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Abstract
[bookmark: _Hlk107309048][bookmark: _Hlk107309522]The study aimed to investigate the effects of acidification on fish larvae abundance at the Teknaf coast. From January 8 to December 14, 2021, samples of fish larvae were collected at every month from the Teknaf coast. From the bottom to the surface, Bongo-Net with a 500 µm mesh size was being towed. A total of 1,120 larvae were gathered from the research area during the survey. In the study region, 93 larvae/1,000 m3 were found to be the mean density of all fish larvae. The hydrological parameters such as water temperature, pH, salinity, and total alkalinity were determined to find out the effects of these variables on the larvae abundance along the Teknaf coast. The average values of the parameters including water temperature, pH, salinity, and total alkalinity were found at 28.41°C, 8.36, 23.57 PSU, and 113.25 mg/l respectively. The ocean acidification factors including pCO2, HCO3-, CO32-, DIC, ΩAragonite, and ΩCalcite were also determined by using the "seacarb" package of R programming to find out the effects of these variables on the larvae abundance along the Teknaf coast. The average values of the factors including pCO2, HCO3-, CO32-, DIC, ΩAragonite, and ΩCalcite were found 128.72 µatm, 0.000751 mole/kg, 0.000138 mole/kg, 0.000892 mole/kg, 2.3544 and 3.7028 respectively. The results showed an insignificant relationship between pCO2 and fish larvae abundance throughout the Teknaf coast. However, there was a negative correlation between pCO2 and pH. The findings of this research indicate that OA affects fish larvae abundance at Teknaf coast. Regional fisheries management organizations will be better able to make decisions about the management of the extremely valuable fish larvae as a result of future population-level predictions of the impacts of ocean acidification.
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Chapter-1
1. Introduction
Fish larvae refer to the life stage prior to attaining the full complement of fin ray elements, the complete development of scales, and the loss of all larval characteristics (Neira et al., 1998).
[bookmark: _Hlk106874374]Ocean acidification, or the ongoing lowering of the pH of Earth's oceans, is brought on by the absorption of carbon dioxide (CO2) from the atmosphere. As a result of human-caused carbon dioxide (CO2) emissions, the ocean's chemistry has undergone significant alteration (Sabine et al., 2004; Orr et al., 2005; Doney et al., 2009). When the ocean absorbs too much CO2 from the atmosphere, chemical reactions occur that lower the pH of the saltwater and release hydrogen ions (Zeebe, 2012). The chemical process of ocean acidification is anticipated to go mostly unchecked. The pH of the world's oceans has decreased by around 0.1 units since the industrial revolution, and if CO2 emissions are not reduced significantly by the year 2100, they are projected to fall by another 0.4 units (Caldeira & Wickett, 2003; Bopp et al., 2013). According to Kroeker et al., 2013 & Sunday et al., 2014, long-term ocean acidification will have far-reaching consequences for marine ecosystems, so it's crucial to know how high CO2 and low pH levels influence marine organism fitness.
The levels of CO2 in the atmosphere and the oceans often balance one another. Between 30 and 50 percent of global man-made CO2 emissions have so far been absorbed by the seas (Feely et al., 2004; Sabine et al., 2004; Orr et al., 2005), has a substantial effect on the chemistry of ocean water by increasing dissolved CO2 (aq), H2CO3 (carbonic acid), HCO3- (bicarbonate ions), and H+ (hydrogen ions) while decreasing CO32-carbonate ions (Fabry et al., 2008). Rising pCO2 levels since the start of the industrial revolution have caused a 0.1 unit decrease in the average sea-surface pH (i.e., the ocean has become more acidic and less alkaline). Average sea-surface pH is predicted to decrease by 0.3-0.4 units in 2100 and up to 0.7 units by 2300 as a result of the ocean’s absorption of atmospheric CO2 (Caldeira & Wicket 2003). In comparison to millions of years ago, these pH shifts in the ocean are more significant and rapid (Feely et al., 2004).
One of the ocean's major marine ecosystems, the Bay of Bengal (BOB), is characterized as a moderately productive ecosystem because it lacks significant seasonal upwelling (Madhupratap et al., 2003). Low sea surface salinities were a result of significant monsoonal precipitation, according to Shankar et al. (2002), notably in the northern region of BOB. The majority of earlier biological investigations in BOB concentrated on seasonal variations in primary production as well as the type and number of mesozooplankton (Achuthankutty et al., 1980; Nair et al., 1981; Madhupratap et al., 2003) but little is understood about the effect of acidification on fish larvae abundance of Teknaf Coast.
One of the larger estuaries in the Bangladeshi coastal region that has not experienced significant human interference is the Naaf River estuary. The Naaf is an estuary with wide and continuous contact with the Bay of Bengal, providing great potential for the colonization of fishery species. The Naaf River has a biodiversity that is comparable to or greater than many other river systems in Bangladesh, making it not only an ecological hotspot in terms of species number but also in terms of the ecological niche and life cycles. The estuary of the Naaf river has a significant impact on the tidal range in the Teknaf coastal region. The region has a warm tropical temperature and enough rainfall to sustain a wide range of biological diversity. One of the world's 80 km long longest ecosystems of sand beaches is on the Teknaf Peninsula. For the species of the Indo-Himalayan & Indo-Malayan ecological sub-regions, it serves as a transitional area. The area has significant mangrove, mudflat, beach, and sand dunes ecosystems, as well as canals, lagoons, and marine habitats. Both natural and planted stands of mangrove forest may be found on the Teknaf Peninsula, however, they are primarily found in the intertidal zone. The mangroves of the Teknaf peninsula provide habitat for 161 different fish species. One of the first protected areas in Bangladesh was the Teknaf Reserved Forest.
[bookmark: _Hlk106877010][bookmark: _Hlk106878236][bookmark: _Hlk106879175]It is generally known that the early stages of marine species suffer from ocean acidification.  Lower growth and survival rates are observed in bivalve as well as gastropod larvae growing in low pH or high pCO2 environments compared to those growing in ambient ocean pH conditions (Talmage & Gobler, 2011; Onitsuka et al., 2014). Because of the increased breakdown of carbonate ions, coral larvae and juveniles growing in environments with low pH and high pCO2 show slowed calcification rates (Albright et al., 2010). Additionally, certain marine organisms' energy budgets may be disturbed by low pH. Juvenile crabs, for example, may require more energy to maintain normal rates of shell calcification in low pH conditions, which may worsen their general body condition (Long et al., 2013). A number of studies show that larval fish may also be vulnerable to the impacts of ocean acidification (Baumann et al., 2011; Bignami et al., 2013; Murray et al., 2014; Stiasny et al., 2016). The removal of metabolic CO2 from the body may be hindered, especially in saltwater with elevated CO2 levels. The primary factor influencing such diffusion is the pCO2 difference between the blood's relatively high CO2 concentration and the environment's comparatively low CO2 concentration. Under circumstances of ocean acidification, a rise in ambient pCO2 may lessen the gradient between blood & the environment. There may be an increase in metabolic CO2 retention as a result, or there may be a compensation reaction that involves the body actively moving ions that are associated with acid and base and creating bicarbonate to maintain internal pH (Melzner et al., 2009; Heuer & Grosell, 2014). Ion regulation may be impacted by exposure to high CO2 and low pH levels. Fish developing in OA conditions may subsequently have a variety of detrimental effects, including slower development, sensory impairment, and higher mortality (Frommel et al., 2012; Nilsson et al., 2012; Allan et al., 2015; Bromhead et al., 2015).
Despite the fact that alterations in the chemistry of saltwater can impair marine fish larvae, it is not always clear how big these effects are on the whole and what they indicate for population growth. Research on the effects of pCO2 and pH fluctuations on the number of larvae along the Teknaf Coast will help to clarify this matter and provide the basis for the current study.
1.1.  Significance of the research
This research is very important to know the actual condition of the abundance of the fish larvae of the fish species of the Teknaf Coast. This research will generate necessary information from which some fruitful steps can be taken to increase the fish larval abundance of the Teknaf Coast. 
After gathering information, some suggestions can be provided to take appropriate decisions on reducing the degree of acidification and improving the fish larval abundance of the Teknaf Coast. This research will help to compare the fish larval abundance among other coasts of Bangladesh.
1.2. [bookmark: _Hlk106121467] Objectives of the research
The objective of the research work is as follows:
1. To provide an actual scenario of the ocean acidification of the Teknaf Coast.
2. To identify and evaluate the effects of ocean acidification on the larvae abundance of the Teknaf Coast.























