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ABSTRACT 

Meagre, Argyrosomus regius (Asso 1801) is an important alternative species in aquaculture. The 
in vitro assay provides practical assessments for the evaluation of feed ingredients. In this study, 
the inhibition degrees of feed ingredients (fish meal-FM, fish hydrolysate-FH, krill meal-KM, 
soybean meal-SM, wheat gluten-WG, corn gluten-CG and sunflower meal-SF) on protease 
activities of meagre larvae were determined. Larvae were sampled from the first day of opening 
the mouth (3 days after hatching-DAH) until the end of the weaning (32 DAH) from the Egemar 
Hatchery (Aydın-Turkey).  Larvae of the total length were measured as 3.19 ±0.02-21.61 ±0.22 
mm and weights were calculated as 0.53 ±0.02-118.00 ±1.09 mg at 3 and 32 DAH, respectively. 
Protease activities of larvae were the lowest as 5.95 ±0.60 U/mg protein (15 DAH) and the highest 
as 211.21 ±12.56 U/mg protein (7 DAH), respectively (P<0.05). The lowest inhibitions degrees of 
feed ingredients were observed at 15 DAH except for SF. The use of FH in the diet formulations 
of meagre larvae should be paid attention. While CG and SF are advised, SM does not seem to be 
suitable. 

Keywords:  Argyrosomus regius, Meagre, Protease activities, Inhibitions, Feed ingredients
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Introduction 
Mediterranean marine aquaculture production in Turkey, 
Greece, France, Italy, Spain, Croatia and Cyprus based on 
total juvenile production reached to 1.3 billion number in 
gilthead bream (Sparus aurata) and European sea bass (Di-
centrarchus labrax) production (FEAP, 2016). Aquaculture 
requires low cost inputs and high productivity and needs to 
focus on the introduction of new candidate species. Meagre 
is an important species in diversification of Mediterranean 
aquaculture (El-Shebly et al., 2007; Monfort, 2010; Kružić 
et al., 2016). Because of its high pace of growth, it has sig-
nificant advantages in aquaculture (Quemener, 2002; Dun-
can and Myrseth, 2011; Parisi et al., 2014). The sciaenid 
meagre is a Mediterranean species and distributed in the At-
lantic coasts of Europe and the northwest coast of Africa 
(Whitehead et al., 1986; Haffray et al., 2012).  

A better understanding of the nutrient requirement of larvae, 
the absolute requirement of nutrient concentrations and the 
determination of optimal intervals will provide significant 
contributions to larval feeding studies (Person-Le Ruyet and 
Bergot, 2001; Holt et al., 2011; Southgate, 2012). In vivo 
methods used in the aquaculture feeding experiment ex-
pressed that the evaluation of nutritional value of the feed is 
time-consuming and the results can be affected by environ-
mental factors. In vitro methods were described as rapid, re-
producible and allowed only small quantities of raw materi-
als to be used (Ezquerra et al., 1997; Garciá-Ortega et al., 
2000). In vitro methods commonly used in the evaluation of 
nutrition and nutritional qualities of humans and terrestrial 
animals had the potential to be used in determining the feed 
components and production methods of fish larvae (Holt et 
al., 2011; Moyano et al., 2015). It was found that in vitro 
methods of extracting larval digestive enzymes and mixing 
with food and hydrolysis measured were used to determine 
the digestibility of fish larvae (Holt et al., 2011).  In vitro 
techniques were reported to be important for the develop-
ment of larval artificial feeds and in recent years in vitro 
techniques were assessed for pre-protein digestibility of lar-
val microcapsules (Cahu and Zambonino Infante, 1994). In-
hibitors of proteases in fish diet revealed different sensitiv-
ity for the preliminary evaluation of the usability of the in-
gredients in feed (Moyano et al., 1998; Alarcón et al., 1999). 
The effects of feed ingredients on protease activities of Spa-
rus aurata larvae and shrimps were determined (Alarcón et 
al., 1997, 1999). In addition, trials were carried out to eval-
uate cheap and sustainable alternative protein sources such 
as soybean meal in diets. However, the main obstacles to the 
use of high amounts of plant protein sources in fish diets 
were at low protein quality due to the amino acid imbalances 
and the availability of antinutritional component decreasing 

the activity of enzymes (Tacon, 1997; Krogdahl et al., 
2003).  

Researchers focused on growth, survival and larval rearing 
of meagre, the histology and ontogeny of digestive system 
of larval meagre and the effects of different levels of plant 
proteins on juvenile meagre (Fernández-Palacios et al., 
2007; Roo et al., Arda, 2011; 2010; Estévez et al., 2011; 
Schiavone et al., 2012; Papadakis et al., 2013; Vallés and 
Estévez, 2013, 2015). Also, digestive enzymes of marine 
fish larvae such as European seabass, gilthead seabream, 
Senegalese sole, white seabream, redbanded seabream, 
meagre were studied (Zambonino Infante and Cahu, 1994; 
Moyano et al., 1996; Ribeiro et al., 1999; Cara et al., 2003; 
Moyano et al., 2005; Süzer et al., 2013; Solovyev et al., 
2016).    

We identified studies on inhibition effects of feed ingredi-
ents and microdietes related to marine fish (Kuzu and Naz, 
2012; Naz and Yúfera, 2012; Yıldız et al., 2012; Yılmaz et 
al., 2012; Haközü, 2014). We could only find few studies on 
the inhibitory effects of microdiets and feed ingredients on 
protease activities of meagre larvae (Diken et al., 2016a, b, 
c; 2017; Diken et al., 2018). Therefore, the aim of this re-
search was to determine the potential inhibitory effects of 
commonly used feed ingredients on protease activities of 
meagre larvae using in vitro techniques and suggested for 
microdiet formulations of larvae of meagre. 

Material and Methods 
Larvae Culture and Sampling 

Larval rearing was conducted in EGEMAR Aquaculture 
Food Industry and Commercial Incorporated Company (Ay-
dın/TURKEY). Eggs were obtained by hormone injection 
which fertilized ones were incubated at conical fiberglass 
tank and 23.6±0.5ºC (GnRH; 20 µg/kg ♀ and 10 µg/kg ♂). 
Larvae were fed between 0-15 DAH, in 7 m3 ellipsoidal fi-
berglass tank and the rate of 75-80 larvae/L in the larva unit. 
Larvae weaning were taken at 16-32 DAH, in 27 m3 raceway 
made of concrete and the rate of 10-12 larvae/L in the wean-
ing unit. The water used in the aquaculture was filtered by 
sand, bag and UV filters. Environmental conditions of larval 
cultures were determined at 20.8-24.1ºC temperature, 27.0-
40.0 g/L salinity, 8.4-14.4 mg/L O2, and 7.5-7.9 pH. Air and 
water was entered from the surface until 15 DAH and it was 
applied to 18light:6dark photoperiod (18L:6D h). The feed-
ing protocol is at Table 1.  Prior to feeding, samples were 
taken from 3, 5, 7, 10, 12, 15, 17, 20, 22, 25, 27, 30, 32 DAH 
larvae triplicates and taken to protection in liquid nitrogen 
tank (-196 ºC). 
 

https://doi.org/10.3153/AR19006


 

 

  Aquatic Research 2(2), 41-52 (2019)   •   https://doi.org/10.3153/AR19006   

43 

In Vitro Assay 

Extracts of larvae 

The larvae were thawed by maintaining the cold chain and 
rinsed in distilled water, and the whole body was homoge-
nized (400 mg/mL in distilled water) and centrifuged 
(16,000 g, 30 minutes at 4 °C) to extract the larvae. 

Extracts of feed ingredients 

Extracts of feed ingredients (fish meal, fish hydrolysate, 
krill meal, soybean meal, wheat gluten, corn gluten, and 
sunflower meal) were prepared by homogenization (100 
mg/mL in distilled water) followed by centrifugation 
(15,000 g, 10 minutes).   

Determination of protease activities of larvae 

Total protease activities of larvae were measured as de-
scribed by Walter (1984), using casein (10 mg/mL) in 50 
mM Tris-HCl buffer at pH 8.5 as the substrate. The mixtures 
including extracts of larvae and substrate were incubated 
and then the reaction was stopped by addition of 500 μL tri-
chloroaceticacid (TCA) (concentration of TCA, 120 g/L). 
Total protease activities were determined as spectrophoto-
metrically (Shimadzu UV mini 1204). One unit of enzyme 
activity was defined as 1 μg of tyrosine release per minute. 
The soluble protein concentrations of larvae were deter-
mined according to Bradford (1976). 

Effects of feed ingredients on protease activities of larvae 

The inhibitory effects of feed ingredients on protease activ-
ities of meagre larvae were determined by measuring the re-
duction in protease activity of extracts using a modification 
of the method described by García-Carreno (1996). The 
method was based on the measurement of residual protease 
activity remaining after preincubation with feed ingredients. 
Values were calculated as inhibition degrees %. 

Statistical Methods 

Larval measurements were made on 30 samples.  In vitro 
assays were performed in triplicates.  The experimental data, 
the larval total length and weight and larvae’s protease and 
the inhibition degrees of feed ingredients were subjected to 
one-way ANOVA and mean  ±standard error (SE) differ-
ences were calculated by using SPSS software (v21, IBM, 
USA) statistical package.  Statistical significance of larvae’s 
protease was tested by Duncan test at P=0.05 content level.  

Results and Discussion 
Meagre is an important species because of market prefer-
ences and product diversity in various sizes with rapid de-
velopment production in Mediterranean marine aquaculture 

(Monfort, 2010). Studies on this important and potential cul-
tivation have been continuing at a considerable level in re-
cent years (Fernández-Palacios et al.,  2007; Gil Oviedo and  
Gracia and Jofre, 2013; Bodur et al., 2014; Vargas-Chacoff 
et al., 2014; Velazco-Vargas et al., 2014; Candeias-Mendes 
et al., 2015; Saavedra et al., 2016; Campoverde et al., 2017). 
Among these studies, diet and nutrition relationship are the 
main research topics. In addition, meagre is a species that 
has the potential to evaluate vegetable feed ingredients (Bes-
tin et al., 2014; Dias et al., 2014; Ribeiro et al., 2015).  Our 
study, is a research that supports investigations in which we 
conducted in vitro studies to determine the feed ingredients 
of the meagre larvae. In vitro techniques have been used and 
recommended by many investigators (Eid and Matty 1989; 
Ezquerra et al., 1998; Alarcón et al., 1999; Ali et al., 2009; 
Kuzu and Naz, 2012; Yıldız et al., 2012; Yılmaz et al., 
2012). Significant results have been achieved with this 
method for determining potential inhibitory effects of feed 
ingredients (fish meal, fish hydrolysate, krill meal, soybean 
meal, wheat gluten, corn gluten, and sunflower meal) on 
protease activities of larvae of meagre. 

Total length and wet weight gains were obtained from 3 
DAH to 32 DAH of the meagre larvae (Figure 1, 2). It de-
termined that these values have increased from 0.53 ±0.02 
mg to 118.00± 1.09 mg and 3.19 ±0.02 mm to 21.61 ±0.22 
mm, respectively. These results indicated that the larval 
stage of meagre is a species with a high rate of development. 
The results of the study revealed that larvae had high growth 
rates. These results were similar to the larval stage results of 
Gamsız and Neke (2008), Arda (2011) and  Papadakis et al., 
(2013) and support the expression that Quemener (2002), 
and Gamsız and Neke (2008)’s meagre larvae had a high 
rate of development.   

Changes in protease activity of larvae of meagre were cal-
culated at the highest value at 7 DAH (211.21 ±12.56 U/mg 
protein) and the lowest at 15 DAH (5.95 ±0.6 U/mg protein) 
(Figure 3). Sharper decreases and increases were observed 
in protease activity changes on days 3, 5, 7, and 10, and 
these values were determined at statistical differences at sig-
nificant levels on the 4 measurement days (P<0.05). From 
10 DAH to 32 DAH, there were no significant differences 
in protease activity changes and calculated lower before 10 
DAH. The protease activity changes of meagre larvae sup-
ported that the fluctuations in the protease activities of the 
larvae of gilthead seabream was not related to the decrease 
in enzyme synthesis but reflected an increase in tissue pro-
teins (Zambonino Infante and Cahu, 2001).  
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Figure 1. Weight changes of larvae of meagre (A. regius) (wet weight mean ±SE mg n=30) 

 

 
Figure 2.  Lenght changes of larvae of meagre (A. regius) (total lenght mean ±SE mm n=30) 
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Figure 3. The changes of protease activities of larvae of meagre (A. regius) (U/mg protein mean ±SE mg). Different superscripts 

show significant differences between means of protease activities 

 

The mean values of inhibition levels of feed ingredients at 
3-32 DAH were calculated high in fish hydrolysate from an-
imal sources and in soybean meal and wheat gluten from 
vegetable sources (Figure 4, 5). However, in these assess-
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of the analysis should be evaluated separately. 

Results of inhibition analysis revealed that fish meal had 
low inhibitions until 10 DAH while it was expected that lar-
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then, followed by a sharp increase from 15 to 17 DAH. The 
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days above. 

The inhibitions of soybean meal on protease activities of lar-
vae were high except for 15 and 25 DAH (Figure 5). In ad-
dition, wheat gluten on protease activities of larvae had the 
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bean meal and wheat gluten exhibited high inhibitions until 
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days had better performance except for 5 DAH of sunflower. 
Inhibition results indicated that soybean meal is not suitable 
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for microdiets of meagre larvae. However, corn gluten could 
be used as feed ingredient in microdiets of meagre larvae.  
Soy protein concentrate and corn gluten have been re-
searched as possible fish meal replacement in aquaculture 
feeds. Complete substitution of fish meal with soy protein 
has been achieved only in rainbow trout (Kaushik et al., 
1995; Rodehutscord et al., 1995). In addition, a similar study 
has been reported that soy protein concentrate and vegetable 
protein concentrate do not appear to be suitable for meagre 
larvae (Diken et al., 2016c). The use of soy protein or corn 
gluten as the sole protein source in diets for gilthead sea-
bream is not recommended (Kissil and Lupatsch, 2004). 
Hence the replacement of fish meal with a mixture of several 
vegetable protein sources is a common approach in order to 
minimize the amino acid deficiencies in fish diet and meet 
the nutritional requirements of fish species (De Francesco et 
al., 2007). Kissil and Lupatsch (2004) reported that pro-
cessing of soybean meal (heating, defattening or germina-
tion) does not guarantee the elimination of antinutritional 
factors. Moyano et al. (1999) showed that protease inhibi-
tors in soybeans and corn gluten reduce the activity of pro-
teolytic enzymes in seabream and also soybean inhibitors 
have a stronger effect than those in corn gluten. Results ob-
tained positive effects of corn gluten and negative effects of 
soybean meal on protease activities of meagre larvae and 
was supported by Moyano et al. (1999). On the other hand, 
it was reported that meagre larvae of soybean meal (defatted 
soybean meal) can be used at the level that can substitute 
fish meal in their growing feed (Velazco-Vargas et al., 
2013).  

Wheat gluten was researched as possible fish meal replace-
ment in aquaculture feeds. Complete substitution of fish 
meal with wheat gluten was achieved only in rainbow trout 
(Kaushik et al., 1995; Rodehutscord et al., 1995). Kaushik 
et al. (2004) recently suggested that the use of wheat gluten 
in combination with other plant proteins may be economi-
cally feasible as a fish meal substitute for European seabass. 
Results of the present study indicated that wheat gluten is 
not suggested until 12 DAH. After 12 DAH, wheat gluten 
can be used up to 32 DAH except for 17 and comparatively 
27 DAH. Sunflower meal and corn gluten had lower inhibi-
tions when compared with other plant protein sources. Ac-
cording to the results of this study, sunflower meal is mod-
erately advisable as feed ingredient in microdiets of meagre 
larvae except for 5 and 25 DAH. 

On the protease activities of gilthead seabream larvae corn 
gluten, and on the protease activities of European seabass 
larvae wheat gluen and protease activities of both marine 
fish larvae soybean meal have not been recommended due 
to inhibition effects. However, wheat gluten for gilthead 
seabream larvae and corn gluten for European seabass lar-
vae have been recommended (Kuzu and Naz, 2012; Yıldız 
et al., 2012). Our study results also suggest that soybean 
meal has not been recommended for meagre larvae, marine 
fish larvae are important for feed formulations. On the other 
hand, the preference for meagre larvae supports the availa-
bility of vegetable feed ingredients in microdiet formula-
tions of the meagre larvae of corn and wheat gluten. 

 
Figure 4. The inhibitory effects of feed ingredients such as fish meal, fish hydrolysate, and krill meal on protease activities of larvae 

of meagre (A. regius) (%) 

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80

3 5 7 10 12 15 17 20 22 25 27 30 32 mean

Fish meal Fish hydrolysate Krill

In
hi

bi
tio

n 
de

gr
ee

s o
f m

ea
gr

e 
la

rv
ae

 (%
)

Larval age (days after hatching)

https://doi.org/10.3153/AR19006


 

 

  Aquatic Research 2(2), 41-52 (2019)   •   https://doi.org/10.3153/AR19006   

47 

 
Figure 5. The inhibitory effects of feed ingredients such as soybean meal, wheat gluten, corn gluten, and sunflower meal on protease 

activities of larvae of meagre (A. regius) (%) 

Table 1. Meagre (A.regius) larvae’s feeding protocol 
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3-15 Green water  
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Belgium or ω3 Algae®; Bernaqua, NV Hagelberg, 3 B-2250, Olen, Belgium) 

16-26 Sanolife GWS 
 Live food 
3-9 Rotifer, Brachionus plicatilis  
 Culture (Commercial culture diets-Algamac Protein Plus; Aquafaune Bio-Marine Inc. Hawthorne USA and 

Sparkle, INVE Aquaculture) 
 Enrich (Commercial enriched diet-Spresso; INVE Aquaculture) 10-15 prey/mL  
6 Artemia nauplii (AF480; Inve Aquaculture)  2-4 prey/mL 
10 Artemia metanauplii 1.5-6 prey/mL 

Enrich  
(Artemia EG; Great Salt Lake Brine Shrimp Cooperative Inc., Utah, USA),  
(Commercial enriched diets-Algamac 3050-Aquafaune, Red Papper-Bernaqua, and Spresso-INVE                 
Aquaculture, 26 ºC and 28 g/L)  

16-32 Microdiets 
(Orange Start-S,100-200 µ, Orange Start-L, 200-300 µ, Orange Nurse-XS, 300-500 µ, Orange Grow-S,       
300-500 µ, Orange  Grow-L, 500-800 µ; INVE Aquaculture) 

Conclusion 
In conclusion, fish meal and krill meal is advised to be used 
as feed ingredient in microdiets of meagre larvae but not for 
fish hydrolysate except for the mentioned days (12, 15, and 
20 DAH) and the use of fish hydrolysate should be paid at-
tention. Second, soybean meal seems not to be a good can-
didate as feed ingredient due to having higher inhibitions on 
protease activities. Third, wheat gluten is not recommended 
until 12 DAH. Fourth, corn gluten and sunflower meal could 

be used as feed ingredient in formulations of meagre larvae. 
Fifth, the highest resistance to protease inhibitors found in 
feed ingredients was observed at 15 DAH. When such data 
become available, they will serve the replacement of fish 
meal with alternative and sustainable feed ingredients. 
These results are also recommended in future studies, as it 
will be an important factor in determining inhibitory effects 
on the protease activities of marine fish larvae. 
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ABSTRACT 
The Hydro development started in the 1960s with building 3 major dams in the upstream section 
of the Sakarya River. During the 1980s the development of the floodplain sections of the river had 
its onset. Under these altered conditions Huso huso, Acipenser nudiventris, and Acipenser 
sturio disappeared from the river until the 1980s but Acipenser gueldenstaedtii, as well 
as Acipenser stellatus, were shown to still reproduce in the remaining section of the river by 2013. 
The construction of three additional HEPPs begun in the river section below Pamukova, blocking 
migration and cutting off major spawning sites. While fish passage facilities were included in the 
construction of the HEPPs since the 1980s, their design and location, as well as the maintenance 
rendered them completely dysfunctional. A survey was carried out in the remaining free flowing 
section of the lower river in 2014 to determine fish community composition and water quality at 
4 stations below Adasu HEPP. While a few A. gueldenstaedtii juveniles were observed in Sakarya 
River mouth close to the Black Sea, only one young-of-the- (YOY) (A. stellatus; W:25g; 
TL:28cm) was reported which was captured from the Lower Sakarya River. 
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Introduction 
Sakarya River is the third largest river in Turkey, its springs 
are located in the Anatolian mountains approx. 400 km west 
of Ankara and enters the Black Sea approx. 100 km east of 
Istanbul. It is 810 km long and up to-150 m wide. Sakarya 
River is defined hydrologically in three parts: upper, middle 
and lower. Sakarya River Basin is characterized by flood 
plain areas separated through mountain ridges. Sturgeon 
fishery was important in the Sakarya River mouth area 
(Karasu- Yenimahalle region) until the 1970ies (Anon, 
1992). Arısoy (1968) reported that sturgeons spawned in the 
Sakarya River between February and June, while one month 
later, in August, sturgeon fingerlings were observed in the 
lower reaches to enter the Black Sea. 

