
Citation: Özkan, K.; Korkmaz, M.;

Amorim, C.A.; Yılmaz, G.; Koru, M.;

Can, Y.; Pacheco, J.P.; Acar, V.; Çolak,

M.A.; Yavuz, G.C.; et al. Mesocosm

Design and Implementation of Two

Synchronized Case Study

Experiments to Determine the

Impacts of Salinization and Climate

Change on the Structure and

Functioning of Shallow Lakes. Water

2023, 15, 2611. https://doi.org/

10.3390/w15142611

Academic Editor: Micòl Mastrocicco

Received: 27 May 2023

Revised: 4 July 2023

Accepted: 11 July 2023

Published: 18 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Mesocosm Design and Implementation of Two Synchronized
Case Study Experiments to Determine the Impacts of
Salinization and Climate Change on the Structure and
Functioning of Shallow Lakes
Korhan Özkan 1,2,*, Mustafa Korkmaz 1,3 , Cihelio Alves Amorim 3 , Gültekin Yılmaz 1 , Meltem Koru 1 ,
Yasemin Can 1,4, Juan Pablo Pacheco 5,6 , Vildan Acar 3, Mehmet Arda Çolak 7, Gül Canan Yavuz 3,
Lucía Cabrera-Lamanna 8 , Onat Arıkan 3 , Öykü Tanrıverdi 3, Serhat Ertuğrul 1 , İrem Gamze Arık 3,
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Abstract: Salinization of freshwater ecosystems is one of the major challenges imposed largely by cli-
mate change and excessive water abstraction for irrigated crop farming. Understanding how aquatic
ecosystems respond to salinization is essential for mitigation and adaptation to the changing climate,
especially in arid landscapes. Field observations provide invaluable data for this purpose, but they
rarely include sufficient spatial and temporal domains; however, experimental approaches are the
key to elucidating complex ecosystem responses to salinization. We established similar experimental
mesocosm facilities in two different climate zones in Turkey, specifically designed to simulate the
effects of salinization and climate change on shallow lake ecosystems. These facilities were used for
two case-study experiments: (1) a salinity gradient experiment consisting of 16 salinity levels (range:
0–50 g/L); and (2) a heatwave experiment where two different temperature regimes (no heatwave
and +6 ◦C for two weeks) were crossed with two salinity levels (4 and 40 g/L) with four replicates in
each treatment. The experiments lasted 8 and 2 months, respectively, and the experimental meso-
cosms were monitored frequently. Both experiments demonstrated a significant role of salinization
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modulated by climate on the structure and function of lake ecosystems. Here, we present the design
of the mesocosm facilities, show the basic results for both experiments and provide recommendations
for the best practices for mesocosm experiments conducted under saline/hypersaline conditions.

Keywords: experimental ecology; gradient experiment; factorial experiment; salinization; climate
change; heatwave

1. Introduction

Climate change is predicted to result in dramatic changes in global temperature and
precipitation patterns. The Mediterranean climate zone as well as other regions with cold
or hot semi-arid climates are expected to be strongly affected by these predicted changes.
Specifically, the Mediterranean region is expected to receive a 25–30% decrease in precipita-
tion, as well as an increase in evaporation by the end of the 21st century [1]. Moreover, we
can expect a concurrent increase in water abstraction, particularly for irrigation purposes,
in part because of the decrease in net precipitation. Furthermore, enhanced demand for
food by a growing population, along with the shift, in part, from animal husbandry to crop
farming in semi-arid areas, will accelerate the salinization of lakes due to a water budget
deficiency [2,3] The consequent changes in salinities can induce dramatic changes in the
structure and function of ecosystems [1].

The Central Anatolian Plateau in Turkey, a characteristic semiarid landscape, hosts
diverse aquatic ecosystems with high endemism [2]. These biodiversity hotspots face
impacts from both climate change and water abstraction for irrigated crop farming and,
as a consequence, these valuable habitats are being lost at an alarming rate [4]. Recent
studies have documented a dramatic decline in inland lake size and an increase in salinity
in the semi-arid regions of Turkey, as well as a loss of associated biodiversity [2,3]. The
extreme consequences of the complex pressures of climate change and water abstraction,
especially in the form of species loss or range contraction, are easy to detect using field
research. However, gradual changes, potentially leading to ecosystem state shifts or
collapses in the long term as well as changes in structure and functioning, are more difficult
in such studies that typically have a limited temporal and spatial scope. To develop a
mechanistic understanding and predict the ecological consequences of salinization, multiple
complementary approaches, especially mesocosm experiments, are therefore needed [1,5].

Smaller-scale laboratory microcosm experiments have been frequently used to relate
the impact of salinization to the physiological state or population growth rate of organ-
isms [5]; however, due to their limited realism, extrapolation of the results to natural
ecosystems is difficult [6]. Mesocosm experiments are therefore more valuable for testing
community- and ecosystem-level responses to changes as they, despite limited replications,
can include greater biological complexity at a larger scale. Mesocosm experiments can also
help to distinguish direct from indirect effects over generations, especially for taxa that
cannot be housed in microcosms. Experimental studies in microcosms and mesocosms
allow the testing of multiple environmental stressors, both isolated and in interaction, the
structure and functioning of ecosystems, as well as the mechanisms involved [7]. Experi-
ments can reveal causality and the underlying mechanisms, but it is important to keep in
mind that they are still simplifications of the natural systems, particularly when conducted
with a small spatial and temporal scope [6]. Nevertheless, mesocosm studies still provide
replicable and traceable information that allows researchers to isolate various ecosystem ef-
fects and modify environmental conditions, which is generally not feasible in field research
in natural ecosystems (e.g., controlled warming) [8,9].

Two types of experiments are typically used in large-scale mesocosm facilities [6]:
(i) factorial-designed experiments with a limited set of treatments and 3–5 replicates and
(ii) gradient-designed experiments with a wide set of treatments and a few or no replicates.
While the first is suitable for studying the effects of one or a few treatments and their
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interactions (depending on the number of mesocosms available), the latter is especially
suitable for studying threshold responses related to one or a few treatments.