Chapter-2
2. Review of literature
2.1. [bookmark: _Hlk106121552] Fish Larvae 
Neira et al., (1998) stated that larvae refer to the stage of life that comes before the fin ray components are fully developed, the scales are fully formed, and all larval characteristics have been eliminated. They also reported that preflexion, flexion, and postflexion are the phases of larval development based on the progression of notochord flexion during the formation of the caudal fin.
Loy et al. (2001) described in their research that fish go through significant changes in overall form and structural features throughout the larval stage. 
Depending on gene expression and environmental factors, these developmental stages might range from gradual to sudden (Gilbert & Bolker, 2003). 
Individuals change into juveniles, which morphologically resemble adults, after passing through the larval stage (Osse et al., 1997). 
According to Moteki, 2002; Moteki et al., 2002; and Pena & Dumas, 2009; different larval stages can develop new skills for biological activities, which in turn allows them to inhabit their chosen habitats and explore new environmental circumstances due to physiological, anatomical, and behavioral modifications, including eating behavior, dentition, and swimming capacity.
For effective fisheries management, it is critical to understand the biology of the early life stages of fish (Hickford, 2000; Strydom et al., 2014). 
2.2. [bookmark: _Hlk96880856][bookmark: _Hlk106121703] Ocean Acidification 
Due to an increase in human CO2, the carbonate system of the world's oceans (pH, alkalinity, pCO2, and CaCO3 saturation state) is undergoing fast change (Whitfield, 1975; Broecker et al., 1977; Broecker et al., 1979; Feely & Chen, 1982; Feely et al., 1984; Kleypas et al., 1999; Caldeira & Wickett, 2003; Orr et al., 2005; Feely et al., 2008).
In a process known as "ocean acidification," chemical reactions that reduce the concentration of carbonate ions (CO32-), the pH of seawater, and the saturation states of the biologically significant CaCO3 minerals calcite (Ωcalcite) and aragonite (Ωaragonite) take place when caused by humans CO2 is absorbed by seawater (Broecker & Clarke, 2001; Caldeira & Wickett, 2003; Orr et al., 2005; Doney et al., 2009).
Since the beginning of the industrial age, the pH of sea surface waters has so far reduced by around 0.1 (Caldeira & Wickett, 2003; Orr et al., 2005), with a decline of 0.0018 yr-1 recorded over the past 25 years at various open-ocean time-series locations (Bates, 2007; Bates & Peters, 2007; Santana-Casiano et al., 2007; Dore et al., 2009). 
[bookmark: _Hlk96963645]CO2 levels in the atmosphere might exceed 500 ppm by the middle of the century, and 800 ppm by the end (Friedlingstein et al., 2006).
The findings of time-series research and large-scale sea CO2 assessments conducted over the past 20 years demonstrate that ocean acidification is a predicted result of rising atmospheric CO2 (Feely et al., 2004; Bates & Peters, 2007; Santana-Casiano et al., 2007; Dore et al., 2009; Takahashi et al., 2009) and is unrelated to the uncertainties and effects of climate change.
Although anthropogenic atmospheric CO2 is the primary cause of ocean acidification, sulfur and nitrogen are also important in some coastal areas (Doney et al., 2007). 
[bookmark: _Hlk107255963]CO2 levels in the atmosphere are currently at about 383 ppm by volume, which is the most it has been in at least 650,000 years. It is expected to rise by 0.5 percent per year during the twenty-first century (Petit et al., 1999; Houghton et al., 2001; Augustin et al., 2004; Siegenthaler et al., 2005). 
Atmospheric CO2 is currently projected to increase at a rate that is nearly 100 times faster than it has in the past 650,000 years (Siegenthaler et al., 2005). 
Only half of man-made CO2 has stayed in the atmosphere in recent decades; the other half has been absorbed by the terrestrial biosphere (about 20 percent) and the seas (about 30 percent) (Feely et al., 2004; Sabine et al., 2004).
In the less than 250 years since the industrialization, the pH of surface ocean waters has decreased by 0.1 pH units (representing an increase in hydrogen ion concentration of about 30% compared to the pre-industrial value) and is expected to decrease by another 0.3-0.4 pH units through the end of this century (Mehrbach et al., 1973; Lueker et al., 2000; Caldeira & Wickett 2003; Feely et al., 2008).
There has probably not been a pH fluctuation of this magnitude in Earth's history for more than 20 million years (Feely et al., 2004). 
2.3. [bookmark: _Hlk106121825] Determination of Ocean acidification 
[bookmark: _Hlk106530731]The CO2 system in the ocean is typically constrained by four measurements: AT, CT, pCO2, and pH (Dickson, 2010).
[bookmark: _Hlk96875748]In order to calculate the pCO2 of seawater, Watson et al., (2017) evaluate four alternative techniques. 
1) VINDTA, which measures the amount of CT and AT,
2) Analysis of AT and pHT using spectrophotometry, 
3) Measuring AT and pHNBS using electrodes,
4) Direct CO2 measurement with a portable CO2 equilibrator and NDIR gas analyzer.