Over the past 50 years, hydropower was considered a prior-
ity development in Turkey, facilitating the supply of an in-
dustrializing society while minimizing the running cost and 
interdependence from oil and gas supplies. As a result, the 
first hydropower dams were constructed in the 1950s on the 
large rivers in Turkey, mainly those entering the Black Sea. 

Dam constructions started in the middle part of Sakarya 
River basin after the 1950s, for hydropower generation, 
flood control and the management of the flow regime in the 
lower Sakarya River. After construction of the three dams 
Sarıyar Dam (1956), Gökçekaya Dam (1972) and the most 
upstream Yenice Dam (1985-2000), flow and sediment 
transport characteristics of the river changed drastically.  It 
was observed that sediment transport was decreased by 40-
65% after the construction of Gökçekaya Dam (Saltabaş et 
al., 2003; Doğan et al., 2016). By comparison of cross sec-
tion measurements in 1965 and 2003, an enlargement in the 
width and scouring in the depth of the river up to 7 m were 
reported (Işık et al., 2006; Doğan et al., 2016). 

Şengörür and İsa (2001) recorded that the Sakarya River ba-
sin is polluted by industrial wastes and sewer system, espe-
cially heavy metals such as Iron (Fe), Copper (Cu), Lead 
(Pb), Mercury (Hg) from the Çarksuyu area to the Black 
Sea. Gümrükçüoğlu and Baştürk (2007) reported that water 
quality levels in the lower section of Sakarya River below 
the Gökçekaya Dam to River Mouth were evaluated as 3rd 
class (polluted) based upon the NO2-N and BOD5 levels ac-
cording to the Ministry of Environment and Urbanization 
(Official Gazette, 2004). Lower Sakarya River is classified 
as 3 and 4 (polluted to highly polluted) water quality due to 
the Nitrate and Total Phosphorus pollution (Anon. 2013). 

Habitat degradation resulting from river gravel extraction, 
diking, as well as chemical load due to sewage, agricultural 
and communal nutrient input and industrial pollution de-
creased fish populations of Sakarya River. Besides human-

made obstructions, toxins and heavy metals, pesticides and 
other polychlorinated hydrocarbons impose a major impact 
upon the fish communities (Anon. 2013). 

Human activities on river including hydropower stations, 
water diversion, and over-fishing have resulted in the inter-
ruption of migration routes and effectuated a significant de-
cline in the range and population sizes of sturgeon species 
in Turkey (Anon. 2013; Edwards and Dorosov, 1989; 
Rosenthal et al., 2015). 

The development of hydroelectric power plants (HEPP) in 
the remaining floodplain sections started in the 1980s when 
low-head dams such as the Pamukova HEPP were con-
structed 150 km upstream from the sea to increase the en-
ergy yield. After the construction of migratory obstruc-
tions, A. gueldenstaedtii and A. stellatus were shown to still 
reproduce in the remaining section of the river by 2011. In 
2012 the construction of three additional HEPPs (Doğançay 
I-II and Adasu) started in the river section below Pamukova, 
further reducing the remaining section of the free-flowing 
river to approx. 90 km.  In the light of this development, this 
study focused the effects of the impoundments upon the fish 
community in the lower river section, the effect upon the 
water quality and the state of the nursery grounds to assess 
the potential of the remaining river section as sturgeon hab-
itat. 

Material and Methods 
The sampling took place from April 2014 to September 
2014 in a first attempt to evaluate the effects of the anthro-
pogenic impacts upon the remaining sturgeon populations 
and their available habitat. 

Study Area 

This study was conducted in the lower Sakarya River in the 
Karasu Region at four stations (Figure 1). The first station 
was on the right bank of the river at 2.6 km from the Black 
Sea in Yenimahalle District (41°06'15.883"N; 
30°38'45.023"E); The second station was 6 km on the left 
bank in Tuzla District (41°04'37.350"N; 30°38'14.234"E); 
The third station was at 17 km on the left bank in Akkum 
District (41°04'00.450"N; 30°36'14.593"E); And the fourth 
station was located at around 18 km on the left bank in Fer-
izli-Adatepe District (41°03'52.745"N; 30°36'28.250"E). 
The stations were chosen based on the experience of local 
fishermen about river fish catching areas.  
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Figure 1.  Sampling stations in the lower Sakarya River 

Basin (Google Earth Map) 

Fish Presence 

Fyke nets were used at all four stations. The fyke nets were 
fixed on the bottom (180 cm depth) by stakes and had wings 
which guide the fish towards the entrance of the bags (FAO, 
2001; Buysse et al., 2008). The nets had a mesh size of 70 
mm and were made of polyfil nylon. The nets were pro-
duced by a local fisherman according to meet the size re-
quirements for migrating mature sturgeon. The fyke net en-
trance was 140 cm in diameter; the nets were cone-shaped 
and had a length of 5 m and were equipped with 6 chambers. 
In order to catch sturgeons moving from the Black Sea to 
the Sakarya River between April and September (6 months), 
the net-openings were positioned to face the sea. Nets were 
checked once every week. Fish were identified as species 
level. 

Additional sturgeon catch data were collected from regional 
fishermen after carrying out an information campaign. Fish-
ermen were contacted individually and a reward for the 
catch information was established. 

Water Quality 

Dissolved oxygen (DO), temperature (°C) and pH were 
measured in situ by a portable WTW Multi-Parameter In-
strument (Multi 3430 MultiLine IDS) in the late morning. 
A secchi disc (30 cm diameter) was used to determine water 
transparency. River depth of the sampling area was meas-
ured by a meter. 

Benthos 

The sampling stations were sampled for benthic fauna by 
using an Ekman-Birge grab (15x15 cm), sieved on a 0.5 mm 
mesh size and kept individually in plastic bottles preserved 
in 70% ethanol. Sediment samples were taken at triplicate at 

each station in every survey. Samples were washed with 0.5 
microns 30 cm radius filters. Individual organisms were 
counted in 100g subsamples. Organisms were determined 
according to Brinkhurst (1963). 

Statistical Analysis 

The results were statistically analysed using SPSS v21.0 for 
Windows software. The statistical differences were deter-
mined using a one-way analysis of variance (ANOVA) fol-
lowed by a Tukey’s comparison test at p<0.05. 

Results and Discussion 
Physico-chemical parameters, transparency, depth of  
water and sediment sampling 

The water quality (temperature, dissolved oxygen, and pH), 
transparency and depth at the sampling points in the Lower 
Sakarya River revealed that water temperature, dissolved 
oxygen and pH levels were similar between the four sta-
tions. There were no significant differences between water 
quality parameters of the sampling stations (p˃0.05). Water 
temperature showed an average of 22.6 ±0.99°C between 
May and August and showed a marked decrease after Au-
gust. The pH values reveal a stable level at around 7.7 ±0.1 
but their development shows marked differences with larger 
fluctuations in the first 3 months of the sampling period in 
the upper three stations while the lower river values are ra-
ther stable. The oxygen contents at all 4 stations are low with 
an average of 4 ±1.16 mg/l (Figure 2). At mean water tem-
peratures of 22.6°C, this reflects saturation levels of 50-55% 
indicating massive oxygen consumption through sewage 
and nutrient discharge. 

On a monthly base, a gradual decrease in water transparency 
was observed for 4 stations with the highest values in April 
(53.7 ±13.7 cm) to the lowest in September (24.5 ±4.27 cm). 
Monthly changes in discharge were related to HEPP opera-
tion and did result in fluctuations of up to 80 cm between 
April and September. 

Sampled sediment consisted of mud was dark coloured with 
organic decay odour. Bottom and turbidity surveys showed 
that from the Black Sea up to Akkum region (3rd station) 
there are high amounts of debris and decaying organic ma-
terials (plants, leaves, seeds, litter etc.) (Table 1). 

During sampling, sediment samples from the sampling 
stations were analysed to evaluate the presence and 
composition of the macrozoobenthos serving as im-
portant feed organisms for sturgeon (Table 2). The 
samples taken were only comprised of oligochaete lar-
vae (Brinkhurst 1963). 

https://doi.org/10.3153/AR19007
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Figure 2.  Water quality parameters (temperature (°C), dissolved oxygen (mg/L), pH) during the stations throughout the 

study. 

Table 1.  Description of the sediment sampling in stations in Sakarya River. 
Stations Sediment Macrophytes 

1 Mud + 
2 Mud + 
3 Organic mud + 
4 Mud + 

Table 2.  Zoobenthic fauna (oligochaete larvae) and monthly changes of the Lower Sakarya River (mean number of indi-
viduals/100g/m2). 

Months 1.Station 2.Station 3.Station 4.Station 
April - - - - 
May - - - - 
June 2 - - 17 
July - - - - 

August 1 9 - 24 
September - - - - 
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High population density in Sakarya River basin results in 
industrial and agricultural pollution in Sakarya River. 
Chemical parameters of the river are adversely affected by 
the pollutants as well as high heavy metal contents. Treat-
ment facilities for industrial establishments and urban 
wastes should be mandatory and minimum discharge should 
be allowed to decrease pollution in this river. Erosion, silt, 
and sand coming from the river bed results in elevated tur-
bidity and high suspended solid load in the water. Many 
sand quarries operating on Sakarya River, removing gravel 
from the river bed or from adjacent pits adversely affect the 
natural river bed through the removal of gravel and the input 
of fines (Anon, 2013). In the current study, we determined 
structural and physical activities on the Sakarya River and 
their adverse effects on fish populations and most im-
portantly sturgeon fish populations. 

Fish Composition 

Fyke nets located at the four stations during the study deter-
mined nine fish species including; pike (Esox lu-
cius), wels catfish (Silurus glanis), tench (Tinca 
tinca), common carp (Cyprinus carpio), Prussian 
carp (Carassius gibelio), mullet (Mugil sp.), common 
bream (Abramis brama), white bream (Blicca bjoer-
kna) and rudd (Scardinius erythrophthalmus). The catches 
of the nine fish species mostly comprise a few or single in-
dividuals during the sampling periods (Table 3). There was 
no captured fish in fyke nets in April because of overflow. 
One fyke net was lost in the 2nd station. It was drifted by 
flood and a substitute fyke net was put at the same point. 
Sturgeons were the most famous and valuable fish in Sa-
karya River in the past 50 years. Recently, 11 fish species 
were reported from the lower part of the Sakarya River be-
tween 2011 and 2013 using fyke nets and gill nets (Akmirza 

and Yardımcı, 2014). Rutilus rutilus and Barbus barbus spe-
cies were not found in all stations in this study. 

Buysse et al. (2008) captured diadromous fishes with fyke 
nets in the Scheldt River (Belgium). They reported that ex-
otic Siberian sturgeon (Acipenser baerii) were captured dur-
ing downstream migration using mesh sizes of 8 mm. Fyke 
nets located on the migration route proved to be ineffective 
to capture sturgeons during the sampling period in the Sa-
karya River. The catch of other fish species by local fisher-
men varies largely between sites and months. Since a lot of 
sturgeons captured in the coastal waters were close to the 
Sakarya River mouth, it seems probable that both A. guel-
denstadtii and H. huso originate from stocking or natural re-
production in the Danube and Ukrainian waters. The only 
exception is YOY A. stellatus caught on 31.09.2014 in the 
freshwater section of Sakarya River close to the river mouth 
(Table 4). Since the fish are caught in freshwater and are too 
small (25 g) to have migrated through full strength seawater 
over such a considerable distance (Khodorevskaya et al., 
2009) it is most probable that this individual originated from 
reproduction in the river of the same year. Fishermen told 
that the catch of sturgeon with fishing rods and gill nets be-
tween the second and the third stations during the sampling 
period. Most fish were caught in brackish water along the 
coast at left and right side of Sakarya River Mouth.  

This is verified for the tagged sturgeons with a CTW tag 
(Present or absent) in Table 4 which released from Danube 
River in Romania. During the study, a larger number of 
small stellate sturgeons were caught by local fishermen in 
the catching area out of which only one A. stellatus of 25g 
was made available (Table 4).

 

Table 3. Fish species captured with fyke nets between April and September 2016 at four sampling stations through the 
down Sakarya River 

Months 1st Station 2nd Station 3rd Station 4th Station 
April - - - - 

May Pike - - Wels, Prussian 
carp, Tench 

June - Wels,  
Common carp 

Wels,  
Common carp White bream 

July - Chub wels  
August - - Chub Common bream 

September - - Common bream, 
Mullet - 
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Table 4. Reported by-catch sturgeon species inside and around Sakarya River mouth. 

Date Species Live Weight (g) Total Lenght (cm) CTW tag 
Present (P) or Absent (A) 

24 August 2013 A.stellatus* 1000 30 A 
15 May 2014 H.huso 1520 65 P 
July/September 2014 A.stellatus** - - A 
31 September 2014 A.stellatus*** 25 28 A 
7 November 2014 A.stellatus**** - - A 
28 November 2014  A.stellatus 258 48 A 
25 November 2015 A. gueldenstaedtii 300 46 P 
25 November 2015 A. gueldenstaedtii 245 43 P 
25 November 2015 A. gueldenstaedtii 285 47 P 
25 November 2015 A. gueldenstaedtii 265 45 P 
24 February 2016 A. gueldenstaedtii 812 61 P 
24 February 2016 A. gueldenstaedtii 504 51 P 
24 February 2016 A. gueldenstaedtii 411 47 P 
24 February 2016 A. gueldenstaedtii 538 49 A 
02 March 2016 A. gueldenstaedtii - - A 

*Stellat sturgeon captured by amateur fishermen by fishing rod inside the river. 
**All A.stellatus samples informed by fishermen inside the Lower Sakarya River and they released them (around 40 individuals) during 
these periods.  
***Only one small live stellat sturgeon which captured from the Sakarya River with a gill net.  
**** This fish reported by Adasu HEPP’s worker which they saw dead stellat sturgeon below the Adasu HEPP. 
 
Investigated HEPPs and Man-Made Structures on           
Sakarya River 

The investigation of HEPPs was conducted between 
the Sakarya River mouths to Pamukova Regulator. 
This covered 154 km river length. Pamukova Regulator 
and HEPP, Doğançay Regulator and HEPP I, Doğan-
çay Regulator and HEPP II, Adasu Regulator and 
HEPP were investigated onsite for suitability of stur-
geon migration and fish passage availability. Details of 
the design of fish passages were not shared by the com-
panies during the investigations. All passages were ei-
ther vertical slot designs or baffle designs and com-
prised two passes, one with 20 m length to overcome 
the spillway and the second pass of 50 m lengths that 
was intended to overcome the dam section. Passage fa-
cilities covered a height of 10m over 50m length, were 
equipped with very small chambers of 0.6m length and 
20X20cm baffles which were not suitable for sturgeon. 
In all passage facilities, the migration pathways were 
either not connected to the downstream aggregation ar-
eas, were blocked by building material, did not receive 
sufficient water flow or were disconnected from the 

water level upstream of the HEPPs. The legislation 
states that “water discharge from a HEPP construction 
should at least be 10% of the last 240 decade’s average 
natural water flow”. In addition, upstream fish pas-
sages/ladders are mandatory to ensure uninterrupted 
fish migration for HEPPs and regulators (Anon, 2013). 
Yet, their functionality is not monitored and the en-
forcement of retrofitting is missing. As such the biggest 
problem on Turkish inland water resources in the last 
decade had resulted from the energy production with 
HEPP installations. Emerging need for energy resulted 
in a disregard for the environment and lack of planning 
about ecosystem interactions of these HEPPs.  
In addition, water quality is low, largely impacted by 
wastewater loads from rural, industrial and agricultural 
sources, reducing the oxygen contents to levels at 
which embryonic development becomes inhibited 
(Delage, 2015). Also, the bottom characteristics pose a 
risk for sturgeon reproduction with a high percentage 
of the fish prefers to lay their eggs on gravel. Addition-
ally, the surveyed area had sand most probably gener-
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ated by the sand quarries operating on the river. As re-
vealed by the reported catch of a 25 g YOY stellate 
sturgeon in 2014 mature fish still reproduce in Lower 
Sakarya River and young fish are returning to the sea.  
Both EU Water Directive (EU Directive 60/2000/EG), 
CITES agreement and Turkish legislation (Fisheries 
Law No. 1380) dictates that any activity which ad-
versely affects the life cycle of sturgeon fish should be 
under control and migration of this fish should not be 
obstructed. Also, the location of the HEPP should pro-
vide sufficient habitat for the fish to reproduce and 
grow up rather than reflecting only the maximum utili-
zation of the hydropower potential available. In the 
past, these precautionary approaches have not been 
taken into consideration. 

Conclusion 
Sakarya River has lost the majority of the functional spawn-
ing and nursery habitats between Adasu HEPP and Pamu-
kova HEPP (Rosenthal et al., 2015). After the construction 
of 3 HEPPs 90 km of free river flow remains. But, with an-
ymore HEPP projects, access to this last breeding ground 
will be impossible and the population will finally be 
lost.  The last free 90 km river must be left alone and further 
monitoring of this species must continue in the river.  In ad-
dition, proper criteria for the construction of functional stur-
geon migration facilities both upstream (DWA, 2014; Tiril 
and Memiş, 2018) and downstream are not available on pre-
sent structures.  These must be implemented in a timely 
fashion to reopen the important habitats upstream of Adasu 
HEPP’s. HEPPs which has dysfunctional fish passages 
should be revised for sturgeon species at least for A. stella-
tus. And, according to Anon (2018) there is an urgent need 
for coordinated efforts and centralized facilities in order to 
save this species which one may be the last living sturgeon 
species in Lower Sakarya River habitat.  
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ABSTRACT 

The present study aimed to investigate the potential impacts of Atlantic Bluefin Tuna (Thunnus 
thynnus) farming in offshore cage systems in the Aegean Sea (Sığacık Bay-Izmir, Turkey), in respect 
to physico-chemical water quality parameters, nutrient loads, chlorophyll-a, total suspended solids, 
zooplankton groups, and TRIX index calculations for the potentially affected cage farm area and an 
unaffected reference site. Concentrations of physico-chemical variables (temperature, salinity, dis-
solved oxygen, pH) in the study carried out in May and August 2018, were within the acceptable 
limits for marine aquaculture in terms of water quality characteristics. The concentrations of PO4-P, 
NH4-N, and NO2-N showed no temporal or spatial changes, and were recorded below 0.01 mg/L 
(<0.01) for PO4-P and NH4-N, whereas lower than 0.005 mg/L (<0.005) for NO2-N values in both 
cage and reference stations in May and August 2018 periods. Results showed low levels of TSS 
(0.33-11.87 mg/L), both in the cage farm area and the reference site, remaining below the general 
quality criteria of 30 mg/L for marine environment. No eutrophication risk (TRIX index, T<4) was 
observed around the Tuna Cage Farm Site in Sığacık Bay, according to the legislations enacted for 
“Sensitive Areas of Enclosed Bays where fish farms are not allowed”. Based on these findings, 
demonstrating highly interactive trophic level variability, it can be concluded that the impacts of the 
Tuna Cage Farm were not significant, possibly due to the consistent movement of the water in cur-
rents in the study area. 

Keywords: Tuna farming, Cage aquaculture, Environmental impact, Water quality
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Introduction 
The traditional fish production has become a growing industry 
with the development of new production systems and marine 
technologies in fish farming facilities. As a rapid growing in-
dustry, the aquaculture sector today reached a global fish pro-
duction of nearly 54.091.148 tons worldwide with about 
138.537.398.000 USD economic value (FAO, 2019a) and aims 
to provide high quality protein for the increasing demand of 
the world population that is expected to reach around 9.8 bil-
lion in 2050, and 11.2 billion in 2100 (UN-WPP, 2017). How-
ever, the rapid growth in intensive culture conditions arise sig-
nificant risks and pressure on the marine environment. Since 
water resources are limited and vital for human beings, the sus-
tainable use of water is an important matter that needs to be 
considered for the future of marine resources in the world. The 
assessment of potential productivity without significant nega-
tive impacts on the marine environment caused by the produc-
tion activities (Beveridge and Phillips, 1993; Beveridge, 1996; 
Kautsky et al., 1997; Pittroff and Pedersen, 2001), and the 
maximum sustainable nutrient input that the water body can 
receive without exposing any eutrophication signs (Ganguly et 
al., 2015), are important issues for sustainable development of 
the cage farming industry, which can only be achieved when 
the farm loads are kept below the carrying capacity limitations 
of the water environment. Farm impacts could be reduced or 
minimized via proper site selection, stock density manage-
ment, optimization of feed formulations using well selected in-
gredients and the integration of multi-trophic aquaculture pro-
duction systems such as mussels, oysters, seaweed, etc. Envi-
ronmental monitoring and control of farm sites are important 
in terms of assuring maximum fish biomass to be maintained 
in a water environment without negatively influencing ecolog-
ical conditions of the water body (Granada et al., 2015). 

