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japonica 
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Abstract 
The objective of the present study was to examine the effect of elevated CO2 and temperature on survival 
and morphology of Sillago japonica yolk sac larvae under the Institute for East China Sea Research 
(ECSER) Nagasaki, Japan. In this study, we examined hatching success, survival and morphology of the 
larvae of Sillago japonica under four conditions: control (C), seawater pCO2 382µatm, temperature 27 

°C; high CO2 (HC), 915µatm, 27 °C; high temperature (HT), 385 µatm, 31 oC; and high CO2+high 
temperature (HCT), 932µatm, 31 oC. Fertilized eggs were obtained from broodstock reared in natural 
seawater, and transferred to experimental containers in each treatment. Hatched larvae were observed 
until the completion of yolk sac absorptions on 3 days post hatching (dph). The experiment was repeated 
four times with 4 replicates for each treatment in each experiment. Also, the temperature appeared to 
have exerted a stronger influence on hatching success (Hs) and larval survival (Sv): Hs and Sv at 3 dph 
were both significantly (p>0.05) depressed in HT (Hs 52.5±1.25%, Sv 23.8±4.38%) and HCT (Hs 
51.3±3.13%, Sv 20.0±0.63%) treatments than in C (Hs 98.1±0.94%, Sv 74.4±2.03%) and HC (Hs 
95.0±2.5%, Sv 49.7±3.44%) treatments. In contrast, CO2 was the predominant factor responsible for 
morphological abnormality: percentage morphological abnormality was significantly (p>0.05) higher in 
HC (15.8±2.72%) and HCT (41.0±10.86%) treatments than in C (0.4±0.65%) and HT (2.4±2.40%) 
treatments. Most individuals in HC and HCT treatments had body axis either curved or bent, with 
aberrant swimming behavior. These results indicate that projected future ocean environments will have 
significant negative impacts on hatching success, and larval survival and morphology of S. japonica, 
which might have serious ramifications for recruitment of the species. Comparative studies on other 
teleost and elasmobranch species are critically needed. 
 
Keywords: Elevated Carbon dioxide, marine fish larvae, Sillago japonica, survival and morphology, 
temperature 
 
1. Introduction 
The anthropogenic activities like burning of fossil fuel are increasing atmospheric carbon 
dioxide (CO2) concentration which is causing global warming and ocean acidification (Feely et 
al., 2004 [1]; Orr et al., 2005) [2]. The atmospheric carbon dioxide concentration that had been 
increasing at a rate of 1% per year during the 20th century is now increasing to approximately 
3% per year (IPCC, 2007) [3]. The CO2 concentration in the atmosphere is projected to reach 
1000ppm by 2001 (SRES A1FI Scenario) and (IPCC, 2007) [3] while recent global mean CO2 
concentration is approximately to 390ppm (Conway and Tans, 2011) [4]. About one-third of the 
anthropogenic CO2 produced in the past 200 years has been taken up by the oceans (Sabine et 
al., 2004) [5] which alter ocean chemistry through acidification process. Modeling studies 
suggest that by 2100 surface ocean pH will decline by 0.3-0.41 units compared to current 
levels (Caldiera and Wickett, 2005 [6]. Doney et al., 2009) [7]. The impacts of ocean 
acidification on invertebrate development have been broadly studied (Doney et al. 2009 [7]. 
Byrne, 2011 [8]. Dupont et al., 2010 [9], Hendriks et al., 2010 [10]; Kroeker et al., 2010 [11]. 
Fabry et al., 2008) [12]. Research suggested that ocean acidification affects the physiological 
processes of marine organisms (Pörtner, 2008) [13] and consequently, their ecological functions 
and interactions with other organisms (Widdicombe and Spicer, 2008) [14]. Comparatively few 
studies have investigated the effects of climate change on coral fish (Munday et al., 2008[15]; 
Roesig et al., 2004) [16]. The declining pH was reported to affect coral fish behavior  
 



 