They discovered that these four approaches can provide relatively similar pCO2 estimations, with the three methods most commonly used in the field (electrode pHNBS, spectrophotometric pHT, and CO2 equilibrator) having assessment errors of 3.5-4.6 percent for pCO2.
2.4. [bookmark: _Hlk106121984] Impacts of ocean acidification on Fish Larvae
Compared to juveniles and adults, fish embryos and young larva are frequently more sensitive to pH changes (Brown & Sadler, 1989), therefore these early life stages are the most likely to experience substantial consequences of ocean acidification.
Due to varying ion exchange and respiration processes, young fish may be more susceptible to the effects of OA than adult fish (Jonz & Nurse, 2006); a scenario that may be made worse by their increased surface-to-volume ratio (Kikkawa et al., 2003; Ishimatsu et al., 2004).
To present, research on larval fishes has shown that low pH causes a considerable loss in survival (Kikkawa et al., 2003; Ishimatsu et al., 2004; Kikkawa et al., 2004), and that CO2-induced acidification has greater detrimental consequences than acid addition alone (Hayashi et al., 2004; Kikkawa et al., 2004).
Compared to adult fish, fish in their early life stages have been demonstrated to be more sensitive to high CO2 (Pörtner et al., 2005).
Ocean acidification has a negative impact on some species' survival, growth, tissue health (Frommel et al., 2012), metabolism (Franke & Clemmesen, 2011), and behavior (Munday et al., 2009a; Dixson et al., 2010; Simpson et al., 2011; Baumann et al., 2012; Devine et al., 2012; Domenici et al., 2012; Ferrari et al., 2012a, b).
Larval and juvenile development (Baumann et al., 2012), embryonic development (Tseng et al., 2013), tissue/organ health (Frommel et al., 2012), and survival (Baumann et al., 2012) have all been reported to be negatively affected by increased pCO2.
Several studies have found that high pCO2 has direct consequences on marine fish larval growth, metabolism, behavior, survival, otoliths, and skeletal formation (Munday et al., 2011b; Baumann et al., 2012; Frommel et al., 2014; Pimentel et al., 2014).
However, a number of research on ocean acidification present contradictory findings both within and across taxonomic groupings, casting doubt on the conventional presumption that all creatures are vulnerable to this supposed threat (Hendriks et al., 2010).
Fish were not included in the 59 research papers (49 species) examined by Hendriks et al., (2010) because the impact of ocean acidification on larval and adult fish has, up until recently, garnered far less attention than calcifying invertebrates.
A crucial stage of fish ontogeny is the extremely vulnerable larval stage. Larvae have substantial cumulative mortality at this stage of their development, which is mostly caused by small changes in development, predation, and selection pressure (Houde, 1989).
When the larval stage is successfully completed, it affects ecological systems in the juvenile or adult habitats, stock replenishment, and population interconnectivity (Cowen & Sponaugle, 2009).
Few studies have examined the vulnerability of early stages of economically significant fish species, such as codfish (Frommel et al., 2014) and yellowfin tuna, to climate-driven alterations (Bromhead et al., 2015).
The detrimental effects of climate-driven changes in temperature and pCO2 may have significant effects on the abundance and distribution of marine fish stocks (Pörtner & Peck, 2010), given the significance of survival rates and larval growth to the year-class success in marine fish populations (Peck et al., 2012).
Fish larvae are often deficient in many of the intricate physiological traits that enable juvenile and adult fishes to adapt to shifting environmental conditions, making them more susceptible to environmental disturbance (McKim, 1977; Kikkawa et al., 2003; Munday et al., 2008).
Therefore, data on the consequences of acidification at the earliest stages are required for a more thorough knowledge of the effects on populations. Ocean acidification may thus create an ecological challenge for fish (Pankhurst & Munday, 2011).
Numerous studies demonstrate that increased pCO2 levels and survival do not directly correlate in the "near future" (Munday et al., 2011a ; Frommell et al., 2012). In many species, it is believed that sub-lethal OA effects might cause the most harm to communities and individuals (Briffa et al., 2012).
[bookmark: _Hlk116547947]However, several of the same studies (Munday et al., 2009b; Franke & Clemmesen, 2011; Moran & Stttrup, 2011; Munday et al., 2011a; Frommel et al., 2012, 2013) either found no significant negative effects or even positive effects on growth and development, swimming ability (Munday et al., 2009b), and otolith growth (Franke & Clemmesen, 2011; Simpson et al., 2011; Munday et al., 2011a; Frommel et al., 2012).
Other research did not find any appreciable impacts of rising pCO2 on fish larvae, pointing to species-specific adaptations to shifting ocean conditions (Harvey et al., 2013; Hurst et al., 2013; Maneja et al., 2013).