Besides the mainly produced fish species of seabream and sea-
bass, tuna farming is a growing aquaculture industry in the 
Mediterranean with a production of 6.089 tons and a value of 
102.308.000 USD in 2016, among which the Turkish Tuna 
farming covers 13% with a production of 770 tons of the total 
harvest with a value of 11.422.000 USD (FAO, 2019b). The 
difference in tuna cage farming compared to seabream or sea-
bass is that fish caught from the wild and fattened with trash 
fish to larger size in one season and then harvest. The sustain-
able growth of the Tuna farm operations can only be ensured 
with environmental control of the marine sites in the Aegean 
and the Mediterranean. Therefore, the present study aimed to 
investigate potential environmental impacts of a tuna farm site 
in the Aegean Sea (Turkish coast) in respect to Turkish envi-
ronmental legislations. 

Material and Methods 
Study Area and Sampling Period 

The study was conducted in the potential cage farm site area 
No: 9 in Sığacık Bay (Seferihisar town, Izmir province, Tur-
key), determined and established by the Ministry of Environ-
ment and Urban Development (Figure 1, 2). 

This study was conducted at 2 different sampling stations de-
termined as “Cage and Reference” stations, with 3 different 
water depths of “surface (5 m), mid layer (35 m), and bottom 
(80 m)” in the study area of Sığacık Bay – Tuna Cage Farm 
Site. The “Cage Station” was designated as a sampling loca-
tion next to the farm site, whereas the “Reference Station” was 
assigned an unaffected location of the upstream area 150 m in 
distance from the cage site. The study was conducted in two 
periods May 2018 and August 2018, which was assumed to be 
the highest season in terms of temperature, presence of tuna 
biomass and active feeding progress in the cage systems, nu-
tritional inputs via fish feeding, and nitrogen or phosphorous 
loads due to excretory waste outputs, as well as plankton pro-
duction in the study area. 

Layout and Design of Tuna Cage Farm System 

A 2x4 bay submerged grid-mooring system was used to set the 
Tuna cages consisting of single pipe floatation as the main up-
per rim, anchored to sea bottom with 16 deadweight anchors. 
The layout design of the Tuna cage farm operating in the study 
area of Sığacık Bay (Seferihisar-Izmir, Turkey) is demon-
strated in Figure 3. 

Analyses of Water Samples 

Water Quality Analyses 

In the sampling locations, seawater quality parameters such as 
temperature, salinity, pH, dissolved oxygen (% saturation and 
mg/L level) were measured insitu using a YSI 600QS model 
multi probe system. Seawater visibility was measured insitu 
using a Secchi disk. 

Nutritional Element Analyses 

Among the nutrients, soluble reactive phosphorus (PO4-P), to-
tal phosphorus (TP), nitrite (NO-

2), nitrate (NO-
3), ammonia 

(NH4) and total nitrogen (TN) were sampled from designated 
sampling locations and depths, and transferred to GEMAR la-
boratories (GEMAR, Environmental Measurements and Anal-
yses Laboratory - Çevre Ölçüm ve Analiz Laboratuarı, Canak-
kale-Turkey). Consequently, spectrophotometric analyses 
were performed according to ISO, EPA, TS and EN standards 
using methods SM 4500-P E for PO4-P and SM 4500-P B, E 
for TP, SM 4500-NO2.  B for NO-

2, EPA 352.1 for NO-
3, SM 

4500-NH3 B, F for NH4 and SM 4500-NO2 B- EPA 352.1- 
SM4500-Norg B for TN. 
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For the analyses of silicate (SiO2) values in the samples col-
lected from the study area in different depth were conducted 
spectrophotometrically according to the methods for seawater 
analyses described by Strickland and Parsons (1972) in the 
Planktonology Laboratory of Canakkale Onsekiz Mart Univer-
sity, Faculty of Marine Science and Technology (Canakkale, 
Turkey). For the silicate analyses, water samples were kept in 
room temperature. A water sample of 25 mL was added on a 
10 mL-molybdate solution within a 50 mL flask, stirred and 
kept for 10 min (waiting time should not exceed 30 min). Then 
the flask was filled up to 50 mL with using a reducing reactive 
and stirred immediately, remained for 2-3 hours in order to 
complete the reduction, and reading was conducted spectro-
photometrically at 810 nm wave length.  

Total Suspended Solids (TSS) Analyses 

Sampling for the determination of total suspended solids (TSS) 
was conducted from the water column and sea bottom using a 

5-L volume Nansen bottle. The TSSs, composed by both or-
ganic and inorganic compounds and influencing light penetra-
tion an important criterion for photosynthesis, were analyzed 
gravimetrically according to Clesceri et al. (1998). 

Chlorophyll-a Analyses 

Water samples for determining the chlorophyll-a concentra-
tions, an indication of primary productivity and phytoplankton 
density, were taken from designated depths via a 5-L Nansen 
bottle. Each of the 1.5 L water samples were in situ vacuum-
filtered using a 47 mm GF/F filter paper, which were then 
places in glass tubes after filtration and covered by aluminum 
folio and kept frozen until analysis.  Then, the spectrophoto-
metric analysis after 90% acetone extraction was performed 
according to Greenberg et al. (1992). 
 

 
Figure 1. Location of the study area; Sığacık Bay, Izmir-Turkey (https://sailingheaven.com/nautical-map/) 
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Figure 2. Sığacık Bay and site No: 9 (https://sailingheaven.com/nautical-map, July 2018) 

 
Figure 3. Layout design of the Tuna cage farm in Sığacık Bay (Seferihisar-Izmir, Turkey), HDPE: High density polyethylene 
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Zooplankton Analyses 

In the present study, 200 µm mesh diameter standard plankton 
net was used for zooplankton samplings. In each of the desig-
nated sampling depths, samples were obtained through vertical 
towing and retained with 4% end volume buffered formalde-
hyde. Qualitative analyses on the zooplankton were performed 
in the laboratory, where the excess water was syphoned and 
samples transferred into smaller flasks. The distribution rate of 
groups and species was done using unit-sample methods (Ozel, 
1998). In this point, samples were homogenous distributed on 
a container with a known surface area, and the sub-samples 
with smaller scale obtained via unit-sample method were 
transferred on a lamella and zooplankton analyses conducted. 
For the quantitative analyses, a certain volume out of the total 
homogeny sample was taken and the unit-sample method ap-
plied (Ozel, 1998). For the systematic classification of the spe-
cies, earlier reports of Tregouboff and Rose (1957), Todd et al. 
(2006), and Young et al. (2006) were followed, as well as the 
web site of European Register of Marine Species (MarBEF, 
2008) in order to check most recent additions. A trinocular ste-
reo-zoom research microscope Olympus brand SZX7 model 
was used for determining the zooplankton species. 

TRIX Index and Calculation 

In the present study, TRIX index calculations were performed 
using measured values of Chlorophyll-a, % dissolved oxygen 
saturation, total dissolved inorganic nitrogen (TIN) and total 
phosphorous (TP) concentrations. The TRIX indexes were cal-
culated according to the guidelines for “Sensitive Areas of En-
closed Bays where Fish Farms are not allowed” entered into 
force on 24.01.2017 with the law no: 26413 by of the Turkish 
Ministry of Environment and Forest, using following equation: 
TRIX Index= (Log (Chlorophyll-a x %O2 x TIN x TP) + 1.5) x 0.833 (4) 

where, 

Chlorophyll-a : Chlorophyll-a concentration in water body (µg/L), 

%O2 (The absolute percent value deviated from the saturated oxygen rate) 
= |%DO – 100|, 

TIN (Total dissolved inorganic nitrogen, µg/L) = N - (NO3 + NO2 + NH4), 

TP : Total phosphorous (µg/L) 

Results and Discussion 
In the present study, seawater temperatures in different depths 
of the designated study area were recorded between 17.70-
21.22 °C in May 2018, and between 18.69-24.85 °C in August 
2018. Salinity was recorded as 38 ppt in May 2018, while it 
was around 31 ppt in August 2018. The percent dissolved ox-
ygen (% DO) saturation and DO level were measured as 98-

107.8 % and 7.20-7.74 mg/L in May, whereas these values 
were recorded as 97.50-99 % and 6.29-8.20 mg/L in August 
2018, respectively. The pH values varied between 7.78-8.38 
and 8.07-8.22 for the May and August 2018 terms, respec-
tively. The values for seawater temperature, salinity, DO con-
centration, and pH were within the acceptable limits for marine 
aquaculture in terms of water quality characteristics (Table 1). 

The chlorophyll-a value as an indication of primary productiv-
ity and phytoplankton density in the present study was meas-
ured between 0.20-0.32 µg/L and the TSS, composed by both 
organic and inorganic compounds and influencing light pene-
tration that is important for photosynthesis, was measured be-
tween 8.00-11.30 mg/L during the May 2018 study period. In 
the sampling period of August 2018 however, chlorophyll-a 
values were recorded between 0.04–0.41 µg/L, and the TSS 
varied between 0.33-11.87. The TSS measured from different 
sampling locations and water depths in both periods were be-
low the general quality criteria of 30 mg/L for seawater, based 
on the WPCL (2004) (Table 2). The Secchi disk values for the 
May 2018 study period were recorded as 11.60 m in the Cage 
Station, while 16.00 m in the Reference Station. In the August 
2018 sampling period, the Secchi disk values varied between 
10.25-13.50 m (Table 3). 

Silicate values in all sampling depths throughout the study pe-
riod remained between 30-40 µg/L, which was far below the 
level supporting continuous growth of diatoms (Kocatas, 
1993). As known, the silicate cycle in the aquatic systems is 
limited, and the silicate into the marine ecosystems transported 
from mainly rivers, rain falls, and winds in the area (Kocatas, 
1993; Goldman and Horne, 1994). The “total inorganic dis-
solved nitrogen” to “phosphorous” ratio (TIN:P) obtained in 
the study period of May 2018 remained below the Redfield ra-
tio of “16:1”, suggesting a limitation of nitrogen forms such as 
nitrite + nitrate and ammonium on phytoplankton develop-
ment. Besides, considering that the TIN:P ratio recorded in the 
August 2018 period being above the 16:1 ratio in some stations 
might be an indication of a potential limiting effect of phos-
phorous on phytoplankton growth. In some sampling stations, 
the TIN:Si ratios were reasonably higher than the Redfield ra-
tio of 1:1, which is deterministic for diatoms. Therefore, this 
can be an indication that silicate might have a potential limit-
ing effect on the diatom growth (Kocum, 2005). Considering 
these measurements, it was found that nutrient concentrations 
in both study periods of May and August 2018 were between 
acceptable ranges of water quality characteristics and within 
the limits suitable for marine aquaculture activities. Besides, 
our findings in terms of nutrients in this study were similar to 
those of previously conducted studies in the same study area 
(Palta, 2010; CSB, 2018). 
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Table 1. Siğacık Bay Tuna Cage Farm Site; temperature, salinity, dissolved oxygen (%), dissolved oxygen (mg/L), and pH 
values in sampling locations and variations with depth (May – August 2018) 

                                                MAY - 2018                                 AUGUST – 2018 
Sampling 
Station                             Cage             Reference                   Cage           Reference 
Temperature (°C) 
Surface                             21.22                20.80 
Mid Layer                        20.00                20.00 
Bottom                             18.28                17.70 

         23.71               24.28 
         21.88               22.75 
         18.69               18.94 

Salinity (ppt) 
Surface                               38 
Mid Layer                          38 
Bottom                               38 

          38 
          38 
          38 

31.25 
31.16 
31.11 

  31.41 
  31.31 
  31.21 

Dissolved Oxygen (%) 
Surface                            107.8 
Mid Layer                       102.0 
Bottom                             98.0 

       105.0                         98.0                  98.2 
       102.0                         97.0                  99.0 
       102.0                         97.0                  99.0 

Dissolved Oxygen (mg/L) 
Surface 
Mid Layer 
Bottom 

             7.74                   7.60                          7.20                     6.96 
             7.50                   7.60                         7.60                    6.96 
             7.20                   7.20                         8.20                   7.29 

pH 
Surface 
Mid Layer 
Bottom 

             8.38                   8.42                         8.21                    8.22 
             8.20                   8.20                         8.21                    8.21 
             7.78                   8.20                         8.21                    8.18 

Table 2. Variations of chlorophyll-a and TSS values according to sampling stations and depth in Sığacık Bay – Tuna Cage 
Farm locations (May – August 2018). (---): not enough water samples available 

                                                MAY - 2018                                AUGUST - 2018 
Sampling 
Station                           Cage              Reference                   Cage                 Reference 
Chlorophyll-a (µg/L) 
Surface                            0.25                  0.28                           0.04                      0.05 
Mid Layer                       0.25                    ---                            0.15                      0.12 
Bottom                            0.20                  0.32                           0.22                      0.15 
TSS (mg/L) 
Surface                            8.70                 8.00                           7.23                     11.87 
Mid Layer                      10.20                 ---                             7.28                       4.29 
Bottom                           11.30                8.50                           8.60                       0.33 

 
Table 3. Secchi disk values in Sığacık Bay–Tuna Cage Farm sampling stations (May – August 2018) 

                                                     Secchi Disk (m) 
Sampling 
Station                        MAY - 2018                    AUGUST - 2018 
Cage                                  11.60                                    10.25 
Reference                          16.00                                    11.40 
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During the study period of May 2018, NO3-N, NO2-N, NH4-
N, and PO4-P did not exceed 0.03 mg/L, 0.006 mg/L, 0.01 
mg/L, and 0.01 mg/L, respectively, in the selected sampling 
stations and depths. The TN values were recorded between 
0.3-0.8 m/L. The TP values were found to be below 0.029 
mg/L, and SiO2 values varied between 0.03-0.09 mg/L. In the 
sampling period of August 2018, NO3-N, NH4-N and TN were 
recorded as 0.08-0.18 mg/L, 0.01-0.03 mg/L, and 0.35-2.91 
m/L, respectively, while the NO2-N values did not exceed 
0.005 mg/L. The PO4-P values were below 0.01 mg/L, and TP 
values were obtained between 0.01-0.12 mg/L. In the study pe-
riod, the SiO2 values were found as 0.03-1.15 mg/L in the se-
lected sampling stations and depths (Table 4). 

Nitrogen and phosphorous loads in the surrounding water en-
vironment occur due to the feed losses, fecal and other meta-
bolic wastes (Yildirim and Korkut, 2004), and as results of do-
mestic and industrial pollution. When comparing offshore sys-
tems with no coastal influences and coastal zone areas under 
coastal influence, the impact of phytoplanktonic production on 
TSS in the offshore marine systems is higher (Besiktepe et al., 
1994). Therefore, considering chlorophyll-a concentrations 
and TSS values, it can be concluded that the TSS was con-
trolled by coastal effluents and/or feeding activities in the 
study locations during the sampling periods. 

The TRIX indexes obtained in the present study via calculation 
of measured values of chlorophyll-a, % DO saturation, TIN, 
TP concentrations for the study periods from May to August 
2018 are given in Table 5. 

According to the results obtained from sampling stations in 
Sığacık Bay – Tuna Cage Farm Site in the highest season from 
May to August, when potentially high impacts could be ex-
pected, Sığacık Bay – Tuna Cage Farm Site did not show any 
Eutrophication Risk, being below the Eutrophication Risk 
Scala of less than “4” (T<4), based on the legislations enacted 
for “Sensitive Areas of Enclosed Bays where Fish Farms are 
not allowed”. Our results obtained here during the tuna pro-
duction period from May to August 2018, are in close agree-
ment with an earlier report on environmental impacts of a 
large-size tuna farm with a capacity of 1840 ton/year and op-
erating in a water surface area of 30.000 m2 in May and August 
2015 (Kocak, 2018). 

The abundance and distribution of zooplanktonic organisms in 
the study area and sampling locations are given in Table 6. 
Members of Oithona species among copepods and Oikopleura 
dioica species among appendicularians were dominant during 
the May 2018 study period. With the increase of the water tem-
perature in August 2018, the abundance of Cladocera was 
found to be higher compared to the other groups. Especially, 

the abundance of Penilia avirostris, feeding on smaller-sized 
particles, was the highest in the study period compared to other 
species. 

The Penilia avirostris, mainly distributed in temperate en-
closed bays (DellaCroce and Venugopal, 1972; Aker and Ozel, 
2006) are capable to feed and utilize on a variety of trophic 
sources (Turner et al., 1988), and can propagate easily in tem-
perate areas with suitable trophic conditions. The Evadne spi-
nifera is a warm-water species, appearing in oceanic or coastal 
waters (Aker and Ozel, 2006). Due to its ecological character-
istics, it may show distribution during the spring and summer 
period, whereas disappearing during the autumn or winter pe-
riods. The copepods are selective feeders. Calanoid copepods 
prefer feeding on micro-plankton and larger particles such as 
ciliates (>20 µm) (Paffenhöfer and Knowles, 1980; Kleppel, 
1993; Fessenden and Cowles, 1994; Sommer et al., 2000; 
Stibor et al., 2004). The Centropages typicus show both car-
nivorous and omnivorous characteristics, and can feed on phy-
toplankton, ciliates appendicularians, copepod eggs and nau-
plii, and even on fish larvae with yolk sack (Carlotti and Har-
ris, 2007). With their specific characteristics, these species can 
live and distribute in large numbers in temperate climate, ne-
ritic coastal zones, especially in bays and shallow marine areas 
with high salinities, and can reach significant abundance dur-
ing the spring season in the Northern Mediterranean. Oithona 
species have a wide range of trophic preference and may show 
aggressive feeding behavior, therefore phytoplankton, ciliates, 
detritus, naupliu and fecal pellets are within their feed-range 
(Nakamura and Turner, 1997; Atienza et al., 2006). Hence, in 
oligotrophic waters with low chlorophyll-a levels they can eas-
ily increase their numbers (Castellani et al., 2015). Appendic-
ularians (Oikopleura species) however, are filter-feeders (Si-
okou-frangou et al, 1998; Stibor et al., 2004). They are one of 
the most important parts of the secondary production, due to 
their ability of capturing nano-pico particles, and shorter gen-
eration-cycle compared to copepods (Uye and Ichino, 1995; 
Spinelli et al., 2013), being among the feed sources of high-
trophic ctenophores and several fish species (Uye and Ichino, 
1995; Spinelli et al., 2013). Sagitta sp. is generally feeding on 
adult copepods. Further, Oithona and Oikopleura species as 
well as their own younger individuals are among their feed 
sources (Steele, 1970; Giesecke and Gonzalez, 2008). 
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Table 4. Sığacık Bay – Tuna Cage Farm sampling stations; NO3-N, NO2-N, NH4-N, PO4-P, SiO2, TN and TP values and TIN*:P, TIN:Si ratios (May – 
August 2018) 

 MAY – 2018 AUGUST - 2018  
 
 

MMR 
Sampling  
Station 

 
Cage 

 
Reference 

 
Cage 

 
Reference 

 Surface MidL Bottom Surface MidL Bottom Surface MidL Bottom Surface MidL Bottom 

TP 
(mg/L) 0.023 0.01 0.01 0.029 0.011 btd btd btd btd 0.06 0.12 0.12 0.01-6 

PO4-P 
(mg/L) 

btd btd btd btd btd btd btd btd btd btd btd btd 0.01-6 

TN 
(mg/L) 

0.3 0.7 0.7 0.7 0.8 0.8 0.66 0.74 0.37 0.35 0.75 2.91 - 

NH4-N 
(mg/L) 

<0.01 <0.01 <0.01 
 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.005-
0.6 

NO2-N 
(mg/L) 

btd btd btd 
 

0.006 btd bdt btd btd btd btd btd btd 0.005-1 

NO3-N 
(mg/L) 

0.021 0.01 0.01 0.03 0.02 0.02 0.13 0.12 0.09 0.13 0.11 0.08 0.1-2 

SiO2 
(mg/L) 

