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ABSTRACT 

Monitoring the effects of offshore aquaculture on water quality in the Red 

Sea 

Aislinn Dunne 

The Saudi Arabian government has announced an economic development plan (Vision 

2030) to invest in a range of industries across the Kingdom, one of which is the 

development of aquaculture. In the face of a likely increase in Red Sea fish farming, we 

investigated the impacts of offshore fish farms on the coastal water quality of the Red 

Sea by a) measuring the environmental impacts of an operational Red Sea fish farm, and 

b) testing whether an existing aquaculture modeling software can be used as a 

meaningful planning tool in the development of Red Sea aquaculture. Water quality 

parameters such as dissolved oxygen, nutrients, particulate matter, chlorophyll, 

ammonium, and bacterial abundance were measured seasonally over the course of a 

year around an offshore fish farm along the south-central coast of Saudi Arabia to 

determine the impacts of fish farm effluent on the surrounding waters. Bacteria, 

phosphate, inorganic nitrogen, and suspended particulate matter showed patterns of 

enrichment close to the fish farm. Additionally, dissolved oxygen has slightly lower 

concentrations close to and down current from the fish farms. Benthic sediments from a 

nearby coral reef were also assessed for organic enrichment, but concentrations of total 

organic carbon and total nitrogen were not significantly different from those at an 

offshore reef. 
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The data from these sampling efforts were then used as input parameters for an 

aquaculture modeling software (AquaModel.net), however many of the input 

parameters required to run the model were unavailable and meaningful conclusions 

could not be drawn from the results. Through field studies and modeling, we assessed 

the current impact of a Red Sea fish farm on water quality with the goal of predicting 

the potential impacts of future offshore aquaculture development in Saudi Arabia. 
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1. INTRODUCTION 

1.1 Aquaculture and the growing global population 

As the human population grows, so does our global demand for seafood. Our increased 

fishing efforts and technological advances have allowed us to harvest wild fish stocks at 

an industrial scale, leading to the over-exploitation of many wild fisheries (Myers & 

Worm, 2003). By 2008, at least 28% of the world’s fish stocks were overexploited or 

depleted, and 52% were fully exploited (Mora et al., 2009). Trends of decreasing fish 

size and declines in global fish landings have been observed globally (Pauly, Watson, & 

Alder, 2005), and concern for both marine conservation and food security is leading us 

to pursue alternative methods of harvesting marine protein. 

Aquaculture is the breeding, rearing, and harvesting of fish and other aquatic organisms 

in a water environment (NOAA, 2018). Marine aquaculture (aquaculture taking place in 

the sea) has the potential to reduce the strain on both wild fisheries and terrestrial 

agriculture, and some are considering it as an alternative to these traditional means of 

protein production (Gentry et al., 2017). A 2017 study estimated that aquaculture could 

be used to produce the current global fish landings using only 0.015% of the earth’s 

ocean area (Gentry et al., 2017). Because of its ability to harvest more fish from the sea, 

aquaculture production is increasing around the world. Between 1970 and 2006, global 

aquaculture production grew at a rate of 6.9 per cent per year (Bostock et al., 2010), 

and in 2014, aquaculture accounted for 44.1% of global fish production (The State of 

World Fisheries and Aquaculture 2016, 2016). As we face a future with more 
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aquaculture production, it is important to consider how this growing industry interacts 

with the marine environment the surrounds it.  

1.2 Environmental concerns of aquaculture 

While marine aquaculture has great potential for meeting our food security needs and 

reducing strain on over-exploited fisheries, aquaculture comes with a list of other 

environmental concerns. Many studies have focused on the organic enrichment caused 

by aquaculture waste, as fecal material and uneaten feed leaving fish farms can alter the 

biogeochemical processes and biotic communities in the surrounding environment. 

Intensive aquaculture emits by-products that can enter the surrounding environment, 

such as solid and chemical waste, therapeutics, bacteria, pathogens, and farmed species 

escapees (Cao et al., 2007). Offshore aquaculture generally consists of cage cultures, 

which are fairly open systems. As a result, there is a high degree of interaction with the 

environment, and any wastes produced are likely to be released directly into 

surrounding waters (Cao et al., 2007). For instance, a study of seabream farming in the 

northwest Mediterranean observed a significant difference in water column dissolved 

oxygen, dissolved inorganic nitrogen, phosphate, and total phosphorous between a fish 

farm and a control site (Morata, Falco, Gadea, Sospedra, & Rodilla, 2015). When 

compared to a reference site, measurements near a milkfish farm in the Philippines 

showed elevated levels of phosphate and ammonium, as well as diminished water 

transparency and dissolved oxygen (Villanueva, Yap, & Montaño, 2005). At a barramundi 

farm in Australia, the dissolved oxygen inside of the fish cages was lower than 
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surrounding waters by an average of 0.5 mg/L in the dry season and 1.5 mg/L in the wet 

season(McKinnon et al., 2010). In this range of systems and reared species, fish farm 

production and emitted waste have been observed to affect the surrounding water 

quality.  

Aquaculture has also been shown to affect the benthic environment, with organic 

matter and nutrients accumulating below floating cage fish farms and altering the 

biogeochemical processes and benthic macrofaunal communities (Holmer, Marba, 

Terrados, Duarte, & Fortes, 2002),(Holmer, Hansen, Karakassis, Borg, & Schembri, 2008). 

High sedimentation and corresponding oxygen consumption due to the sinking of fecal 

material and uneaten fish feed has been observed under fish farm cages (Holmer et al., 

2002). Significant differences in organic matter, total organic carbon, heavy metals, total 

phosphorous, and redox potential have also been found between the sediments under 

fish farms and those in unaffected control sites (Morata et al., 2015), (Basaran, Aksu, & 

Egemen, 2010). The impacts of offshore fish farms can also extend beyond the 

immediate vicinity of the cages or pens. A study of trout farms in the Faroe Islands 

found that the area of the farm’s footprint of organic loading was approximately 10 

times as large as the area of the farm itself (á Norði, Glud, Gaard, & Simonsen, 2011). 

Organic enrichment in the marine sediments were found to extend as far as 1000m 

away from a fish farm off the coast of Sicily (Sarà, Scilipoti, Mazzola, & Modica, 2004). 

However, the magnitude and spatial extent of a fish farm’s impact on the benthos and 
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water quality can vary considerably, and depends heavily on fish husbandry and feeding 

techniques, feed composition, and site selection (Ackefors & Enell, 1994). 

Coral reefs, another benthic community, can also be affected by fish farming. Corals are 

sensitive to nutrient enrichment and sedimentation. Elevated nitrogen concentrations 

have been shown to have a negative effect on coral settlement and growth (Koop et al., 

2001), and sedimentation can lead to reef degradation through burial and smothering of 

corals, as well as the suppression of coral re-growth by increasing competition with 

algae (Nugues & Roberts, 2003). Because corals are sensitive to elevated levels of 

nutrients and sedimentation (two waste products of aquaculture systems), coral reefs 

near fish farms have been shown to experience reduced survivorship near fish farms 

compared to reference sites (Villanueva et al., 2005).  

These water quality and benthic impacts by fish farms fit more largely into context of 

organic enrichment and eutrophication. Hypoxia is one effect of coastal eutrophication, 

resulting from excess nutrient inputs from point and non-point sources (Conley, 

Carstensen, Vaquer-Sunyer, & Duarte, 2009). Over the past several decades, a trend of 

decreasing dissolved oxygen concentrations has been observed in the world’s oceans, 

with detectable reductions in dissolved oxygen (partially explained by changing ocean 

circulation patterns) having been observed in all major ocean basins (Joos, Plattner, 

Stocker, Körtzinger, & Wallace, 2003). Many studies have observed fluxes of organic 

material and a resulting increase in oxygen consumption in waters and sediments near 

aquaculture facilities (Holmer et al., 2002; Morata et al., 2015; Sarà et al., 2004; 
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Villanueva et al., 2005).  As hypoxia is a global concern, its potential exacerbation by 

coastal eutrophication and oxygen drawdown is something to consider when looking at 

the impacts of offshore aquaculture.  

1.3 Saudi Arabia’s expected aquaculture production in the Red Sea 

In 2016, the Kingdom of Saudi Arabia put forward a social and economic development 

plan called Vision 2030. It aims to expand and diversify the Saudi Arabian economy in 

industries other than petroleum, and among the list of new investments is increased 

funding for aquaculture development. Currently Saudi Arabia has several aquaculture 

production facilities are along the coast of the Red Sea, and the Ministry of Agriculture 

has proposed to develop aquaculture in the country’s coastal areas (Salama, Satheesh, 

Balqadi, & Kitto, 2016). It is likely that future development of the Saudi aquaculture 

industry will include an increase in marine offshore aquaculture production in the Red 

Sea. 

The Red Sea is a warm and oligotrophic environment with no riverine nutrient inputs, 

and is therefore low in major nutrients such as nitrate, ammonium, phosphate, and 

silicate (Raitsos, Pradhan, Brewin, Stenchikov, & Hoteit, 2013). The main sources of 

nutrients into the South Central Red Sea are from aerial deposition, water from below 

the nitricline, and intruding water from the Gulf of Aden which enters the Red Sea at its 

southern outlet though the Bab al Mandeb Straight (Churchill, Bower, McCorkle, & 

Abualnaja, 2014; Raitsos et al., 2013). This low-nutrient environment is home to 

sensitive and valuable species such as dugongs and whale sharks, and habitats including 
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mangroves, coral reefs, seagrass meadows (Hozumi, Hong, Kaartvedt, Røstad, & Jones, 

2018). As aquaculture has been shown to release excess nutrients into the environment 

and limit coral survivorship, understanding how these processes will affect the Red Sea 

ecosystem is critical in the face of growing Saudi Arabian aquaculture. 