Chapter-3
3. Materials and Methods
3.1.  Study area
The study was conducted at the Naf Estuary (N 20.730300, E 92.3421011) Teknaf coast, Bangladesh, with monthly sampling from January to December 2021. The sampling location is presented in Figure 1.
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[bookmark: _Hlk106119530]Plate 1. Sampling location on google map


3.2.  Sampling procedure
Fish larvae were collected using a bongo net (Figure 2) with a 0.50 m mouth diameter, 1.3 m length, and 500 µm mesh at the body. Each tow covered approximately 2 km of the surface area during the sampling time, which lasted 10 minutes throughout the day. The amount of seawater filtered during each tow was measured using a flow meter (Model: KC Denmark A/S 23.090-23.091). The collected specimen was taken to the Aquatic Ecology Laboratory at Chattogram Veterinary and Animal Sciences University and preserved in 90% ethanol before being sorted according to morphology and other characteristics. Then it was immediately preserved in 90% ethanol. 
[image: ][bookmark: _Hlk106119587]Plate 2. Bongo Net



3.3. [bookmark: _Hlk106122078] Water quality determination 
3.3.1. Field data collection
[bookmark: _Hlk116542111][bookmark: _Hlk107214306][bookmark: _Hlk116542136]Water temperature, salinity, pH, and alkalinity of the sampling region were measured on-site using a Celsius thermometer, a refractometer (PC Stester 35), a pH meter (YSI pH100A), and an alkalinity test kit (HACH FF-1), respectively, to determine the acidification condition. Gas-tight bottles were used to collect seawater, preventing air bubbles from getting trapped when the bottles were sealed to measure pH and alkalinity. All the field data are collected from the Teknaf coast to determine the acidification condition of Teknaf coast.
3.3.2. Alkalinity Measurement in the Laboratory
[bookmark: _Hlk107667848]The titrimetric method was used to measure the alkalinity of the collected sample water in the laboratory. For alkalinity measurement, in a conical flask, 50 ml of sample water was added. After that, 2 to 4 drops of phenolphthalein indicator were given to the sample. Since the sample's color remained unchanged, there was no phenolphthalein alkalinity present. After that, a new 50 ml of water sample was measured and placed in a different flask along with 2 to 4 drops of methyl orange indicator. The color changed to yellow. The sample was then titrated against a standard H2SO4 (0.02N) solution. Until the yellow color changed to pink, titration was continued.
The required amount of acid (H2SO4) was recorded and final the result was calculated by the following formula:
[image: ]
3.4. [bookmark: _Hlk106122155] Derivation of ocean acidification factors 
[bookmark: _Hlk107744524]The ocean acidification factors such as pCO2, HCO3-, CO32-, DIC, ΩAragonite and ΩCalcite were derived from the R programming language and CO2SYS software. The ocean acidification factors were not determined on the spot due to the lack of technology. Salinity, temperature, total alkalinity (AT), Dissolved Inorganic Carbon (DIC), pCO2, and H+ concentration data can all be used to estimate the amounts of acid-base species in seawater. The input parameters for this study's "seacarb" package of R programming are pH, AT, salinity, and temperature.
3.5. [bookmark: _Hlk106122206] Determination of diversity of fish larvae at the Teknaf coast
From particular locations in the Teknaf coast, eggs and fish larvae were collected. Fish larvae were captured using a bongo net from subsurface water. To measure the amount of water flowing through the Bongo net, a flow meter was attached to it. Later, each fish larva was separated from the zooplankton based on morphology and other attributes. The samples were standardized based on the number of fish larvae found per 1,000 m3 of filtered seawater. The number of fish larvae per 1000 m3 was calculated using the equation (Lirdwitayaprasit, et al., 2008) below:
[bookmark: _Hlk106966189]Diameter of the Bongo net, d= 0.50 m
[bookmark: _Hlk106966230]The radius of the Bongo net, r=0.25 m
The opening area of the Bongo net = πr2 
                               =3.1416 × (0.25)2 
                               =0.19635 × 2; as there were two openings in each net
                               =0.392
Water volume passed in each sampling = 
Indicated number of revolutions× Pitch of the impeller (0.3) × Opening area of the net (m2) ×1000
The number of revolutions associated with a tow is 1988 (noted from the Digital Flow Meter attached to the net). The amount of water that went through the plankton net was:
Volume= 1988 × 0.3 × 0.3927 × 1000
              = 126615.72 L
              =126.62 m3 
Number of larvae per 1000 m3 = (Number of larvae in the sample×1000) ÷ Water volume passed
One larva was counted from a sample of the Teknaf estuary in December. The volume of water passed in that sampling was 126.62 m3.
So, the number of larvae per 1000 m3 = (1 × 1000) ÷ 126.62 m3 
                                                                                    =7.897 ≈ 8
3.6.  Identification of fish larvae
A stereo microscope (Optica, C-B3) was used to identify the fish larvae of the Teknaf coast. The pictures of the identified larvae were taken using a Desktop (WinPad 10,1 HD-WPU10).
3.7.  Data analysis and interpretation
The collected data were classified, summarized, and analyzed using Programming Language R (Version 3.6.3), SPSS (Version 22.0), and Microsoft Excel (Version 2019).
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[bookmark: _Hlk107046297]
Chapter-4
4. Results
4.1.  Hydrological Parameters of Teknaf coast
4.1.1. Water Temperature (°C)
[bookmark: _Hlk116475444]The estimated value of water temperature ranges from 22.6°C to 32°C. The highest value of water temperature was estimated 32.0°C in April and lowest value of water temperature was estimated 22.6°C in January (Figure 1). The average water temperature was 28.41°C ± 2.5551 (Table 1).Figure 1. Monthly variations of water temperature of Teknaf coast


4.1.2. pH
The estimated value of pH ranges from 7.9 to 9.1. The highest value of pH was estimated 9.1 in August and lowest value of pH was estimated 7.9 in February, which is presented in Figure 2. The average water pH was 8.36 ± 0.3339 (Table 1).     
Figure 2. Monthly variations of pH of Teknaf coast

4.1.3. Total Alkalinity
[bookmark: _Hlk107049214][bookmark: _Hlk107740346]Total alkalinity ranges from 52 mg/l to 170 mg/l. Maximum alkalinity was estimated 170 mg/l in February and minimum alkalinity was estimated 52 mg/l in August (Figure 3). The average alkalinity was 113.25 mg/l ± 39.315 (Table 1).
Figure 3. Monthly variations of Alkalinity of Teknaf coast

4.1.4. Salinity 
[bookmark: _Hlk107047189]The estimated value of salinity ranges from 8 PSU to 34 PSU. The highest value of salinity was estimated 34.0 PSU in May and lowest value of salinity was estimated 8.0 PSU in August, which is presented in Figure 4. The average salinity was 23.57 PSU ± 7.99 (Table 1). 
Figure 4. Monthly variations of Salinity of Teknaf coast

4.2 [bookmark: _Hlk116492518] Monthly Fluctuations of the Hydrological Parameters of Teknaf coastFigure 4. Monthly variations of Salinity of Teknaf coast

Insignificant change was observed in case of temperature and pH but significant change was observed in case of total alkalinity and salinity, which is presented in Figure 5.
[bookmark: _Hlk116492374]Figure 5. Monthly Fluctuations of the Hydrological Parameters of Teknaf coast

4.3  Ocean acidification factors of Teknaf coast
4.3.1. pCO2
[bookmark: _Hlk107047657][bookmark: _Hlk107049771][bookmark: _Hlk107047430][bookmark: _Hlk107047912][bookmark: _Hlk116484730][bookmark: _Hlk107049495][bookmark: _Hlk107309163]The estimated value of pCO2 ranges from 5.0143 µatm to 464.3816 µatm. The highest value of pCO2 was estimated 464.3816 µatm in February and lowest value of pCO2 was estimated 5.0143 µatm in August, which is presented in Figure 6. The average value of pCO2 was 128.72 µatm ±124.414 (Table 1).Figure 6. Monthly pCO2 variations of the Teknaf coast

 
4.3.2 HCO3-
[bookmark: _Hlk107048151][bookmark: _Hlk107047931][bookmark: _Hlk116485003][bookmark: _Hlk107047885][bookmark: _Hlk107048309][bookmark: _Hlk107049360][bookmark: _Hlk116484623][bookmark: _Hlk116489219]The estimated value of HCO3- ranges from 0.0002 mol/kg to 0.0014 mol/kg. The highest value of HCO3- was estimated 0.0014 mol/kg in February and lowest values of HCO3- was estimated 0.0002 mol/kg in August (Figure 7). The average value of HCO3- was 0.000751 mol/kg ± 0.00037 (Table 1).Figure 7. Monthly HCO3- variations of the Teknaf coast


4.3.3 CO32-
[bookmark: _Hlk116485311][bookmark: _Hlk107049288][bookmark: _Hlk116485346][bookmark: _Hlk107048484][bookmark: _Hlk107156878][bookmark: _Hlk107049990]The estimated value of CO32- ranges from 0.0001 mol/kg to 0.0002 mol/kg. The highest value of CO32- was estimated 0.0002 mol/kg in January, March, November, and December. The lowest value of CO32- was estimated 0.0001 mol/kg in February and from April to October. The variations of these values are presented in Figure 8.  The average value of CO32- was 0.000138 mol/kg ± 0.0000337 (Table 1).
Figure 8. Monthly CO32- variations of the Teknaf coast