0.03 0.05 0.05 0.7 0.7 0.9 0.09 0.07 0.05 0.03 0.04 0.04 - 

TIN:P 3.60 2.50 2.50 4.60 3.50 3.50 14.50 13.50 10.50 14.50 12.50 9.50  
TIN:Si 1.20 0.50 0.50 0.07 0.05 0.04 1.61 1.93 2.10 4.83 3.13 2.38 

*TIN: Total inorganic dissolved nitrogen, N-(NO3+NO2+NH4); MidL: Mid Layer; MMR: Method Measured Range; btd: below detection limits (<0.01 for TP and PO4-P and <0.005 for NO2-N) 
 
Table 5. Trix index values in Sığacık Bay – Tuna Cage Farm sampling stations, May – August 2018 

 TRIX Index 
Sampling Station MAY - 2018 AUGUST – 2018 
Cage Location 
Surface 3.92 2.97 
Mid Layer 3.00 3.57 
Bottom 2.92 3.57 
Reference Location 
Surface 3.97 3.66 
Mid Layer --- 3.97 
Bottom 3.21 3.94 

TRIX index calculated according to the guidelines for “Sensitive Areas of Enclosed Bays where fish farms are not allowed” entered into force on 24.01.2017 with the law no: 26413 by of the 
Turkish Ministry of Environment and Forest. 
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Table 6. Main zooplankton species in the study area of Sığacık Bay – Tuna Cage Farm Site, May – August 2018 
 MAY – 2018 AUGUST - 2018 
Sampling Stations Cage Reference Cage Reference 
Zooplankton Species (individuals / m3) 
Bivalvia veliger l. Nd 2 18 5 
Calanoida Nd Nd 125 75 
Centropages typicus 62 33 Nd Nd 
Corycaeus sp. Nd 3 18 23 
Copepoda naupliu 5 9 53 35 
Euterpina acutifrons Nd Nd 5 13 
Evadne spinifera Nd Nd 118 129 
Fritillaria sp. Nd 2 Nd Nd 
Oithona similis 38 7 18 10 
Oithona nana 6 4 Nd Nd 
Oithona plumifera 3 4 25 10 
Oithona sp. Nd 3 24 35 
Oncaea sp. Nd 2 Nd Nd 
Oikopleura dioica 42 Nd Nd Nd 
Oikopleura longicauda 13 Nd 12 35 
Oikopleura fusiformis Nd 5 Nd Nd 
Penilia avirostris Nd Nd 231 385 
Pleopsis polyphemoides Nd Nd 17 38 
Sagitta sp. 2 3 15 15 
Others* 19 3 8 5 

* Gastropoda, Bivalvia, Polychaeta, Echinodermata, Siphonophora, Thaliacea, fish larvae and fish eggs; Nd: Not detected 
 

Conclusion  
As a conclusion of the present study in terms of water quality 
parameters, nutrient load, TIN:P ratio, TRIX index eutrophi-
cation risk, and zooplanktonic data evaluation, it can be con-
cluded that highly interactive trophic level variability was ob-
served in the study area of Sığacık Bay, during the sampling 
period. The Eutrophication Risks Scala of less than “4” (T<4) 
recorded in this study might indicate that there is no eutrophi-
cation risk in the Tuna Cage Farm Site of Sığacık Bay, accord-
ing to the environmental legislations enacted for “Sensitive 
Areas of Enclosed Bays where Fish Farms are not allowed”. 
Further investigations are encouraged in terms of continuous 
monitoring of cage farm sites in order to control water quality 
and potential farm effects for the sustainable growth of tuna 
aquaculture in the Mediterranean. 
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ABSTRACT 

The study area is located in western Pacific Ocean, Mariana Trench. The aim of the data analysis is 
to analyze the potential influence of how various geological and tectonic factors may affect the ge-
omorphological shape of the Mariana Trench.  Statistical analysis of the data set in marine geology 
and oceanography requires an adequate strategy on big data processing. In this context, current re-
search proposes a combination of the Python-based methodology that couples GIS geospatial data 
analysis. The Quantum GIS part of the methodology produces an optimized representative sampling 
dataset consisting of 25 cross-section profiles having in total 12,590 bathymetric observation points. 
The sampling of the geospatial dataset are located across the Mariana Trench. The second part of 
the methodology consists of statistical data processing by means of high-level programming lan-
guage Python. Current research uses libraries Pandas, NumPy and SciPy. The data processing also 
involves the subsampling of two auxiliary masked data frames from the initial large data set that 
only consists of the target variables: sediment thickness, slope angle degrees and bathymetric obser-
vation points across four tectonic plates: Pacific, Philippine, Mariana, and Caroline. Finally, the data 
were analyzed by several approaches: 1) Kernel Density Estimation (KDE) for analysis of the prob-
ability of data distribution; 2) stacked area chart for visualization of the data range across various 
segments of the trench; 3) spacial series of radar charts; 4) stacked bar plots showing the data distri-
bution by tectonic plates; 5) stacked bar charts for correlation of sediment thickness by profiles, 
versus distance from the igneous volcanic areas; 6) circular pie plots visualizing data distribution by 
25 profiles; 7) scatterplot matrices for correlation analysis between marine geologic variables. The 
results presented a distinct correlation between the geologic, tectonic and oceanographic variables. 
Six Python codes are provided in full for repeatability of this research. 

Keywords: Mariana Trench, Pacific Ocean, Python, Programming language, SciPy, NumPy,       
Pandas, Statistics, Data analysis
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Introduction 
There are various geodynamic processes that influence tec-
tonic rift dynamics and structure as well as and rifted margin 
geomorphology. Currently, the interest towards the geody-
namics, the drivers and consequences of these processes was 
implemented as key target goals of the oceanographic re-
search in China (Cui et al., 2014; Cui & Wu, 2018). Knowing 
and proper understanding of the driving factors affecting the 
ocean ecosystems gives an understanding of the possible dy-
namics, accumulation, and location of the target ocean re-
sources that are crucial for economic development.  

Understanding the bathymetry of the ocean is crucial for the 
marina geological research. As noted by Dierssen & 
Theberge (2014), the distribution of elevations on the Earth 
or hypsography is highly uneven. Thus, the majority of the 
depths is occupied by deep basins (4–6.5 km) covered with 
abyssal plains and hills, while seafloor with ranges 2- 4 km 
depth mostly consists of oceanic ridges and in total cover 
about 30% of the total ocean seafloor. Finally, the shallow 
areas and continental margins with 2 km depth and shallower 
cover only  the least amount of area, that is 15% of the sea-
floor (Litvin, V. M., 1987).  Finally, the valley, seamounts 
and submarine canyons are only the minor features of the sea-
floor. Given the importance of the hadal areas, the study of 
the ocean trenches geomorphology and distribution of its fea-
tures with regards to the bathymetry seems to be obvious.  

There are many attempts undertaken to understand, to what 
extent and how do the geophysical movements in the subduc-
tion zones affect the trench geomorphology, deformation and 
migration (e.g. Doglioni, 2009; Fernandez & Marques, 2018; 
Gorbatov et al., 2001; Hubble et al., 2016; Lemoine et al., 
2002). General concepts and understanding of the function-
ing and current problems in research directions of the marine 
hadal observations were implied in the current research. Ac-
tive sedimentation on the bottom of the seafloor leads to the 
accumulated amount at rifted margins, particularly at the del-
tas of the large rivers. Sediments outflowing further to the 
ocean provide important geological bodies and resources.  
Besides, the natural hazards taking place in the ocean, 
strongly correlate with submarine earthquakes and volcanic 
eruptions during active rifting (Brune, 2016). Moreover, there 
is a certain correlation between the high oceanic features and 
thickness of the subduction channels and earthquake rupture 
segments, as shown with a case study of the trenches in the 
eastern Pacific Ocean by Contreras-Reyes and Carrizo. 
(2011). Ocean hadal trenches result from the complex geody-
namic processes that continuously shape the surface of the 
seafloor (Bogolepov & Chikov, 1976). Nowadays, the ocean 
seafloor demonstrates ‘footprints’ of the many continuous 
steps of the seafloor evolution. 

 Figure 1. Study area visualizing 25 cross-section bathymetric profiles (yellow): QGIS map 
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Traditional methods of the marine geological modelling in-
clude using GIS based processing of the remote sensing im-
ages, such as for instance aerial photos, SPOT3, SPOT4 and 
ENVISAT data, or producing digital maps based on the data 
capture in the field (e.g., Bogdanov et al, 2011). On the con-
trary, the current paper makes an accent on using high-level 
programming language Python and its libraries Pandas, 
NumPy and SciPy for the processing of the large data frames 
imported from GIS. The effectiveness of the data computing 
and visualization by Python was the key factor for applying 
its functionality in this research. Some approaches of the sci-
entific visualization and methods of the data analytics dis-
cussed previously by (Crameri, 2018) were considered in this 
research.  

The actuality of the studies of marine natural hazards, such as 
submarine earthquakes and tsunamis cannot be underesti-
mated. Recent progress in modelling earthquakes in Pacific 
ocean were proposed by (Kong et al., 2017). Using the global 
dataset of broadband and long-period seismograms, recorded 
as a time series ranging 2006-2014, from the Incorporated 
Research Institutions for Seismology (IRIS), it has been de-
tected that there is a clearly descendance in the morphology 
of the Pacific plate, which becomes flatten at the base of the 
upper mantle and further goes westward towards a northern-
central China (Dokht et al, 2016). Application of the geody-
namic studies related to the tsunami, its possible reasons and 
consequences, are presented recently reporting that the shal-
lowest reaches of plate boundary subductions host substantial 
slips that generate large and destructive tsunamis (Ikari et al. 
2015). Attempts towards studies of the ocean geomorphol-
ogy, dynamics, and intercorrelation between various factors 
affecting its functioning are given by various research (e.g. 
Mao et al., 2016; Masson, 1991;  Luo et al., 2018; Loher et 
al., 2018). 

Nevertheless, the problem of the proper understanding of the 
hadal areas in the ocean lies in its unreachable location. As 
justly noted by Jamieson  (2018), understanding marine eco-
systems for proper management and use of marine resources 
has a certain paradox, since there is a need to evaluate and 
protect the marine life and ocean ecosystems. However, the 
current knowledge on ocean functioning is relatively scarce. 
At the same time, modeling ocean and marine environment is 
a critical for the sustainable development of ocean resource 
usage. Recent studies only stress the strong correlation of the 
research with increasing ocean depths. However, the majority 
of the recent methods of ocean observations have overlooked 

the Python programming approach for statistical analysis 
where the large data sets are being processed by a set of the 
embedded mathematical algorithms. Here, the paper presents 
improvements on the oceanographic data processing and in-
terpretation methods by applying Python 3.2.7 languages and 
using its most essential libraries: NumPy, SciPy, Pandas and 
Matplotlib for data visualization and analysis. 

Material and Methods 
NumPy for Processing Arrays 

Using Python modules and libraries enables processing of the 
large oceanographic data more effective and significantly im-
proves the computation algorithms. The general functioning 
of the Python followed the existing references and manuals 
(e.g., Oliphant, 2007; Pedregosa et al., 2011; Perez et al., 
2007). Using libraries enable to create namespaces while 
working with modules. Python’s modules contain packed 
classes, objects, functions and constants used in the work. 
The installation of the libraries was done using pip upon the 
installing NumPy and SciPy, its dependancies:  

$ python3 -m pip install numpy 

$ python3 -m pip install scipy  

The sorting and selecting of read in data from the tables was 
performed using NumPy. NumPy creates a multidimensional 
array object from a given ‘table.csv’. Using Python’s syntax 
and semantics, it operates with matrices using logical, bit-
wise, functional operations with elements, and performs a se-
ries of routines for fast operations on arrays (NumPy commu-
nity, 2019). Finally, NumPy enables various object-oriented 
approach, mathematical and logical manipulations with table 
using ndarray. The scripts, modules and codes were written 
using reference semantics and built-in functions of NumPy 
and Python. The saved script included the written codes that 
parse command lines and perform graphs plotting by execut-
ing functions and modules. The namespaces of NumPy were 
imported from numpy.core and numpy.lib by calling: 

>>> import numpy as np 

The depending libraries have been installed as well. These 
include Jinja2, NumPy, Pillow, PyYAML, Six, Tornado.  
Manipulating with tabular data stored in csv files has been 
implemented in suitable Python library Pandas optimized for 
the high-level processing of tabular data. The Matplotlib li-
brary was installed as well and imported to customize plots.  
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Figure 2. Methodological network 

Various mathematical algorithms used in this work were ap-
plied from the statistical functionality provided by Python 
language (Beazley, 2009). The SciPy, an extension of 
NumPy, is another Python based package that was loaded for 
mathematical computations. The specific questions of usage 
SciPy were supported by large explanations of the SciPy prin-
ciples and its usage in the statistical analysis (Jones et al., 
2014). 

Methodological Network 

The methodological flowchart includes three main stages 
(Figure 2) visualized as the logical parts of this research: first, 
GIS part using Quantum GIS (QGIS), second, statistical anal-
ysis on Python language; third, spacial analysis of the data 
similarities on R language. 

First block consisted in processing oceanographic data using 
QGIS software: data import, digitizing profiles, data export 
into .csv tables for further processing in Python and R. The 
cross-section profiles were digitized and the attribute tables 
were created (Figure 1). The tables contained numerical in-

formation on geology, tectonics, oceanography and bathym-
etry by observation points along each profile. In total there 
was 25 profiles, each containing 518 observation points. 
Hence, the total data intakes consisted in pool of 12,590 
points.  

Second block contained in data interpretation and statistical 
analysis. The steps include following approaches of the sta-
tistical data analysis: 1) Kernel Density Estimation (KDE) for 
analysis of the probability of data distribution; 2) stacked area 
chart for visualization of the data range across various seg-
ments of the trench; 3) spacial series of radar charts; 4) 
stacked bar plots showing the percentage of data distribution 
by tectonic plates; 5) stacked bar charts for correlation of sed-
iment thickness by profiles, versus distance from the igneous 
volcanic areas; 6) circular pie plots visualizing data distribu-
tion by 25 profiles. 

Third block presents the geospatial analysis of the data corre-
lation. This implies correlation analysis of the scatterplot ma-
trices by visualizing geological and tectonic interplay be-
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tween the phenomenas. The scatterplot matrices for correla-
tion analysis between marine geologic variables were per-
formed using R language. 

Probability of the Depths Distribution by Kernel Density Estimation Plots 

In this part of the work, an implementation of the fundamental frequency estimation is presented. The algorithm of Kernel 
Density Estimation (KDE) is based on a frequency-domain approach (Figure 3). It was applied to visualize probability of the 
depth ranges and bathymetric patterns in various segments of the Mariana Trench. The method was implemented using the 
following code (Code 1): 

Code (1), Python:  Kernel Density Estimation, example for the subplot on Figure 3 (F). 
# step-1. Loading libraries 

import seaborn as sns 

from matplotlib import pyplot as plt 

import pandas as pd 

import os 

os.chdir('/Users/pauline/Documents/Python') 

df = pd.read_csv("Tab-Morph.csv") 

sns.set_style('darkgrid') 

# step-2. plotting 4 variables 

ax=sns.kdeplot(df['Min'], shade=True, color="r") 

ax=sns.kdeplot(df['Mean'], shade=True, color="#ffd900") 

ax=sns.kdeplot(df['Max'], shade=True, color="b") 

ax=sns.kdeplot(df['1stQ'], shade=True, color="#65318e") 

ax=sns.kdeplot(df['3rdQ'], shade=True, color="#00a3af") 

# step-3. Adding aesthetics and annotations 

ax.set(xlabel='Depths, m', ylabel='KDE') 

plt.title("Kernel Density Estimation: \nprobability of the statistical depth ranges, profiles 1-25") 

ax.annotate('F', xy=(0.03, .90), xycoords="axes fraction", fontsize=18, 

           bbox=dict(boxstyle='round, pad=0.3', fc='w', edgecolor='grey', linewidth=1, alpha=0.9)) 

plt.show() 

Python libraries Pandas, Matplotlib, Seaborn and OS were used to process data by an embedded algorithms to obtain probability 
frequency. An open source Python code used for this plot is provided above (Code 1). 
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Visualizing Bathymetric Pattern by Stacked Area Charts 

In marine geologic data sets, plotting stacked area charts is one of the key approaches to visualize the range of the bathymetric 
depths. In other words, we can answer the question of to what extent are the depths may reach in this or that particular segment 
of the trench? Apart from the visual clearance of the plot (Figure 4), showing the maximal abrupt depth by profiles 20 and 21 
(that is, south-west of the Mariana Trench), there are other interesting particularities in this approach. Thus, on can investigate 
different phenomena of the oceanographic data sets by adding color ranges for stepwise visualization of the plot, sub-divided 
by statistical steps: minimal depths, third quartiles, mean depths, median values of the depths, first quartile, and finally, the 
shallowest parts of the geomorphology that is the minimal depths. In this way, one can understand the variability of the geo-
morphic patters by the segments that could reveal new insights into how the bathymetric data variability affects the complex 
geomorphology of the profile. 

Code (2) of Python: stacked area charts. 
# Step-1. Loading libraries 

import pandas as pd 

import numpy as np 

import seaborn as sns 

import matplotlib as mpl 

import matplotlib.pyplot as plt 

import matplotlib.ticker as ticker 

import os 

# Step-2. Importing data 

os.chdir('/Users/pauline/Documents/Python') 

df = pd.read_csv("Tab-Morph.csv") 

df.head(5) 

# Step-3. Plotting the dataset 

fig = plt.figure(figsize=(8, 6)) 

df = pd.DataFrame(data=df, columns=['Min', '1stQ', 'Median', 'Mean', '1stQ','Max'])  

ax = df.plot.area(stacked=False, alpha=0.8, colormap='PuBu_r') 

# Step-4. Adding aesthetics and annotations 

plt.legend(bbox_to_anchor=(1.05, 1), loc=2, borderaxespad=0.) 

plt.title('Stacked area chart for the Mariana Trench bathymetry: \ndepths by 25 cross-section profiles', font-
size=12, fontfamily='serif') 

ax.set_xlabel('Bathymetric profiles') 

ax.set_ylabel('Depths, m')    

plt.xticks(np.arange(1, 26, step=1), rotation=30) 

plt.show() 

The following Python libraries were used to plot stacked area charts: Pandas, NumPy, Matplotlib, Seaborn and OS. An open 
source code is provided above (Code 2).
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Figure 3. Kernel Density Estimation (KDE) for the bathymetry, profiles 1:25 
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Figure 4. Mariana Trench: bathymetric patterns visualized by stacked area charts 
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Statistical Distribution of the Bathymetric Values by Radar Charts 

Of particular interest is the case of radar charts. Recently, radar charts turned into a very interesting visualizing method in the 
data analysis. A radar chart is a graphical method of displaying multivariate data in the form of a two-dimensional circular chart 
of six quantitative variables represented on axes bathymetric depths and on the circular axes bathymetric values: maximal, 3rd 
quartile, median, mean 3rd quartile and minimal values.  

The reason to choose the radar charts is that there are various statistical values that can be visualized by profiles, which requires 
a certain visualization technique for the facetted multi-plots (Figure 5). The series of the radar charts were plotted by libraries 
Math, Pandas, NumPy, Matplotlib, Seaborn and OS. An open source code is provided below (Code 3). 

The algorithm for the radar charts was taken from the Matplotlib library of Python, well referenced by (Hunter, 2007).  

Code (3) of Python, for Radar charts in 4 steps (a case study for profile Nr. 1): 
# Step-1. Loading libraries and data 
import matplotlib.pyplot as plt 

import pandas as pd 

from math import pi 

import seaborn as sns 

import numpy as np 

import os 

os.chdir('/Users/pauline/Documents/Python') 

df = pd.read_csv("Tab-Morph.csv") 

#df.head(5) 

# Step-2.  Show 6 different variables on our radar chart, so take them out and set as a np.array.  

labels=np.array(['Median', 'Max', '1stQ', '3rdQ', 'Min', 'Mean']) 

stats=df.loc[1, labels].values 

# Step-3. close the plot 

angles=np.linspace(0, 2*np.pi, len(labels), endpoint=False) 

stats=np.concatenate((stats,[stats[0]])) 

angles=np.concatenate((angles,[angles[0]])) 

# Step-4 

fig = plt.figure() 

ax = fig.add_subplot(111, polar=True) 

ax.plot(angles, stats, 'o-', linewidth=2) 

ax.fill(angles, stats, c='g',alpha=0.2) 

ax.set_thetagrids(angles * 180/np.pi, labels) 

plt.setp(ax.get_xticklabels(), fontsize=10) 

plt.setp(ax.get_yticklabels(), fontsize=8) 

plt.title('Radar chart for the Mariana Trench \nStatistics on bathymetric profile (nr.1)',  

          fontsize=12, fontfamily='sans-serif') 

ax.grid(True) 

ax.annotate('(A)', fontsize=18, xy=(1.02, .90), xycoords="axes fraction") 
plt.show() 
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Figure 5. Series of the radar charts showing variation on the bathymetry by selected profiles 
 
 

 

https://doi.org/10.3153/AR19009


 

 

 

  Aquatic Research 2(2), 73-91 (2019)    •    https://doi.org/10.3153/AR19009   E-ISSN 2618-6365 

83 

Variation in the Distribution of the Bathymetric Data by Stacked Bar Plots 

Figure 6 shows the variation in the distribution of the bathymetric data by stacked bar plots 

The following Python libraries were used to plot stacked area charts: NumPy, Pandas, Matplotlib and OS. An open source code 
is provided above (Code 4). 

