Macleod I, et al. Effects of shellfish farming 
on the benthic environment. Aquaculture. 2003;224(1–4):117–140.

31. Chou CL, Haya K, Paon LA,et al. Aquaculture–related trace metals 
in sediments and lobsters and relevance to environmental monitoring 
program ratings for near–field effects. Mar Poll Bull. 2002;44(11):1259–
1268.

32. Ku CC, Tung MC. Studies on Prevention of Disease of Marine 
Aquaculture Culture, Agriculture Agency. 1997.

33. ESRI Inc. ESRI Inc. New York, USA. 2005.

34. Hevia M, Rosenthal H, Gowen RJ. Modelling benthic deposition under 
fish cages. J Appl Ichthyol. 1996;12(4):71–74.

35. Piker L, Krost P, Clement A, et al. The impact of salmon farming in 
the Xth region of Chile on the benthic compartment. In: Arzul G 
& Rosenthal H (Eds.), Environment and marine phytoplankton. 
Aquaculture, IFREMER. 2002;pp.1–246.

36. Blancheton JP. Developments in recirculation systems for Mediterranean 
fish species. Aquacult Eng. 2000;22(1–2):17–31.

https://doi.org/10.15406/jamb.2016.04.00101
http://www.sciencedirect.com/science/article/pii/S0198971503000978
http://www.sciencedirect.com/science/article/pii/S0198971503000978
http://www.sciencedirect.com/science/article/pii/S0198971503000978
http://www.sciencedirect.com/science/article/pii/S0198971503000978
http://www.apec.org/apec/projects.html
http://www.sciencedirect.com/science/article/pii/S0025326X04000888
http://www.sciencedirect.com/science/article/pii/S0025326X04000888
http://www.sciencedirect.com/science/article/pii/S0025326X04000888
http://www.sciencedirect.com/science/article/pii/S0025326X04000888
http://www.dfo-mpo.gc.ca/Library/238355.pdf
http://www.dfo-mpo.gc.ca/Library/238355.pdf
http://www.dfo-mpo.gc.ca/Library/238355.pdf
http://www.sciencedirect.com/science/article/pii/S0044848603002102
http://www.sciencedirect.com/science/article/pii/S0044848603002102
http://www.sciencedirect.com/science/article/pii/S0025326X02002199
http://www.sciencedirect.com/science/article/pii/S0025326X02002199
http://www.sciencedirect.com/science/article/pii/S0025326X02002199
http://www.sciencedirect.com/science/article/pii/S0025326X02002199
http://www.esri.com/
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1996.tb00065.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0426.1996.tb00065.x/abstract
http://www.sciencedirect.com/science/article/pii/S0144860900000303
http://www.sciencedirect.com/science/article/pii/S0144860900000303

	Title
	Summary
	Introduction
	Materials and Methods 
	Study site characterization 
	Sampling collection 
	Environmental monitoring program 
	Geographic Information System application 

	Results
	Discussion and conclusion 
	Acknowledgments 
	Conflicts of interest 
	References
	Figure 1 
	Figure 2
	Figure 3
	Figure 4
	Figure 5