There have been many studies of the impacts of aquaculture on marine environments, 

particularly in temperate waters, but few have been conducted in the Red Sea. Most 

aquaculture studies conducted in the Red Sea have occurred near a gilthead sea bream 

offshore fish farm in the northern tip of the Gulf of Aqaba. The operation of this farm 

was assessed in 1998, and it was estimated that from the feed put into the farm, 17% of 

nitrogen and 52% of phosphorous was excreted as feces, with 10% of feed nitrogen and 

44% of feed phosphorous accumulating in the sediments. (Lupatsch & Kissil, 1998). 

Studies of this Red Sea farm have primarily addressed benthic impacts caused by the 

farm. Coral nubbins placed near the farm had lower lateral growth rates near the fish 

farm than farther away, probably due to increased settlement of particulate matter 

(Bongiorni, Shafir, & Rinkevich, 2003). In samples from sediment transects going 

through the farm, sediment organic matter, porewater ammonia, and phosphate 

concentrations decreased with distance from the farm (Angel et al., 2000). After 20 

years of operation, the farm was removed, and a 3-year benthic monitoring program 

saw increasing foraminifera abundance and the arrival of new polymorphisms of marine 

gastropods in the first year after the removal of the farm (Oron et al., 2014). This study 

also saw that after the removal of the farm, there was decreased sediment organic 
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matter near the original fish farm location and fastest recovery of living foraminifera at 

locations farthest away from the original fish farm location.  

Given the environmental concerns of aquaculture production and the expectation of 

Saudi Arabia to implement more fish farming in the Red Sea, I studied one offshore fish 

farm in the South Central Red Sea to quantify the impacts of its production on the 

surrounding environment. This study aims to determine how this part of the Red Sea 

responds to localized inputs of organic matter and nutrients. 

 Figure 1 shows a representation of the typical inputs and outputs of a fish farm. Fish 

food containing nutrients and organic matter is fed into the cages, and while some of 

that material is extracted in the form of fish harvests, wastes in the form of uneaten 

feed and fish feces and excretions is advected away from the cages by ocean water 

moving through the cages. Dissolved wastes (i.e. dissolved nitrogen, phosphorous, and 

carbon) and particulate wastes (i.e. suspended particulate matter and particulate 

organic carbon and nitrogen) move with the currents, and particulate matter will sink 

and eventually settle on the benthos. As these nutrients and organic materials move 

through the water column, they are available for uptake by plankton and bacteria and 

can stimulate respiration and consequent oxygen consumption.  

Taking into account the fate and transport of fish farm wastes in Figure 1, organic 

enrichment from the farm would be apparent if signals of increased nutrients, organic 

matter, bacterial abundance, or oxygen consumption were measured down-current 

from the farm. In order to assess whether the fish farm in this study is causing organic 
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enrichment in this oligotrophic region, seasonal water column sampling was performed 

around the fish farm to try to detect these indications of organic enrichment. This study 

focused on assessing the extent and magnitude of organic enrichment on the 

surrounding water column and nearby coral reefs, and also included benthic sampling of 

the coral reef.  

Figure 1. Schematic of cage aquaculture food input and waste output & transportation.  

1.4 Modeling as a tool for aquaculture assessment 

In addition to field studies that physically measure the waste emitted from fish farms 

and its effects, mathematical modeling and computer simulations have been used as 

FOOD 
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tools to assess the consequences of such waste. Depositional modeling (DEPOMOD) is 

one model that has been used to predict the accumulation of solids and associated 

benthic effects from fish farms, with particular attention paid to resuspension and the 

benthic response (Cromey, Nickell, & Black, 2002). This and other models have been 

used to forecast the fate and transport of fish farm waste as it is carried through and 

transformed in the water column and benthos.  

Such models are critical for forecasting the impacts of fish farms before construction 

and production begin. The carrying capacity of a site should be assessed in order to limit 

negative impacts of aquaculture, and mathematical models and Geographical 

Information Systems are tools used in aquaculture site selection (Brigolin et al., 2014). 

AquaModel is a GIS-based aquaculture modeling software, which simulates the 

operations of marine fish farms and fate of organic and inorganic waste production in 

sediments and receiving waters (Kiefer, Rensel, O’Brien, Fredriksson, & Irish, 2011). In 

order to move from single-site field assessments of Red Sea aquaculture and scale up to 

understand how more fish farms would impact the Red Sea, we used AquaModel 

software to simulate the fish farm in our field study. By comparing the modeled results 

from this simulation with the field measurements made at the study site, we aim to 

determine whether or not AquaModel can be used as a planning tool for site selection 

and assessment of carrying capacity in this region of the Red Sea. 

Aquaculture has huge potential to address global challenges surrounding overfishing 

and food security, but comes with a list of environmental concerns. As Saudi Arabia 
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moves forward with its economic development plan Vision 2030, the Red Sea faces a 

future with increased aquaculture production, and its impact should be taken into 

consideration as development moves forward. In the light of aquaculture’s potential to 

cause organic enrichment and eutrophication, this study aims to assess the current 

impacts that a Red Sea fish farm operation has on the surrounding water column and 

coral reef, and to compare these impacts to the predictions of an aquaculture modeling 

software so as to validate its use for future marine spatial planning and aquaculture site 

selection in the Red Sea. 

1.5 Objectives 

• Determine whether or not there is a measurable signal of organic enrichment (in 

the form of lowered dissolved oxygen or increased nutrients, organic and 

suspended matter, or bacteria) associated with the fish farm. 

• Assess the magnitude and spatial extent of organic enrichment in the water 

column surrounding an offshore fish farm in the Red Sea. 

• Evaluate the settlement of organic matter on coral reefs near the fish farm. 

• Assess the applicability of a fish farm modeling software, which is aimed at fish 

farm stakeholders and planners, to simulating the fate and transport of wastes 

from the fish farm in this study, considering the limited environmental data 

available for this region. 
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2.  METHODS 

2.1 Study Site 

This study was conducted at an offshore fish farm in the southern central Red Sea off 

the west coast of Saudi Arabia (Figure 2). The farm was located approximately 20 km up-

coast from the town of Al Lith, Saudi Arabia (20.186394°, 40.048169°). At the time of 

sampling, the farm consisted of 16 circular cages (40m in diameter) in which barramundi 

(Lates calcarifer) were being grown 

The fish farm sits approximately 5km from the shore and is anchored in roughly 76m of 

water. A nearby coral reef (Shib al Jiffin) has its reef crest approximately 1 km inshore 

from the farm, and the sea floor sea floor between the farm and the reef slopes up from 

~76m to a few meters in depth over this distance.  
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Figure 2. Location of studied fish farm (in red circle) in the south central Red Sea. 

 

2.2 Sample collection and analytical methods 

2.2.1 Water column sampling 

The water column near the fish farm was sampled seasonally over the course of one 

year. Sampling was conducted in May 2017, August 2017, December 2017, and March 

2018. During each sampling period, CTD (conductivity, temperature, depth) profiles of 

were taken at ~40 stations ranging from 0.1 to 1.5 km away from the fish farms (Figure 

3).  Stations were sampled over the course of 2 days, with half of the stations being 
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sampled on each day. The CTD casts were 25m in depth, and measured profiles of 

conductivity, temperature, depth, dissolved oxygen, and pH at each station. Profiles of 

these parameters were visualized using MatLab.  

Niskin bottles were used to collect water samples at two depths (5m and 25-30m) at 12-

16 of these stations during each sampling period. The water was collected to measure 

dissolved constituents (nutrients (nitrite, nitrate, phosphate, and silicate), dissolved 

organic carbon, and ammonium) and non-dissolved particles (bacterial abundance, 

suspended particulate matter, particulate organic carbon and nitrogen, and chlorophyll-

a) (Table 1). Spatial distributions of these parameters were visualized using ESRI 

ArcMap.  
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Figure 3 Layout of sampling stations around fish farm. Labels (number, letter) are the 
names of each sampling station around the fish farm (outlined by the orange bar.) At 
each sampling station labeled with a blue dot, water samples were taken in addition to 
the CTD cast that was done at each station.  

 

Measured Water Quality Parameters 

Measurement type Parameter Abbreviation 

 

CTD 

Conductivity  

Temperature  

Depth  

Dissolved oxygen DO 

pH  

 

 

 

Water samples – Niskin 
bottles 

Nitrite NO2 

Nitrate NO3 

Phosphate PO4 

Silicate SiO2 

Ammonium NH4 

Dissolved organic carbon DOC 

Bacterial abundance  

Suspended particulate 
matter 

SPM 

Particulate organic carbon POC 

Particulate organic 
nitrogen 

PON 

Chlorophyll-a Chl-a 

Table 1 List of water quality parameters measured around the fish farm. 

Dissolved constituents:  

DOC: 40 mL of seawater was filtered through a 0.2 m pore-size Millipore filter on the 

boat. Phosphoric acid was added after filtration for preservation, and samples were 

later stored at 4C. DOC analysis was done using the Shimadzu TOC analyzer.  

Nutrients: 30 mL of seawater was filtered through a 0.2 m pore-size Millipore filter on 

the boat and stored at -20C. Concentrations of phosphate, nitrate, nitrite, and silicon 
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dioxide were measured colorimetrically using a Seal Analytical Segmented Flow 

Analyzer.  

Ammonium: 5 mL of seawater was filtered through a 0.2 m pore-size Millipore filter on 

the boat. 1.2 mL of working reagent (ophtaldialdehyde solution prepared according to 

Birkicht, 2012) and  were added after filtration and left to incubate in the dark for 4-12 

hours before being measured fluorometrically according to (Birkicht, 2012). Samples 

were compared to ammonium chloride standards.  