Code (4) of Python, for distribution of the bathymetric data by stacked bar plots: 
# Step-1. Loading libraries 

import numpy as np 

import matplotlib.pyplot as plt 

from matplotlib import rc 

import pandas as pd 

import os 

# Step-2. Importing data 

os.chdir('/Users/pauline/Documents/Python') 

df = pd.read_csv("Tab-Morph.csv") 

# Step-3. Setting up values of each group 

bars1 = df.plate_phill 

bars2 = df.plate_pacif 

bars3 = df.plate_maria 

bars4 = df.plate_carol 

# Step-4. Defining positions 

profiles = df.profile 

# Step-5. Selecting the names of the group 

names = ["profile1", "profile2", "profile3", "profile4", "profile5",  

         "profile6", "profile7","profile8", "profile9", "profile10", 

         "profile11", "profile12", "profile13", "profile14", "profile15", 

         "profile16", "profile17", "profile18", "profile19", "profile20", 

         "profile21", "profile22", "profile23", "profile24", "profile25"] 

barWidth = 1  

# Step-6.Creating bars 

ax = plt.subplot(111) 

plt.bar(profiles, bars1, color='#dbd0e6', edgecolor='white', width=barWidth, label='Philippine Plate') 

plt.bar(profiles, bars2, bottom=(bars1), color='#a0d8ef', edgecolor='white', width=barWidth,  

        label='Pacific Plate') 

plt.bar(profiles, bars3, bottom=(bars1 + bars2), color='#eebbcb', edgecolor='white', width=barWidth, 

       label='Mariana Plate') 

plt.bar(profiles, bars4, bottom=(bars1 + bars2 + bars3), color='#c1d8ac', edgecolor='white', width=barWidth, 

       label='Caroline Plate') 

# Step-7. Adding aesthetics 

plt.xticks(profiles, names, fontweight='normal', fontsize=7, rotation=30) 

plt.legend() 

ax.legend(loc='upper center', bbox_to_anchor=(0.5, -0.10), shadow=True,  

          markerscale=2, ncol=4, fontsize=6, title=False) 

plt.title('Mariana Trench: Stacked barplots for the distribution \nof the bathymetric observations across tectonic 
plates',  

          fontsize=10, fontfamily='sans-serif') 

plt.show() 
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Figure 6.  Stacked bar plots showing variation in the distribution of the bathymetric observations by the profiles, Mariana 

Trench
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Analyzing Distribution of the Sediment Thickness by Stacked Bar Charts 

Analysis of the distribution of the sediment thickness is visualized by the by stacked bar charts (Figure 7). The Python Code (5) 
in 7 steps provides an approach to visualize the sediment thickness by profiles and its correlation with closeness of the igneous 
volcanic areas as by distance. The code was written using calling following Python libraries: NumPy, Matplotlib, Pandas and 
OS.  

 
Figure 7.  Stacked bar charts showing distribution of values of sediment thickness by profiles (left), versus distance from the 

igneous volcanic areas (right), Mariana Trench. 
 

Code (5) of Python, for analysis of sediment thickness distribution, stacked bar charts: 
# Step-1. Loading libraries 
import numpy as np 

import matplotlib.pyplot as plt 

from matplotlib import rc 

import pandas as pd 

import os 

# Step-2. Importing aata 

os.chdir('/Users/pauline/Documents/Python') 

df = pd.read_csv("Tab-Morph.csv") 

# Step-3. Defining values for each group 

bars1 = df.plate_phill 

bars2 = df.plate_pacif 

bars3 = df.plate_maria 

bars4 = df.plate_carol  
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# Step-4. Setting up position of the bars on the x-axis 

profiles = df.profile 

# Step-5. Selecting the names of the groups and bar width 

names = ["profile1", "profile2", "profile3", "profile4", "profile5",  

         "profile6", "profile7","profile8", "profile9", "profile10", 

         "profile11", "profile12", "profile13", "profile14", "profile15", 

         "profile16", "profile17", "profile18", "profile19", "profile20", 

         "profile21", "profile22", "profile23", "profile24", "profile25"] 

barWidth = 1  

# Step-6. Plotting bars 

ax = plt.subplot(111) 

plt.bar(profiles, bars1, color='#dbd0e6', edgecolor='white', width=barWidth, label='Philippine Plate') 

plt.bar(profiles, bars2, bottom=(bars1), color='#a0d8ef', edgecolor='white', width=barWidth,  

        label='Pacific Plate') 

plt.bar(profiles, bars3, bottom=(bars1 + bars2), color='#eebbcb', edgecolor='white', width=barWidth, 

       label='Mariana Plate') 

plt.bar(profiles, bars4, bottom=(bars1 + bars2 + bars3), color='#c1d8ac', edgecolor='white', width=barWidth, 

       label='Caroline Plate') 

# Step-7. Customizing aesthetics 

plt.xticks(profiles, names, fontweight='normal', fontsize=7, rotation=30) 

plt.legend() 

ax.legend(loc='upper center', bbox_to_anchor=(0.5, -0.10), shadow=True,  

          markerscale=2, ncol=4, fontsize=6, title=False) 

plt.title('Mariana Trench: Stacked barplots for the distribution \nof the bathymetric observations across tectonic 
plates',  

          fontsize=10, fontfamily='sans-serif') 

plt.show() 

Circular Visualization of the Bathymetry Versus Tectonic Plates by Pie Charts 

Regarding the categorial distribution methods, a pie chart plotting is based on the analysis of the bathymetric distribution of the 
values by four tectonic plates (Figure 8). Circular visualization of the bathymetry showing the relationship between tectonic 
plates and distribution of bathymetric data by pie charts was performed by Code (6) in 3 steps. It used the following Python 
libraries: Pandas, NumPy, Matplotlib and OS.  

Code (6) of Python, for visualizing bathymetry versus tectonic plates by pie charts: 
# Step-1. Loading libraries 

import pandas as pd 

import numpy as np 

from matplotlib import pyplot as plt 

import os 

os.chdir('/Users/pauline/Documents/Python') 

dfM = pd.read_csv("Tab-Morph.csv") 

# Step-2. Importing dataset 
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df = pd.DataFrame({'Pacific Plate':dfM.plate_pacif,  

                   'Philippine Plate':dfM.plate_phill, 

                   'Mariana Plate':dfM.plate_maria,  

                   'Caroline Plate':dfM.plate_carol}, 

                  index=dfM.profile) 

# Step-3. Plotting chart 

df.plot(kind='pie', subplots=True, figsize=(10, 10),  legend=False, table=False,  

        fontsize=8, sort_columns=True, layout=(2, 2), colormap='tab20b',  

        title='Mariana Trench: Pie Charts for the \nBathymetry distribution by tectonic plates') 

plt.show()

 

 
Figure 8. Circular visualization of the data distribution: bathymetric observation points by tectonic plates. Visualization method: 

pie charts
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Figure 9. Scatterplot matrices showing correlation between environmental factors 
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Scatterplot Matrices of the Data Correlation:                   
Geomorphology of the Mariana Trench 

In general, the algorithms of the plotting scatterplot matrices 
consist of taking the values of the variables to show correla-
tion of their values with others across the range of the data 
set. It is expected to show similarity at diagonal view, with 
increasing dissimilarity as the differences in the geologic and 
tectonic values increases. Scatterplot matrices have the fol-
lowing correlation characteristic (Figure 9): the correlation 
function shows similarities between the characteristics of the 
four tectonic plates: Philippine, Mariana, Caroline and Pa-
cific. When the time bathymetric values increases (Figure 9, 
right center), the correlation with sediment thickness in-
creases to a maximum (Figure 9, right low).  

As the observation points change their position from plates 
by 518 observation points, the correlation again increases 
back to a maximum, because the characteristics of the geol-
ogy change by geographic location.  

The colors stand for the following variables: green for Phil-
ippine Plate, purple triangle – for Mariana Plate, red square 
for Caroline Plate, and orange – for Pacific Plate. The notable 
peak in the correlation between the magmatism of the close 
igneous volcanic areas and slope angle degree indicates the 
dependencies between the geomorphology and tectonic prop-
erties. The method of the scatterplot matrices shows appro-
priate visualization for the large data set overstepping thou-
sands of the observation points. The scatterplot matrices were 
plotted using functionality of R language (R Core Team, 
2014). 

Visualized Concept of the Mariana Trench Project 

Fundamental principle of the usage of Python libraries in 
oceanography is still a novel topic There are many ap-
proaches to analyze big data sets in marine science, and many 
of them are based on the use of GIS in various contexts: e.g. 
marine biology, bathymetric mapping, navigation, marine ge-
ology for exploration, etc. The difficulty of the current re-
search lies in the attempt to perform a multidisciplinary ap-
proach that combine Python coding using its various libraries 
with traditionally geoscience domain of marine geology. 
Moreover, most of the current GIS tools do not include the 
power functionality of Python for the statistical analysis of 
the large data sets in full. Certain plugins do not able to per-
form a Python-level data analysis with the same effectiveness 
and visualization.  

In addition, Python powerful libraries, such as NumPy, 
SciPy, as well as their dependencies such as Matplotlib, de-
veloped for a particular application in the IT domain, such as 
computer data analysis or data science ‘pure’, can effectively 

be applied in the domain of the marine geology. An example 
of a programming tool in open source code provided in this 
research has a main focus of the analysis of the submarine 
geomorphology and factors affecting its structure and varia-
bility across various segments of the hadal trench, rather than 
the analysis of the marine ecosystems. However, in view of 
the multidisciplinarity of the Python algorithms, the methods 
and codes demonstrated with a case study of the given data 
frame can effectively be applied in other aspects of the ocean-
ographic data, including those focused on the marine biolog-
ical analysis of the data taken from the cruise R/V observa-
tions.  

The schematic view of the combination of various methods 
and key words, concepts and tools, are visualized as a word 
cloud (Figure 10). 

 
Figure 10. Word cloud on the ‘Mariana Trench’ project. 

Results and Discussion 
This paper, has presented a new approach for processing 
oceanographic data in big data sets on marine geology. The 
Python language and its libraries adequately perform statisti-
cal analysis and represent visualized graphs. The research im-
plemented the proposed statistical approach using SciPy, 
NumPy and Pandas libraries of Python and embedded algo-
rithms. Applied methods of Python programming defines the 
variability in the local geomorphological structure of the 
Mariana Trench, Pacific Ocean. Spatial correlation between 
certain environmental variables, such as sediment thickness, 
slope angle degree of the profiles and the geospatial location 
of the segments of the trench were detected.  
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Moreover, using Python language in the marina geology do-
main provides an appropriate base for the geospatial analysis 
of the environmental factors that may affect the morphology 
of the trench in its distinct parts across the crescent: south-
west, central and north-west. Finally, processing a large set 
of data consisting of 518 observation points in 25 profiles, 
respectively, gives a set of 12,590 bathymetric points with 
variable numeric values: geomorphic, geologic and tectonic, 
as well as geometric values (degree of angle slope steepness 
by profiles).  

Conclusions 

The novelty and perspectives of the proposed approach lies 
in its repeatability using provided codes. The proposed re-
search methodology can guide similar research focused on 
the understanding marine geologic variables in other 
trenches, in the context of oceanographic studies and marine 
geologic spatial analysis. Six Python codes supported this re-
search are provided in full in for repeatability of the methods 
in other case studies of the oceanography. 

The Python scripts provided in this research are freely avail-
able for others and may be repeated in similar research for 
plotting graphs: e.g. KDE curves, radar charts, stacked area 
and bar plots, circular plots. All graphs in this research were 
made using Python, a free open source programming lan-
guage, distributed from the official web site: 
https://www.python.org/ A map on Figure 1 is done using 
open source software Quantum GIS: https://www.qgis.org. 
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ABSTRACT 

The aim of this paper is to give a detailed overview on the predictive-model building/coding tech-
niques for simulating the progress and effects of eutrophication based on differently detailed model 
structures. First; historical development of predictive eutrophication modelling is reviewed. Then, a 
generic transport model that can be coupled with any eutrophication kinetics is described. In the 
following sections, ecological sub models based on eutrophication kinetics and food-web are de-
scribed along with the bottom-up approach based linkage of nutrient kinetics, primary production 
and transfer of food to higher trophic levels are demonstrated together with an example case study 
based on previous studies. Finally, the paper is supported by two comprehensive appendices, one 
that guides the interested readers how to develop a simple eutrophication modelling tool from starch 
and another to that summarizes an example hydrodynamic model development for forcing the flow 
fields in the transport model described in this paper. 
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Introduction 
Mathematical models are theoretical constructs, together with 
assignment of numerical values to model parameters, incorpo-
rating some prior observation and data from field and/or la-
boratory and relating external inputs and forcing functions to 
system variable responses. Models can be defined as idealized 
formulations that represent the response of a physical system 
to external forcing. The cause-effect relationship between 
loading and concentration depends on the physical, chemical, 
and biological characteristics of the receiving water. In envi-
ronmental science, ecological models are used to evaluate the 
potential impacts of external forcing factors and to understand 
the functioning of the system (Thomann and Mueller, 1987; 
Chapra, 1997; Arhonditsis and Brett, 2004). They are useful 
tools to get a holistic picture of ecosystems, fill in the gaps in 
field data or forecast the systems responses to different exter-
nal forcings. Models can produce many instantaneous pictures 
of the ecosystem by spatially and temporally interpolation be-
tween monitoring data points, allow testing of hypotheses on 
how the ecosystem is functioning, forecast the ecosystem be-
haviour and give relatively fast answers to scientists, engi-
neers and managers 

Predictive Eutrophication Analysis Models 

Historically, aquatic ecological modelling studies were initi-
ated with simple models of nutrient cycles in fresh water eco-
system in late 1960s and early 1970s, when the focus on dis-
solved oxygen deficiency as the main environmental problem 
in aquatic ecosystems was shifted to the problems caused by 
excess nutrient inputs into aquatic ecosystems. The first mod-
els were relatively simple consisting only of simple nutrient 
balances (such as the ones shown in Equation 1) with assump-
tions such as completely mixed system, steady state condi-
tions, representing a seasonal or annual average prevail, lim-
iting nutrient being phosphorus only where total phosphorus 
is used as a measure of trophic status. An example of such 
models is given in Equation 1 and Equation 2, 

  (Equation 1) 

where V is volume [L3], P is the total phosphorus concentra-
tion [M∙L-3] QOUT is the outflow [L3∙T-1], AS is the surface area 
[L-2], vS is the settling velocity [L∙T-1] and W is the external 
sources for phosphorus [M∙T-1]. Most of the analyses were 
done for steady state; hence, equations such as Equation 2 
were used instead of Equation 1 

           (Equation 2) 

Another type of simple models used in those years were em-
pirical models that were derived by various researchers using 
curve fitting techniques, such as the ones listed below (N : To-
tal nitrogen [μg.l-1], P : Total phosphorus [μg·L-1], chl-A : 
Chlorophyll-A [μg·L-1]): 

• Dillon and Rigler (1974) 

 (Equation 3) 

• Bartsch and Gakstatter (1978) 

 (Equation 4) 

• Rast and Lee (1978) 

 (Equation 5) 

• Smith and Shapiro (1981) 

              (Equation 6) 

where log and log10 are the natural and general algorithms 
respectively. 

The trend considering the eutrophication environmental prob-
lem based on as lasted until 1980’s. Therefore, extensive re-
search was initiated on nutrients in aquatic ecosystems 
(O’Connor et al., 1968; Bloesch et al., 1977; Edmonson, 
1979). Incorporation of nutrient cycles into water quality 
models necessitated introduction of new state variables such 
as Org-N, NH4

+-N, NO3
--N, Org-P, PO43--P, phytoplankton 

biomass, etc. and chemical/biochemical processes. In other 
words, more complex models than were needed. Develop-
ments in the computer technology enabled scientists and engi-
neers to design and develop these models. Models developed 
and used by Di Toro et al. (1971); Thomann et al. (1975) and 
Di Toro and Connolly (1980) are examples of such models. 
These models did not consider the aquatic ecosystem as fully 
mixed anymore. They were the first examples of box models 
and are considered as predecessors of modern nutrient dynam-
ics modelling tools described in the following paragraphs. 

 

PQPAvW
dt
dPV OUTSS −−=

SSOUT AvQ
WP
+

=

( ) ( ) 136.1Plog449.1A-chllog −=

( ) ( ) 194.0Plog807.0A-chllog −=

( ) ( ) 259.0Plog76.0A-chllog −=

( ) ( ) ( ) 







+

−=
0.334N/P0.0204

6.404logPlog55.1A-chllog 10
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WQRRS (Water Quality for River and Reservoir Systems), is 
a one dimensional dynamic model which calculates the tem-
poral variations of state variables in vertical dimension (z). 
WQRRS was developed by the United States Army Corps of 
Engineers (USACE), Hydraulic Engineering Centre (HEC, 
1978). The model is designed to simulate nutrient dynamics in 
river and reservoir systems however state variables covered in 
the WQRRS make it also useful for ecological modelling in 
other aquatic ecosystems. Nutrients, phytoplankton, zoo-
plankton, fish, and benthic organisms can be simulated by the 
model. CE-QUAL-R1 (Environmental Laboratory, 1995) is 
derived from this model can also simulate the sulphur cycle, 
iron and manganese under aerobic and anaerobic conditions. 

Water Quality Analysis Simulation Program (WASP) (Di 
Toro et al., 1983; Ambrose et al., 1993; Wool et al., 2001) was 
developed by United States Environmental Protection Agency 
(USEPA). WASP covers transportation dynamics of advec-
tion-dispersion and suspended sediment transport. The model 
describes six transport fields; water column, water in sediment 
blanks, user defined settling and resuspension velocities in 
water for three sediment groups, and transportation due to pre-
cipitation and evaporation. WASP is a box model it is possible 
to generate 0, 1, 2, and 3 dimensional model networks depend-
ing on the number and topology of the boxes. Several hydro-
dynamic modelling software such as DYNHYD5, RIVMOD 
(Hosseinipour et al., 1990), SED3D (Sheng et al, 1991), and 
EFDC (Hamrick, 1996) can produce outputs, which can be 
used by WASP through external hydrodynamic linkage. 

CE-QUAL-W2 (Cole and Wells, 2006) is a two-dimensional 
model which does both hydrodynamic and water quality sim-
ulations in longitudinal and vertical dimensions (x, z). State 
variables constituted in the model are temperature, salinity, 
dissolved oxygen, CBOD, organic material composed of car-
bon, nitrogen, and phosphorus (dissolved and labile, dissolved 
and refractory, particulate and labile, particulate and refrac-
tory), ammonia nitrogen, nitrate nitrogen, phosphorus, dis-
solved and particulate silica, and unlimited number of phyto-
plankton, zooplankton, epiphyte and rooted aquatic macro-
phyte groups.  

CE-QUAL-ICM (Cerco and Cole, 1994; Cerco and Cole, 
1995) is capable of simulating sediment processes in detail. 
However, it only includes water quality codes and to run the 
model output codes of CH3D hydrodynamic model, which is 
also developed by USACE, is necessary. Together with the 

CH3D, CE-QUAL-ICM can make water quality simulations 
in three spatial dimensions. This model is also known as the 
Chesapeake Bay model. Chesapeake Bay (United States of 
America) was modelled intensively from 80’s up today. Many 
ecological modelling studies conducted for the Chesapeake 
Bay (Di Toro and Fitzpatrick, 1993; USACE, 2000; 
Schaffner, et al., 2002; Xu, 2005; Galgeos et al., 2006) con-
tributed to the ecological modelling science and the literature. 
These models did not only consider pelagic nutrient cycles and 
primary production but also benthic fluxes, zooplankton and 
filtrating organisms. 