Mesocosm experiments [10] have been used frequently in lakes (e.g., [11–13]) and
marine studies (e.g., [14–17] also www.aquacosm.eu, accessed 1 May 2023), but only a few
mesocosms studies on inland saline systems have been conducted [1,5]. Some mesocosm
studies identified the effects of salinity on trophic structure in brackish lakes and the re-
sponses when certain salinity thresholds were surpassed (e.g., [18,19]. Others have studied
the effects of road salts (e.g., [20,21]). A cattle-tank-type mesocosms study on the interactive
effects of fish and road salts on trophic level dynamics found synergistic effects with the
strongest cascading impact on zooplankton, which in turn led to higher phytoplankton
biomass [20]. A comprehensive joint mesocosm salinity gradient experiment [22] conducted
in North America and Europe found that the specific thresholds for salt in waters in these
areas led to a substantial loss of key zooplankton groups, as judged from the results from
most experimental set-ups [22,23]. They also found a loss of abundance and diversity of
zooplankton along the salinity gradient. Despite the comprehensive nature of the study,
the authors had difficulties identifying uniform shifts in trophic structure along a salinity
gradient [22], that might be reflecting the selected non-standardized set-up as they used
various existing available mesocosm facilities.

Here, we describe a novel mesocosm experimental set-up established at two sites in
Turkey with contrasting climates: on the Mediterranean coast in the south (Mersin) and in
the Central Anatolian highland (Ankara). We describe the experimental set-up and show
some key time-aggregated results from two synchronized mesocosm experiments con-
ducted in 2021 and 2022: (i) a salinity gradient experiment and (ii) a heat wave experiment
crossed with two salinities with a factorial design, both replicated simultaneously at the
two sites. We elucidate how the ecosystem’s structure and functioning reacted to a gradient
in salinity, both in the short-term (weeks) and long-term (months). Our goal is to illustrate
the value of using mesocosms for different kinds of salinity-climate interaction experiments,
and we, therefore, only present aggregated data in brief instead of providing detailed data
and discussion of results, which will be presented elsewhere in more specific topic-oriented
manuscripts. Finally, we provide recommendations for the best practices for the design
and implementation of mesocosm experiments in saline and hypersaline ecosystems.

2. Material and Methods
2.1. Mesocosm Location and Infrastructure

The mesocosm set-ups were designed to simulate the effects of climate and changes in
salinization in shallow lakes in arid landscapes, such as the Central Anatolian plateau. We
set up two mesocosm experimental facilities in two different climatic regions, one in Cen-
tral Anatolia, Ankara (39◦53′44.37′′ N, 32◦46′45.51′′ E), and one in South Anatolia, Mersin
(36◦33′52.18′′ N, 34◦15′14.50′′ E), both located at the campuses of the Middle East Technical
University (Figure 1). Ankara has a cold semi-arid climate (Köppen-Geiger climate clas-
sification BSk), with an annual mean temperature of 12.1 ◦C, while Mersin has a hot and
dry Mediterranean climate (Csa) with an annual mean temperature of 19.6 ◦C, (Figure 1,
Turkish State Meteorological Service, 2021, https://mgm.gov.tr/, accessed 1 May 2023).

A total of 24 mesocosms were established at each location, allowing for a 3× 2 factorial
experimental design with four replicates per treatment. Each mesocosm was designed to
replicate shallow lake characteristics in arid landscapes. The mesocosms had a diameter
of 2 m, were 1.8 m high, and had a volume of 5 m3. They were made of high-density
polyethylene (HDPE) due to the material’s resistance to high salinities and UV exposure.
The mesocosms were manufactured with a minimum wall thickness of 6 mm for extra
durability and positioned on concrete or compacted and padded sand floors for structural
support. The mesocosms were buried at 1 m depth, and the exposed walls were insulated
to minimize heat exchange. To facilitate infrastructure maintenance, the mesocosms were
connected with underground channels.

www.aquacosm.eu
https://mgm.gov.tr/
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Figure 1. The two mesocosm facilities (MF) were established in the central Anatolian plateau and 
on the Mediterranean coastline to cover two dry climatic regions (a). Monthly variations of mini-
mum and maximum air temperatures from Ankara (b) and Mersin (c) are shown as average histor-
ical data (1981–2010) and data from 2021. Aerial photos of the facilities in Ankara (d) and Mersin (e) 
are given below. 
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port. The mesocosms were buried at 1 m depth, and the exposed walls were insulated to 
minimize heat exchange. To facilitate infrastructure maintenance, the mesocosms were 
connected with underground channels.  

To prevent stratification, the water in each mesocosm was circulated with an aquar-
ium wave maker (5 watts of power) that was fixed 15 cm above the sediment and facing 
45° upwards to the surface and ran throughout the experiment. Half of the mesocosms 
were equipped with glass heaters with a total capacity of 3–4 kW per mesocosm. 

To provide dynamic heating for temperature increase simulations, selected meso-
cosms were heated according to measurements of reference non-heated mesocosms. All 
the mesocosms were equipped with a microprocessor-based (Arduino Nano) controller, 
temperature sensors, and a logging system. An open-source user interface controller pro-
gram was developed in the Java programming language using the Processing 3 software 
program [24]. System communication was made based on the UDP protocol over the 
Ethernet network, which was the fastest method. The microprocessor controls the auto-
matic activation and deactivation of the heating elements in the selected mesocosms ac-
cording to the desired increase in mean temperature of the real-time measurements from 

Figure 1. The two mesocosm facilities (MF) were established in the central Anatolian plateau and on
the Mediterranean coastline to cover two dry climatic regions (a). Monthly variations of minimum
and maximum air temperatures from Ankara (b) and Mersin (c) are shown as average historical
data (1981–2010) and data from 2021. Aerial photos of the facilities in Ankara (d) and Mersin (e) are
given below.

To prevent stratification, the water in each mesocosm was circulated with an aquarium
wave maker (5 watts of power) that was fixed 15 cm above the sediment and facing 45◦

upwards to the surface and ran throughout the experiment. Half of the mesocosms were
equipped with glass heaters with a total capacity of 3–4 kW per mesocosm.