~ 49 ~ 

International Journal of Fisheries and Aquatic Studies 

(Dixson et al, 2010 [17]; Munday et al., 2010 [18]; Simposon et 
al., 2011 [19]; Ferrari et al., 2012 [20]; Domenici et al., 2012) [21], 
reduce hatching success or survival of finfish (Baumann et al., 
2011 [22]; Chamber et al., 2014) [23] and deform fish larvae 
(Baumann et al., 2011[22]). 
Global warming and ocean acidification are recognized as 
global problems (Doney et al., 2009) [7]. The global warming 
caused by additional CO2 lead into an increase in mean sea-
surface temperatures (SST) between 1.1 and 6.4 °C by 2100 
with the best estimates ranging between 2 and 4.5 °C (IPCC, 
2007) [3]. The increase in SST projected to occur will cause 
thermal stress to wider range of marine organism, in which 
most of them are already confined to their temperature 
tolerances or exceeded their limit (Hoffman and Todgham, 
2010) [24]. Some studies on invertebrate showed that ocean 
warming has an effect on embryo development and caused 
embryo mortality as well as skeletal dissolution for juvenile 
invertebrate (Byrne 2011 [8]; Negri et al,. 2007 [25], Whalan et 
al., 2008) [26] Early findings reported that marine invertebrate 
larvae normally require a narrower temperature range for 
development compared to adults (Foster, 1971) [27]. High 
temperature under culture condition was reported to cause fish 
larvae morphology deformity for instance Solea senegalensis 
(Dionisio et al., 2012) [28] Pseudopleuronectes herzensteini 
(Aritaki and Seikai, 2004) [29] halibut (Lewis-McCrea et al., 
2004) [30] gilthead seabream (Georgakopoulou et al., 2010) [31], 
European seabass (Koumoundouros et al., 2001) [32] and 
wolfish (Pavlov and Moksness, 1996) [33]. Additionally, 
temperature was demonstrated to influence marine larval 
dispersal distance, with the implications for the understanding 
and effective management of marine populations, connectivity 
and ecosystem (O’Connor et al., 2007) [34] 
Very few studies have shown that future increases in CO2 and 
SST will have synergistic effect in feeding behavior of coral 
fish (Nowicki et al., 2012) [35]. However, currently there is a 
limited evidence to support hypothesis that elevated CO2 and 
temperature affect hatching, survival and morphology of 
marine fish larvae with yolk sac. The fish larva with yolk sac 
is a very crucial stage of fish development as related to 
predator escape, prey searching and resistance to starvation. 
Therefore understanding of these ability can help to provide 
information not only for an ecological understanding of marine 
fish-larvae, but also for conducting intensive larval rearing on 
a large scale and help to predict the future population.  
Therefore, this study examined the effect of elevated CO2 and 
temperature on survival and morphology of Sillago japonica 
yolk sac larvae. S. japonica was selected for the present study 
because they can hatch and reared easily under captivity; it is 
one of representative of coastal fish and is used for 
aquaculture. 
 

2. Material and methods 
2.1 Experimental animal and Egg Collection 
Naturally `fertilized eggs of S. japonica) were obtained from 
Nagasaki Prefecture Fisheries Research (NPFR) around 08.30 
am in the morning. Eggs were collected in 500ml beaker 

which was covered with plastic paper. The Nagasaki 
Prefecture Fisheries Research (NPFR) is about 100m from 
ECSER Institute, 32 o48’39”N, 129 o46’20”E), Nagasaki, 
Japan where research was conducted. The brood stock were 
reared under 3000L round plastic tank under ambient 
temperature (27.5 oC) and pCO2 (392 µatm) with continuous 
flow of sand filtered seawater. The Broodstock were fed twice 
a day 09h00 and 16h00 artificial feed according to their 
nutritional requirement. Sillago spawned around 12pm 
midnight. The eggs were examined under microscope and 
unfertilized eggs were removed. 
 
2.2 Experimental setup 
Four (4) different treatment levels in four replicates were used 
in this study. (i) Control (C) i.e. temp = 27 oC; pCO2 = 380 
µatm (ii) Elevated CO2 (HC) i.e. 27 oC; pCO2 = 1000 µatm 
(iii) Elevated temperature (HT) i.e. temp = 31 oC; p CO2 380 
µatm (iv) Combination of elevated temperature and CO2 
(HCT) i.e. temp = 31 oC; pCO2 = 1000 µatm. The experiment 
was repeated four during the month of July, 2013.  
 