4.3.4 DIC
[bookmark: _Hlk107052987][bookmark: _Hlk116601772][bookmark: _Hlk116601795][bookmark: _Hlk107795789][bookmark: _Hlk107156901]The value of Dissolved Inorganic Carbon (DIC) ranges from 0.0003 mol/kg to 0.0015 mol/kg. The highest of DIC was estimated 0.0015 mol/kg in February and lowest value of DIC was estimated 0.0003 mol/kg in August (Figure 9). The average value of DIC was 0.000892 mol/kg ± 0.0003874 (Table 1).Figure 9. Monthly Dissolved Inorganic Carbon (DIC) variations of the Teknaf coast

[bookmark: _Hlk107049786]4.3.5 ΩAragonite
[bookmark: _Hlk107796532][bookmark: _Hlk107050059][bookmark: _Hlk107054281][bookmark: _Hlk107796461][bookmark: _Hlk107796609][bookmark: _Hlk107797442][bookmark: _Hlk107156927]The estimated value of ΩAragonite ranges from 1.3772 to 3.2091. The highest value of ΩAragonite was estimated 3.2091 in November and lowest value of ΩAragonite was estimated in October (Figure 10). The average value of ΩAragonite was 2.3544 ± 0.5524 (Table 1).
Figure 10. Monthly ΩAragonite variations of the Teknaf coast

[bookmark: _Hlk107050074]4.3.6 ΩCalcite
[bookmark: _Hlk107797365][bookmark: _Hlk107797496][bookmark: _Hlk107156951]The estimated value of ΩCalcite ranges from 2.1329 to 4.9515. The highest value of ΩCalcite was estimated 4.9515 in November and lowest value of ΩCalcite was estimated 2.1329 in October (Figure 11). The average value of ΩCalcite was 3.7028 ± 0.8595 (Table 1).Figure 11. Monthly ΩCalcite variations of the Teknaf coast


4.4. Larval Abundance of Teknaf coast
A total of 1,120 specimens of fish larvae were found in the study location. The highest 361 fish larvae were found in October and no fish larvae were found in September (Figure 12). The Average number of fish larvae was found 93 ± 133.209 (Table 1).Figure 12. Monthly variation of Larval abundance of Teknaf coast 

[bookmark: _Hlk105270379]
4.5 Interaction between pCO2 & pH of Teknaf coast
According to Pearson correlation, if the value is between 0.7 and 1.0, it means the correlation between the two variables is strong, and the negative value means negative correlation. In this research, a strongly negative correlation was found between pCO2 and pH of the Teknaf coast (Table 2). According to Pearson correlation, p value < 0.05 means a significant relationship between two variables. In this research, the p value was found at 0.003, which is less than 0.05 (Table 2). So, the correlation between pCO2 and pH of the Teknaf coast is significant, which is presented in Figure 13.
Figure 13. Interaction between pCO2 & pH of Teknaf coast 










[bookmark: _Hlk107781389]4.6. Interaction between pCO2 & Larval abundance of Teknaf coast
The rise of pCO2 in ocean water mainly affects the carbonate system of ocean water. The increase in the value of pCO2 decreases the value of water pH and, ultimately, reduces the survivability of larvae. According to Pearson correlation, if the value is between 0.3 and 0.7, it means the correlation between the two variables is moderate, and the negative value means negative correlation. In this research, a moderately negative correlation was found between pCO2 and larval abundance along the Teknaf coast (Table 3). According to Pearson's correlation, if the p value > 0.05, it means an insignificant relationship between two variables. In this research, the p value was found at 0.243, which is greater than 0.05 (Table 3). So, the correlation between pCO2 and larval abundance along the Teknaf coast is insignificant, which is presented in Figure 14.
[bookmark: _Hlk107173114][bookmark: _Hlk96788195]Figure 14. Interaction between pCO2 & Larval abundance of Teknaf coast 



[bookmark: _Hlk116487042][bookmark: _Hlk107781318][bookmark: _Hlk116487058]4.7. Interaction between pH & Larval abundance of Teknaf coast
Carbonic acid is formed as a result of CO2 dissolving in the ocean. In the water, this carbonic acid diffuses, producing hydrogen ions and bicarbonate. Since the pH scale applies the equation pH =-log [H+] to describe acidity, a rise in hydrogen ion concentration results in an increase in acidity. pH is an important parameter to describe the actual condition of ocean acidification. If the value of pH decreases, the ocean water will become more acidic. According to Pearson correlation, if the value lies between 0.3 and 0.7, it means the correlation between the two variables is moderate, and the positive value means positive correlation. In this research, a moderately positive correlation was found between pH and larval abundance along the Teknaf coast (Table 4). According to Pearson's correlation, if the p value > 0.05, it means an insignificant relationship between two variables. In this research, the p value was found at 0.235, which is greater than 0.05 (Table 4). So, the correlation between pH and larval abundance along the Teknaf coast is insignificant, which is presented in Figure 15.
 [bookmark: _Hlk96788137][bookmark: _Hlk106120256]Figure 15. Interaction between pH & Larval abundance of Teknaf coast 



4.8 Relationship with pCO2, pH & Larval abundance of Teknaf coast
[bookmark: _Hlk116488588]In the first few months the abundance of fish larvae remains stable, but in the last few months, there were ups and downs in the abundance of fish larvae due to the fluctuation of pCO2 and pH, which is presented in Figure 16. The population of fish larvae was high in June, August, and October, even when the pH level did not fluctuate significantly. The abundance of fish larvae was quite low in July and September, despite the high pH value. The number of fish larvae reached its peak in October, even though the pH level in that month stayed below the average. The number of fish larvae was at its lowest in September, although the pH remains above the monthly average.
	[bookmark: _Hlk107784223][bookmark: _Hlk106120334][bookmark: _Hlk106120335][bookmark: _Hlk106120336][bookmark: _Hlk106120337][bookmark: _Hlk107784647]Figure 16. Relationship with pCO2, pH & Larval abundance of Teknaf coast 

[bookmark: _Hlk116488558]4.9 Relationship among Ocean Acidification factors of Teknaf coast
[bookmark: _Hlk116581986][bookmark: _Hlk116489297][bookmark: _Hlk116489894][bookmark: _Hlk116582163][bookmark: _Hlk116582183][bookmark: _Hlk116583134]The positive and negative relationship were found among ocean acidification factors of Teknaf coast, which is presented in Figure 17. The positive relationship was found between Omega Aragonite and Omega Calcite. The positive relationship was also found between pCO2 and HCO3-. The negative relationship was found between pCO2 and larvae abundance of Teknaf coast. The negative relationship was also found between Omega Calcite and larvae abundance of Teknaf coast. The availability of fish larvae was significantly changed by these variables as well.
[image: ]Figure 17. Relationship among ocean acidification factors of Teknaf coast 