To provide dynamic heating for temperature increase simulations, selected mesocosms
were heated according to measurements of reference non-heated mesocosms. All the meso-
cosms were equipped with a microprocessor-based (Arduino Nano) controller, temperature
sensors, and a logging system. An open-source user interface controller program was de-
veloped in the Java programming language using the Processing 3 software program [24].
System communication was made based on the UDP protocol over the Ethernet network,
which was the fastest method. The microprocessor controls the automatic activation and
deactivation of the heating elements in the selected mesocosms according to the desired
increase in mean temperature of the real-time measurements from the selected reference
mesocosms. Each electronic board hosting four microprocessors is connected to Ether-
net communication modules (Enc28j60), 12 K Type thermocouple temperature sensors
(Max6675 module), Arduino-compatible RTC clock modules, solid-state relays to power
heaters, an Ethernet switch, and a 5-volt power supply energy module. A series of alarms
were designed in the event of potential failures. When the electronic cards detect an alarm,
they are monitored in the interface program over the Ethernet network and broadcasted
as a direct message instantly on a Twitter account. At the same time, the system software
keeps an instant log of historical data in a file on the server and the cloud.
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2.2. Mesocosm Ecosystems and Inoculation of Aquatic Communities

Each mesocosm received 30 cm of sediment to simulate realistic sediment biogeo-
chemistry and redox gradient, which is especially important in greenhouse gas (GHG)
dynamics research and for elucidating the benthic-pelagic coupling. The sediment was
prepared with 50% silicate sand and 50% natural lake sediment collected from Lake Uyuz
(salinity 1.64 g/L) and Lake Kozanlı (salinity 1.0 g/L) and transported to each facility
simultaneously (Figure 1). The silicate sand and natural sediment were mixed thoroughly
and distributed evenly to the mesocosms.

The mesocosms were filled with groundwater (1.2 m water column height), and water
loss due to evaporation was compensated biweekly by groundwater addition. At all sites,
the groundwater had high nutrient concentrations. We planned to run the experiment
under eutrophic conditions (75 µg/L of TP and 1500 µg/L of TN) to reflect the structure
of the targeted ecosystems [25,26], assuming a TN:TP weight ratio of ~20:1. Due to the
high N concentration in the groundwater in both Ankara and Mersin, the desired ratio was
not achieved. For the first experiment, the initial total phosphorus concentrations were
39.6 and 31 µg/L, and the total nitrogen concentrations were 3701 and 3972 µg/L in Ankara
and Mersin, respectively. Based on this, 35.4 and 44 µg/L P were added in all mesocosms
in Ankara and Mersin, respectively, to sustain the desired loading (no N was added). For
the second experiment, the initial total phosphorus concentrations were 39 and 40 µg/L,
and the total nitrogen concentrations were 1418 and 1809 µg/L in Ankara and Mersin,
respectively. We then added 36 and 35 µg/L P in all mesocosms in Ankara and Mersin,
respectively, and 390 µg/L N only in Ankara to compensate for the differences between
places. We employed a fixed loading approach for the nutrient additions to compensate
for nutrient loss during the experiments. We performed weekly additions of N and P as
proposed by [11], with a 1:20 ratio of P:N by weight and assuming a monthly loss rate
of 25% (18.75 µg/L/month of P and 375 µg/L/month of N) for the first experiment. For
the second experiment, we assumed a monthly loss of 40% to prevent nutrient limitation
(30 µg/L/month of P and 600 µg/L/month of N). We used NaH2PO4 as a source of P and
Ca(NO3)2 and NH4Cl as sources of N.

Each mesocosm was stocked with submerged macrophytes from five coastal lagoons
with markedly different salinities from the Göksu Delta area in Silifke, Mersin (Figure 1).
The macrophytes were planted in the sediments of all the mesocosms immediately be-
fore the first experiment (eight clusters of around five shoots per mesocosm). The most
abundant macrophyte in the mesocosms was the brackish species Ruppia cirrhosa (Petagna)
Grande, followed by Stuckenia pectinata (L.) Börner. A few shots of the freshwater species
Ceratophyllum demersum L. and Myriophyllum sp. emerged later, probably deriving from
resting stages in the sediment added to the mesocosms from the low-saline Lakes Uyuz
and Kozanlı (Figure 1).

Alburnus escherichii Steindachner, 1897, a native fish species of Anatolia, was stocked
in the mesocosms due to its high salinity and eutrophication tolerance. Fish were collected
overnight from Üçbaşlar pond (40◦25′9.64′′N, 32◦41′40.75′′ E) near Kızılcahamam, Ankara,
using custom-made bait traps. The collected fish were kept oxygenated in 250-Liter tanks
and distributed between the two facilities within 2 days. Each mesocosm received four fish;
the fish were acclimated in 7 L of water from the stock aquarium and 7 L of water from the
mesocosm for 10 min before being added to the mesocosms. Fish deaths were monitored
in the mesocosms daily. Dead fish were removed from the mesocosms and substituted.
As it was difficult to monitor fish presence in the turbid mesocosms, we set up baited fish
traps that were hung 20 cm above the sediment. If no fish/fish movement was detected
for >7 days, extra fish were added to compensate for the loss. We conducted fish stocking
to compensate for fish deaths in the mesocosms with 0–14 g/L of salinity. However, no
additional stocking was conducted when the mesocosms reached a salinity of 17 g/L or
higher because it is known that A. escherichii has a salinity threshold of 12–17 g/L.

In addition to the initial stocking with natural sediment, macrophytes, and fish, each
mesocosm received a living inoculum of plankton and lake sediment from five shallow
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coastal lakes and ponds in the Göksu River delta, Silifke, and Mersin, with contrasting
salinities (8–36 g/L). Plankton was gathered by hauling it into the water with nets of
different mesh sizes (20 and 140 µm). Sediment inoculum was taken with a sledge on the
bottom and near the shore with a sweep net, and all was filtered on a 500 µm mesh. To
equalize the effort, the sampling (hauling and sledging), conducted by six people, lasted
for about 20 min at each site. All inoculums from the five sites were added to three 100-L
tanks and kept oxygenated: one for sediment and macroinvertebrates, one for large-bodied
plankton (>140 µm), and one for small plankton (unfiltered water + the 20 µm samples).
All inoculum was distributed equally to the mesocosm facilities at each site within two
days of sampling. Since all mesocosms were in a freshwater state when the inoculum was
initially added, we added a second inoculum when the target salinity concentration was
reached (first gradient experiment) on 8 December 2021. This time the inoculum was only
taken from a high-saline lake, Lake Acıgöl, Konya, with a salinity of 68.8 g/L and high
densities of Artemia sp. (Figure 1).