2.3 Sea water manipulation  
Natural seawater was sand filtered before being pumped into 4 
header plastic containers of capacity of 15liters. Pure CO2 was 
bubbled into each tank in order to get the desired pH and pCO2 

for control 380ppm which was the current situation and 
1000ppm according to year 2100 prediction by A1FI scenario 
(IPCC, 2001) [36]. The flow rate of 10L/minute CO2 free air 
was used to obtain current situation and air: CO2 was at a ratio 
of 10L/minute:6.20cc/minute respectively was used for to 
obtain the future pCO2 and pH. The CO2 blended gas was 
prepared with a gas blender (Kofloc, GB-2C, Japan). The 
electric heaters were used to adjust temperature of sea water, 
raised to 27 and 30.5 oC for current and future situation 
respectively. These temperatures correspond to current day 
July average SST at East China Sea and 3 oC increase beyond 
the July average SST.  
The water pH and temperature of treatment tanks was 
monitored daily using digital probes and maintained at a 
desired level throughout the experimental time. Temperatures 
were measured using digital probe thermometer. The pH was 
measured using National Bureau of Standard (NBS) scale. 
Salinity was measured before the start of experiment by using 
portable refractometer (Atago, 100-S, Japan). Before starting 
the experiment the water sample was taken to estimate total 
alkalinity (AT) by using total alkalinity titrator (Kimoto, ATT-
05, Japan) in duplicate. These data were used to determine 
partial pressure of CO2 (pCO2) in each treatment by using 
CO2Calc 1.2.0 (Robbins, 2010) [37], with dissociation 
constants K1 and K2 from Mehrbach et al., (1973) [38] refit by 
Dickson and Millero, (1987) [39]. Dissolve Oxygen (DO) 
concentration during the experiment was measured daily in 
each container using portable DO meter (Eyela, NCB-1200, 
Japan). 

 
Table 1: The experimental seawater quality (mean±SD). The Dissolved Oxygen (DO), Temperature, PH and Total Alkalinity (TA) were 

measured but pCO2 was calculated by using CO2calc 1.2.0 
 

Treatments 
Sea water parameters 

DO (mg/l) Temp 0C pH(NBS) TA (µmol/kg SW) pCO2 (µatm) 
C 6.65±0.24 26.8±0.25 8.17±0.01 2184.0±79.0 391.0±8.01 

HC 6.55±0.16 27.0±0.32 7.85±0.01 2159.0±82.0 939.0±19.0 
HT 6.36±0.11 30.8±0.32 8.16±0.01 2043.1±23.0 396.0±9.02 

HCT 6.46±0.09 30.6±0.65 7.85±0.01 2144.0±28.0 947.0±18.0 



 

~ 50 ~ 

International Journal of Fisheries and Aquatic Studies 

2.4 Data Collection and Analysis 
2.4.1 Hatching Percentage (HP) 
Ten fertilized eggs were randomly assigned in 4 replicates in 
500mls containers with a lid on it for each treatment to 
examine hatching percentage (HP) after 24 hour incubation. 
During incubation time the treated water was exchanged at a 
rate of 0.34ml/minutes. The fish larvae hatched were counted 
from each container then averaged percentage were calculated 
separately for each treatment 
 
2.4.2 Larval survival and Morphology deformities  
Fifty fertilized eggs were randomly assigned in 1000mls 
containers in 4 replicates for each treatment. Then 20 fish 
larvae were retained in each container with a lid on it to 
observe larval survival, morphology deformities with water 
exchanged at a rate of 2ml/minute. These parameters were 
examined at day three after incubation when the digestive 
system is completely developed and egg yolk is almost 
completely absorbed (Oozeki, et al., 1992) [40]. Fish larvae 
survived to day 3 in each container were counted and then 
used to compute mean percentage of survival for each 
treatment. The fish larvae were also observed, their 
morphological deformities from each container were recorded 
then percent of deformities was calculated for each container 
and then the mean percentage was calculated for each 
treatment. 
 

2.5 Data analysis 
Two-way ANOVA was used to compare effect of 
experimental time and treatments to assess the consistency of 
the results. The effect of treatments on hatching percentage 
(HP), survival percentage (SV) and Morphology deformity 
percentage (MD) were analyzed by using one-way ANOVA 
followed by post hoc Games Howells multiple comparison test 
to observe the differences between observed mean. Before 
analysis data were first tested for homogeneity of variance 
using Levene’s test. If data did not show homogeneity of 
variance even after transformation into square root or log 
(X+1) then Games Howells multiple comparison test was 
used.  
 