COHERENCE (Luyten et al., 1999) is a three dimensional hy-
drodynamic ecological model which was developed by the 
Management Unit of the Mathematical Models of the North 
Sea (MUMM) to use it in North Sea. ERSEM (European Re-
gional Seas Ecosystem Model) (Paetsch, 2001) is developed 
by European Union for applications in North Sea. It is an ad-
vanced model including detailed description of pelagic and 
benthic dynamics. 

In mid 70’s another branch of ecological modelling was initi-
ated. First examples of food web models that are designed to 
mimicking the trophic networks (Jansson, 1974; Jansson, et 
al., 1982; Polovina, 1984a; Polovina, 1984b) were used for re-
search purposes. Unlike the most of the biogeochemical or nu-
trient dynamics models, which consider the nutrient cycles 
and primary production more detailed, trophic network mod-
els use relatively simplified approaches to consider them, or 
they accept them as model input rather than state variables. 
Trophic network models are equipped with algorithms for 
dealing with higher trophic levels and balancing the energy 
and matter in a user defined trophic network. Organisms in 
higher trophic levels such as fishes and macro invertebrates 
are good environmental indicators to track environmental 
health and ecological changes as adaptive response to stress, 
especially in estuaries and lagoons (USEPA, 2000; Vil-
lanueva, et al. 2006) and therefore food network models that 
can simulate these organisms are valuable tools for ecological 
assessment of those ecosystems. These models have been ap-
plied to transitional aquatic ecosystem such as coastal lagoons 
(Hull, et al., 2000; Gamito and Erzini, 2005; Villanueva, et al. 
2006). 

Coupling the nutrient dynamics and trophic network models 
provides the opportunity to benefit from the advantages of 
both frameworks. This topic was discussed by Mergey, et al. 
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(2001) and the Royal Comission on Environmental Pollution 
(2004). Tillmann et al. (2006) coupled CE-QUAL-ICM 
(Cerco and Cole, 1994) with EwE (Christensen, et al. 2005) 
and applied the coupled models to the Cheasepeake Bay. 

Development of these models took years of study and research 
efforts. Appendix-A gives an insight to the reader by illustrat-
ing how a simple eutrophication model could be developed 
from scratch. 

Modelling of Transport for Inland and Coastal     
Waterbodies 

Some aquatic ecosystems are either too large in lateral dimen-
sions or too deep so that they should not be considered as com-
pletely mixed. If this is the case, a model, which assumes that 
the ecosystem is completely mixed (such as the simple eu-
trophication model discusses in the previous section) should 
not be applied directly. For partly mixed aquatic ecosystem, 
the advection-dispersion-reaction equation given below 
should be applied.  
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(Equation 7) 

The terms used in Equation 7 are given below 

x, y, z : Spatial coordinates [L] 

u, v, w : Flow velocities in x, y, z directions respec-
tively [L·T-1] 

Dx, Dy, Dz : Dispersion coefficients in x, y, z directions re-
spectively [L2·T-1] 

C : Concentration [M·L-3] 

∑ ⋅Ck : Reaction kinetics partial derivative 

[M·L-3 ·T-1] 

Figure 1 provides a detailed description of the advection-dis-
persion-reaction equation. The reaction kinetics partial deriv-
ative corresponds to the content of the kinetic function in the 
example model described in the next section. All the biogeo-
chemical and ecological interactions to be modelled are writ-
ten into this partial derivative. Some model variables such as 
phytoplankton or detritus can settle. This is handled by the 

partial derivative of settling. External sources and sinks are 
important to represent the effect of point and non-point 
sources of loads. The velocities u, v and w can be calculated 
using a hydrodynamic model. An example hydrodynamic 
model is given in Appendix B. 

Figure 1. The advection-dispersion-reaction equation 

Ecological Sub-Models for Prediction of the Progress and 
Effects of Eutrophication 

Eutrophication is a complicated process that includes many 
ecological components and processes in addition to nutrients 
and primary production. A model designed for detailed and 
realistic eutrophication analysis should contain those compo-
nents and processes. The model developed in Appendix A 
would be too simplified for such eutrophication analyses. Spa-
tial variability and more advanced representation of transport 
processes should be incorporated into such a model as well. 
This section aims to instruct the reader how to construct this 
type of eutrophication models. 

Development of Biogeochemical Cycle Sub-Models for 
Eutrophication Analyses 

Biogeochemical cycle sub-models simulate processes that run 
among the biotic and abiotic components of the ecosystem. 
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These sub-models could be as simple incorporating free nutri-
ents (N, P compounds), organic matter and nutrients bound to 
it and a single group of phytoplankton or as complicated as 
incorporating more detailed representation of nutrients (N, P, 
Si compounds) other inorganic compounds (S, Fe, Mn with 
different ionic states), detailed representation of detritus, mul-
tiple groups of phytoplankton, multiple groups of zooplankton 
and fish, benthic organisms, sediment diagenesis, macro-
phytes, bacteria, etc. In this section, a biogeochemical sub-
model that is moderately complicated will be described. The 
model includes 22 state variables namely; NH4 and NO3 Ni-
trogen, PO4 Phosphorus, Available Silicon, Inorganic Carbon, 
Dissolved Oxygen, Diatoms, Cyanobacteria and Other Plank-
tonic Algae Carbon, Zooplankton Carbon, External Labile 
Dissolved Org Carbon, External Labile Particulate Detritus 
Carbon, External Refractory Dissolved Organic Carbon, Ex-
ternal Refractory Particulate Detritus Carbon, Diatoms based 
Dissolved Organic Carbon, Diatoms based Particulate Detri-
tus Carbon, Other Planktonic Algae based Dissolved Organic 
Carbon, Other Planktonic Algae based Particulate Detritus 
Carbon, Cyanobacteria based Dissolved Organic Carbon, Cy-
anobacteria based Particulate Detritus Carbon, Zooplankton 
based Dissolved Organic Carbon and Zooplankton based Par-
ticulate Detritus Carbon. 

A model with these state variables is classified as an NPZD 
(Nutrients Phytoplankton Zooplankton Detritus) model. The 
state variables and processes letting them interact with each 
other are illustrated in Figures 2 to 7. As seen in Figure 2, ni-
trogen is assumed to be in three main pools by the example 
NPZD model. The first of them is ammonia nitrogen, the sec-
ond is the nitrate nitrogen and the third is nitrogen bound to 
molecules found in living (phytoplankton and zooplankton) 
and dead organic matter. Phosphorus is assumed to be in two 
main pools. The first of them is phosphate phosphorus and the 
second is phosphorus bound to molecules found in living 
(phytoplankton and zooplankton) and dead organic matter 
similar to nitrogen. Silicon is assumed to be in two main pools. 
The first of them is available silica silicon (dissolved inorganic 
silicon) and the second is silicon found with living (diatoms 
and zooplankton feeding on diatoms) and dead (diatoms and 
zooplankton based organic carbon and detritus) organic mat-
ter. As seen in Figure 3, Dissolved oxygen is dissolved oxygen 
is interacting with most of the other state variables in the ex-
ample NPZD model. Carbon cycle is modelled extensively by 
the example NPZD model. External labile dissolved organic 

carbon, external labile particulate detritus carbon, external re-
fractory dissolved organic carbon and external refractory par-
ticulate detritus carbon are used to model the allochtonous or-
ganic carbon and detritus carbon. The autochthonous detritus 
carbon is simulated using other planktonic algae based dis-
solved organic carbon, other planktonic algae based particu-
late detritus, diatoms based dissolved organic carbon, diatoms 
based particulate detritus, cyanobacteria based dissolved or-
ganic carbon, cyanobacteria based particulate detritus, zoo-
plankton based dissolved organic carbon and zooplankton 
based particulate detritus. Representation of inorganic carbon 
cycle is illustrated in Figure 2. Three phytoplankton groups 
(diatoms, cyanobacteria and other planktonic algae) and one 
zooplankton group (resembling total zooplankton) are simu-
lated by the NPZD model. The equations and other details of 
the NPZD model would be too space consuming to give here. 
The reader is referred to Erturk (2008) and Erturk et al (2015) 
for more detailed information and complete set of equations. 
As seen in Figures 2 to 7, the example NPZD model is de-
signed to keep track from the inorganic nutrients up to the zo-
oplankton biomass and back to inorganic nutrients via detritus 
and its decomposition. Organically bound nutrients are cou-
pled within the detritus cycle so that they are no separate state 
variables representing them. The model can be used to identify 
the contribution of each plankton group to autochthonous or-
ganic matter hence analyse the eutrophication process in de-
tail. 

Development of Foodweb Sub-Models 

Trophic network is defined as a set of interconnected food 
chains, by which energy is materials circulate within an eco-
system. The classical food web can be divided into two broad 
categories: the grazing web, which starts with primary produc-
ers and ends at top predators and the detrital web which starts 
with detritus, continues over decomposers (bacteria, fungi, 
etc.) and detrivores and ends at their predators. Unlike the bi-
ogeochemical sub-models, the foodweb sub-models are usu-
ally more specific to the system for which they are developed. 
This is because, each system has a different combination of 
complex behaving organisms on the higher levels of the 
trophic network. Depending on the aim of model develop-
ment, a group of organisms, a particular species or a develop-
ment stage within a species can be state variables of a food 
web model. To construct a food-web model, two components 
are needed: The basic knowledge about the food-web of the 
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ecosystem for which the model is developed and the model-
ling tools. There are many tools for developing foodweb mod-
els.  

  

 

   

 

Figure 2. Nutrient cycles in the NPZD model 
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Figure 3. Dissolved oxygen cycle 
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Figure 4. Phytoplankton in the NPZD model 
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Figure 5. Zooplankton in the NPZD model 
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Figure 6. Authocthounus organic matter cycle in the NPZD model 

    

Figure 7. Allochtonous organic carbon and detritus cycles in the NPZD model 
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Ecopath with Ecosim that is optimized for aqutic ecosystems 
will be described in this section as an example. Ecopath with 
Ecosim is designed for straightforward construction, parame-
terization and analysis of mass-balance trophic models for 
various ecosystems. The core of Ecopath is derived from 
ECOPATH program developed by Polovnia and Ow (1983). 
However, Ecopath does not work under the steady state as-
sumption any more. Instead, it is bases the parameterization 
on an assumption of mass balance of an arbitrary period (Chi-
ristensen et al., 2005). This period is usually one year, but 
modelling an ecosystem seasonally is also possible. Ecopath 
allows the user to develop a generic model for any ecosystem, 
which can contain any number of state variables. In Ecopath 
terminology, a state variable is called as group or box. A box 
(group) in an Ecopath model can be a group of ecologically 
related species, a single species, or a single size/age group of 
given species. Since the original ECOPATH from early 1980s, 
Ecopath has undergone a long development process for both; 
the theory, ideas and as well as the software itself. The system 
has been optimized for direct use in fisheries assessment as 
well as for addressing other more general environmental ques-
tions through the inclusion of the temporal dynamic model 
Ecosim and spatial dynamic model Ecospace. Furthermore, 
tools such as Ecoranger (tool for addressing uncertainty), 
Ecoempire (tool for calculation of empirical relationships of 
production over biomass ratios), Flow diagram (tool for plot-
ting the defined trophic network) or Ecowrite (reporting tool) 
ease and enhance the model development (Christensen et al., 
2005). Different versions of Ecopath with Ecosim are used for 
various studies with topics such as analyses of trophic interac-
tions (Opiz, 1996; Okey and Pauly, 1999; Harvey et al. 2003), 
trophic modelling for aquatic ecosystems (Aydin et al., 2003; 
Mohamed et al, 2005), fisheries management and fish stock 
assessment (Pauly, 1998; Fayram 2005) in different aquatic 
ecosystems. Being applied to different aquatic ecosystems 
from the tropics up to Arctics, Ecopath with Ecosim is proven 
to be reliable. Detailed information related to methods used in, 

Ecopath, Ecosim and Ecospace as well as capabilities and lim-
itations of these models is given by Walters et al. (1999), Wal-
ters et al. (2000), Pauly et al. (2000), Christensen and Walters 
(2004), Kavanagah et al. (2004) and Christensen et al., (2005). 
Ecopath has two master equations. The first equation de-
scribes the production and second equation describes the en-
ergy balance for each modelled group the energy balance via 
consumption. The first master equation of Ecopath (Equation 
8) describes how the production term for each group modelled 
can be split into components. 

In mathematical terms, the first master equation is written as 
in Equation 9, where i is the index for the relevant group, Pi is 
the total production rate of group i, Yi is the total fishery catch 
rate of group i, M2i is the total predation rate for group i, Bi 

the biomass of the group i, Ei the net migration rate (emigra-
tion – immigration), BAi is the biomass accumulation rate for 
group i, while M0i = Pi (1-EEi) is the ‘other mortality’ rate for 
group i and EEi is the ecotrophic efficiency of group i. Equa-
tion 9 can be rearranged as Equation 10 and rewritten as Equa-
tion 11. 

In Equation 11; j is the index for prey, P/Bi is the produc-
tion/biomass ratio, Q/Bi is the consumption/biomass ratio and 
DCj,i is the fraction of prey j in the average diet of predator i 
(diet composition). A system of n linear equations (Equation 
12) is obtained from Equation 12 for a trophic system with n 
groups. 

Ecopath includes algorithms to solve this system of linear 
equation for one of following variables for each group: bio-
mass (B), production/biomass ratio (P/B), consumption/bio-
mass ratio (Q/B) or ecotrophic efficiency (EE). The energy in-
put and output of all living groups must be balanced in a 
model. When balancing the energy for a living group addi-
tional terms, which do not exist in the first master equation, 
are needed and with their incorporation, the second master 
equation of Ecopath (Equation 13) is formed. 

 

     (Equation 8) 

           (Equation 9) 

mortality other  migration net
  onaccumulati biomass  predationby mortality   catches  Production

+
+++=

( )iiiiiiii EE1P  BA  E  M2B   Y P −++++=
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             (Equation 10) 

 

               (Equation 11) 

 

      (Equation 12) 

food tedunassimila  nrespiratio  production  nConsumptio ++=    (Equation 13) 

As stated previously, at least three of biomass (B), produc-
tion/biomass ratio (P/B), consumption/biomass ratio (Q/B) 
and ecotrophic efficiency (EE) must be given as the basic in-
put. Additionally; diet compositions as well as immigration 
and emigration rates must be given. 

Fooweb models are usually presented as diagrams where the 
predators are put on the upper trophic levels of their preys. A 
line connecting two state variables means that the one in the 
lower trophic level is a food source for the one in the upper 
level. Figure 10 is an example food web model, developed for 
a coastal lagoon at the Baltic Sea using Ecopath. Food web 
models are good tools for simulating organism in the upper 
levels of the trophic network, however they sometimes lack 
the components to simulate the nutrients and phytoplankton as 
accurately as the biogeochemical models. A new emerging ap-
proach is to link (one way from the biogeochemical model to 
the foodweb model) or couple (two ways that both models 
send feedback to each other) them together. Figure 9 illus-
trates how the NPZD model described by Figures 2 to 7 could 
be linked with the food web model described in Figure 8. Fig-
ure 9 illustrates the linkage on state variable level. However, 

according to Equations 10-13 the foodweb model needs more 
information such as Production over Biomass and diet com-
position for the linked state variables of the NPZD model. This 
kind of information can only be extracted from the process 
rates internally calculated by the NPZD model. 

Linking/Coupling of Ecological Models with Transport  
Models 

As stated previously, some ecosystems are either too large in 
lateral dimensions or too deep so that they should not be con-
sidered as completely mixed. If this is the case, then the sys-
tem must be spatially discretized into different compartments. 
There are several methods for spatial discretization; such as 
the finite difference method, finite element method or box 
modelling approach. In any case the biogeochemical and/or 
foodweb sub-models equations should be solved for each spa-
tial compartment and the exchanges of material between these 
compartments should be considered. For this purpose, advec-
tion dispersion equation is extended with a reaction term, 
which includes the ecological sub-models (Figure 10). 
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Figure 8. An example foodweb model

https://doi.org/10.3153/AR190010


105 

 

 

 

  Aquatic Research 2(2), 92-133 (2019)    •    https://doi.org/10.3153/AR19010   E-ISSN 2618-6365 

 

Figure 9. Linking an NPZD model with a foodweb model 

 

 

Figure 10. Advection dispersion equation extended with ecological sub-model 
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This equation can be solved using different spatial discretization schemes such as the finite differences (Figure 11a), finite 
elements (Figure 11b) and box discretization (Figure 12). Finite elements are more difficult to handle mathematically than the 
finite differences, but provide the advantage of spatially variable resolution of discretization. A third commonly used spatial 
discretization method is the box modelling approach that is similar to finite differences. It is unstructured grid so that the ex-
changes between the model boxes have to be defined one by one. The advantage is that the boxes can be organized in one, two 
or three dimensional model domains easily and with a small number of computational elements. The advection diffusion equa-
tion extended with ecological sub-model can be rewritten as Equation 14 for a box model. 

   

(a)       (b) 

Figure 11. Finite differences (a) and finite elements (b) 

 

 

Figure 12. Discretization by box modelling approach 
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(Equation 14) 

In Equation 14; nb is the number of boxes, ns is the number of 
state variables, index i corresponds to the actual box, index j 
corresponds to any neighbouring box,  Qi, is the flow rate be-
tween boxes i and j [L3·T-1], Di,j is the dispersion coefficient 
between boxes i and j [L2·T-1],  i,j  is the mixing length be-
tween boxes i and j [L],  Ai,j the interface area between boxes 
i and j [L2], Vi the volume of box i [L2], s

mi,S the external source 
m related to state variable s for box i [M·L-3·T-1] and the s

ki,R  
is Kinetic reaction rate k for state variable s in for box i [M·L-

3·T-1]. The water exchanges between boxes can be calculated 
using a hydrodynamic model such as the one given in Appen-
dix B. 

A Case Study 

The model described in “Development of Biogeochemical 
Cycle Sub-Models for Eutrophication Analyses” Section was 
applied to Curonian Lagoon (Figure 13), which is a shallow 

estuarine lagoon located in Lithuania at the south-eastern 
coast of the Baltic Sea. Curonian lagoon is a eutrophic estua-
rine lagoon downstream the Nemunas River. During cyano-
bacterial blooms, chlorophyll-a concentrations exceeding 200 
mg·m-3 were measured on monitoring studies. Peak total or-
ganic carbon concentrations exceeding 30 g·m-3 are common. 

The lagoon was previously modelled by Erturk (2008) and Er-
turk et al (2015) using the NPZD model described in “Devel-
opment of biogeochemical cycle sub-models for eutrophica-
tion analyses” Sub-section incorporated into Equation 14. The 
model then was successfully linked to a foodweb model as il-
lustrated in “Development of foodweb sub-models” Sub-sec-
tion and used for nutrient management scenarios in Nemunas 
River Basin. The water exchanges between boxes are calcu-
lated using the finite element hydrodynamic model SHYFEM. 
The model setup and linkage is illustrated in Figure 14. 
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The model was used to simulate the effects of possible warm-
ing of the Curonian Lagoon due to climate change. The sce-
narios here are fictive just to test the behaviour of the model 
at increased lagoon water temperature. Forcing factors except 
the temperatures were not changed. The spatially and tempo-
rally (yearly) averaged results are summarized in Figure 15 
and Figure 16. 

As seen from the figures, the total phytoplankton biomass in-
creases first with temperature, but then decreases. This is be-
cause of the temperature stress effects considered by the 
model where the death rate constant is increasing with the 
temperature. Dead organic carbon is increasing with increas-
ing temperature indicating that the total primary production is 
increasing, however with decreased net primary production so 
that dead organic matter is accumulating in the system even 
though the total phytoplankton concentration is decreasing af-

ter an increase of 4ºC in water temperature. Figure 15b illus-
trates the response of production over biomass ratio to the in-
crease in temperature. Basically, diatoms that prefer coder wa-
ter are not affected by temperature increase since they domi-
nate the phytoplankton community on the colder seasons and 
do not peak in warmer seasons. Therefore, their yearly aver-
age biomass does not change considerably. Consequently, the 
main competition is between the cyanobacteria and the greens. 
As seen in figure 15b, production over biomass ratio is in-
creasing by cyanobacteria and decreasing by other planktonic 
algae. Since cyanobacteria are less available as food source, 
the ecotrophic efficiency of the Curonian Lagoon can be ex-
pected to decrease if the temperature increases, because there 
would be less of available phytoplankton biomass to upper 
levels of the food web. This effect is reproduced by the model 
as well by the continually decrease of zooplankton when the 
temperature increases (Figure 16). 