2.3. Experiment 1

To elucidate the threshold response of shallow lakes to increasing salinity, we con-
ducted a salinity gradient experiment with 16 different salinity levels between 9 September
2021, and 13 May 2022. After the mesocosm set-up for sediment and biota inoculation,
as explained above, salt treatments were applied. During the first month of the experi-
ment, we studied the short-term response to increasing salinity by raising the salinity daily
by 1/30 of the target concentration with salt additions (salinization phase). The salinity
treatments were applied at 0, 2, 4, 6, 8, 10, 12, 14, 17, 20, 23, 26, 30, 35, 40, and 50 g/L salt
concentrations. The selected salinity range reflected the observed salinities in the central
Anatolian lakes sampled. We maintained the target concentration for the subsequent five
months, including the winter (stable phase), followed by 50 days of desalinization, which
was achieved by the daily removal of 10% of the mesocosm water and substituting it
with groundwater (desalinization phase). This allowed us to study the effects of stable
conditions and both sharp increases and decreases in salinities during autumn and winter
at changing temperatures. As the same experiment was run synchronically in the two
different climatic regions with different temperatures, the results also provide insights
into climate differences, although the temperature was not included as a treatment as in a
factorial-designed study (e.g., experiment 2).

The ion composition of the Central Anatolian lakes is constituted by common major
ions (mainly NaCl) as well as sulfate (SO4), reflecting the sedimentary rock geology with
the presence of gypsum in the catchment. Sulfate is especially important for methane efflux
as it (i) favors sulfate-reducing bacteria, which in turn outcompete methane producers, and
(ii) oxidizes methane in the water column [27,28]. Therefore, the salt treatments included
a mixture of NaCl and SO4 (in the form of Na2SO4). The SO4 to chlorine (i.e., salinity)
ratio is virtually constant in coastal wetlands; in inland waters, it is more variable, albeit
generally higher than in seawater, reflecting the effects of local geology. Therefore, we used
the nominal seawater ratio (2.69 g/L SO4 to 35 g/L salinity), as this provides adequate SO4
availability in the system [27,29]. Na2SO4 contributed nearly twice as much as NaCl to the
total salinity [30], which was taken into account when calculating the needed amounts of
salts to achieve the target salinities. Small changes in salinity resulting from evaporation or
rainfall were effectively balanced by adding salts with the same SO4-to-chlorine ratio. The
sampling methodology is described in Section 2.5.

2.4. Experiment 2

To elucidate how extreme heatwave events in combination with salinity stress affect
the ecosystem structure and function of shallow lakes, we conducted a factorial-designed
heatwave experiment, where two different temperature regimes (ambient temperature and
a two-week heatwave with an increase in temperature of +6 ◦C) were crossed with two
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different salinity levels (4 and 40 g/L), all having four replicates. The experiment was
conducted between 29 August and 3 November 2022.

Before the desalinization phase of the first experiment, four extra unused mesocosms
at both sites received water from four mesocosms with similar salinities (final salinities of
3, 11, 21.5, and 39 g/L, obtained by combining water from the different treatments from ex-
periment 1), acting as inoculum for the second experiment. Sediment, water, macrophytes,
and fish from the experimental mesocosms were also kept at similar salinities and later
used to back-inoculate the experimental mesocosms before the second experiment. The
experimental mesocosms from the gradient experiment were randomly selected for the
second experiment without disturbing the sediment. The water was completely removed
and renewed with fresh groundwater many times until all mesocosms and sediments had
similar low salinities. Later, the salinity was adjusted to two levels (4 and 40 g/L), as
described above. Then, the water column in the mesocosms from each salinity treatment
was homogenized by mixing the water column between each mesocosm (by high-capacity
pumps in Ankara and a 20 m3 water tank in Mersin) many times to create similar water
column starting conditions. The 4 and 40 g/L mesocosms were inoculated with sediment
and water from the four local inoculation mesocosms. Furthermore, a mixture of inocula-
tions was prepared from all mesocosms in each salinity group in both Ankara and Mersin
facilities and cross-distributed between these two facilities. All mesocosms were further
inoculated with submerged macrophytes (R. cirrhosa, and S. pectinata 10% coverage per
mesocosm), and the ones with 4 g/L salinity received four fish per mesocosm (no fish at
the high salinity, as fish would not survive). Furthermore, an extra inoculum of water
and sediment from the high-saline Acıgöl Lake in Konya was added to all mesocosms,
aiming to include Artemia sp. as an additional trophic level in the mesocosms with 40 g/L
of salinity.

After creating homogeneous starting conditions, the mesocosms were left to settle for
two weeks before sampling. The experiments were conducted in three phases: (i) three
weeks of ambient temperatures; (ii) two weeks of a +6 ◦C heatwave and control treat-
ment; and (iii) three weeks of ambient temperatures after the heatwave. So, we had three
different periods during the experiment, which included: pre-heatwave, heatwave, and
post-heatwave. The heatwave was applied over 3 days with a 2 ◦C increase at the start of
each day or a 2 ◦C decrease at the end of each day. The sampling methodology is described
in Section 2.5.

2.5. Sampling and Analyses

All mesocosms were sampled for the basic physicochemical and biological variables
at varying frequencies, ranging from twice a week to once a month, reflecting the expected
rate of change in the experimental tanks. For each sampling event, several variables
were measured. First, temperature, conductivity, salinity, dissolved oxygen, and pH were
logged with portable sensors (YSI ProDSS in Mersin and YSI 556 MPS in Ankara), and
water transparency was measured with a Secchi disc. Second, mesocosm depth-integrated
water column samples were taken with a tube sampler for water chemistry and plankton
analyses. Water samples were stored in polyethylene bottles for analyses of chlorophyll-a
(chl-a), suspended solids (SS), alkalinity, and nutrient concentrations. Chl-a concentrations
were determined after pigment extraction with absolute ethanol, and the absorbances
were measured in a spectrophotometer at 663 and 750 nm wavelength [31]. The SS was
measured by filtering a known volume of water onto a pre-weighted GF-C filter and then
oven-dried for 12 h at 105 ◦C. The difference between the final and initial weights was
considered the SS concentration (mg/L). For alkalinity, we followed the method of [32],
which recommends titration of unfiltered water using phenolphthalein, B.D.H. 4.5 indicator,
and 0.01 N hydrochloric acid for determination of the concentration of bicarbonate and
carbonate in the water.