Larger particles: 

Bacteria: Unfiltered seawater was preserved with paraformaldehyde and glutaraldehyde 

solution to fix the bacterial cells. Bacterial samples were frozen in liquid nitrogen until 

returning to the lab, where they were transferred to a -80C freezer. Bacterial cell 

abundance was quantified with flow cytometry with methods according to Gasol and 

Moran 2015 (Gasol & Moran, 2015). Bacterial abundance, including high and low nucleic 

acid bacteria, was counted using BD Paint-a-GateTM software.  

Chlorophyll: 2L of water was bottled on the boat and stored in a cool box until returning 

to land. There, water was filtered through Whatman GF/F filters and filters were stored 

in liquid nitrogen until being transferred to a -50C freezer. Chlorophyll concentration 

was measured fluorometrically according to (Cúrdia, 2015). 

SPM, POC, PON: 2L of water was bottled on the boat and stored in a cool box until 

returning to land. There, water was filtered through pre-weighed and Whatman filters. 
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An extra 500 mL of MilliQ water was run through each filter to remove excess salts. 

Filters were stored in liquid nitrogen until being transferred to a -50C freezer. To 

determine SPM concentration, filters were dried and weighed, and the original weight 

of the filter was subtracted to find the weight of the particulate matter. POC and PON 

were measured on the same filters by acidifying the filters with HCl and measuring total 

carbon and nitrogen using a CNHS elemental analysis instrument .  

2.2.2 Current velocities measurements 

Current velocities were measured in the study site using a CODE/DAVIS drifter. A drifter 

was deployed near the fish farms at the beginning of each sampling day and was 

retrieved when sampling was finished (drifters deployments lasted from 2 hours 40 

minutes to 7 hours 15 minutes on different sampling dates.) Drifter position and 

trajectory were measured using a Garmin inReach® GPS that logged and telemetered 

data via Iridium. Current velocity measurements were used to contextualize the 

patterns of water quality parameters in the study site, and to simulate the fate and 

transport of fish farm effluent using AquaModel software. 

2.2.3 Reef Benthic Sediment Sampling 

Benthic impacts of the fish farm were assessed on the forereef of the coral reef facing 

the farm. We investigated organic enrichment on the reefs by comparing TOC and TON 

concentrations in reef sediments from the coral reef near the fish farm and one 
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approximately 7 km from the fish farm. Benthic samples were collected during two 

sampling periods: December 2017 and March 2018. 

Reef sediments were taken from two locations along the forereef in the vicinity of the 

farm (one directly inshore from the farm and one 1.5 km east of the farm.) Sediments 

were also taken from the forereef of a reef approximately 7 km southeast of the fish 

farms to act as a control unaffected by material input from the farms. SCUBA divers 

collected triplicate samples from the surface layer (top 2 cm) of reef sediments in 10m 

of water. Sediments were stored in liquid nitrogen until being transferred to a -50C 

freezer for TOC and TON measurements. 

TOC and TON were measured in sediments were using a CNHS elemental analysis 

instrument. 

2.3 Statistical analysis 

Principal component analyses were run to compare water sampled upcurrent and 

downcurrent from the fish farm, and to compare samples between seasons. To visualize 

the distribution of the different water constituents around the fish farm, we created 

inverse distance weighted (IDW) interpolation maps of the study area in ESRI ArcMap.  

2.4 Modelling/simulation of fish farm effluent 

The fate and transport of waste from the fish farm was modelled using software called 

AquaModel. AquaModel is a software package run in a GIS software (EASy), which 

simulates the operations of marine fish farms and fate of organic and inorganic waste 
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production in sediments and receiving waters (Kiefer et al., 2011). The software allows 

users to set up a virtual fish farm and designate environmental and operational 

parameters for the farm (i.e. water currents, ambient temperature and water quality, 

species of fish being reared, production rate of farm) (Table 2). Simulations are then run 

to model both the growth and metabolism of farmed fish species and the environmental 

impact of waste produced by the farm (Kiefer et al., 2011).  

The fish farm cages at our study site were virtually set up in AquaModel in order to 

simulate the transport and effects of effluent from this farm on the surrounding Red Sea 

environment. Ambient environmental measurements taken during sampling trips such 

as water temperature, currents speed, and mixed layer depth were used to establish 

environmental parameters for the model.  

Virtual sampling stations were placed within the modeled environment corresponding 

to stations where in situ physical measurements were obtained. During simulations, the 

modeled value of the different water quality parameters measured were recorded at 

those stations. Modeled values were then compared to field measurements from each 

season to evaluate accuracy of model prediction. 

AquaModel Input Parameters 

Environmental Parameters Operational Parameters 

DIN range Fish species 

Phytoplankton biomass range Number of fish cages 

Zooplankton biomass range Pen length, width, height 

Dissolved oxygen range Fish weight/density/oxygen limitation 

Water temperature range Pen temperature offset 

Surface water temperature Manual feed rate 
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Deepest layer temperature Feed pellet/raw fish waste rate 

Deepest layer dissolved oxygen Percent pellet feed 

Irradiance, daily average 
Feed composition (% carbon and 
water) 

Mixed layer depth Pen dissolved oxygen and DIN 

Wind speed average Waste setline rates 

Horizontal & vertical dispersion 
coefficients 

Fish specific growth rate 

Tidal flow period Total farm biomass 

Max flow velocity   

Currents velocity   

Table 2. List of input parameters (environmental and operational) for AquaModel.net 
simulations 
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3. RESULTS 

3.1 Seasonal observations and trends at the fish farm study site 

The study area surrounding the fish farm was monitored seasonally from May 2017 to 

March 2018. The parameters sampled during these seasons are summarized in Table 3.  

    Month 

Parameter Variable May-17 Aug-17 Dec-17 Mar-18 

Temperature (∘C) Min 30.65 28.07 29.37 28.34 

Max 31.69 30.69 29.99 28.91 

Average 31.19 29.49 29.50 28.58 

SD 0.22 0.53 0.09 0.06 

Salinity Min 38.13 37.70 38.51 38.95 

Max 38.43 39.00 38.86 39.44 

Average 38.29 38.85 38.62 39.40 

SD 0.04 0.05 0.07 0.02 

Dissolved Oxygen 
(µM) 

Min 154.38 143.75 140.63 160.94 

Max 184.06 170.63 194.06 176.56 

Average 177.96 159.08 157.17 171.01 

SD 4.59 5.00 4.54 2.20 

pH Min 8.13 8.17 8.12 8.04 

Max 8.19 8.25 8.22 8.08 

Average 8.18 8.23 8.18 8.07 

SD 0.01 0.01 0.01 0.01 

Chlorophyll-a 
(µg/L) 

Min 0.29 0.08 0.10 0.06 

Max 0.67 0.63 0.66 0.54 

Average 0.43 0.31 0.42 0.31 

SD 0.09 0.16 0.12 0.13 

Phosphate (µM) Min 0.02 0.02 0.03 0.05 

Max 0.17 0.23 0.20 0.10 

Average 0.06 0.10 0.11 0.07 

SD 0.04 0.07 0.04 0.01 

Silicate (µM) Min 0.46 0.53 0.44 0.80 

Max 0.70 1.59 2.68 1.55 

Average 0.59 1.09 0.87 1.00 

SD 0.06 0.28 0.45 0.16 

Nitrite (µM) Min 0.00 0.00 0.01 0.02 
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Max 0.03 0.44 0.05 0.10 

Average 0.01 0.06 0.03 0.06 

SD 0.01 0.10 0.01 0.02 

Nitrate(µM) Min 0.27 0.14 0.55 0.04 

Max 1.02 1.94 8.68 2.88 

Average 0.57 0.81 1.46 0.78 

SD 0.21 0.42 1.60 0.65 

Suspended 
particulate 

matter (mg/L) 

Min 0.06 0.00 0.09 0.00 

Max 2.48 1.34 0.53 0.48 

Average 0.51 0.34 0.26 0.16 

SD 0.42 0.28 0.12 0.12 

Particulate C:N 
(POC:PON) 

Min 4.92 4.27 4.06 4.42 

Max 7.03 9.09 6.63 7.41 

Average 5.62 5.44 5.47 5.26 

SD 0.55 1.05 0.53 0.62 

N:P 
([NO2+NO3]/PO4) 

Min 3.29 3.47 4.23 1.34 

Max 31.07 42.74 71.31 32.04 

Average 11.81 11.61 15.08 10.72 

SD 6.29 9.74 14.15 7.73 

Ammonium (µM) Min N/A 0.02 0.01 0.00 

Max N/A 1.15 0.37 0.20 

Average N/A 0.23 0.08 0.06 

SD N/A 0.32 0.08 0.06 

Total Bacterial 
Abundance 
(cells/mL) 

Min 185434 94000 297671 258463 

Max 475266 213683 432377 355380 

Average 362373 157236 359740 312022 

SD 77128 28803 32322 21850 

High Nucleic Acid 
(HNA) Bacterial 

Abundance 
(cells/mL) 

Min 85979 44049 297671 99920 

Max 223887 104105 432377 209171 

Average 154405 79537 359740 140832 

SD 36505 18294 32322 22709 

Low Nucleic Acid 
(LNA) Bacterial 

Abundance 
(cells/mL) 

Min 99455 48902 117731 125909 

Max 286286 109578 243511 206345 

Average 207968 77699 171588 171189 

SD 50220 16383 32082 21818 

Total Bacterial 
Biomass 

(µmolC/mL) 

Min 0.06 0.04 0.15 0.13 

Max 0.33 0.17 0.34 0.27 

Average 0.13 0.07 0.21 0.18 

SD 0.05 0.02 0.05 0.04 

Table 3. Summary of physico-chemical parameters measured seasonally through study 
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Water currents were measured with surface current drifters near the fish farm in 

August, November, December, and March. Currents measurements were not take in 

May due to lack of equipment. Paths of the drifters are shown in Figure 4. Current 

velocities and directions along the drifter tracks are listed in Appendix A.  
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Figure 4. Map of surface current drifter tracks in on all sampling dates. Additional tracks 
are included from days when the drifter was deployed but water samples were not 
taken around the fish farm (29-30 November, 15 March) to show variability of currents 
in the area. Boxes B-D show drifter tracks for days on which water sampling occurred in 
each sampling month (no data for May). 