3. Results 
3.1 Hatching percentage (n=40) 
Results revealed that temperature has significant effect on 
hatching success of sillago fish. Each experiment showed 
consistently significant (p<0.001) decrease in hatching success 
at elevated temperature. The HT and HCT had significantly 
(p<0.001) lower hatching success for experiments 1, 2, 3 and 
4. The control (c) and high CO2 treatments showed no 
significant difference (p>0.05), for exp 1, 2, 3 and 4 treatments 
in hatching percentage. Likewise, the HT and HCT showed no 
significant effect (p>0.05) for all experiments) in hatching 
percentage (Figure 1). 

 
 

Fig 1: The average Hatching Percentage of Sillago eggs (n=10) at different treatment observed 24h after incubation for  
Each for experiments conducted at different time. Different letter on the error bar shows significant different at p<0.05.

 
Survival at day 3 (n=20)
The results revealed that elevated CO2 and temperature (HC, 
HT and HCT) had significant (p<0.05) effect on survival of 
Sillago fish larvae (Figure 2). In all experiments, the control 
showed significant higher (p<0.01) larvae survival, three days 

post hatch followed by HC in all treatments. While treatments 
HT and HCT showed significant lowest ((p<0.01) survival in 
three days post hatch whereby HT and HCT showed no 
significant different (p>0.05). 

 

 
 

Fig 2: The average survival percentage (SV) of sillago at different treatment observed 3 days post hatch. n=20 for each treatment. 
Different letter on the error bar shows significant different at p<0.05.
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Morphology deformity percentage as per number of 
survivors 
Figures 3 and 4 showed that elevated CO2 and temperature 
have great impact on sillago larvae morphology deformity 
(MD). In all experiments, HCT showed significant (p<0.05) 
synergistic effect of elevated CO2 with temperature on impacts 
of morphology deformities of sillago fish larvae. The HC and 
HT showed significant (p<0.05) of sillago fish larvae however, 
the HC and HT showed no significant (p>0.05) difference on 
fish larvae morphology deformity. The control had significant 
(p<0.05) the lowest number of fish larvae with morphology 
deformity compared to other treatments (Figure 3). 
 

 
 

Fig 3: Effect of elevated CO2 and temperature to early life stage of 
Sillago japonica survived 3 days post hatch 

 

 
 

Fig 4: The average morphology deformity Percentage of sillago fish 
larvae survived 3 days post hatch at different treatment. Different 

letter on the error bar shows significant different at p<0.05. 
 
4. Discussion  
The present study unambiguously revealed that the future 
projected elevated by both CO2 and temperature of the oceans 
may affect hatching, survival and morphology of marine fish 
larvae. Regardless of marine fish being known to have well 
developed acid-base regulatory system, still they are 
susceptible to elevated CO2 which leads to ocean acidification 
(Munday et al., 2010 [18]; Baumann et al., 2011 [22]; Ishimatsu 
et al., 2008 [41]; Frommel et al., 2011 [42]; Esbaugh et al., 
2012[43]; Bignami et al., 2013 [44]; Enzor et al., 2013 [45]; Hurst 
et al., 2013) [46]. Temperature is known as a main physical 
regulatory in marine life to have a noticeable power on 
metabolism and implications in development as well as 
induces ontogenetic plasticity in fish larvae (Dionisio et al., 
2012 [28]; Pankhurst and Munday, 2011) [47]. The hatching 
percentage of sillago eggs were unaffected by elevated CO2 
when exposed to approximately 942 µatm CO2 resulting into 
7.85 pH during the present study. This could be due to short 
time of exposure to elevated CO2 to make a significant 
changes as it took less than 24hrs to hatch also it could 
suggests that sillago eggs are resistant to elevated CO2. Similar 
findings were reported elsewhere when eggs exposed to 
projected future elevated CO2 (Munday et al., 2009 [48]; Franke 
and Clemmesen, 2011) [49]. However, findings from temperate 
Atlantic fish Menidia beryllina showed a considerable 