Total phosphorus (TP) and soluble-reactive phosphorus (SRP) were determined by the
ammonium molybdate and ascorbic acid reduction methods [33]. In the first experiment,
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the concentrations of nitrate (NO3) + nitrite (NO2) and total nitrogen (TN) were assessed by
an automated Skalar N autoanalyzer. Total nitrogen samples were digested at 90 ◦C with
an alkaline persulfate solution [34]. In the heatwave experiment (experiment 2), N analyses
were carried out using a Seal Analytical (Norderstedt, Germany) AA3 autoanalyzer [35]. In
this case, TN samples were autoclaved at 115 ◦C for 120 min with an alkaline persulfate
solution with a ratio of 1:10 for digestion and then measured as NO3 [35].

We tested the potential effect of high salinities on the P and N analyses [33]. For this
purpose, we prepared a set of treatments with known concentrations of P (0, 20, 40, 100,
200, and 400 µg/L) crossed with the salinities 0, 2, 4, 10, 26, and 50 g/L, or N (200, 800,
and 1600 µg/L) crossed with the salinities 0, 4, 10, 17, 26, 35, and 50 g/L. The standard
solutions were prepared using potassium phosphate (KH2PO4), potassium nitrate (KNO3),
and sodium chloride (NaCl). After that, the samples were analyzed and calibrated with
standards with different salinity matrixes: 0, 10, and 50 g/L for SRP; 0 and 50 g/L for TP,
and 0 g/L for NO2, NO3, and TN. Salinity did not significantly interfere with the P or
SRP analyses independent of the P concentration or salinity matrix used (0, 10, or 50 g/L)
with an average error of 5%, confirming that the analysis method was accurate for both
freshwater and saline samples in this experiment (Figure S1a–e). For the N analyses, a
slight decrease in N concentrations was observed in the samples with 50 g/L salinity
with an average error of 8%, which was considered acceptable for our purpose. Higher
deviations were observed at low N concentrations (i.e., 200 µg/L) (Figure S1f).

The submerged macrophyte coverages were assessed at the end of the experiments.
The macrophyte percent volume infested (PVI%) was calculated as coverage multiplied by
plant height divided by mesocosm depth [36]. Fish were constantly monitored for presence
and survival in the different treatments. Here, we only report the standard sampling
protocol for both experiments including some key variables (e.g., salinity, temperature,
water transparency, chl-a, SS, SRP, TP, NO3 + NO2, TN, and macrophytes PVI%), but several
other parameters were also measured during the experiments (e.g., dissolved oxygen, pH,
alkalinity, major ions, photosynthetic pigments, GHG emissions, metagenomics, periphy-
ton, phyto- and zooplankton, etc.) depending on the specific research requirements, and
the results of these measurements will be presented elsewhere.

2.6. Statistical Analyses

All the statistical analyses were performed in the programming language R
(version 4.3.0) [37]. All the graphs were created using the package ggplot2 in R [38].
For the first experiment, we generated generalized additive models (GAM), assuming
a Gaussian distribution of the data, to estimate the relationships between the response
variables and salinity using the package mgcv in R [39]. For the second experiment, because
of the presence of some non-normal or non-homogeneous data, we compared the effects of
the factors place, salinity, heating, and phases of the experiment on the response variables
with a four-way analysis of variance with aligned rank transformation (ART-ANOVA)
using the package ARTool in R [40]. Significant differences between the means were further
verified with the Tukey pairwise comparison test between the factors heating and phases.

3. Results and Discussion
3.1. Experiment 1

The salt concentrations increased linearly to the target salinity level during the first
30 days of the experiment, as planned (Figure 2a,b). The rate of salt loss to the sediment was
lower than anticipated, and only ~5% extra salt was added whenever needed to maintain
the desired stable salinity. We also observed water loss due to evaporation (on average:
120–150 L for Mersin and 60–120 L for Ankara, which was less than 4% of the volume at both
sites). This was compensated for by adding fresh groundwater to the mesocosms whenever
needed. The temperature differences between the two experimental facilities were reflected
in the water temperature in the mesocosms, with differences ranging between 2.9 ◦C during
spring and 9.7 ◦C during autumn (Figure 2c,d).
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All water transparency and nutrient concentration variables showed a significant
non-linear relationship with the salinity gradient during the stable phase (generalized
additive models with p < 0.001; Figures 3 and 4). There were similar patterns for most of the
measured parameters between the Mersin and Ankara mesocosms, except for SS and SRP.

The mesocosms in both Ankara and Mersin had high water clarity in the mid-salinity
range coupled with high turbidity in the low- and high-salinity ranges (Figure 3). However,
the threshold salinities were different between the sites and the mesocosms in Mersin
tended to be more turbid. Ankara mesocosms were clear from 4 to 40 g/L salinity (except
6 g/L), and water transparency reached the bottom on most sampling days. However, the
water was turbid in most of the mesocosms with low salinity concentrations (0, 2, and 6 g/L
salts) and 50 g/L concentration (Figure 3a). In Mersin, the mesocosms with low salinity
concentrations (0–8 g/L) were turbid, whereas the mesocosms with intermediate salinity
were clear (10–23 g/L), and the high salinity mesocosms were again turbid (26–50 g/L,
except for 35 g/L) (Figure 3b). Lower chl-a concentrations were observed in Ankara from
salinities of 0 to 26 g/L, which increased almost linearly from 30 g/L of salts (Figure 3c). In
Mersin, chl-a concentrations showed some fluctuations along the gradient from 0 to 35 g/L
and increased abruptly from 40 g/L (Figure 3d). In general, Mersin mesocosms had higher
chl-a concentrations than those in Ankara. The SS concentrations remained low in Ankara
at low and intermediate salinities (0–17 g/L), increasing almost linearly after this threshold
(Figure 3e). In Mersin, however, SS concentrations were generally higher than in Ankara,
decreased linearly from 0 to 17 g/L, and increased again after this salinity (Figure 3f).
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Figure 3. Response variable values estimated through generalized additive models (GAM) for Secchi
disc water transparency (a,b), chlorophyll-a concentrations (c,d), and total suspended solids (e,f) in
Ankara and Mersin, respectively, and their response to the salinity gradient in the stable phase of
the experiment. Effective degrees of freedom (e.d.f), R-squared (adjusted), and significance of the
relationships (p-values) are provided. Solid lines are the estimated response variables and dashed
lines represent the 95% confidence intervals. All models were highly significant (p < 0.001).
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The turbidity at lower salinities was likely due to fish activity (see below), while
at higher salinities, it was likely due to both high phytoplankton growth and inorganic
turbidity triggered by high salinities (Figure 5). The physicochemical effect of high salinities
on the flocculation dynamics of suspended particulate matter in the water column has
been widely observed in brackish waters [41]. Fine-grained suspended particulate matter
may aggregate to form larger and porous flocs in such waters as a result of biogeochemical
conditions such as organic/inorganic content, ionic strength, and extracellular polymeric
substances [42].
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Figure 5. Variation of water transparency (a), total (b), inorganic (c), and organic (d) fractions of
suspended solids (SS) in the mesocosms over time (8–29 December 2021) before and after the fish
removal in the mesocosm with 0 g/L salinity on 8 December.