 

(A)

(B) (C) (D)
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3.1.1 Temperature and Salinity 

Average temperatures throughout the site were highest in May (average of 31.19 C) 

and lowest in March (28.58 C). Temperatures tended to be highest at the surface and 

decrease with depth. Conversely, average salinity was lowest in May (average of 38.29) 

and highest in March (39.40).  

3.1.2 Dissolved Oxygen (DO) 

Average DO concentrations throughout the site were highest in May and lowest in 

December. In May, DO concentrations averaged over the top 5m of the water column 

showed lower DO concentration in the southeastern end of the farm (Figure 5a). In 

August, concentrations of DO in the top 5m were also lower around the farm (Figure 

5b).    
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Figure 5. Dissolved oxygen (DO) concentrations averaged over the top 5m of the study 
site in May (A), August (B), December (C), and March (D).  

 

3.1.3 Nutrients 

Heightened levels of nutrients were observed in various patterns around the fish farm 

over the 4 sampling periods (May, August, and December 2017, and March 2018.) May 

had the average lowest values for all nutrients measures (PO4, SiO2, NO2, and NO3). 

Average values of PO4 and NO3 were highest in December, while SiO2 and NO2 were 

highest in August.  

3.1.3.1 Phosphate (PO4) 



37 
 

In May, phosphate concentrations were highest (up to 0.172 µM) in the area to the 

northwest of the farm in both the 5m and 25-30m depth samples. In August, elevated 

PO4 values were seen at the northwest and southeast ends of the farm at both sampling 

depths (Figure 6). 

In August and December, a negative correlation was observed between phosphate 

concentration and distance from the farm at 5 and 25-30m depth in August (r(10) = -

0.646,  p<0.05 and r(10) = -0.698, p<0.05, respectively), and at 25-30m depth in 

December (r(9) = -0.847, p<0.05). In March, no clear patterns were seen in association 

with the farm. 
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Figure 6. Phosphate concentrations of study site at 5m (a) and 25-30m depth (b) in 
August. Orange bar is the extent of the fish farm. 

 

3.1.3.2 Silicon dioxide (SiO2) 

In May, SiO2 concentrations are elevated to the south east of the farm at 5m depth and 

elevated to the northwest of the farm at 25-30m depth. In August and December, a 

(A)

(B)
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negative correlation was observed between SiO2 concentration and distance from the 

farm at 5 and 25-30m depth in August (r(10) = -0.705, p<0.05 and r(10) = -0.707, p<0.05, 

respectively), and at 25-30m depth in December (r(10) = -0.618, p<0.05). In March, no 

clear patterns were seen in association with the farm. Highest SiO2 concentrations were 

observed in December (ranging from 0.443-2.677 µM SiO2). 

3.1.3.3 Nitrite (NO2) 

Nitrite concentrations were generally low across the sites in each sampling period. The 

average NO2 concentrations across all stations were 0.055, 0.012, 0.064, and 0.026 µM 

in March, May, August, and December, respectively. The NO2 concentrations in many 

samples from the May and August collections were also below the detection limit.  

3.1.3.4 Nitrate (NO3) 

In May, NO3 concentrations were high in surface waters (5m depth) around the 

southeastern tip of the farm and to the southeast of the cages (up to 1.022 µM NO3) 

(Figure 7a). In December, the southern and southeastern end of the study site had 

generally higher nitrate concentrations at 5m depth (up to 1.43 µM NO3). At 25-30m 

depth, large spikes in the NO3 were measured to the southwest of the farm (up to 8.679 

µM NO3) (Figure 7b). In August and March, no clear patterns were seen in association 

with the farm. 
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Figure 7. Nitrate concentrations across study site at 5m depth in May (A) and 25-30m 
depth in December (B). Note that the two seasons have different ranges of color scales 
due to different range of measured values. Orange bar is the extent of the fish farm. 

 

3.1.3.5 Ammonium (NH4) 

(A)

(B

)
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NH4 was not measured in May due to a lack of equipment availability. In August and 

December, ammonium was highest at the station closest to the southeastern tip of the 

cages, both in at 5m and 25-30m depth (Figure 8). At this station, ammonium was higher 

at 5m than 25-30m depth during both sampling periods, but both sampling depths 

showed the same spatial pattern. While the patterns of ammonium concentrations were 

the same in these two sampling periods, the concentrations of a NH4 reached higher 

values in August than in December (up to 1.146 µM in August and up to 0.372 µM in 

December). In March, NH4 values did not reach as high as the other measured seasons ( 

the highest March measurement was 0.199 µM) and while elevated values were 

observed at stations near the fish farm, these stations were upcurrent of the fish farm 

cages. 

 

(A)

(B)

(C)

(D)



42 
 

Figure 8. Ammonium concentrations across study site in at 5m and 25-30m depth in 
August (A,B) and December (C,D). Orange bar is the extent of the fish farm. 

 

3.1.4 Chlorophyll-a 

In May, chlorophyll-a concentrations ranged from 0.374-0.666 µg/L in surface waters 

(5m depth) and 0.286-0.483 µg/L at 25-30m depth. The distribution of chlorophyll-a was 

patchy over the study area and did not have a clear pattern associated with the farm. 

In August, chlorophyll-a values ranged from 0.081-0.351 µg/L in surface waters (5m 

depth) and 0.233-0.625 µg/L at 25-30m depth. At 5m depth,  chlorophyll-a 

concentrations were elevated near the farm, with a negative correlation between 

chlorophyll-a concentration and distance from the farm (r(10) = -0.797, p<0.05). At 25-

30m depth, chlorophyll concentrations were highest to the southwest of the farm (up to 

0.660 µg/L).  

In December, the surface water concentration of chlorophyll-a was fairly evenly 

distributed across the site, while at 25-30m the northwest side of the study site had 

elevated chlorophyll-a values. 

In March, the surface water directly north and south of the farm have slightly elevated 

concentrations of chlorophyll-a, but there is no strong correlation between 

concentration and distance from the farm. 
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Figure 9. Chlorophyll-a concentrations across study site at 5m depth (A) and 25-30m 
depth(B) in August. Negative log values of chlorophyll-a concentrations are displayed. 
Orange bar is the extent of the fish farm. 

 

3.1.5 Suspended Particulate Matter (SPM) 

(A)

(B)
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In several sampling periods, elevated SPM concentrations were measured at the station 

closest to the southeastern end of the fish farm. 

In May, SPM values ranged from 0.207-0.970 mg/L in surface waters (5m depth) and 

0.061-2.483 mg/L at 25-30m depth. The highest concentration at 5m depth was 

measured at the station closest to the southeastern tip of the fish farm(Figure 10a). At 

25-30m depth, SPM concentrations were generally low, with the exception of a large 

spike to the north of the farm. 

In August, SPM values ranged from 0.126-0.782 mg/L in surface waters (5m depth) and 

0-1.344 mg/L at 25-30m depth. In both the 5m and 25-30m depth samples, the highest 

concentrations were at the station closest to the southeastern tip of the fish farm(Figure 

10b,c). SPM concentration was higher at this station at 25-30m than 5m depth (1.344 

mg/L vs. 0.782 mg/L). 

In December, SPM values ranged from 0.092-0.533 mg/L in surface waters (5m depth) 

and 0.140-0.395 mg/L at 25-30m depth. These values are generally lower than the SPM 

concentrations observed in May and August. In December, the patterns of SPM 

concentration are patchy around the fish farm and do not show the same trend of  

elevated SPM concentrations at the station closest to the southeastern tip of the fish 

farm (as was seen in May and August.)  
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In March, average SPM concentrations were lower than any other season, and the 

distribution of SPM values are patchy with no clear pattern associated with the location 

of the farm. 

 

Figure 10. Suspended particulate matter concentrations across study site at 5m depth in 
May (A) and 5m & 25-30m depth in August (B,C). Orange bar is the extent of the fish 
farm. 

 

3.1.6 Particulate organic carbon and nitrogen (POC and PON) 

(B)

(A)

(C)
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In all sampling periods, patterns of POC and POC were patchy and did not show an 

association with the location of the fish farm. 

3.1.7 Bacteria (Total Bacteria, HNA bacteria, LNA bacteria, bacterial biomass) 

In May, bacterial abundance was elevated in the area surrounding the farm at 25-30m 

depth.  Concentrations high nucleic acid (HNA) bacteria, and low nucleic acid (LNA) 

bacteria, and total bacteria all showed a negative correlation with distance from the 

farm (r(14) = -0.661, p<0.05; r(14) = -0.643, p<0.05; and r(14) = -0.687, p<0.05, 

respectively) and showed similar patterns of higher abundance around the location of 

the fish farm. Bacterial biomass showed the same spatial patterns as HNA, LNA, and 

total bacteria, and was also negatively correlated with distance from the farm (r(14) = -

0.664, p<0.05) . 

In August, bacterial abundance was elevated around the fish farm at 5m depth. 

Concentrations of HNA, LNA, and total bacteria all showed a negative correlation with 

distance from the farm (r(10) = -0.731, p<0.05 ; r(10) = -0.506 p<0.05 ; and r(10) = -

0.674, p<0.05, respectively) and showed similar patterns of higher abundance in a 

plume coming out of the northern half of the fish farm. Bacterial biomass showed the 

same spatial patterns as HNA, LNA, and total bacteria, and was also negatively 

correlated with distance from the farm (r(10) = -0.725, p<0.05). 

In December and March, patterns of bacteria were patchy within the study site and did 

not have elevated values associated with the location of the fish farm. 
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Figure 11. Bacterial biomass concentrations across the study site at 25-30 depth in May 
(A) and 5m depth in August (B). Orange bar is the extent of the fish farm. 