mortality of eggs when exposed to elevated CO2 (Baumann et 
al., 2011) [22] Also it was reported that the vulnerability of 
early developmental stage of fish like eggs, sperms, larvae and 
juveniles to elevated CO2 levels is higher than for adults 
(Kikkawa et al., 2003 [50]; Ishimatsu et al., 2004) [51]. The 
elevated temperature 31 °C has exerted stronger influence on 
hatching success in sillago fish. Failure of sillago eggs to hatch 
at elevated temperatures in all four successive experiments 
suggests that the elevated temperature is outside the tolerance 
limit for development of sillago eggs. It has also been reported 
that the hatching rate of sillago eggs has a tendency to 
decrease at temperatures over 28 °C (Hotta et al., 2001) [52]. It 
has also been reported that egg is the most sensitive life stages 
of fish species as small increases in temperature can severely 
increase egg mortality (Gagliano et al. 2007) [53]. These 
findings agree with the long time laboratory findings in sole 
fish egg mortality occurred as the temperature increases (Irvin, 
1974 [54]; Pepnin, 1991) [55] and common carp (Richter et al., 
1987) [56]. The same trend showed in the currently research that 
small increase in temperature increased mortality of northern 
rock sole larvae Lepidopsetta polyxystra (Laurel and Blood, 
2011) [57] and common carp (El-Hakim and El-Gamal, 2009) 
[58]. Similar to this, temperature is known as the main 
environmental factor affecting development of fish eggs as 
well as certain morphological features and hatching rate 
(Nwosu and Holzlohnev, 2000 [59]; Bagenal and Braun, 1978) 
[60]. At temperature of 27 °C the hatching percentages of 
sillago fish was higher compared to future elevated 
temperature of 31 °C. It is being proposed that 27 0C is the 
optimum temperature for hatching of sillago eggs. This 
temperature corresponds to the environmental temperature 
during the period of natural reproduction. Therefore, the 
elevated temperature has greater implications for the future 
sillago stock abundance as fish hatching success predicts the 
next generation. 
Our results also showed that elevated temperature exerts a 
stronger influence of survival of sillago fish larvae than CO2 
alone. This could be due to high metabolic rate beyond the 
tolerance limit of sillago fish larvae. The metabolic rate which 
is the fundamental measure of physiological activities 
mediates most of biotic effects of warming (Herbing and 
Boutilier, 1996 [61]; McLeod et al., 2013) [62]. The similar 
findings were reported on Amphiprion percula, coral fish 
larvae that high temperature reduces their survival (McLeod et 
al., 2013) [62] and cardinal fish species (Munday et al., 2009) 
[48]. All organisms are known to have lethal limits to their 
temperature range and within that range organisms have 
optimal temperature for development of physiological 
activities (Hokanson, 1977 [63]; Rombough, 1997) [64]. The 
elevated CO2 and reduced pH alone also showed impacts on 
survival of sillago fish larvae. This was also reported to exert 
severe effect on survival of silver sea bream Pagrus major 
eggs and larvae (Ishimatsu et al., 2004) [51]. This suggested 
that the acid-base regulatory system was not well developed at 
this young stage and thus compromising their physiological 
compensatory mechanisms. Also their small size could be 
increasing cost of homeostasis hence more vulnerable to 
environmental elevated CO2 predicted to occur in near future 
(Brauner, 2009 [65]; Melzner et al., 2009) [66]. However, 
contrary to what was reported that the elevated CO2 had no 
effect of on growth and survival of juveniles of common coral 
reef fish, the spiny damselfish Acanthochromis polyacanthus 
(Munday et al., 2011) [67] that was consistent with some cold 
water fish showed to tolerate elevated CO2 levels above those 
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predicted to occur in the shallow ocean due to increasing 
anthropogenic CO2 emissions (Kikkawa et al., 2003[50]; 
Ishimatsu et al., 2004 [51]). This showed that the ability of fish 
to tolerate low pH due to elevated CO2 is species specific. 
The synergistic interactions between temperature and CO2 
consequently have great implications on survival of unfed 
sillago larvae and therefore ecological implication to marine 
fish abundance and distribution. The findings showed that in 
marine organisms, low pH is thought to enhance ion regulatory 
costs and thus baseline energy demand whereas elevated 
temperature increases baseline metabolic rate (Kreiss et al., 
2015)[68]. This synergistic interaction effect was reported to 
increase mortality of Ostorhinchus doederleini which 
suggested that the physiological condition of individuals was 
severely compromised at elevated CO2 and temperature was 
sufficient to cause increased mortality (Munday et al., 
2009)[48]. Such differences suggest that the composition of 
marine fish communities may shift due to changes in relative 
rates of mortality among species in global warming world. 
Sillago fish feeds in low food chain and therefore reduction of 
their number will have an impact on their predators’ 
abundance and distribution as well as changes in eating habits.  
From the findings, it can be revealed that elevated CO2 was the 
predominant factor responsible for morphological deformity of 
sillago fish larvae. This suggests that early life stages can be 
negatively impacted by elevated CO2, but how does the 
elevated CO2 affect fish morphology is currently unknown. 
Recent findings reported that elevated CO2 caused 
considerable higher percentage of malformations in newly 
hatched temperate Atlantic fish Menidia beryllina larvae 
(Baumann et al., 2011) [22]. It was proposed that, sensitivity to 
elevated CO2 at the earliest life stages could concomitantly 
reflect poor development of acid-base regulation and cardio-
respiratory control mechanisms. These mechanisms are 
possibly linked to increased gill function and muscle activity 
due to swimming activity (Perry and Gilmour, 2006) [72] as 
well as tissue damage and necrosis in fish larvae (Frommel et 
al., 2011) [42]. Likewise, such mechanism could also be due to 
high metabolic cost incurred to maintain physiological 
activities at elevated CO2 and ultimately reduces temperature 
energy available for tissue synthesis (Ishimatsu et al., 2004 [51]; 
Kurihara et al., 2008 [69]; Shirayama, 2002 [70]) and therefore 
affect energy requirements for activity among ontogenetic 
stages (Baumann et al., 2011) [22]. HT which also showed 
significant sillago larvae morphology deformity, was also 
similar to those reported in Solea senegalensis (Dionisio et al., 
2012) [28], Pseudopleuronectes herzensteini (Aritaki and 
Seikai, 2004) [29], halibut (Lewis-McCrea et al., 2004) [30], 
gilthead seabream (Georgakopoulou et al., 2010) [31], European 
seabass (Koumoundouros et al., 2001) [32] and wolfish (Pavlov 
and Moksness, 1996) [33]. It was also suggested that the 
skeleton deformity at high temperature could be due to effect 
of stress caused by altered developmental timing (Das et al., 
2006) [71].  
 