After some weeks, the low salinity mesocosms started to show high turbidity
(Figure 5a) with a high inorganic fraction (>50%; Figure 5b,c). To elucidate the causes
of this turbidity, we removed the fish for three weeks in the mesocosm with a salinity of
0 g/L. After that, total SS and the inorganic fraction decreased in that mesocosm, while the
other mesocosms with fish (salinities 2–14 g/L) showed an increasing pattern over time.
The organic SS remained constant in all treatments with lower salinities (Figure 5d). This
clearly suggests that fish caused the resuspension of inorganic matter from the sediment,
which has been widely observed in shallow lake ecosystems [43]. These changes were also
reflected in the water transparency, which correlated negatively with SS (Figure 5a).

Even though we added the same amount of N and P to all mesocosms every week,
the treatments showed different nutrient concentrations relative to the salinity treatments
(Figure 4). In general, higher concentrations of P and N were observed in Mersin than
in Ankara. The target phosphorus concentration was achieved in the second week of the
experiment (16 September) after the initial additions of nutrients. After that, TP and TN
concentrations showed a U-shaped response to the salinity gradient in both experimental
facilities, with high concentrations in the freshwater and low salinity mesocosms (0–12 g/L
of salts), decreasing concentrations in the intermediate salinity mesocosms, followed by
another increase in the high salinity mesocosms (35–50 g/L salts). In both places, TP showed
similar concentrations at both extremes of the salinity gradient, while TN presented higher
concentrations at high salinities (Figure 4c,d,g,h). This is in line with previous studies,
which have shown that salinization enhances nitrogen retention in semi-arid lakes [44].
The SRP concentrations were lower in the Ankara facility than in the Mersin facility.
In Ankara, there was a U-shaped relationship in SRP concentrations with a decreasing
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pattern from 0 to 14 g/L followed by an increase after 20 g/L, while in Mersin SRP
concentrations remained stable at low and intermediate salt concentrations followed by an
increase after 30 g/L of salts (Figure 5a,b). The concentrations of NO3 + NO2 decreased
markedly after the first phase of the experiment at both sites, with higher concentrations
at salinities 0–6 and 0–10 g/L in Ankara and Mersin, respectively. After those thresholds,
NO3 + NO2 concentrations markedly decreased along the salinity gradient (Figure 4e,f).
This large reduction in NO3 + NO2 concentrations due to salinization may reflect the
stimulatory effects of sulfide (as we added SO4 in a ratio of 2.69 g/L to 35 g/L of salinity)
on dissimilatory nitrate reduction to ammonium, which can reduce NO3 levels but keep
TN high [45].

During the desalinization phase of the experiment, the macrophytes showed different
developments in the mesocosms in Ankara depending on light conditions and salinity.
The turbid, less saline mesocosm (2 g/L), together with the high-salinity mesocosms
(23–50 g/L), had a lower or zero macrophyte PVI% than the low and medium turbidity
mesocosms (salinities 0 and 4–20 g/L). A similar pattern was observed in Mersin, however,
with no or low macrophyte growth at some less saline mesocosms (0 and 6 g/L), where
turbidity was high, and high salinity treatments (30–50 g/L). Salinity affected macrophyte
PVI%, as almost no plant grew at 30–50 g/L salinity, even during desalinization, although
some macrophytes remained alive for the duration of the experiment (Figure 6). During
the stable phase, no fish survived at salinities between 17 and 50 g/L.
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the salinity gradient during the desalinization (13 May 2022) phase of the experiment.

3.2. Experiment 2

The second synchronized mesocosm experiment tested the impact of a heatwave
crossed with relatively low (4 g/L) and high salinities (40 g/L) in both mesocosm facili-
ties. There was a gradual decrease in water temperatures (13.7 ◦C in Ankara and 10.1 ◦C
in Mersin) over the two-month duration of the experiment reflecting the seasonal cli-
matic pattern (Figure 7). An extra natural heatwave of c. 2.3 ◦C in Ankara and 2.9 ◦C
in Mersin occurred during the induced heatwave period. After the initial three weeks of
pre-heatwave, the temperature simulation successfully induced a 6 ◦C heatwave for two
weeks in the respective treatments, followed by three weeks of post-heatwave period at
ambient temperatures (Figure 7).

There were pronounced differences in water transparency, chl-a, SS, SRP, TP, NO3 + NO2,
and TN between the colder Ankara and the warmer Mersin site, both between the salinities
of 4 and 40 g/L (except for NO3 + NO2), as well as in the phases of the experiment. However,
the response to the heating treatment was less clear (with significant differences only for
SS and NO3 + NO2). Several significant interactions between the factors of place, salinity
treatment, heating treatment, and phases were registered for different variables (Table S1).
Overall, mesocosms in Mersin, or at salinity 40 g/L in both places, were more turbid with
higher concentrations of chl-a, SS, TP, and TN. Higher SRP values were observed in Mersin
or at a salinity of 4 g/L, while NO3 + NO2 was higher in Ankara or at a salinity of 40 g/L
(Figures 8 and 9, Table S1).
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For the variables related to turbidity in Ankara, water transparency, chl-a, and SS
did not differ among phases or heating treatments for the mesocosms with a salinity of
4·g/L. At a salinity of 40 g/L, the heating treatment delayed the effects of seasonality on
SS, which did not differ between the phases, while in ambient temperature mesocosms, the
post-heatwave showed higher SS concentrations than at the start of the experiment. Similar
patterns between the heating and ambient temperature treatment were observed for water
transparency and chl-a, which were caused by seasonality (Figure 8a,c,e).

Water 2023, 15, x FOR PEER REVIEW 14 of 22 
 

 

NO3 + NO2 concentrations markedly decreased along the salinity gradient (Figure 4e,f). 
This large reduction in NO3 + NO2 concentrations due to salinization may reflect the stim-
ulatory effects of sulfide (as we added SO4 in a ratio of 2.69 g/L to 35 g/L of salinity) on 
dissimilatory nitrate reduction to ammonium, which can reduce NO3 levels but keep TN 
high [45]. 