 

3.1.8 Comparison of water characteristics upcurrent and downcurrent from the 

fish farm 

(A)

(B)
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Surface current drifter measurements taken during water sampling were used to 

determine if a station was up or downcurrent of the fish farm at the time of sampling. 

This classification was then used to assess any differences between the overall water 

quality in water upcurrent and downcurrent from the farm. These differences were 

assessed across seasons by grouping together measurements from all seasons (March 

May, August, and December) and sampling depths (5m and 25m) and comparing overall 

mean values of water quality parameters upcurrent and downcurrent from the fish 

farms. The mean values of each parameter across seasons and sampling depths were 

calculated in two ways: Mean variable value and mean measurement:sampling average 

ratio. The “mean variable value” for a given variable is the average value of each 

measurement in all downcurrent or upcurrent sites. Each measurement was then 

divided by the average value for all samples in that season and sampling depth, and the 

mean of these values is the “mean measurement:sampling average ratio”. This ratio is 

used to standardize values across seasons, and to compare areas of higher and lower 

concentrations within the study site. 

Table 4 lists the upcurrent and downcurrent means of the water quality variables for 

which there was a statistically significant difference between the two classifications (p-

value<0.05).  Differences between upcurrent and downcurrent water quality was seen 

in several variables. Mean variable values of DOC and Chl-a were higher in downcurrent 

stations than in upcurrent stations, and N:P ratios were significantly lower downcurrent 

than upcurrent from the farm (Table 4). Chl-a and LNA bacteria had higher mean 
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measurement:sampling average ratios in downcurrent than upcurrent stations, and N:P 

ratios were again lower in downcurrent stations. 

Mean Variable Value 

Variable 
Downcurrent 

Mean 
Upcurrent 

Mean Unit p-value 

DOC 89.807 81.747 µM 0.042 

N:P ratio 8.820 13.879  N/A 0.019 

Chl-a 0.416 0.310 µg/L 0.003 

     
Mean Measurement:Sampling Average Ratio 

Variable 
Downcurrent 

Mean 
Upcurrent 

Mean Unit p-value 

Chl-a 1.154 0.926  N/A 0.011 

LNA 1.073 0.965 N/A 0.008 

N:P ratio 0.624 1.120  N/A 0.002 
Table 4. Mean variable values and measurement:sampling average ratios of several 
water quality variables across all sampling dates and depths. All samples were combined 
and classified as upcurrent or downcurrent from the fish farm, and  

 

3.1.9 Principal components analysis of seasonal water quality data 

PCAs were run to assess overall characteristics and differenced between sampling 

periods and between stations that were sampled upcurrent and downcurrent from the 

fish farm. Water quality parameters used in the PCAs are listed in Table 5. PCAs were 

run for each depth (5m and 25m) and sampling month, and then with all season data 

together.  

Figure 12 shows the results of the PCA for all season data combined. Data is grouped by 

sampling month. Principal component 1, which explains 29.7% of variance in the 5m 
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samples and 25.0% in the 25m samples across seasons, separates samples from May 

and August most strongly. Stratification in the Red Sea is generally higher in the summer 

than in the winter (Acker, Leptoukh, Shen, Zhu, & Kempler, 2008), so this separation of 

May and August samples could represent the difference between the early and later 

stratification period. 

Principal component 2, which explains 16.8% of variance in the 5m samples and 19.3% 

in the 25m samples, separates March and December (with mostly positive PC2 values) 

from May and August samples (with mostly negative PC2 values). March and December 

are during cooler and less stratified times of the year in the Red Sea than May and 

August. So PC2 also seems to be separating weakly stratified from more strongly 

stratified seasons. 

Abbreviation Variable 

Chla Chlorophyll-a 

BN Total bacterial abundance  

HNA High nucleic acid bacterial abundance 

LNA Low nucleic acid bacterial abundance 

Bac_Biomass Bacterial biomass 

NH4 Ammonium 

PO4 Phosphate 

NO2 Nitrite 

NO3 Nitrate 

SiO2 Silicon dioxide 
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SPM Suspended particulate matter 

POC Particulate organic carbon 

PON Particulate organic nitrogen 

DOC Dissolved organic carbon 

N.P Inorganic nitrogen:phosphorous ratio 

POC.PON Particulate organic carbon:nitrogen ratio 

Table 5. Abbreviations of water quality parameters used in principal components 
analyses 
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Figure 12. PCA of water quality data at 5m and 25m across all sampling periods.  
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In August, PC1 separates the downcurrent stations from the upcurrent stations at both 

sampling depths (Figure 13). This shows a difference in the overall water characteristics 

between ambient water and water that has passed through the fish farm.  

Two upcurrent stations in August (stations 5A and 6B) are grouped near the 

downcurrent stations in the PCA plots for both depths (Figure 13). While these two 

stations were upcurrent from the fish farm, they were also the 2 closest stations to the 

farm. The downcurrent plus nearby stations are separated from other upcurrent 

stations along PC1, which explains 48.2% of the variance in the 5m samples and 37.7% 

of the variance in the 25m samples. This separation indicates a change in water quality, 

as measured by the parameters tested at each station (Table 5), between sites 

downcurrent/nearby and upcurrent from the farm.  
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Figure 13. PCA of water quality data at 5m and 25m in August. Stations are classified as 
upcurrent (blue dots) or downcurrent (red dots) from the fish farm at the time of 
sampling.  
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3.2 Organic content of reef sediments near the fish farm 

Total organic carbon (TOC) and total nitrogen (TN) were measured during two sampling 

months (December and March) in sediments from the fore reef of the coral reef closest 

to the fish farm (approximately 1km from the farm.) These were compared to sediments 

collected at similar depths on the fore reef of an offshore reef that was assumed to be 

out of the radius of influence of the fish farm (approximately  7.5km away from the fish 

farm).  

For both sampling periods, TOC and TN were slightly higher in the fish farm reef sites 

than at the offshore reef sites (Figure 14, Figure 15) 

However, none of the differences in TOC or TN were statistically significant (p-value > 

0.05 for TOC and TN measurements in both sampling periods).  
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Figure 14. Total organic carbon in reef sediments of reef near fish farm and offshore reef 
in December and March. 

 

 

Figure 15. Total nitrogen in reef sediments of reef near fish farm and offshore reef in 
December and March. 

 

3.3 Comparison of AquaModel outputs with field measurements 

Measurements of currents and ambient water quality parameters taken during field 

measurements were used as input parameters for a simulation of the fish farm using 

AquaModel.net software. Many of the inputs required by the modeling software were 

unavailable, as the company operating the fish farm was unresponsive to request for 

information. From the full list of environmental and operational input parameters listed 

in Table 2, the following parameters were measured during this study and were put into 
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the model: ranges of dissolved inorganic nitrogen, dissolved oxygen, and water 

temperature; currents velocity; fish species; pen width and length. The rest of the input 

parameters were estimated from conditions in other parts of the Red Sea and the 

operation of other barramundi farms ("Barramundi - aquaculture prospects," 2018).  

Simulations were run for the days on which field measurements were taken in August 

2017, December 2017, and March 2018. A simulation was not run for the sampling 

period in May 2017 because currents were not measured during this sampling period. 

The model predicted nitrogen and dissolved oxygen concentrations in the water column 

throughout each simulation, and these values were compared to field measurements of 

nitrogen (NO2+NO3+NH4) and dissolved oxygen at two sampling depths (5m and 25m). 

Six to seven virtual stations were established within the model at the same locations as 

actual field sampling stations (Figure 16), and the mean values of nitrogen and dissolved 

oxygen at the virtual stations throughout the time of the simulation were compared 

with measurements from the field stations during that sampling period. Six stations 

were simulated in August , and seven were simulated in December and March due to 

availability of field measurements in appropriate locations. For each station, the mean 

simulated values and measured values were compared, and the percentage difference 

between the two were calculated. 
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Figure 16. Map of sampling stations selected for comparing nitrogen and dissolved 
oxygen concentrations between model results and field measurements 

 

3.2.1 Nitrogen: Comparison of individual stations 

Figure 17 shows side-by-side comparisons of the mean simulated nitrogen values and 

the field measurement made at each station. In the majority of stations (35 out of 40 

stations over all seasons and depths), the modeled values were lower than the field 

measurements.  
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In August, the mean modeled values of nitrogen were higher than the corresponding 

field measurements for all stations, with percentage differences between the two values 

ranging from 37.1% to 131.8% at 5m depth and 56.4% to 111.1% at 25m depth. 

In December, the mean modeled values of nitrogen were lower than the corresponding 

field measurements for all stations but one. Percentage differences between the two 

values ranged from 36.8% to 112.7% at 5m depth and 34.7% to 168.2% at 25m depth.   

In March, the closest matches were seen between field measurements and modeled 

values. While the modeled values for many of the stations deviated greatly from field 

measurements, three of the stations (7A at 5m, 7A at 25m, and 5A at 25m) had 

percentage difference of less than 20% (2.4%, 16.0%, and 7.6%, respectively). The 

lowest percentage difference in August and December were 37.1% and 34.7%, 

respectively. These three stations also had modeled nitrogen values that were higher 

than the field measurements, while modeled values were lower than field 

measurements for all other stations.  
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Figure 17. Field measurements compared with mean modeled nitrogen values during 
each sampling period for selected field sampling stations.  Measurements and modeled 
values were taken from 5m and 25m depths.  
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3.2.2 Oxygen: Comparison of individual stations 

Modeled and measured dissolved oxygen were compared in the same locations as 

nitrogen. A comparison between the field measurements and modeled dissolved oxygen 

concentrations was not done in December at 25m due to a lack of dissolved oxygen 

measurements at this depth for the specified stations. 