5. Conclusion  
This study highlights the potential effects of future elevated 
CO2 and temperature on hatching, survival and morphology of 
unfed sillago fish larvae. Elevated temperature showed high 
impacts on hatching and survival of sillago fish larvae. While 
the elevated CO2 exerted strong effect on fish larvae 
morphology deformity, however, the additive effect of 
elevated temperature worsen the situation. The synergetic 
impacts of elevated CO2 and temperature have great impacts 

on the early life and reproductive stages will have 
consequences on aquatic ecology. Most individuals in HC and 
HCT treatments had body axis either curved or bent, with 
aberrant swimming. These results indicate that projected future 
ocean environments will have significant negative impacts on 
hatching success, and larval survival and morphology of S. 
japonica, which might have serious ramifications for 
recruitment of the species. Comparative studies on other 
teleost and elasmobranch species are critically needed and 
such effort can eventually help fisheries managers and policy-
makers take proactive measures targeting most vulnerable 
species. 
 
6. Acknowledgements 
This study was partly funded by Doctoral grants from 
Tanzania Commission for Science and Technology 
(COSTECH), through the National Fund for Advancement of 
Science and Technology (NFAST), Tanzania and the World 
Bank through Robert S. McNamara Fellowships Program. The 
authors wish to thank the Institute for East China Sea 
Research, Nagasaki University and Tokyo University for 
allowing them to conduct the studies. We sincerely thank all 
PhD students at the Institute for East China Sea Research for 
their assistance during the study tour at Nagasaki and Tokyo. 
 
7. References 
1. Feely RA, Sabine CL, Lee K, Berelson W, Kelypas J, 

Fabry MV, Millero FJ. Impact of anthropogenic CO2 on 
the CaCO3 system in the oceans. Sci. 2004; 305:362-366. 

2. Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely 
RA, et al.  Anthropogenic ocean acidification over the 
twenty-first century and its impact on calcifying 
organisms. Nature, 2005; 437:681-686. 