During the desalinization phase of the experiment, the macrophytes showed differ-
ent developments in the mesocosms in Ankara depending on light conditions and salinity. 
The turbid, less saline mesocosm (2 g/L), together with the high-salinity mesocosms (23–
50 g/L), had a lower or zero macrophyte PVI% than the low and medium turbidity meso-
cosms (salinities 0 and 4–20 g/L). A similar pattern was observed in Mersin, however, with 
no or low macrophyte growth at some less saline mesocosms (0 and 6 g/L), where turbidity 
was high, and high salinity treatments (30–50 g/L). Salinity affected macrophyte PVI%, as 
almost no plant grew at 30–50 g/L salinity, even during desalinization, although some 
macrophytes remained alive for the duration of the experiment (Figure 6). During the sta-
ble phase, no fish survived at salinities between 17 and 50 g/L. 

 
Figure 6. Macrophyte percent volume infested (PVI%) in Ankara and Mersin and their response to 
the salinity gradient during the desalinization (13 May 2022) phase of the experiment. 

3.2. Experiment 2 
The second synchronized mesocosm experiment tested the impact of a heatwave 

crossed with relatively low (4 g/L) and high salinities (40 g/L) in both mesocosm facilities. 
There was a gradual decrease in water temperatures (13.7 °C in Ankara and 10.1 °C in 
Mersin) over the two-month duration of the experiment reflecting the seasonal climatic 
pattern (Figure 7). An extra natural heatwave of c. 2.3 °C in Ankara and 2.9 °C in Mersin 
occurred during the induced heatwave period. After the initial three weeks of pre-heat-
wave, the temperature simulation successfully induced a 6 °C heatwave for two weeks in 
the respective treatments, followed by three weeks of post-heatwave period at ambient 
temperatures (Figure 7). 

 
Figure 7. The water temperature changes in the ambient and heated mesocosms with salinities of 4 
and 40 g/L in Ankara (a) and Mersin (b). The heatwave period started on 22 September and reached 
6 °C compared to the ambient temperature in reference mesocosms on 26 September. 

Figure 7. The water temperature changes in the ambient and heated mesocosms with salinities of
4 and 40 g/L in Ankara (a) and Mersin (b). The heatwave period started on 22 September and reached
6 ◦C compared to the ambient temperature in reference mesocosms on 26 September.
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Figure 8. Variation of water transparency (a,b), chlorophyll-a (c,d), and suspended solids (e,f) in the
treatments with 4 and 40 g/L salinity crossed with ambient temperatures and heatwave treatments
at the start of the experiment, at the beginning (Pre-Heatwave), during (Heatwave), and after (Post-
Heatwave) the heatwave period in Ankara and Mersin mesocosm facilities. Boxplots are given with
black lines representing the median, the limit of the boxes representing the 25th and 75th percentiles,
and dots are the outliers. Different letters represent significant differences between the treatments
and phases.
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phytes development occurred in both the colder Ankara and the warmer Mersin in the 4 
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where the inoculum was collected, and the mesocosms. 

Figure 9. Variation of soluble reactive phosphorus (a,b), total phosphorus (c,d), nitrite and nitrate
(e,f), and total nitrogen (g,h) in the treatments with 4 and 40 g/L salinity crossed with ambient tem-
peratures and heatwave treatments at the start of the experiment, at the beginning (Pre-Heatwave),
during (Heatwave), and after (Post-Heatwave) the heatwave period in Ankara and Mersin mesocosm
facilities. Boxplots are given with black lines representing the median, the limit of the boxes repre-
senting the 25th and 75th percentiles, and dots are the outliers. Different letters represent significant
differences between the treatments and phases.

In Mersin, at a salinity of 4 g/L, SS and chl-a concentrations during the heatwave and
post-heatwave periods (and water transparency only during the post-heatwave) differed
from the starting conditions in both heating and ambient temperature treatments, showing
similar seasonal patterns. At a salinity of 40 g/L, water transparency showed a similar
pattern between the phases for both heating and ambient temperature treatments. Chl-a at
40 g/L did not differ between the phases in the ambient temperature treatment, while the
heating treatment had lower chl-a during the post-heatwave period than the pre-heatwave
period. For SS at 40 g/L, there was again a delay in the seasonal response due to the
heating treatment, i.e., no differences between the heatwave and pre-heatwave periods in
heating treatment, while there was a significant increase during the heatwave period for
the ambient temperature treatment (Figure 8b,d,f).
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Regarding nutrient concentrations in Ankara mesocosms, SRP, TP, and NO3 + NO2
did not differ among phases or heating treatments in the 4 g/L salinity treatment. There
was a significant effect of the heating treatment on TN concentrations at 4 g/L salinity, with
differences between the post-heatwave and starting conditions, while no differences were
observed in the ambient temperature treatment. At 40 g/L, the differences for SRP and
NO3 + NO2 were due to seasonality as the differences were parallel in ambient temperature
and heating treatments. Heating treatment affected TP during the heatwave, which differed
from the starting conditions, while no differences were observed in the ambient temperature
treatment. In ambient temperature treatment, both heatwave and post-heatwave periods
had higher TN than the pre-heatwave, while in heating treatment this difference was
delayed to the post-heatwave period (Figure 9a,c,e,g).

In Mersin, differences in NO3 + NO2 at 4 g/L were due to seasonality. However, SRP
did not increase after the heatwave in the heating treatment to the extent as it did in the
ambient temperature treatment. The same happened for TP, where the heatwave period
did not increase compared to the pre-heatwave in heating treatment, contrasting with
what was observed at ambient temperature treatment. The heatwave decreased TN, but
it became similar to the pre-heatwave again after the heatwave in the heating treatment,
while it remained lower at ambient temperature treatment. At 40 g/L in Mersin, SRP, and
TP concentrations did not differ among phases or heating treatments. On the other hand,
the heatwave period had a higher TN than the starting conditions for heating treatment,
while these periods did not differ at ambient temperatures. NO3 + NO2 concentrations in
the post-heatwave remained similar to the pre-heatwave in heated mesocosms, while they
increased at ambient temperature treatment (Figure 9b,d,f,h).