    5m 25m 

  Station 

Name 

Field 
measurement 

– Nitrogen 
(µM) 

Mean 
modeled 
value – 

Nitrogen 
(µM) 

Percentage 
difference 

Field 
measurement 

– Nitrogen 
(µM) 

Mean 
modeled 
value – 

Nitrogen 
(µM) 

Percentage 
difference 

August 4B 1.890 1.299 37.1% 1.382 0.474 97.8% 

5A 1.508 0.955 44.9% 0.864 0.484 56.4% 

5C 0.936 0.401 80.0% 0.971 0.290 108.0% 

6B 0.747 0.239 103.1% 0.857 0.256 108.1% 

7A 1.159 0.238 131.8% 0.753 0.256 98.6% 

9B 0.561 0.234 82.2% 0.901 0.258 111.1% 

December 1B 1.987 0.555 112.7% 2.302 0.494 129.3% 
4B 1.591 2.428 41.7% 1.732 1.219 34.7% 

5A 1.089 0.750 36.8% 1.429 0.473 100.6% 

5C 1.702 1.051 47.3% 8.757 0.755 168.2% 

6B 0.798 0.401 66.3% 1.563 0.352 126.5% 

7A 1.007 0.328 101.7% 0.775 0.310 85.8% 

9B 1.013 0.283 112.7% 0.664 0.298 76.2% 

March 1B 1.823 0.357 134.4% 1.493 0.340 125.9% 
4B 0.877 0.571 42.2% 1.760 0.380 129.0% 

5A 0.416 0.833 66.9% 0.473 0.511 7.6% 

5C 1.821 0.703 88.6% 0.588 0.412 35.2% 

6B 0.208 0.501 82.6% 1.578 0.316 133.3% 

7A 0.494 0.482 2.4% 0.321 0.377 16.0% 

9B 0.948 0.333 95.9% 0.777 0.302 88.0% 

Table 6. Field measurements and  mean modeled vales of nitrogen, and the percentage 
difference between the two values,  for sampling stations in August, December, and 
March at 5m and 25m depths. 
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 Figure 18 shows side-by-side comparisons of the average simulated dissolved oxygen 

values and the field measurement made at each station. In all stations, the mean 

modeled values were lower than the field measurements.  

Percentage difference between the field measurements and the mean modeled value of 

dissolved oxygen was generally lower in the shallower depth (5m) than at 25m. In 

August, the percentage difference between the field and modeled values ranged from  

5.8% to 17.6% at 5m and 13.6% to 22.1% at 25m (Table 7). In March, percentage 

difference ranged from 14.8% to 22.3% at 5m and 24.4% to 28.8% at 25m.  
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Figure 18. Field measurements compared with mean modeled dissolved values during 
each sampling period for selected field sampling stations.  Measurements and modeled 
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values were taken from 5m and 25m depths. No comparison was done at 25m in 
December due to lack of dissolved oxygen measurements at that depth for the specified 
stations. 

 

    5m 25m 

  
Station 
Name 

Field 
measurement 
- Dissolved 
oxygen (µM) 

Mean 
modeled 
value - 
Dissolved 
oxygen 
(µM) 

Percentage 
difference 

Field 
measurement 
- Dissolved 
oxygen (µM) 

Mean 
modeled 
value - 
Dissolved 
oxygen 
(µM) 

Percentage 
difference 

August 

4B 157.3 131.9 17.6% 154.7 130.8 16.7% 

5A 146.3 134.7 8.3% 151.7 130.6 14.9% 

5C 155.4 139.5 10.8% 155.1 131.9 16.2% 

6B 150.5 142.0 5.8% 150.8 131.6 13.6% 

7A 164.2 142.5 14.1% 164.0 131.4 22.1% 

9B 157.4 145.8 7.6% 151.9 129.7 15.8% 

December 

1B 148.8 140.2 5.9%       

4B 152.5 132.4 14.1%       

5A 163.1 137.2 17.2%       

5C 176.3 140.5 22.6%       

6B 152.0 141.2 7.4%       

7A 157.5 141.8 10.5%       

9B 153.6 144.6 6.0%       

March 

1B 170.8 146.4 15.4% 173.3 129.6 28.8% 

4B 173.0 141.4 20.1% 167.6 131.1 24.4% 

5A 174.3 139.3 22.3% 168.6 130.5 25.5% 

5C 168.0 139.7 18.4% 168.8 131.4 24.9% 

6B 174.8 141.2 21.3% 172.3 132.3 26.3% 

7A 171.3 142.0 18.8% 172.5 131.5 26.9% 

9B 167.0 144.0 14.8% 171.0 131.6 26.0% 

Table 7. Field measurements and  mean modeled vales of dissolved oxygen, and the 
percentage difference between the two values,  for sampling stations in August, 
December, and March at 5m and 25m depths. No comparison was done at 25m in 
December due to lack of dissolved oxygen measurements at that depth for the specified 
stations. 
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4. DISCUSSION 

4.1 Seasonal observations and trends at the fish farm study site 

Signs of organic enrichment were detected around the fish farm, particularly in the 

forms of bacterial biomass, phosphate (PO4), inorganic nitrogen (NO3, NO2, NH4), and 

suspended particulate matter (SPM). However, patterns of these parameters were not 

the same in all sampling periods or at each sampling depth. This was the case in another 

fish farm case study (Pitta, Apostolaki, Giannoulaki, & Karakassis, 2005). The majority of 

patterns of enrichment associated with the fish farm occurring in May and August, 

which may be a reflection of the different operational schedule of the fish farm itself. 

We were not able to acquire any operational data from the fish farm operators during 

this study, so it is possible that no fish feeding occurred on some of the days during 

which we sampled. In August we personally observed feeding in the fish pens during our 

sampling, but during the other sampling trips we could not confirm how recently 

feeding or fish stocking had occurred in the pens.  

A plume of organic enrichment was seen coming out of the farm in August in the form 

of heightened SPM, NH4, and PO4. These constituents were all elevated near the 

southeastern edge of the farm at both sampling depths (Figure 19). During this sampling 

period, surface currents were traveling towards the southeast, so water moving through 

the farms appears to be  transporting a plume of waste material (particles and dissolved 

nutrients) out of the farm and dispersing it to the southeast. NH4 is one of the most 

consistent signals that appears in relationship to the cages. A plume of NH4 was 
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detected at both sampling depths in August and December (Figure 8). NH4 is a waste 

product of fish metabolism, suggesting that the fish inside of the cages discharge NH4 

which is entrained into the ambient flow field.  These higher measurements of 

particulate and dissolved wastes close to and downcurrent from the fish farm indicate 

that the farm is emitting feces and uneaten fish feed into the surrounding water 

column, and this material is being advected away from the farms with the currents. 
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Figure 19. Suspended particulate matter, ammonium, and phosphate values across 
study site in August at 5m depth and 25-30m depth. 

 

Concentrations of bacterial biomass in May and August showed a negative correlation 

with distance from the fish farm (Figure 20). Bacterial biomass also shows patterns of 

higher concentration around the fish farm (Figure 11). These heightened concentrations 

of bacteria could be a biological response to enrichment coming from the fish farms. In 
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the deeper layer (25-30m) in May, bacterial biomass was higher in the area around the 

fish farm than farther away (Figure 11a). At this sampling depth and period (May 2017, 

25-30m depth), other parameters such as inorganic nutrients or particulate matter did 

not show a pattern associated with the fish farm. Total bacterial abundance and 

temperature were higher in May than in any other sampling period, which may mean 

that nutrients are being taken up by a large microbial community with metabolisms 

accelerated by higher temperatures. Metabolic rates and biological activity are known 

to increase with temperature (Brown, Gillooly, Allen, Savage, & West, 2004), and given 

the high temperatures of this area (up to 31.7C in this study) and many other parts of 

the Red Sea, it is possible that microbial uptake of nutrients obscure detection of other 

signs of enrichment from aquaculture.  
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Figure 20. Relationship between bacterial abundance and distance from the fish far in 
May at 25-30m (a) and August at 5m (b). 

 

Water downcurrent from the farm was seen to have statistically significantly different 

characteristics from water upcurrent from the farm. Average values of DOC across all 

samples were higher downcurrent from the farm than upcurrent, signaling a flux of 

dissolved wastes being advected away from the fish farm. The N:P ratio was lower 

downcurrent from the farm, which suggests phosphorous enrichment associated with 

the effluent from the fish cages. Mean measurement:sampling averages ratios were also 
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higher for Chl-a and LNA bacteria, which could be a biological response of the planktonic 

community (phytoplankton and bacteria) to increases in nutrients and organic carbon. 

The PCA of water samples in August also showed a separation between sites 

downcurrent/nearby and upcurrent from the farm. These difference in water quality 

downcurrent from the fish farm is an indication that wastes from the farm are entering 

the water column and moving away from the farm with the currents. 

Overall, patterns of enrichment associated with the fish farm tended to be fairly local in 

spatial extent. Sampling stations ranged from 190m to 1.9km from the center of the fish 

farm, and plumes associated with the location of the fish farm are generally limited to  

the sampling stations closest to the farm. This detection of an organic enrichment signal 

in the water column near the fish farm is atypical when compared to other offshore 

aquaculture case studies. Some studies have detected significant differences in 

dissolved inorganic nitrogen between fish farms and areas with no fish farms ((La Rosa 

et al., 2002), (Pitta et al., 2005), (Morata et al., 2015)), but few detect a plume or resolve 

the spatial extent to which fish effluent is traceable in the water column. In many other 

case studies of aquaculture water quality impacts, significant impacts on the water 

column were not detected at all ((Vezzulli et al., 2008); (Soto & Norambuena, 2004), 

(Basaran et al., 2010); (Aksu, Kaymakci-Basaran, & Egemen, 2016).  The difference in 

results between this study and previous ones may be due to differing sampling designs. 