3. IPCC. Intergovernmental Panel on Climate Change. (Eds.) 
Meehl GA, Stocker TF, Collins WD, Friedlingstein P, 
Gaye AT, Gregory JM, Kitoh A, KnuttiR, Murphy JM, 
Noda A, Rape, SCB, Watterson IG, Weaver AJ, Zhao 
ZC., Global Climate Projections. In: Solomon, S, Qin D, 
Manning M, Chen Z, Marquis, M., Averyt KB, Tignor M, 
Miller, HL) Climate Change, 2007, 120. 

4. Conway T, Tans P. NOAA/ESRL, 2011. 
(www.esrl.noaa.gov/gmd/ccgg/trends/) 

5. Sabine CL, Feely RA, Gruber N, Key RM, Lee K, 
Bullister J. et al. The oceanic sink for anthropogenic CO2. 
Science. 2004; 305:367-371. 

6. Caldeira K, Wickett ME. Ocean model predictions of 
chemistry changes from carbon dioxide emissions to the 
atmosphere and ocean. J Geophysical Res. 2005, 110-120 
doi:10.1029/2004JC002761 

7. Doney SC, Fabry VJ, Feely RA, Kleypas JA. Ocean 
acidification: The other CO2 problem Annual Rev. of 
Marine Sci. 2009; 1:169-192. 

8. Byrne M. Impact of ocean warming and ocean 
acidification on marine invertebrate life history stages: 
vulnerabilities and potential for persistence in a changing 
ocean. Oceanography Marine Biol. 2011; 49:1-42. 

9. Dupont S, Ortega-Martinez O, Thorndyke M. Impact of 
near-future ocean acidification on echinoderms. 
Ecotoxicology. 2010; 19:449-462. 

10.  Hendriks IE, Duarte CM, Alvarez M. Vulnerability of 
marine biodiversity to ocean acidification: a meta-
analysis. Estuarine, Coastal and Shelf Sci.2010; 86:157-
164.  

11. Kroeker KJ, Kordas RL, Crim RN, Singh GG. Meta-



 

~ 53 ~ 

International Journal of Fisheries and Aquatic Studies 

analysis reveals negative yet variable effects of ocean 
acidification on marine organisms. Ecology Letters. 2010; 
13:1419-1434. 

12. Fabry VJ, Seibel BA, Feely RA, Orr JC. Impacts of ocean 
acidification on marine fauna and ecosystem processes. 
ICES. J of Marine Sci. 2008; 65:414-432. 

13. Portner HO. Ecosystem effects of ocean acidification in 
times of ocean warming: a physiologist’s view. Marine 
Ecology Progress Series. 2008; 373:203-217. 

14. Widdicombe S, Spicer JI. Predicting the impact of Ocean 
acidification on benthic biodiversity: What can physiology 
tell us? J Exp. Marine Biology and Eco. 2008; 
(doi.org/10.1016/j.jembe.2008.07.024) 

15. Munday PL, Jones GP, Pratchett MS, Williams AJ. 
Climate Change and Coral Reef Fishes. Fish and 
Fisheries. 2008; 9:261-285. 

16. Roessing JM, Woodley CM, Cech JJ, Hansen LJ. Effects 
of global climate change on marine and estuarine fishes 
and fisheries. Reviews in Fish Biology and Fisheries. 
2008; 14:251-275. 

17. Dixson DL, Munday PL, Jones GP. Ocean acidification 
disrupts the innate ability of fish to detect predator 
olfactory cues. Ecology Letters. 2010; 13:68-75. 
doi:10.1111/J.1461-0248.2009.01400.X. 

18. Munday PL, Dixson DL, McCormick MI, Meekan M, 
Ferrari MCO, Chivers DP. Replenishment of fish 
populations is threatened by ocean acidification. 
Proceedings of the National Academy of Sciences of the 
United States of America, 2010; 107:12930-12934. 

19. Simpson SD, Munday PL, Wittenrich ML, Manassa R, 
Dixson DL. Ocean acidification erodes crucial auditory 
behaviour in a marine fish. Biology Letters 2011, 917-
920. doi:10.1098/rsbl.2011.0293. 