 

Figure 13. The Curonian Lagoon 
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Figure 14. Model setup (Erturk, 2008; Erturk et al., 2015)  
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(a) Yearly Averaged Results for Organic Carbon 

 

 

 

(b) Yearly Production over Biomass Results for Organic Carbon 

Figure 15. Simulation results related to organic matter and primary production (Erturk et al., 2015) 
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(a) Yearly Averaged Results for Total Phytoplankton Biomass 

 

(b) Yearly Averaged Results for Phytoplankton Composition 

 

(c) Yearly Averaged Results for Total Zooplankton Biomass 

 

Figure 16. Simulation results related to phytoplankton and zooplankton (Erturk et al., 2015)
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Conclusions 

Eutrophication is a complicated process and its predictive 
modelling may involve many tools applied in an interdiscipli-
nary manner. Such a modelling effort could seem overwhelm-
ing for many researchers new to the topic. This paper however 
shows that building such models even from scratch is really 
not “rocket science” and most of the aquatic scientists already 
have the necessary mathematical background. 

Once a simple model such as the one illustrated in Appendix 
A, it is quite easy to extend it into more comprehensive frame-
works, such as a combined ecological model linked to higher 
trophic compartments as described in “Ecological Sub-Mod-
els for Prediction of the Progress and Effects of Eutrophica-
tion” Section. 

Mathematical models are not only useful to predict the pro-
gress of eutrophication but they are also valuable tools for sys-
tem identification. The model presented in “Development of 
Foodweb Sub-Models” Section is such an example, where in 
internals such as ecotrophic efficiency of the foodweb is esti-
mated rather than the biomasses of individual trophic com-
partments. 
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APPENDIX A 
Development and Implementation of Simplified 
Eutrophication Modelling Tools from Scratch 

The aim of this section is to illustrate the reader how to de-
velop own modelling tools that can simulate the progress of 
the eutrophication process on simple but complete examples. 
Before starting to read this section, be advised that the devel-
opment of an eutrophication model from scratch is not a sim-
ple process and consists of several tasks listed below: 

• Development of a conceptual model
• Writing the equations that form the mathematical con-

struct of the model
• Development of solution schemes for the equations
• Implementation of the model as a tool
• Development of the supporting environment and tools

for the model

A.1. Development of a conceptual model

Development of a conceptual model is the first and most im-
portant step for developing a complete modelling tool. The 
conceptual model is the first level of modelling and describes 
the simplified system (actually aquatic ecosystem since our 
aim is to develop a eutrophication model) as it will be assumed 
by our model based analysis. The conceptual model “glues” 
the models state variables (the variables that are calculated by 
the model to describe the state of the aquatic ecosystems in 
terms of eutrophication), the auxiliary variables needed by the 
model itself and the processes (here the ecological processes 
related to eutrophication within the framework of the model) 
together. The conceptual model for the example in this sub-
section is illustrated in Figure A.1 is used as the conceptual 
model. 

The aquatic ecosystem that is assumed to be a lake in this ex-
ample is considered as a fully mixed reactor. The three state 
variables are unavailable phosphorus that includes all the dead 
and organically bound phosphorus, dissolved reactive phos-
phorus that can be utilized as nutrient and the phytoplankton 
chlorophyll representing the primary produces. The loads 
shown in Figure 1 are examples of auxiliary variables. The 
conceptual model includes the processes listed below: 

• Settling of unavailable phosphorus
• Release of unavailable phosphorus by phytoplankton

death

• Conversion of unavailable phosphorus to dissolved
reactive phosphorus by decomposition

• Uptake of soluble reactive phosphorus by photosyn-
thesis

• Release of unavailable phosphorus by phytoplankton
• Death of phytoplankton
• Settling of phytoplankton
• Inflow and outflow of soluble reactive phosphorus
• Inflow and outflow of unavailable phosphorus
• Inflow and outflow of phytoplankton

Figure A.1. A simple, process based nutrient cycle model 

A.2. Writing the equations that form the mathematical
construct of the model

The next step is the writing the equations that describe the lake 
ecosystem mathematically. Since the aim of the model in this 
example is to describe the progress of eutrophication, it must 
be a dynamic model, where time (t) is the independent varia-
ble, whereas the state variables (P1, P2 and P3) are dependent 
variables. The processes as well as loads force the values of 
state variables to change. The state variables are in concentra-
tion dimensions ([M∙L-3]- mass over the third power of length 
or mass of volume), whereas the processes are in reaction rate 
dimensions ([M∙L-3∙T-1]-change of concentration per unit 
time). To put the state variables and processes on the same 
equation, state variables should be rewritten in reaction rate 
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dimensions as well, so mathematically divided by time. To de-
scribe the change in a moment (indefinitely small time) differ-
ential equations are needed. Since there are three state varia-
bles where the rate of change of a state variable depends on 

itself and on other state variables, we end up with system with 
three unknowns (the state variable) and three differential 
equations. 
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where V is the volume of the lake [L3]; P1, P2, Chl-A are un-
available (organically bound) phosphorus, available phospho-
rus and chlorophyll-a respectively [M∙L-3], QOUT is the outflow 
[L3∙T-1], H is the depth of the lake [L], vS,P1 is the settling ve-
locity for unavailable phosphorus [L∙T-1], vS,Chl-A is the settling 
velocity for phytoplankton [L∙T-1]; W1, W2, WChl-A are the 

loads for unavailable phosphorus, available phosphorus and 
chlorophyll-a respectively[M∙T-1], K12 is the decomposition 
rate constant [T-1]. GP and DP are the growth and death rate 
coefficients of phytoplankton respectively [T-1]. As seen in be-
low, these coefficients are calculated using three relatively 
long algebraic equations. 
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where TEMP is the temperature, Ke [L-1] is the total light ex-
tinction coefficient, Kb,e [L-1] is the background light extinc-
tion coefficient, fday is the fraction of time with day light, Gmax 
is the growth rate constant for phytoplankton at optimum con-
ditions, KHS,Phyto,P2 is the half saturation concentration of dis-
solved reactive phosphorus for phytoplankton growth where a 
Monod-type relation is assumed [M∙L-3]; IA and IS are the 
available light intensity and saturating light intensity respec-
tively, R is the death rate constant of phytoplankton, CG is 
the grazing rate of zooplankton [T-1]; GPhyto,θ  and DPhyto,θ  are 

the temperature coefficients for phytoplankton growth and 
non-predatory death respectively [T-1] where both processes 
are assumed to accelerate with increasing temperature and Z 
is the zooplankton concentration [M∙L-3]. 

Equations A.1, A.2 and A.3 may seem like linear differential 
equations, however the term GP contains non-linear terms 
making the entire system non-linear since this term is substi-
tuted into the differential equation system. Equation A.4 states 
that the primary production that is the key process for eutroph-
ication is under the influence of two limiting factors: the nu-
trient availability and the light availability. Equation A.5 

states that the more phytoplankton grow, the more light ex-
tinction will increase a process known as “algal self shading” 
so that the model prevents indefinite growth of phytoplankton 
even if unlimited amount of dissolved reactive phosphorus 
would be available.  

The non-linear structure of Equations A.4 and A.5 make the 
analytical integration (exact solution) of the differential equa-
tion system formed by Equations A.1, A.2 and A.3 impossible. 
This is usually the case in ecological models. Therefore they 
have to be solved numerically and approximate solutions will 
be obtained instead of exact solutions. The next sub-section 
gives more details on these topics for the example eutrophica-
tion model. However, before starting to develop the solution 
let us classify the terms in equations as given in Table A.1. 

The forcing factors and auxiliary variables are changing with 
time. The forcing factors are external variables that are given 
to the equations from outside. Auxiliary variables are com-
puted using state variables, forcing factors and other auxiliary 
variables during the model calculations. Model constants are 
used during the model calibration and model validation pro-
cess. 
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Table 1 Terms in the model equations 

Term Description Type Unit 
P1 Unavailable (organically bound) phosphorus State variable gP·m-3 
P2 Available (dissolved reactive) phosphorus State variable gP·m-3 
Chl-A Chlorophyll-a State variable g Chl-A·m-3 
V Volume Auxiliary variable m3 
H Depth of the lake Auxiliary variable M 
GP  Growth rate of phytoplankton Auxiliary variable day-1 
DP  Death rate of phytoplankton Auxiliary variable day-1 
Ke Total light extinction coefficient Auxiliary variable m-1 
QOUT Outflow rate Forcing factor m3 day-1 
vS,P1 Settling velocity for unavailable phosphorus Forcing factor m day-1 
vS,Chl-A Settling velocity for phytoplankton Forcing factor m day-1 
W1 Unavailable phosphorus load Forcing factor kg day-1 
W2 Available phosphorus load Forcing factor kg day-1 
WChl-A  Chlorophyll-a load Forcing factor kg day-1 
IA Available light intensity Forcing factor Watt·m-2 
TEMP Temperature Forcing factor ºC 
fday Fraction of sunlight hours Forcing factor Unitless 
Z Zooplankton concentration Forcing factor g·m-3 
ap Phosphorus to chlorophyll-a ratio Model constant Unitless 
achl Chlorophyll a to zooplankton grazing ratio Model constant Unitless 
Kb,e  Background light extinction coefficient Model constant m-1 
K12 Decomposition rate constant Model constant day-1 

Decompθ  Temperature correction coefficient for decomposition Model constant Unitless 
Gmax  Maximum growth rate costant of phytoplankton Model constant day-1 

KHS,Phyto,P2 
Half saturation concentration of dissolved reactive 
phosphorus for phytoplankton growth Model constant gP·m-3 

IS Saturation light intensity Model constant Watt·m-2 

Rμ  Death rate constant of phytoplankton Model constant day-1 
CG Grazing rate constant of zooplankton Model constant day-1 

GPhyto,θ  Temperature correction coefficient for phytoplankton 
growth and non-predatory death Model constant Unitless 

DPhyto,θ  Temperature correction coefficient for non-predatory 
phytoplankton death Model constant Unitless 

A.3 Development of solution schemes for the equations  

Numerical integration methods convert a system of differen-
tial equation into a system algebraic equation that can be 
solved easily. The differential terms will simply be converted 
to difference terms, so that the model will have limited num-
ber of points in time and/or space. This process is called dis-
cretization. There are many discretization algorithms each of 

which having its own advantages and disadvantages. There are 
many excellent numerical methods books that contain details 
related to discretization algorithms. In this example we will 
use the simplest discretization method, the explicit Euler al-
gorithm. Since the lake is considered as completely mixed in 
our model, there is no discretization in space and we only need 
to discretize in time. In other words, time is the only independ-
ent variable. Using the Euler algorithm, Equation A.1 can be 
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transformed into Equation A.8. In these equations; ∆t which 
is a small time interval, where everything is assumed to be 
constant is called the time step. The superscript t means that 
the value at time point t of the relevant variable (not to be con-
fused with the t-th power operation) will be used and super-
script t+∆t means that the value at time point t+∆t of the rele-
vant variable will be used. In any case, one important assump-
tion is made that within each time steps, some of the variables 
are assumed to be frozen on time point t and some on time 
point t+∆t. This will always lead to some errors, since we 
know that in the real world none of the eutrophication related 
variables are frozen in time. On the other hand, this is the only 
way to obtain solutions to the model equations. If we take ∆t 
small enough, the errors will be small and we will end up with 

an acceptably accurate approximate solution. If ∆t is too small, 
then the calculations will take unnecessary long, if ∆t is too 
large than the solutions will contain larger errors leading to 
inaccurate results which will diverge from the real case. Fur-
ther increase of ∆t may lead to physically unacceptable results 
such as negative concentrations and eventually to mathemati-
cal errors that may lead the calculation algorithm to destabi-
lize and collapse. This situation is called numerical instability. 
Unfortunately, for non-linear systems there is no way to tell 
what could be an optimum value for ∆t, but experience shows 
that for ecological models of completely mixed shallow lakes 
it is on the order of hours. After the temporal discretization 
and substation of all terms, and reorganization of terms, the 
model equations are as follows: 
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where the terms V and H  represent the volume and spatially 
mean depth averaged over the time step. The spatially mean 
depth is assumed to be a function of volume. The derivative 
terms in equations A.9 to A.11 are divided into transport and 
kinetic derivatives. This is a good model development practice 
since transport equations do not change usually, but the kinetic 
relations may need to be changed if the model has to be ex-
tended to include different eutrophication mechanisms. 

It is important to consider during the implementation of the 
model as a tool is that, any variable regardless a state variable, 
auxiliary variable, forcing factor with a temporal superscript 
(t+∆t or t) should change in time. The values of P1, P2 and 
Chl-A must be calculated for each time step from the values 
of all variables that are superscripted as t. In other words, if 
the time step is one hour and the model has to be run for a 
year, Equations A.9 to A.12 must be solved 24· 365 = 8760 
times (8760 + 24 = 8784 times in case of a leap year). From 
this figures it is clear that computers will be needed to imple-
ment the model developed in this section. 

 

A.4. Implementation of the model as a tool  

The implementation algorithm of the solution illustrated in 
Figure 2 is simple and straightforward, where n is the number 
of time steps for the entire simulation. However; the solution 
algorithm itself as implemented directly is not a complete 
modelling tool.  

Referring to Section A.2, there are terms in equations that 
have to be updated every time step. The forcing factors are 
given to the model from outside so they have to be organized 
as time series. One option is to read one element for each time 
step. In the example model however, we will use daily time 
series for the sake of simplicity. The auxiliary variables should 
be updated every time step. Considering these necessities, the 
flowchart of all operations to be conducted by the model is as 
illustrated in Figure A.3. 
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Figure A.2. The implementation algorithm of the model 
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Figure A.3.  Flowchart of the operations to be conducted by 
the model 

 

The flowchart given in Figure A.3. can be coded in any pro-
gramming language. For this model, we will use MATLAB 
because 

• MATLAB is easy to program 
• MATLAB gives a good post processing environment 
• MATLAB has many tools that ease to develop a sup-

porting environment for the model 
 

The source code of the model is given below. The program 
consists of four MATLAB functions listed below: 

• Phos_ChlA_Model.m: It is the main function that 
forms the body of the model following the algorithm 
that is given in flowchart illustrated in Figure 3. 

• TRANSPORT.m: It handles the transport related 
terms in Equations A.9, A.10 and A.11. If the effects 
of additional inputs or outflows of nutrients and phy-
toplankton such as new inflowing or out flowing riv-
ers, then this function will be changed by the user.  

• KINETICS.m: It handles the kinetics related terms in 
Equations A.9, A.10 and A.11. New processes have 
to be added to the model, then this function will be 
changed by the user. 

• GET_SPATIALLY_AVERAGED_DEPTH.m: It 
calculates the depth from the volume. According to 
the source code given in Appendix A, it is designed to 
calculate the depth of a rectangular prismatic basin 
with a surface area of 166 km2. However; it can be 
extended to handle a variety of situations with the ca-
pabilities provided by MATLAB. 

The reader should know the basics of MATLAB before start-
ing to explore and modify the code. To keep the example code 
simple, advanced numerical integration techniques available 
in MATLAB were not used. 

A.5. Development of the supporting environment and tools 
for the model 

Many advanced eutrophication models such as WASP, 
AQUATOX, EFDC, Delft3D-DELWAQ, MOHID and MIKE 
have their own graphical model input editors, post processors 
and even data exchange capabilities with geographical infor-
mation systems. The example eutrophication model here reads 
text files or csv files created/edited with text editors or spread-
sheet programs and it produces a simple time series plot as 
output, so one can say that the model has no supporting envi-
ronment that would ease the modelling process. However, 
MATLAB itself can be considered as supporting environment 
for the model developed in this example: 
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• The main body of the model (function 
Phos_ChlA_Model) is designed to produce a matrix 
output for daily results with time index. MATLAB 
has very powerful functions to process such matrices. 
For example, one can easily do statistical analysis of 
the columns. MATLAB has also many options for 
plotting so that within few commands it would be pos-
sible to write powerful graphs. All this commands 

could be written as scripts each of them not exceeding 
ten lines of code. 

• MATLAB has powerful tools that are useful for gen-
eral modelling steps such as autocalibration, optimi-
zation or more advanced modelling steps such as un-
certainty analysis or parameter identification. 

 
 

Source code of the simple eutrophication model 

Phos_ChlA_Model.m 

function [DAILY_P1, DAILY_P2, DAILY_CHLA] = Phos_ChlA_Model() 
    %Read the main input file     
    MAIN_INPUT_DATA        = load('MAIN_INPUT.inp'); 
    NUM_DAYS               = MAIN_INPUT_DATA(1); 
    NUM_TIME_STEPS_PER_DAY = MAIN_INPUT_DATA(2); 
     
    %Read the initial conditions 
    INITIAL_CONDIITONS     = load('INITIAL_CONDITIONS.inp'); 
    V_T                    = INITIAL_CONDIITONS(4); 
     
    %Read the model constants file 
    MODEL_CONSTANTS        = load('MODEL_CONSTANTS.inp'); 
     
    %Read the forcing factors as the daily time series files 
    Q_IN_TS                = load('Q_IN.inp'); 
    Q_OUT_TS               = load('Q_OUT.inp'); 
    VS_P1_TS               = load('VS_P1.inp'); 
    VS_CHLA_TS             = load('VS_CHLA.inp'); 
    W_P1_TS                = load('W_P1.inp'); 
    W_P2_TS                = load('W_P2.inp'); 
    W_CHLA_TS              = load('W_CHLA.inp'); 
    I_A_TS                 = load('I_A.inp'); 
    TEMP_TS                = load('TEMP.inp'); 
    FDAY_TS                = load('FDAY.inp'); 
    Z_TS                   = load('Z.inp'); 
 
    STATE_VARIABLES(1)     = INITIAL_CONDIITONS(1); 
    STATE_VARIABLES(2)     = INITIAL_CONDIITONS(2); 
    STATE_VARIABLES(3)     = INITIAL_CONDIITONS(3); 
    DAILY_P1   = zeros(NUM_DAYS); 
    DAILY_P2   = zeros(NUM_DAYS); 
    DAILY_CHLA = zeros(NUM_DAYS); 
 
    for DAY = 1:NUM_DAYS 
        %Get daily values from forcing time series    
        FORCING_FACTORS = ... 
            [interp1(Q_IN_TS   (:,1), Q_IN_TS   (:,2), DAY_NO + 0.5), ... 
             interp1(Q_OUT_TS  (:,1), Q_OUT_TS  (:,2), DAY_NO + 0.5), ... 
             interp1(VS_P1_TS  (:,1), VS_P1_TS  (:,2), DAY_NO + 0.5), ... 
             interp1(VS_CHLA_TS(:,1), VS_CHLA_TS(:,2), DAY_NO + 0.5), ... 
             interp1(W_P1_TS   (:,1), W_P1_TS   (:,2), DAY_NO + 0.5), ... 
             interp1(W_P2_TS   (:,1), W_P2_TS   (:,2), DAY_NO + 0.5), ... 
             interp1(W_CHLA_TS (:,1), W_CHLA_TS (:,2), DAY_NO + 0.5), ... 
             interp1(I_A_TS    (:,1), I_A_TS    (:,2), DAY_NO + 0.5), ... 
             interp1(TEMP_TS   (:,1), TEMP_TS   (:,2), DAY_NO + 0.5), ... 
             interp1(FDAY_TS   (:,1), FDAY_TS   (:,2), DAY_NO + 0.5), ... 
             interp1(Z_TS      (:,1), Z_TS      (:,2), DAY_NO + 0.5)]; 
 
        P1_ARRAY   = zeros(NUM_TIME_STEPS_PER_DAY);  
        P2_ARRAY   = zeros(NUM_TIME_STEPS_PER_DAY); 
        CHLA_ARRAY = zeros(NUM_TIME_STEPS_PER_DAY); 
 

https://doi.org/10.3153/AR19010


 
 

 

 

 

  Aquatic Research 2(2), 92-133 (2019)    •    https://doi.org/10.3153/AR190010   E-ISSN 2618-6365 

124 

        for TIME_STEP_NO = 1:NUM_TIME_STEPS_PER_DAY 
            %Calculate V using Equation 20 
            V = (2 * V_T + ((Q_IN_T - Q_OUT_T) * DT)) / 2; 
             
            %Calculate H using Equation 21 
            H = GET_SPATIALLY_AVERAGED_DEPTH(V); 
 
            AUXILLARY_VARIABLES = [V, H]; 
 
            %Calculate the transport derivatives 
            TRANSPORT_DERIVATIVES = ... 
                KINETICS(STATE_VARIABLES, AUXILLARY_VARIABLES,FORCING_FACTORS); 
            P1_TRANSPORT_DERIV   = TRANSPORT_DERIVATIVES(1); 
            P2_TRANSPORT_DERIV   = TRANSPORT_DERIVATIVES(2); 
            CHLA_TRANSPORT_DERIV = TRANSPORT_DERIVATIVES(3); 
 