Regarding macrophyte PVI, no macrophytes were observed in the 40 g/L mesocosms
at the Mersin facility, and almost no macrophytes at the Ankara facility. Rigorous macro-
phytes development occurred in both the colder Ankara and the warmer Mersin in the
4 g/L salinity treatment, especially at the latter facility (100%), without any significant
differences between the mesocosms with ambient temperature and heatwave treatments
(Figure 10). All the stocked fish survived until the end of the experiment at 4 g/L salinity.
However, the added Artemia sp. did not survive after the inoculations, even at 40 g/L,
probably due to the contrasting environmental conditions between the natural field sites,
where the inoculum was collected, and the mesocosms.
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4. Conclusions and Recommendations

Both the salinity gradient and the factorial heatwave-salinity experiments demon-
strated a strong role of salinity in ecosystem structure and functioning, which was further
affected by the natural climate differences between the two facilities. The salinity gradient
experiment revealed a strong response in productivity (i.e., chl-a) and water transparency
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modulated by the temperature. The effect of climate was very pronounced between the
semi-dry central Anatolia and Mediterranean climates. However, no significant effect of the
two-week heatwave in the second experiment was observed for either water transparency
or nutrient concentrations. The results highlight the need for further experimental research
into the combined effect of salinization and climate change (e.g., temperature) on aquatic
ecosystems, especially in arid landscapes.

Conducting mesocosm experiments in saline and hypersaline environments presents
challenges regarding logistics, ecosystem simulation, monitoring, control systems, and
sampling. Here, we summarize the limitations and challenges that we encountered and
provide the best practice recommendations for future research.

(1) High salinities cause a corrosive working environment, which is further exacerbated
by UV radiation in exposed mesocosms. Therefore, the design of the mesocosms,
sensors, and all other design elements should be resistant to corrosion. HDPE tanks
are readily available as they are also used in the food industry and are a good choice
due to their resistance to salinity and UV. However, they have less structural durability
and can easily be damaged by physical forces. Therefore, enforced ground (concrete
or compacted sand if the groundwater table is high), as well as thick support material
for walls, should be employed. Another advantage of HDPE tanks is that they can be
repaired using heat in case of minor damage. The sensors should also be resistant to
high corrosion environments, requiring the use of, for instance, plastic or titanium-
coated materials. If stainless steel is desired, the type of steel used must be able to resist
salinities higher than marine levels. The corrosion risk is especially concerning for
heating elements. Conventional stainless steel or Teflon-coated heaters could easily fail
as an electric field in saline waters entails fast corrosion of metal parts. Conventional
aquarium heaters are resistant to saline waters, but they have limited capacity and
require a large amount of heater use, and high-capacity aquarium heaters generally
work with a circulation pump, which is not desired for natural experiments. We,
therefore, recommend the application of specially designed high-capacity industrial
heating elements enclosed in heat-resistant glass tubes.

(2) High-salinity water has high conductivity for electricity, which poses challenges for
elevated electrification hazards, especially if heating is involved. Frequent safety
training as well as safety switches are recommended. Due to the high salinity and
consequent high conductivity, there is also an increased risk of sensor interference.
The sensors should be well grounded, and sensors with circuit-verified electricity
shield components should be selected. A trial before a bulk purchase is recommended.

(3) The majority of the sensors available on the market are focused on freshwater and
marine research (salinity < 38 g/L). Therefore, the overall design and calibration algo-
rithms are generally not optimized for very high salinities (>40 g/L). Consequently, it
should be verified with the suppliers if the sensors are calibrated for high salinities
and if the potential interferences with major ions are not a problem. It can also be
checked with the suppliers to see if it is possible to add extra calibration parameters
to the sensor algorithms.

(4) High salinities create a challenge for chemistry analyses. The majority of the chemical
analyses can only be conducted within specific salinity ranges, and some of the
reactions are prone to interference at a high concentration of major ions, so the analysis
matrix should correspond to the salinity range of the samples. Considering that the
majority of traditional laboratory facilities optimize their workflow and know-how
with a focus on either freshwater or marine ecosystems, the laboratory procedures
should be thoroughly verified by the scientific and technical teams before designing
and implementing a mesocosm experiment. Experimental salinity treatments may
result in a large salinity gradient in the sample pool, which requires different salinity
matrixes in the eluent as well as potentially different analysis methods. Dilution of
samples, as long as the desired parameter has sufficiently high concentrations, could
be applied. Therefore, grouping samples according to salinity concentrations and
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conducting the analyses according to salinity levels in these groups would be the best
practice. Laboratories conducting experimental research on salinity gradients should
be ready to work with different sample matrixes and analysis methods.

(5) Experimental set-ups across large salinity gradients pose complications for biota
inoculation. Even with a high salinity tolerance range, organisms require a longer
adaptation time before being released into environments with different salinities.
Therefore, higher logistics demand and longer handling times should be expected
for successful inoculations. Several large and well-equipped inoculation adaptation
mesocosms at targeted salinity levels could be useful for the experimental mesocosms.
Furthermore, high mortality rates (of fish, for example) should be expected, and thus
successive inoculations with larger inoculum populations should be anticipated.

Overall, a mesocosm experiment covering a large salinity gradient poses logistics con-
straints and implementation challenges beyond the traditional research realms of freshwater
and marine ecosystems. Therefore, forming interdisciplinary research teams, facilitating
know-how exchange, as well as careful evaluation of logistic needs, and analysis methods
are needed for undertaking successful mesocosm experiments. According to the H2020-
funded AQUACOSM and AQUACOSM-plus projects’ networks (www.aquacosm.eu,
accessed on 1 May 2023), which is the largest aquatic mesocosms network in Europe,
there are currently 58 mesocosm facilities located across Europe. Our newly established
two facilities in central and south Anatolia add to the growing network of mesocosm facili-
ties in Europe as well as expand the climate gradient and contribute to the advancement of
experimental ecology research in the region.
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and total nitrogen (TN) (f) quantifications. The standards and samples were prepared with different
phosphorus, nitrogen, and salinity concentrations and calibrated with different salinity matrixes
(0, 10, and/or 50 g/L). Table S1: Results of four-way ART-ANOVA comparing water transparency,
chlorophyll-a, total suspended solids, soluble reactive phosphorus, total phosphorus, nitrate and
nitrite, and total nitrogen based on the factors Place, Salinity, Heating, Phases, and their possible
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Mehmet Emin Polat, Kemal Yılmaz, Turan Uca, Zafer Şimşek, Savaş Varlık, Mehmet Nuri Evren,
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