This study took samples in a grid around the fish farm, with multiple cross-shelf 

transects both up and down-current from the farm cages. In many studies of 



71 
 

aquaculture impacts, samples are taken at or near to the farm and compared to control 

site away from the farm (usually more than 1 km from the fish farm), determining a 

difference between the two sites but not the spatial extent of such differences or the 

way in which waste is transported from the cages. The study by Vezzulli et al., 2008 

sampled near a farm as well along a transect going away from the farm, however the 

transect was only carried out in one direction away from the farm and had the potential 

to not catch the flow of wastes from the farm depending on the direction of the 

currents. Our study had a wide sampling array around the fish farm with stations up-

current and down-current from the fish farm as well as greater spatial resolution than 

many previous studies and was able to measure signals of organic enrichment at 

different distances away from the fish farm.  

Enrichment of benthic sediments around aquaculture facilities has been much more 

frequently detected and used as a more conservative assessment of the impacts of 

offshore aquaculture. In this study, TOC and TN were both higher in sediments on the 

coral reef closest to the fish farm than on an offshore coral reef, but these differences 

were not statistically significant. Other aquaculture case studies have found increased 

phosphate, organic matter, TOC, Zn, Fe, and organic enrichment in benthic sediments 

close to or under fish farms than in control sites away from the fish farms( (Soto & 

Norambuena, 2004), (Basaran et al., 2010; Sarà et al., 2004)). These and most other 

studies that assess benthic impacts of fish farming sample sediments from directly 

under or very close to the fish farms, while we instead sampled sediments from a reef at 
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sites 1 km and 1.5 km away from the edge of the farm. These other studies have 

reported maximum extents of benthic organic enrichment to generally be less than 1 km 

(200m (Vezzulli et al., 2008), 300-600m (Yokoyama, Abo, & Ishihi, 2006) to 1000m (Sarà 

et al., 2004). We were unable to sample the benthos directly under the farm due to the 

water depth and lack of sampling equipment, so we chose the reef as the closest 

benthic habitat that could be sampled by SCUBA divers. On some of the sampling dates, 

surface currents were shoreward, perpendicular to the shoreline, meaning that effluent 

from the fish farm had the potential to be transported from the farm to the reefs 

directly inshore from them. The insignificance of the difference in TOC and TN between 

the fish farm and offshore reefs may be due to benthic sampling sites being farther 

away from the fish farm than benthic impacts have been detected in previous studies. In 

the future, the benthos directly under or immediately adjacent to the farm should be 

sampled to gain better insight about the organic loading of the fish farm. 

4.2 Comparison of AquaModel outputs with field measurements 

The simulated values of nitrogen and dissolved oxygen in the water column produced by 

AquaModel did not match well with field measurements taken from near the farm. This 

was especially true for nitrogen concentrations, with the majority of averaged modeled 

concentration having a large percentage difference with field measurements (most 

more than 50% difference). The modeled values for dissolved oxygen were closer to 

those measured in the field, with percentage differences between simulated results and 

field measurements all being smaller than 30%.  
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Many of the input parameters for AquaModel were unknown in this study, so it is 

difficult to draw conclusions about the accuracy of the model for this case study. We 

were unable to collect any operational information from the fish farm company (i.e. 

stocking density, feeding rates, harvesting schedules, etc.), and instead used stocking 

densities used by other barramundi farms ("Barramundi - aquaculture prospects," 2018) 

and assumed that fish were always present in the cages. While part of this study area is 

over the slope of a coral reef, bathymetry in the area is unknown, and the model 

assumed a flat seafloor.  

This simulation is an idealized model of how aquaculture wastes are produced and 

transported around offshore fish farms. It gives an idea of how this system should 

behave and might yield more accurate predictions with more accurate input data.  
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5. CONCLUSION 

The detection of plumes of nutrients, bacteria, and particulate matter associated with 

the location of the fish farm over various sampling periods indicates that this fish farm 

does locally enrich this area of the Red Sea. Heightened levels of inorganic nitrogen and 

phosphorous were being emitted into this oligotrophic system, which is a major 

deviation from the natural condition of no riverine input into the Red Sea. The extent of 

measurable changes to water column chemistry were typically within several hundred 

meters of the fish farm, which provides an example of how this system reacts to organic 

loading from offshore aquaculture. As Saudi Arabia plans to expand their aquaculture 

production through the Vision 2030, this may provide insight as to how future Saudi 

aquaculture will impact the Red Sea. For proposed aquaculture development, the 

impact from a single farm should be considered and scaled up to aid with site selection 

and impact assessments before construction of new offshore aquaculture productions. 

This study site and many other parts of the Saudi coastline are home to coral reefs, 

which are sensitive to sedimentation and organic loading often associated with offshore 

aquaculture. In this study, no significant enrichment was found on the reef sediments 

nearest to the fish farm, but the location of coral reefs and other critical habitats should 

be considered during the site selection process for future fish farms.  

Predictions of water column nitrogen and dissolved oxygen concentrations by the 

aquaculture simulation software AquaModel did not match in numerical value with field 

observations from the study site but did show trends observed in the field. As many of 
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the input parameters regarding the ambient environment and operation of the fish farm 

were missing from this study, future work might attempt to fill in these gaps to make 

the simulated values truer to field measurements. As Saudi Arabia looks to expand its 

aquaculture activity along its coastline, the country should consider this or other marine 

spatial planning tools in order to balance seafood production and environmental quality. 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

APPENDIX A: CURRENT VELOCITY MEASUREMENTS NEAR FISH FARM 

Surface Drifter Currents Measurements 

Date 
Local Time 
(AST) Longitude Latitude 

Velocity 
cm/s 

Current Heading 
(degrees) 

8-Aug-2017 9:30 40.040896 20.179856 18.0 121.3 

8-Aug-2017 9:40 40.042935 20.178688 41.5 111.7 

8-Aug-2017 9:50 40.045123 20.177871 41.0 136.8 

8-Aug-2017 10:00 40.045873 20.177121 19.0 137.0 

8-Aug-2017 10:10 40.046603 20.176381 18.7 131.6 

8-Aug-2017 10:20 40.04744 20.175673 19.6 130.6 

8-Aug-2017 10:30 40.048385 20.174931 21.4 125.1 

8-Aug-2017 10:40 40.049371 20.174266 21.1 124.7 

8-Aug-2017 10:50 40.050466 20.17356 23.1 122.3 

8-Aug-2017 11:00 40.051603 20.172883 23.4 120.7 

8-Aug-2017 11:10 40.052848 20.172196 25.1 122.7 

8-Aug-2017 11:20 40.054071 20.171456 25.3 119.9 

8-Aug-2017 11:30 40.05538 20.170748 26.3 118.8 

8-Aug-2017 11:40 40.056688 20.170061 26.1 117.3 

8-Aug-2017 11:50 40.05804 20.169418 26.4 122.2 

8-Aug-2017 12:00 40.059285 20.168678 25.6 125.7 

8-Aug-2017 12:10 40.060465 20.167883 25.3 126.6 

8-Aug-2017 12:20 40.061645 20.167068 25.5 125.1 

8-Aug-2017 12:30 40.062868 20.166253 26.1 119.2 

8-Aug-2017 12:40 40.064435 20.165426 31.3 137.0 

9-Aug-2017 10:06 40.046603 20.182131 8.7 37.4 

9-Aug-2017 10:26 40.047246 20.182818 16.9 37.6 

9-Aug-2017 10:36 40.04757 20.18313 8.1 41.3 

9-Aug-2017 11:00 40.048213 20.183708 15.5 43.9 

9-Aug-2017 11:06 40.048406 20.183901 4.9 45.5 

9-Aug-2017 11:16 40.048771 20.184201 8.4 47.2 

9-Aug-2017 11:36 40.049715 20.18476 19.4 57.9 

9-Aug-2017 11:56 40.052396 20.188321 80.6 16.5 

9-Aug-2017 12:16 40.05259 20.18889 11.0 29.9 

9-Aug-2017 12:26 40.053255 20.190006 23.6 25.1 

9-Aug-2017 12:46 40.053513 20.190521 10.5 24.3 

29-Nov-2017 9:10 40.056362 20.182871 16.9 53.7 

29-Nov-2017 9:20 40.056667 20.183060 6.4 56.6 
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29-Nov-2017 9:30 40.057575 20.183487 17.7 63.4 

29-Nov-2017 9:40 40.058029 20.183607 8.2 74.3 

29-Nov-2017 9:50 40.058990 20.183685 16.8 85.1 

29-Nov-2017 10:00 40.059498 20.183641 8.9 95.3 

29-Nov-2017 10:10 40.060528 20.183481 18.2 99.4 

29-Nov-2017 10:20 40.061077 20.183361 9.8 103.1 

29-Nov-2017 10:30 40.062225 20.183182 20.3 99.4 

29-Nov-2017 10:40 40.062801 20.183090 10.2 99.7 

29-Nov-2017 10:50 40.063889 20.182938 19.2 98.5 

29-Nov-2017 11:00 40.064407 20.182821 9.3 103.5 

30-Nov-2017 9:10 40.098095 20.175184 9.2 48.0 

30-Nov-2017 9:20 40.098873 20.175829 18.0 48.5 

30-Nov-2017 9:30 40.099346 20.176220 11.0 48.6 

30-Nov-2017 9:40 40.099987 20.176989 18.1 38.0 

30-Nov-2017 9:50 40.100346 20.177391 9.7 40.0 

30-Nov-2017 10:00 40.100906 20.178350 20.2 28.7 

30-Nov-2017 10:10 40.101208 20.178885 11.2 27.9 

30-Nov-2017 10:20 40.101597 20.179722 16.9 23.6 

30-Nov-2017 10:30 40.101849 20.180399 13.2 19.3 

30-Nov-2017 10:40 40.102230 20.181442 20.4 18.9 

30-Nov-2017 10:50 40.102329 20.182209 14.3 6.9 

30-Nov-2017 11:00 40.103367 20.183327 27.4 41.1 

30-Nov-2017 11:10 40.103489 20.184208 16.4 7.4 

30-Nov-2017 11:20 40.103447 20.186085 34.6 358.8 

30-Nov-2017 11:30 40.103737 20.186924 16.3 18.0 

30-Nov-2017 11:40 40.104225 20.188667 33.3 14.7 

30-Nov-2017 11:50 40.104481 20.189529 16.5 15.6 

30-Nov-2017 12:00 40.105099 20.191381 35.8 17.4 

30-Nov-2017 12:10 40.105492 20.192314 18.5 21.6 

30-Nov-2017 12:20 40.105953 20.193129 17.0 28.0 

30-Nov-2017 12:30 40.106361 20.194008 17.7 23.5 

30-Nov-2017 12:40 40.106819 20.195398 26.9 17.2 

30-Nov-2017 12:50 40.107521 20.196625 25.7 28.2 

30-Nov-2017 13:00 40.107903 20.197443 16.5 23.7 

30-Nov-2017 13:10 40.108562 20.199097 32.6 20.5 

30-Nov-2017 13:20 40.108974 20.199917 16.7 25.2 

30-Nov-2017 13:30 40.109348 20.200670 15.3 25.0 

30-Nov-2017 13:40 40.109997 20.201996 27.0 24.7 
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30-Nov-2017 13:50 40.110229 20.202633 12.4 18.9 