            %Calculate the kinetic derivatives 
            KINETIC_DERIVATIVES = ... 
                KINETICS(STATE_VARIABLES, AUXILLARY_VARIABLES, FORCING_FACTORS, MODEL_CONSTANTS); 
 
            P1_KINETIC_DERIV   = KINETIC_DERIVATIVES(1); 
            P2_KINETIC_DERIV   = KINETIC_DERIVATIVES(2); 
            CHLA_KINETIC_DERIV = KINETIC_DERIVATIVES(3); 
            P1_T               = STATE_VARIABLES(1); 
            P2_T               = STATE_VARIABLES(2); 
            CHLA_T             = STATE_VARIABLES(3); 
 
            %Calculate P1_T_PLUS_DT using Equation 15 
            P1_T_PLUS_DT   = P1_T + (P1_TRANSPORT_DERIV + P1_KINETIC_DERIV) * DELTA_T;   
 
            %Calculate P2_T_PLUS_DT using Equation 16 
            P2_T_PLUS_DT   = P2_T + (P2_TRANSPORT_DERIV + P2_KINETIC_DERIV) * DELTA_T; 
 
            %Calculate CHLA_T_PLUS_DT using Equation 17 
            CHLA_T_PLUS_DT = CHLA_T + (CHLA_TRANSPORT_DERIV + CHLA_KINETIC_DERIV) * DELTA_T; 
            P1_ARRAY(TIME_STEP_NO)   = P1_PLUS_DT;  
            P2_ARRAY(TIME_STEP_NO)   = P2_PLUS_DT; 
            CHLA_ARRAY(TIME_STEP_NO) = CHLA_T_PLUS_DT; 
            STATE_VARIABLES(1) = P1_T_PLUS_DT;  
            STATE_VARIABLES(2) = P2_T_PLUS_DT; 
            STATE_VARIABLES(3) = CHLA_T_PLUS_DT; 
            V_T = V; 
        end 
 
        DAILY_P1(DAY_NO)   = mean(P1_ARRAY); 
        DAILY_P2(DAY_NO)   = mean(P1_ARRAY); 
        DAILY_CHLA(DAY_NO) = mean(P1_ARRAY); 
    end 
 
    DAYS = 1:NUM_DAYS; 
    plot(DAYS, DAILY_P1(DAY_NO), DAYS, DAILY_P2(DAY_NO), DAYS, DAILY_CHLA(DAY_NO)); 
end 
 

KINETICS.m 
function [P1_KIN_DERIV, P2_KIN_DERIV, CHLA_KIN_DERIV] = KINETICS ... 
         (STATE_VARIABLES, AUXILLARY_VARIABLES, FORCING_FACTORS, ... 
          MODEL_CONSTANTS) 
    P1            = STATE_VARIABLES(1); 
    P2            = STATE_VARIABLES(2); 
    CHLA          = STATE_VARIABLES(3); 
    H             = AUXILLARY_VARIABLES(1); 
    I_A_T         = FORCING_FACTORS(8); 
    TEMP_T        = FORCING_FACTORS(9); 
    FDAY_T        = FORCING_FACTORS(10); 
    Z_T           = FORCING_FACTORS(11); 
    A_P           = MODEL_CONSTANTS(1); 
    K_B_E         = MODEL_CONSTANTS(2); 
    K_12          = MODEL_CONSTANTS(3); 
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    THETA_DECOMP  = MODEL_CONSTANTS(4); 
    G_MAX         = MODEL_CONSTANTS(5); 
    K_HS_PHYTO_P2 = MODEL_CONSTANTS(6); 
    I_S           = MODEL_CONSTANTS(7); 
    MU_R          = MODEL_CONSTANTS(8); 
    C_G           = MODEL_CONSTANTS(9); 
    THETA_PHYTO_G = MODEL_CONSTANTS(10); 
    THETA_PHYTO_D = MODEL_CONSTANTS(11); 
 
    %Calculate K_E_T using Equation 19 
    K_E_T = K_B_E + (0.088 * CHLA) + (0.054 * (CHLA.^(2/3))); 
 
    %Calculate G_P_T using Equation 18 
    G_P_T = G_MAX * (THETA_PHYTO_G.^(TEMP - 20)) * ... 
            min((P2 / (P2 + K_HS_PHYTO_P2)),(((2.718 * FDAY_T) / (K_E_T * H)) * ... 
                 (exp(-(I_A_T / I_S) * exp(-K_E_T * H)) - exp(-(I_A_T / I_S))))); 
 
    %Calculate the kinetic derivative for P1           
    P1_KIN_DERIV   = (MU_R * THETA_PHYTO_D.^(TEMP_T - 20)) * A_P * CHLA - ... 
                     (K_12 * THETA_DECOMP.^(TEMP_T - 20)) * P1; 
 
    %Calculate the kinetic derivative for P2 
    P2_KIN_DERIV   = (K_12 * THETA_DECOMP.^(TEMP_T - 20)) * P1 - G_P_T * A_P * CHLA;  
 
    %Calculate the kinetic derivative for CHLA 
    CHLA_KIN_DERIV =  (G_P_T - MU_R * THETA_PHYTO_D.^(TEMP_T - 20) - C_G * Z_T) * A_P * CHLA; 
end 
 

TRANSPORT.m 
function [P1_TRANS_DERIV, P2_TRANS_DERIV, CHLA_TRANS_DERIV] = TRANSPORT ... 
         (STATE_VARIABLES, AUXILLARY_VARIABLES, FORCING_FACTORS) 
    P1        = STATE_VARIABLES(1); 
    P2        = STATE_VARIABLES(2); 
    CHLA      = STATE_VARIABLES(3); 
    V         = AUXILLARY_VARIABLES(1); 
    H         = AUXILLARY_VARIABLES(2); 
    Q_OUT_T   = FORCING_FACTORS(2); 
    VS_P1_T   = FORCING_FACTORS(3); 
    VS_CHLA_T = FORCING_FACTORS(4); 
    W_P1_T    = FORCING_FACTORS(5); 
    W_P2_T    = FORCING_FACTORS(6); 
    W_CHLA_T  = FORCING_FACTORS(7); 
 
    %Calculate the kinetic derivative for P1           
    P1_TRANS_DERIV   = (W_P1_T / V) - ((Q_OUT_T / V) + (VS_P1_T / H)) * P1; 
     
    %Calculate the kinetic derivative for P2 
    P2_TRANS_DERIV   = (W_P2_T / V) - (Q_OUT_T / V) * P2;  
     
    %Calculate the kinetic derivative for CHLA          
    CHLA_TRANS_DERIV =  (W_CHLA_T / V) - .((Q_OUT / V) + (VS_CHLA_T / H)) * CHLA; 
end 
 

GET_SPATIALLY_AVERAGED_DEPTH.m 
function [DEPTH] = GET_SPATIALLY_AVERAGED_DEPTH(V) 
    % A very simple representation of bathymetry. It is the users  
    % to program this function to represent the bathymetry of his/her lake 
    % realistically 
    AREA  = 166000000; 
    DEPTH = V / AREA;  
end 
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APPENDIX B  
Solving the Hydrodynamic Equations 

Hydrodynamic equations are relatively more difficult to solve. 
The task becomes more challenging if they have to be solved 
in three dimensions. Here, the solution of simplified version 
of two dimensional hydrodynamic equations is shown. This 
type of hydrodynamic models can be applied to deep and nar-
row waterbodies that are well mixed laterally but not longitu-
dinally or vertically. 

There are two basic equations in hydrodynamics, the continu-
ity equation and the momentum equation. The simplified ver-
sions of these equations for the so called x-z model are given 
below, 

Continuity equation in longitudinal and vertical dimensions: 
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            (Equation B.1)  

Momentum equation in longitudinal and vertical dimensions: 
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              (Equation B.2) 

where, U is the velocity integrated over the depth therefore in 
volumetric flow rate dimensions [L3·T-1], V is the control vol-
ume over which the continuity equation is solved [L3], B is the 
width the channel as a function of depth [L], g is the gravita-
tional acceleration [L·T-2] u is the velocity in x direction [L],  
η is the water surface elevation [L] and Az is the eddy viscos-
ity. Equation B2 is derived from the Navier-Stokes equations, 
however it is simplified so that the non-linear advective inertia 
terms are neglected. 

Even though the hydrodynamic equations are in simplified 
form, there is no direct analytical solution for them. Therefore, 
numerical solution schemes have to be applied. To apply a nu-
merical solution scheme it is necessary to discretize the hydro-
dynamic equation on time and space.  

There are many spatial discretization schemes for hydrody-
namic equations. In this example, we will use the cell-link 
scheme. This scheme is efficient and easy to apply. If is more 
compatible with box models, if the results from the hydrody-
namic model are to be imported into a box model described 
by Equation 14. In this discretization scheme, a waterbody is 

assumed to consist of basins that exchange water with each 
other through channels. An example model domain is given in 
Figure B.1. Each basin is represented with a cell and each 
channel is represented with a link. A link is between two cells. 
The flow directions are assumed to be from one cell (begin) to 
another (end). If the actual flow direction is opposite or the 
flow reveres during the simulation, then a simply a negative 
velocity will be returned by the model. 

The surface area of a channel is calculated by Equation B.3 
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Where Asurf is the surface area [L2], channelΔx  is the length of the 
channel that is connecting a cell with another cell [L]. If Equa-
tion B.1 is divided by the surface area, then Equation B.4 is 
obtained,  
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where the term t∂
∂η

 would correspond to the change of depth 

over time. Since it is a derivative and chance of depth over 
time is the same as change of water surface elevation over 
time, we can use the term as change of water surface elevation 
over time. The latter definition is more convenient to solve the 
momentum equation. Discretizing Equation B.4 spatially ac-
cording to cell, node scheme yields Equation B.5. 
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     (Equation B.5) 

 

where u is the velocity in a layer of a channel [L·T-1], h is the 
layer depth [L] and B is the layer width [L]. Discretizing 
Equation B.5 over time yields Equation B.6.

https://doi.org/10.3153/AR190010


127 

 

 

 

  Aquatic Research 2(2), 92-133 (2019)    •    https://doi.org/10.3153/AR19010   E-ISSN 2618-6365 

 
Figure B.1. The cell-node scheme discretization 
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The discretization of the momentum equation (Equation B.2) 
is more complicated. The momentum equation must be discre-
tized horizontally on channels and vertically for each layer, 
where each layer is interacting with the layers above and be-
low. The first layer is interacting with the atmosphere and the 
second layer and the lowest layer is interacting with its upper 

layer and the bottom. Each laver has an upper and lower inter-
action. The general form of discretized momentum equation 
for a channel is given in Equation B.7 to B.9. 
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For the first layer, Equation B.10 and Equation B.11 are substituted into Equation B.7 

Cupper = 0                 (Equation B.10) 
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Equation B.10 indicates that there is no interaction with the atmosphere. If the interaction with the atmosphere such as the effect 
of wind shear stress is important, then Equation B.10 should be modified accordingly. For an intermediate layer Equation B.8 
and Equation B.9 are substituted into Equation B.7 

  (Equation B.12) 

For the last layer Equations B.13 to Equation B.16 are substituted into Equation B.7 
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t
LDlower uCC ⋅=            (Equation B.14) 
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+             (Equation B.15) 

k=L             (Equation B.16) 

where L is the number of layers 
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   (Equation B.17) 

Equation B.13 represents the friction whereas Equation B.14 
is the boundary condition for the velocity. The eddy viscosity 
Az can be calculated by a number of formulae. The steps of 
the solution algorithm are simple and straightforward: 

• Step 1: Solve equation B.6 for each cell to calculate 
tt

Cell
∆+η  

• Step 2: Solve equation B.7 for each cell to channel in 

each layer to calculate 
tt

Lu ∆+
 

As seen by the general form of discretized momentum equa-

tion (Equation B.7), tt
Lu ∆+ depends on 

tt
1-ku ∆+

 and tt
1ku ∆+

+ . In  

other words, the velocity of a layer at the next time steps de-
pends on the velocities on the upper and lower layers. This 
means that the momentum equations for all the layers in a 
channel have to be solved simultaneously. Another issue is 
that, the horizontal density differences should be taken into 
account. If the density currents are important then, the water 

surface elevation terms tt
begin

∆+η and  
tt

end
∆+η  must be cor-

rected with pressure gradient terms calculated at the centre of 
each layer. A free form Fortran source code listing, that would 
construct the coefficient matrix and constants vector a for a 
channel is given below: 

do k = 1, NUM_LAYERS 
    C_UP   = 2.0 * A_Z(i,k-1) / (H(i,k-1,2) + H(i,k,2)) 
    C_DOWN = 2.0 * A_Z(i,k)   / (H(i,k,2) + H(i,k+1,2)) 
    if(k .eq. 1) C_UPPER = 0.0D0 
    if(k .eq. NUM_LAYERS) C_LOWER = 0.0D0 
 
    !Bands of the coefficient matrix C:Subdiagonal, D:Diagonal, E:Super diagonal 
    C(k) = (-B(i,k) * DT * C_UPPER) 
    D(k) = B(i,k) * H(i,k,2) +  DT * B(i,k) * (C_UPPER + C_LOWER) 
    E(k) = (-B(i,k) * DT * C_LOWER) 
    LEVEL_GRAD = ITA  (C_END,2) - ITA  (C_BEGIN,2) 
    PRESS_GRAD = PRESS(C_END,k) - PRESS(C_BEGIN,k) 
 
    !Constant vector 
    F(k) = (B(i,k) * H(i,k,2) * U(i,k,1)) - & 
           (B(i,k) * H(i,k,2) * G * ((LEVEL_GRAD + PRESS_GRAD) / DX) * DT) 
    if(k.eq.NUM_LAYERS) D(k) = D(k) + (B(i,k) * DT * C_D * dabs(U(i,k,1))) 
end do 

 

The three-banded matrix can then easily be solved using the 
Thomas algorithm. 

As one can see in the source code listing, pressure gradient 
terms should be known before solving the momentum equa-
tion. Pressure depends on density that depends on salinity and 

temperature. On the other hand, salinity and temperature de-
pend on the hydrodynamic transport. This means that a mass 
balance equation must be solved for salinity (Equations B.18 
to B.20). Unlike the continuity equation, a negative flow di-
rection is much more important here, because the flow from 
opposite direction will completely change the amount of salt 
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mass inflow and outflow, since salinity is expected to change 
in horizontal and vertical directions. Therefore, before solving 
Equation B.18 for a time step, the upstream and downstream 

channels for a cell must be determined by checking the veloc-
ities. Any channel that causes an inflow is an upstream chan-
nel (subscripted as ups), and any channel that causes an out-
flow is a downstream channel (subscripted as dws). 
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The terms used in Equations B.18 to B.20 are listed below: 

i  : Index for cell no 
k  : Index for layer no 
S  : Salinity [M·L-3] 
wupper,ups,k : Downwelling velocity from upper layer (considered as inflow) [L·T-1] 
wupper,dws,k : Upwelling velocity to upper layer (considered as outflow) [L·T-1] 
wlower,ups,k : Upwelling velocity from upper layer (considered as inflow) [L·T-1] 
wlower,dws,k : Downwelling velocity to lower layer (considered as outflow) [L·T-1] 
Svdisp : Exchange of salt mass by vertical dispersion [M·T-1] 
Shdisp : Exchange of salt mass by horizontal dispersion [M·T-1] 
Kz  : Vertical eddy diffusivity [L2·T-1] 
Kx  : Horizontal eddy diffusivity [L2·T-1] 
Aint,v  : Vertical interface area [L2] 
Aint,H  : Horizontal interface area [L2] 
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The vertical dispersion term is discretized as below: 

( ) ( )( )1ki,ki,lowerki,1-ki,upper SSDSSSDSSvdiff +−⋅−−⋅=     (Equation B.21) 
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Substitution of Equation 21 into Equation 18 and rearrangements yield Equation B.24 that is the spatially and temporally dis-
cretized salt mass balance 
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(Equation B.24) 

 

As seen in Equation B.24, all layers in a cell must be solved 
simultaneously resulting in a linear system of equations to be 
solved. Like for the momentum equations, a three-banded co-
efficient matrix is solved. The free formatted Fortran source 
code listing illustrates the generation and solution of the 
equation system is given below.  

The detailed solution algorithm is given in Figure B.1. The 
full version of the algorithm as a Fortran program can be 
made available upon request from the author 
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!Generate right hand sides 
do i = 1, NUM_CELLS 
    do k = 1, NUM_LAYERS 
        SALT_FS(i,k) = SALT(i,k,1) 
    end do 
end do 
 

do i = 1, NUM_LINKS 
    C_BEGIN = BEGIN_CELL_NOS(i) 
    C_END   = END_CELL_NOS  (i) 
 

    do k = 1, NUM_LAYERS 
        if (U(i,k,2) >= 0.0D0) then 
            H_UPSTREAM   = C_BEGIN 
            H_DOWNSTREAM = C_END 
        else 
            H_DOWNSTREAM = C_BEGIN 
            H_UPSTREAM   = C_END 
        end if 
 

        FLOW_RATE = dabs(U(i,k,2) * H(i,k,2) * B(i,k)) !Horizontal advection 
 

        !Horizontal dispersion 
        HS_DISP   = ((K_X * H(i,k,2) * B(i,k)) / LENGTHS(i)) * & 
                    (SALT(H_UPSTREAM,k,1) - SALT(H_DOWNSTREAM,k,1)) 
 

        if (H_UPSTREAM > 0) SALT_FS(H_UPSTREAM,k) = & 
            SALT_FS(H_UPSTREAM,k) - ((DT/VOLS(H_UPSTREAM  , k)) * (FLOW_RATE * & 
                  SALT(H_UPSTREAM,k,1) + HS_DISP)) 
 

        if (H_DOWNSTREAM > 0) SALT_FS(H_DOWNSTREAM,k) = & 
            SALT_FS(H_DOWNSTREAM,k) + ((DT/VOLS(H_DOWNSTREAM, k)) * (FLOW_RATE * & 
                  SALT(H_UPSTREAM,k,1) + HS_DISP)) 
    end do 
end do 
 

do i = 1, NUM_CELLS   !Generate the coefficient matrix 
    C = 0.0D0 
    D = 0.0D0 
    E = 0.0D0 
    F = 0.0D0 
    W(i,1) = 0.0D0 
    W(i,NUM_LAYERS+1) = 0.0D0 
 

    do k = 1, NUM_LAYERS !Generate the matrix for salt mass balance equation 
        DS_UPPER = 2.0 * K_Z(i,k-1) / (H(i,k-1,2) + H(i,k,2)) 
        DS_LOWER = 2.0 * K_Z(i,k)   / (H(i,k,2)   + H(i,k+1,2)) 
 

        if (W(i,k+1) >= 0.0D0) then 
            W_LOWER_UPS = dabs(W(i,k+1)) 
            W_LOWER_DWS = 0.0D0 
        else 
            W_LOWER_UPS = 0.0D0 
            W_LOWER_DWS = dabs(W(i,k+1)) 
        end if 
 

        if (W(i,k) >= 0.0D0) then 
            W_UPPER_DWS = dabs(W(i,k)) 
            W_UPPER_UPS = 0.0D0 
        else 
            W_UPPER_DWS = 0.0D0 
            W_UPPER_UPS = dabs(W(i,k)) 
        end if 
 

        if(k.eq.1) DS_UPPER = 0.0D0 
        if(k.eq.NUM_LAYERS) DS_LOWER = 0.0D0 
        C(k) = (-DT * (W_UPPER_UPS * A_SURFS(i,k)) + DS_UPPER) / VOLS(i,k) 
 

        D(k) = ((DT * ((W_UPPER_DWS * A_SURFS(i,k))   + & 
                       (W_LOWER_DWS * A_SURFS(i,k+1))+ & 
                       DS_UPPER + DS_LOWER)) / VOLS(i,k)) + 1.0D0 
 

        E(k) = (-DT * (W_LOWER_UPS * A_SURFS(i,k+1)) + DS_LOWER) / VOLS(i,k) 
        F(k) = SALT_FS(i,k) 
    end do 
 

    INFO = 0 
    call SOLVE_MATRIX_THOMAS(NUM_LAYERS, C, D, E, F, INFO)     !Solve the matrix 
 

    do k = 1, NUM_LAYERS    !Get the solution vector 
        SALT(i,k,2) = F(k) 
    end do 
end do 
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Figure B.1. Solution algorithm for the example hydrodynamic model 
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