[bookmark: _Hlk107890416]Table 1. Statistical analysis of hydrological parameters & ocean acidification factors
	Parameters / Factors
	Minimum Statistic
	Maximum Statistic
	Mean Statistic
	Std. Deviation Statistic

	Larval Abundance per 1000 m3
	0
	361
	93.33
	133.209

	Temperature (°C)
	22.6
	32.0
	28.417
	2.5551

	pH
	7.9
	9.1
	8.367
	0.3339

	Total Alkalinity (mg/l)
	52
	170
	113.25
	39.315

	Salinity (PSU)
	8.0
	34.0
	23.575
	7.9900

	pCO2 (µatm)
	5.0143
	464.3816
	128.724861
	124.4143399

	HCO3- (mol/kg)
	0.0002
	0.0014
	0.000751
	0.0003704

	CO32- (mol/kg)
	0.0001
	0.0002
	0.000138
	0.0000337

	DIC (mol/kg)
	0.0003
	0.0015
	0.000892
	0.0003874

	ΩAragonite
	1.3772
	3.2091
	2.354402
	0.5524414

	ΩCalcite
	2.1329
	4.9515
	3.702874
	0.8595012


[bookmark: _Hlk107890535]Table 2. Correlations between pCO2 & pH of Teknaf coast
	Correlations

	
	pCO2
	pH

	pCO2
	Pearson Correlation
	1
	-.771**

	
	Sig. (2-tailed)
	
	.003

	
	N
	12
	12

	pH
	Pearson Correlation
	-.771**
	1

	
	Sig. (2-tailed)
	.003
	

	
	N
	12
	12

	**. Correlation is significant at the 0.01 level (2-tailed).


[bookmark: _Hlk107782234]
Table 3. Correlations between pCO2 & Larval abundance of Teknaf coast
	Correlations

	
	Larval Abundance
	pCO2

	 Larval Abundance
	Pearson Correlation
	1
	-.365

	
	Sig. (2-tailed)
	
	.243

	
	N
	12
	12

	pCO2
	Pearson Correlation
	-.365
	1

	
	Sig. (2-tailed)
	.243
	

	
	N
	12
	12



[bookmark: _Hlk107781605][bookmark: _Hlk107782407]Table 4. Correlations between pH & Larval abundance of Teknaf coast
	Correlations

	
	Larval
Abundance
	pH

	 Larval Abundance
	Pearson Correlation
	1
	.371

	
	Sig. (2-tailed)
	
	.235

	
	N
	12
	12

	pH
	Pearson Correlation
	.371
	1

	
	Sig. (2-tailed)
	.235
	

	
	N
	12
	12


Chapter-5
5. Discussion
The link between oceanic factors and fish larval abundance has been highlighted in several articles. According to recent research, the negative effects of increased pCO2 on larvae produced from subsequent spawning can be reduced or eliminated when brood stock is exposed to it before spawning (Miller et al., 2012). All groups of the same species may respond differently to CO2 stress, and the early developmental stage of marine fish faces several constraints with high death rates throughout development (Frommel et al., 2013). 
5.1  Temperature
One of the most important aspects of water quality that affects all other aspects of water is temperature. The temperature has a significant impact on chemical and biological processes. According to Běhrádek, J. (1930), 10°C temperature increase can cause chemical and biological activity to double. Therefore, warmer water than cold water has a greater impact on the dissolving oxygen requirement for fish and other aquatic species. The average temperature for the present research was 28.41°C. According to Boyd (1990), aquatic species in the tropical and subtropical regions cannot grow below 26 to 28°C. Consequently, the Teknaf coast's temperature is favorable for fish growth.
5.2  pH
One of the key indicators of water quality is pH, which measures the amount of hydrogen ions (H+) in the water. Fish metabolism, development, and other physiological activities are all reduced by an acidic pH, according to Swingle (1967). In this study, the value of pH ranges from 7.9 to 9.1. The average water pH was 8.36. Numerous variables, including the amount of dissolved minerals in the water, trash dumped, photosynthesis, water turbulence, bacterial activity, chemical components of runoff pouring into the water body, sewage overflows, and even aerosols and airborne dust, can affect pH fluctuations (Faires, 1993). According to Hossain et al. (2012), the recommended limit of pH fluctuation is 6.5 to 9.2 and the observed pH value of this research was 7.9 to 9.1. Though the fluctuation of water pH was found, it did not cross the recommended limit of pH fluctuation.