30-Nov-2017 14:00 40.110031 20.203562 17.5 348.7 

30-Nov-2017 14:10 40.109657 20.203814 8.0 305.7 

30-Nov-2017 14:20 40.109028 20.204510 16.9 319.7 

30-Nov-2017 14:30 40.108734 20.204988 10.2 330.0 

30-Nov-2017 14:40 40.108631 20.205317 6.3 343.6 

30-Nov-2017 14:50 40.108559 20.204981 6.3 191.4 

30-Nov-2017 15:00 40.108555 20.204950 0.6 186.9 

1-Dec-2017 9:10 40.019352 20.208422 19.9 20.4 

1-Dec-2017 9:20 40.019234 20.208704 5.6 338.6 

1-Dec-2017 9:30 40.018711 20.209545 18.0 329.7 

1-Dec-2017 9:40 40.018425 20.209925 8.6 324.8 

1-Dec-2017 9:50 40.017780 20.210608 16.9 318.5 

1-Dec-2017 10:00 40.017113 20.211216 16.2 314.2 

1-Dec-2017 10:10 40.016632 20.212006 16.8 330.3 

1-Dec-2017 10:20 40.016251 20.212494 11.2 323.8 

1-Dec-2017 10:30 40.015720 20.213329 18.0 329.2 

1-Dec-2017 10:40 40.015301 20.213871 12.4 324.0 

1-Dec-2017 10:50 40.014343 20.215004 26.7 321.6 

1-Dec-2017 11:00 40.013985 20.215675 13.9 333.4 

1-Dec-2017 11:10 40.013557 20.216587 18.4 336.2 

1-Dec-2017 11:20 40.013214 20.217279 14.1 335.1 

1-Dec-2017 11:30 40.012569 20.218424 23.9 332.1 

1-Dec-2017 11:40 40.012264 20.219263 16.4 341.2 

1-Dec-2017 11:50 40.013081 20.218073 26.2 147.2 

1-Dec-2017 12:00 40.013130 20.218014 1.4 142.1 

1-Dec-2017 12:10 40.013252 20.217884 3.2 138.6 

2-Dec-2017 9:40 40.058060 20.179501 13.2 221.1 

2-Dec-2017 9:50 40.060406 20.182713 72.0 34.4 

2-Dec-2017 10:00 40.062622 20.184662 52.8 46.9 

2-Dec-2017 10:10 40.061359 20.183979 25.4 240.1 

2-Dec-2017 10:30 40.057911 20.190264 65.3 272.4 

2-Dec-2017 10:40 40.057537 20.190281 6.5 272.8 

2-Dec-2017 10:50 40.056366 20.190592 21.2 285.8 

2-Dec-2017 11:00 40.055950 20.190823 8.4 300.6 

2-Dec-2017 11:10 40.054859 20.191164 20.0 288.4 

2-Dec-2017 11:20 40.054379 20.190945 9.3 244.1 

2-Dec-2017 11:30 40.054920 20.189270 32.3 163.1 
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2-Dec-2017 11:40 40.053982 20.188309 24.1 222.5 

13-Mar-2018 9:15 40.03633 20.19706 12.7 353.8 

13-Mar-2018 9:30 40.03635 20.19802 11.8 1.1 

13-Mar-2018 9:45 40.03647 20.1991 13.4 6.0 

13-Mar-2018 10:00 40.03666 20.20005 11.9 10.6 

13-Mar-2018 10:15 40.03672 20.20076 8.8 4.5 

13-Mar-2018 10:30 40.03676 20.20164 10.8 2.4 

13-Mar-2018 10:45 40.03698 20.20262 12.3 11.9 

13-Mar-2018 11:00 40.03743 20.20363 13.5 22.7 

13-Mar-2018 11:15 40.03806 20.20448 12.8 34.8 

13-Mar-2018 11:30 40.03887 20.20517 12.7 47.8 

13-Mar-2018 11:45 40.03948 20.20524 7.1 83.0 

13-Mar-2018 12:00 40.04002 20.2052 6.3 94.5 

13-Mar-2018 12:15 40.04062 20.20484 8.3 122.6 

13-Mar-2018 12:30 40.04143 20.20439 10.9 120.6 

13-Mar-2018 12:45 40.04239 20.20408 11.8 109.0 

13-Mar-2018 13:00 40.04338 20.2038 12.0 106.8 

13-Mar-2018 13:15 40.04426 20.2038 10.2 90.0 

13-Mar-2018 13:30 40.0452 20.20387 11.0 85.5 

13-Mar-2018 13:45 40.04622 20.20369 12.1 100.6 

13-Mar-2018 14:00 40.04655 20.20339 5.3 134.1 

14-Mar-2018 9:15 40.0482 20.18092 29.9 304.2 

14-Mar-2018 9:30 40.04615 20.18239 29.9 307.4 

14-Mar-2018 9:45 40.04416 20.184 30.4 310.8 

14-Mar-2018 10:00 40.04234 20.1857 29.7 314.9 

14-Mar-2018 10:15 40.04056 20.18738 29.2 315.2 

14-Mar-2018 10:30 40.03865 20.1891 30.7 313.8 

14-Mar-2018 10:45 40.03665 20.19091 32.2 314.0 

14-Mar-2018 11:00 40.03467 20.1927 31.8 313.9 

14-Mar-2018 11:15 40.03275 20.19459 32.2 316.4 

14-Mar-2018 11:30 40.03084 20.19656 32.9 317.7 

14-Mar-2018 11:45 40.02896 20.19853 32.6 318.2 

14-Mar-2018 12:00 40.02719 20.20054 32.2 320.4 

14-Mar-2018 12:15 40.02554 20.20253 31.1 322.1 

14-Mar-2018 12:30 40.02363 20.20463 34.0 319.5 

14-Mar-2018 12:45 40.02166 20.20714 38.4 323.6 

14-Mar-2018 13:00 40.02002 20.20972 37.0 329.2 

14-Mar-2018 13:15 40.01958 20.21177 25.7 348.6 
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14-Mar-2018 13:30 40.0192 20.21359 22.8 348.9 

14-Mar-2018 13:45 40.01862 20.21561 25.7 344.9 

14-Mar-2018 14:00 40.01801 20.21765 26.1 344.3 

14-Mar-2018 14:15 40.01758 20.2196 24.5 348.3 

14-Mar-2018 14:30 40.01726 20.22139 22.3 350.5 

15-Mar-2018 9:45 40.08937 20.17478 23.2 287.3 

15-Mar-2018 10:00 40.08739 20.17529 23.8 285.3 

15-Mar-2018 10:15 40.08555 20.17579 22.2 286.1 

15-Mar-2018 10:30 40.08368 20.17639 22.9 288.9 

15-Mar-2018 10:45 40.08178 20.17707 23.6 290.9 

15-Mar-2018 11:00 40.08027 20.17754 18.5 288.3 

15-Mar-2018 11:15 40.07897 20.17817 17.0 297.3 

15-Mar-2018 11:30 40.07733 20.17881 20.6 292.6 

15-Mar-2018 11:45 40.07553 20.17937 22.0 288.3 

15-Mar-2018 12:00 40.07417 20.17979 16.6 288.2 

15-Mar-2018 12:15 40.07317 20.18042 14.0 303.9 

15-Mar-2018 12:30 40.07211 20.18095 13.9 298.0 

15-Mar-2018 12:45 40.07121 20.18145 12.1 300.6 

15-Mar-2018 13:00 40.07023 20.18187 12.5 294.5 

15-Mar-2018 13:15 40.0693 20.18226 11.8 294.1 

15-Mar-2018 13:30 40.06826 20.18255 12.6 286.5 

15-Mar-2018 13:45 40.06746 20.18287 10.1 293.1 

15-Mar-2018 14:00 40.06671 20.18315 9.4 291.7 

15-Mar-2018 14:15 40.06606 20.18357 9.1 304.5 

15-Mar-2018 14:30 40.06548 20.18392 8.0 302.7 

15-Mar-2018 14:45 40.06504 20.18418 6.0 302.2 

15-Mar-2018 15:00 40.06463 20.18447 5.9 307.0 

15-Mar-2018 15:15 40.06442 20.18469 3.6 318.1 

15-Mar-2018 15:30 40.06439 20.18486 2.1 350.6 

15-Mar-2018 15:45 40.0644 20.18495 1.1 6.0 

15-Mar-2018 4:00 40.06448 20.18499 1.1 62.0 

15-Mar-2018 4:15 40.06461 20.18503 1.6 71.8 
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