5.3  Alkalinity
Alkalinity is the water's ability to buffer acids and bases to keep the pH level constant. The alkalinity was found between 52 mg/l to 170 mg/l. Alkalinity had higher variation within a different month. The standard limit of alkalinity is more than 100 mg/l (Faires, 1993). Moderate alkalinity expresses moderate salinity in the water (Biswas et al., 2011).
5.4 Salinity
The Results showed that the salinity level was found between 8 PSU to 34 PSU and the average was 23.57 PSU. Salinity can be affected by different factors. The salinity of an estuary ranges from 5 ppt to 35 ppt (Vernberg, 1974). According to Ahmed (1983), the salinity in the estuarine area of Karnafully ranged from 3.30 ppt to 22.93 ppt, whereas Mahmood (1990), determined that the salinity in Chakaria estuary ranged from 6.14 ppt to 32.5 ppt. Evaporation increases the seawater's salinity and adding freshwater by rainfall or runoff, which dilutes the seawater, reduces the salinity (Hossain et al., 2015).
5.5 [bookmark: _Hlk107077224]Ocean Acidification factors 
[bookmark: _Hlk107797088][bookmark: _Hlk116541509][bookmark: _Hlk107794661][bookmark: _Hlk107794649][bookmark: _Hlk107171088][bookmark: _Hlk116475152]The volume of carbon dioxide gas dissolved in saltwater is known as pCO2 (partial pressure of carbon dioxide). According to Diaz et al., (2019), pCO2 is the main factor of ocean acidification for biological organisms and elevated levels of pCO2 (550 μatm) have severe effects on larval growth. During the research period, pCO2 values ranged from 5.0143 μatm to 464.3816 μatm. The mean value of pCO2 was 128.72 µatm. So, there were not found severe effects of pCO2 on larval growth. Scanes et al., (2014) also revealed that larval abundance is negatively correlated with pCO2, and a level of more than 300 μatm has a negative impact on larval abundance. Other important ocean acidification factors are HCO3-, CO32-, DIC, ΩAragonite, and ΩCalcite.
Spyres et al., (2000) published that a significant component of saltwater and a crucial indicator of ocean acidification is dissolved inorganic carbon (DIC), which is normally made up of CO32-, HCO3-, and CO2 (aq). The ideal value of DIC for organisms is less than 0.002 mol/kg. The average value of DIC was 0.000892 mol/kg which is less than the ideal value of DIC. So, the derived value of DIC was not harmful to the aquatic organisms along the Teknaf coast.
[bookmark: _Hlk107796877][bookmark: _Hlk107797794]Since the aragonite saturation state measures carbonate ion concentration, it is frequently used to evaluate ocean acidification. The aquatic organisms became stressed when the aragonite saturation state drops below 3, and shells and other aragonite structures start to dissolve when the saturation level drops below 1 (Jiang et al., 2015). During the research period, the value of ΩAragonite ranged from 1.3772 to 3.2091 and the average value of ΩAragonite was 2.3544. So, the aquatic organisms along the Teknaf coast did not become stressed when the value of ΩAragonite was above 3. 
[bookmark: _Hlk107308997]The ability of saltwater to dissolve the CaCO3 shells and skeletons of marine creatures is determined by its saturation state for CaCO3. According to Corlis & Honjo (1981), undersaturated saltwater (ΩCalcite <1) is dangerous for calcifying organisms in the absence of defense systems. The value of ΩCalcite ranged from 2.1329 to 4.9515 and the average value of ΩCalcite was 3.7028 in the present study. The derived value of ΩCalcite was greater than 1 and so it was not dangerous for the calcifying organisms along the Teknaf coast.
5.6 [bookmark: _Hlk107675905]Relationship with pCO2, pH & Larval abundance of Teknaf coast
The number of fish larvae is affected by a variety of factors, including the level of acidification. There is individual variation in certain species' somatic and behavioral reactions to high pCO2 (Munday et al., 2010; Ferrari et al., 2011; Munday et al., 2012), and in one study, when resistant juveniles were released into the wild, their rates of predation-based death were reduced (Munday et al., 2012), indicating the possibility of quick adaptation and selection as well as larger population resilience to ocean acidification (Frommel et al., 2012). Though selection could slow down at higher pCO2 levels if species are resistant (Munday et al., 2010; Ferrari et al., 2011). Furthermore, it is not apparent if the traits of resistant populations are inherited (Munday et al., 2012). In addition, Munday et al. (2011) and other studies like Hurst et al. (2013) only evaluated survival on a single day, which may or may not have been the final day of any elevated mortality. As a result, mortality rates couldn't be estimated even if there was an end-point measurement. On the continental shelves of the Andaman Sea, Munk et al. (2004) examined the interaction between chemistry, physics, and plankton biology. They noticed that a hydrographic front was forming at the same time as the mid-shelf (50-65m bottom depth) when mesozooplankton and fish larvae abundance peaked. Significant abundance gradients have been found throughout the shelf in other tropical studies, but no recurring patterns associated with hydrography or other variables have been found (Leis, 1993; Williams et. al., 1988). Other studies have examined hatching success and found no indication of the consequences of ocean acidification, including Munday et al. (2009b); Franke & Clemmesen (2011); Frommel et al. (2013); Hurst et al. (2013, 2016).
[bookmark: _Hlk116487819][bookmark: _Hlk107269704][bookmark: _Hlk116581080]The results of this research showed that for the first few months the abundance of fish larvae remains stable, but in the last few months, there were ups and downs in the abundance of fish larvae. Ocean acidification is caused by a reduction in pH, which has an impact on fish larvae abundance. However, the author noticed in this research that the population of fish larvae stays high in June, August, and October, even when the pH level did not fluctuate significantly. The abundance of fish larvae was quite low in July and September, despite the high pH value. The number of fish larvae reached its peak in October, even though the pH level in that month stayed below the average. The number of fish larvae was at its lowest in September, although the pH remains above the monthly average. As a result, not only is ocean acidification to blame for changes in larval abundance but so are other factors. Lower recruiting to the spawning stock will result from higher death rates in the juvenile stage, whether directly via reduced survival or indirectly through decreased health, for marine fish populations. Future research must take into account the interaction impacts of shifting ocean pH, dissolved oxygen, and water temperature to increase the accuracy of projections concerning the future of fish species and their ecological sustainability (Gruber, 2011).
[bookmark: _Hlk105191387]To obtain a better understanding of the general picture of fish larval abundance throughout the Teknaf coast, more study is necessary into the relationships between the fish larvae and oceanographic parameters in different monsoon systems.
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6. Conclusion
[bookmark: _Hlk107666592]This research showed an insignificant relationship between ocean acidification and larvae abundance along the Teknaf coast. Ocean acidification is caused by a reduction in pH, which has an impact on fish larvae abundance. But in this research, the increase in the value of pCO2 did not affect the larvae abundance by lowering the pH value. The value of pCO2 influences the value of other ocean acidification factors. It is difficult to find out the one specific cause that is responsible for reducing the larvae abundance along the Teknaf coast. The hydrological parameters of the Teknaf coast were within the ideal ranges. Results should be carefully analyzed, and it's critical to remember that there will be a chance for adaptation and acclimatization. Therefore, it's also anticipated that these mechanisms can mitigate the detrimental effects on fish larvae. The findings of this research will help to understand how ocean acidification affects fish species that are important for management, economics, and ecological concerns. Future research should concentrate on how these environmental variables may influence fish species that are significant for commercial at higher organizational levels, in order to assist leaders and policy-makers in taking preventative action. Regional fisheries management organizations will be better able to make decisions about the management of the extremely valuable fish larvae as a result of future population-level predictions of the impacts of ocean acidification. This is especially true with regard to achieving important sustainability-related goals.









Chapter-7
7. Recommendations
Pollution and global warming are two of the many factors that accelerate ocean acidification. The following actions will be helped to save the ocean in the long term-
· The use of fossil fuels, which are responsible for the emission of carbon dioxide, must be reduced. 
· Renewable energy should be used to return the environment to its original state. 
· Land runoff should be monitored to protect the coral reefs, which are crucial to keeping the ocean in good condition. 
· The forests that are considered the lungs of the world must be protected. The majority of the carbon dioxide emissions into the air are absorbed by the forests. 
· Rules and regulations must be implemented to protect the marine environment from degradation of the marine habitats. 
· The use of electricity, which is indirectly responsible for carbon emissions, should be reduced. 
· Water should be saved from being wasted to prevent ocean acidification. 
· Local items should be used to reduce the carbon emissions during the transportation of items from one place to another. 
· The use of plastic, which takes hundreds of years to entirely vanish, must be stopped. 
· Paper, cotton cloth, metal, or glass materials that will be better for the environment should be used. 
· [bookmark: _Hlk107888863]The waste materials should be recycled to protect the environment from ocean acidification. 
· The growth of marine plants should be ensured along the Teknaf coast to reduce ocean acidification. 
· The habitats along the Teknaf coast must be protected from degradation to improve the coastal environment. 
· Offshore drilling, which is responsible for the degradation of water quality, must be stopped. 
· The alkalinity of the ocean water should be increased to minimize the ocean acidity.
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	[bookmark: _Hlk96985479][bookmark: _Hlk107909188]Temperature (°C)
	pH
	Total Alkalinity (mg/l)
	[bookmark: _Hlk96990010]Salinity (PSU)

	[bookmark: _Hlk96557152]Jan
	22.6
	8.2
	164
	26.6

	Feb
	28.1
	7.9
	170
	28.1

	Mar
	28.9
	8.2
	165
	26.2

	Apr
	32
	8.1
	104
	32

	May
	30.5
	8.1
	116
	34

	June
	27.6
	8.4
	102
	22

	July
	28.6
	8.6
	82
	20

	Aug
	28.9
	9.1
	52
	8

	Sep
	29.9
	8.8
	70
	9

	Oct
	29
	8.2
	78
	25

	Nov
	30.2
	8.4
	124
	25

	Dec
	24.7
	8.4
	132
	27
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[bookmark: _Hlk107183588]Appendix B: Derived Ocean acidification factors of Teknaf coast   
	[bookmark: _Hlk96558992]Month
	pCO2 (μatm)
	HCO3- (mol/kg)
	CO32- (mol/kg)
	DIC (mol/kg)
	ΩAragonite
	ΩCalcite

	Jan
	199.7992
	0.0012
	0.0002
	0.0014
	2.5680
	4.0219

	Feb
	464.3816
	0.0014
	0.0001
	0.0015
	1.9164
	2.9360

	Mar
	198.0539
	0.0012
	0.0002
	0.0014
	3.1649
	4.8756

	Apr
	144.7597
	0.0007
	0.0001
	0.0008
	1.9163
	2.8605

	May
	160.4084
	0.0008
	0.0001
	0.0009
	2.0983
	3.1332

	June
	69.9502
	0.0006
	0.0001
	0.0008
	2.3185
	3.6634

	July
	29.3424
	0.0004
	0.0001
	0.0006
	2.3522
	3.7501

	Aug
	5.0143
	0.0002
	0.0001
	0.0003
	2.0456
	3.5317

	Sep
	19.5141
	0.0004
	0.0001
	0.0005
	2.2851
	3.9124

	Oct
	89.2348
	0.0005
	0.0001
	0.0006
	1.3772
	2.1329

	Nov
	79.1559
	0.0007
	0.0002
	0.0009
	3.2091
	4.9515

	Dec
	85.0837
	0.0008
	0.0002
	0.0010
	3.0012
	4.6653




[bookmark: _Hlk107183007]Appendix C: Abundance of Fish Larvae (larvae/1000 m3) in Teknaf coast 
	Month
	Larval Abundance

	Jan
	14

	Feb
	22

	Mar
	13

	Apr
	12

	May
	9

	June
	208

	July
	26

	Aug
	334

	Sep
	0

	Oct
	361

	Nov
	113

	Dec
	8
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Temperature

Temperature (°C)	Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	22.6	28.1	28.9	32	30.5	27.6	28.6	28.9	29.9	29	30.2	24.7	Month


Temperature (°C)



pH

pH	
Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	8.1999999999999993	7.9	8.1999999999999993	8.1	8.1	8.4	8.6	9.1	8.8000000000000007	8.1999999999999993	8.4	8.4	Month




Total Alkalinity

Total Alkalinity (mg/L)	Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	164	170	165	104	116	102	82	52	70	78	124	132	Month


mg/l



Salinity

Salinity (psu)	
Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	26.6	28.1	26.2	32	34	22	20	8	9	25	25	27	Month


Salinity (PSU)



Jan	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	22.6	8.1999999999999993	164	26.6	Feb	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	28.1	7.9	170	28.1	Mar	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	28.9	8.1999999999999993	165	26.2	Apr	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	32	8.1	104	32	May	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	30.5	8.1	116	34	June	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	27.6	8.4	102	22	July	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	28.6	8.6	82	20	Aug	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	28.9	9.1	52	8	Sep	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	29.9	8.8000000000000007	70	9	Oct	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	29	8.1999999999999993	78	25	Nov	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	30.2	8.4	124	25	Dec	Temperature (°C)	pH	Total Alkalinity (mg/L)	Salinity (psu)	24.7	8.4	132	27	Parameters


Unit




pCO2

pCO2	Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	199.79921218598	464.38162009710601	198.05385551889401	144.759683307367	160.40843380506101	69.950199999999995	29.342419551209002	5.0143370040902102	19.514065271497401	89.234845352216695	79.155919618830893	85.083742360614806	Month


µatm



HCO3-

HCO3	Jan	Feb	Mar	Apr	May	June	Jul	Aug	Sep	Oct	Nov	Dec	1.2397347532134501E-3	1.41084769109313E-3	1.1788050799227501E-3	6.9731509476280795E-4	7.8547159370566898E-4	6.4000000000000005E-4	4.1480364276588901E-4	1.8579399087498199E-4	3.6929301421377602E-4	5.2573326874990299E-4	7.3392501181658695E-4	8.2808888743333498E-4	Month


mol/kg



CO32-

CO3	Jan	Feb	Mar	Apr	May	June	Jul	Aug	Sep	Oct	Nov	Dec	1.5753292273713599E-4	1.14435274955552E-4	1.8655742468609801E-4	1.13882253202322E-4	1.2755879093409101E-4	1.2999999999999999E-4	1.3621567236590099E-4	1.12390540311708E-4	1.24935174818737E-4	8.0765096683603997E-5	1.86573579252046E-4	1.8218471658683699E-4	Month


mol/kg



DIC

DIC	Jan	Feb	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	1.4035572715436599E-3	1.53789802088496E-3	1.37069140674145E-3	8.1472180300186197E-4	9.1703008175579104E-4	7.6999999999999996E-4	5.5183971486446205E-4	2.9833236408048001E-4	4.9478681238998698E-4	6.0890811055640899E-4	9.2257656990340901E-4	1.0128032748020299E-3	Month


mol/kg



ΩAragonite 

ΩAragonite 	Jan	Feb	Mar	Apr	May	June	Jul	Aug	Sep	Oct	Nov	Dec	2.5680378463501099	1.9164460322761301	3.1648937681620599	1.9162536568453099	2.0983143873196202	2.318508	2.3522091610393598	2.04559279814544	2.28514097541151	1.3771726237298301	3.2090554779092502	3.0011987035443899	Month




ΩCalcite

ΩCalcite	Jan	Feb	Mar	Apr	May	June	Jul	Aug	Sep	Oct	Nov	Dec	4.0218678193254904	2.9360411867591401	4.8756161999941297	2.86054993533627	3.1332371090141198	3.6633800000000001	3.7500504979255598	3.5316966024648599	3.9123614360380201	2.1329101268783299	4.9515226856653598	4.6652531797332397	Month




Larval Abundance 

Larval Abundance	
Jan	Feb	Mar	Apr	May	June	Jul	Aug	Sep	Oct	Nov	Dec	14	22	13	12	9	208	26	334	0	361	113	8	Month


Larvae/1000 m3
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Larval abundance


Month
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pH


Larval abundance
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Alkalinity   ( mg / l )     =     Acid   used   ( ml ) ∗   0 . 02N   ( Normality   of   Acid )   ∗ 50   ( Gram   Equivalent   Weight   of   CaCO3 )   ∗ 1000   Sample   volume  
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