20. Ferrari MCO, McCormick MI, Munday PL, Meekan MG, 
Dixson DL, Lönnstedt O, et al. Effects of ocean 
acidification on visual risk assessment in coral reef fishes. 
Functional Ecology 2012; 26:553-558. 
doi:10.1111/j.1365-2435.2011.01951.x. 

21. Domenici P, Allan B, McCormick MI, Munday PL. 
Elevated Carbon dioxide affects behavioural lateralization 
in a coral reef fish. Biology Letters. 2012; 8:78-81. 
doi:10.1098/rsbl.2011.0591. 

22. Baumann H, Talmage SC, Gobler CJ. Reduced early life 
growth and survival in a fish in direct response to 
increased carbon dioxide. National Climate Change. 2011; 
2:38-41. 

23. Chambers RC, Candelmo AC, Habeck EA, Poach ME, 
Wieczorek D, Cooper KR, et al Effects of elevated CO2 
in the early life stages of summer flounder, Paralichthys 
dentatus, and potential consequences of ocean 
acidification. Biogeosciences. 2014; 11:1613-1626. 

24. Hofmann GE, Todgham AE. Living in the now: 
physiological mechanisms to tolerate a rapidly changing 
environment. Annual Rev. Physiology. 2010; 72:127-145. 

25. Negri AP, Marshall PA, Heyward AJ. Differing effects of 
thermal stress on coral fertilization and early 
embryogenesis in four Indo Pacific species. Coral Reefs. 
2007; 26:759-763. 

26. Whalan S, Ettinger-Epstein P, de Nys R. The effect of 
temperature on larval pre-settlement duration and 
metamorphosis for the sponge, Rhopaloeides odorabile. 
Coral Reefs, 2008; 27:783-786. 

27. Foster BA. Desiccation as a factor in the intertidal 
zonation of barnacles. Marine Biology, 1971; 8:12-29. 

28. Dionisio G, Campos C, Valente LMP, Conceic ao LEC, 
Cancela ML, Gavaia PJ. Effect of egg incubation 
temperature on the occurrence of skeletal deformities in 
Solea senegalensis. J Applied Ichthyology. 2012; 28:471-
476. 

29. Aritaki M, Seikai T. Temperature effects on early 
development and occurrence of metamorphosis-related 
morphological abnormalities in hatchery-reared brown 
sole Pseudopleuronectes herzensteini. Aquaculture, 2004; 
240:517-530. 

30. Lewis-McCrea LM, Lall SP, Witten PE. Morphological 
descriptions of the early stages of spine and vertebral 
development in hatchery-reared larval and juvenile 
Atlantic halibut (Hippoglossus hippoglossus). 
Aquaculture, 2004; 241:47-59. 

31. Georgakopoulou E, Katharios P, Divanach P, 
Koumoundouros G. Effect of temperature on the 
development of skeletal deformities in gilthead sea bream 
(Sparus aurata Linnaeus, 1758). Aquaculture, 2010; 
308:13-19. 

32. Koumoundouros G, Divanach P, Anezaki L, Kentouri M. 
Temperature induced ontogenetic plasticity in sea bass 
(Dicentrarchus labrax). Marine Biol. 2001; 139(5)817-
830. 

33. Pavlov DA, Moksness E. Sensitive stages during 
embryonic development of wolffish, Anarhichas lupus L. 
determining the final numbers of rays in unpaired fins and 
skeletal abnormalities. ICES J. Marine Sci. 1996; 53:731-
740. 

34. O Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester 
SE. Temperature control of larval dispersal and the 
implications for marine ecology, evolution, and 
conservation. Proceedings of the National Academy of 
Sciences of the United States of America, 2007; 
104:1266-1271. doi:10.1073/PNAS.0603422104. 

35. Nowicki JP, Miller GM, Munday PL. Interactive effects 
of elevated temperature and CO2 on foraging behavior of 
juvenile coral reef fish. J Experimental Marine Biology 
and Ecology, 2012; 412:46-51. 

36. IPCC. Intergovernmental Panel on Climate Change. 
Climate change. Impacts, adaptations and vulnerability. 
Cambridge University Press, New York, 2001. 

37.  Robbins LL, Hansen ME, Kleypas JA, Meylan SC. 
CO2calc-A user-friendly seawater carbon calculator for 
Windows, Max OS X, and iOS (iPhone): U.S. Geological 
Survey Open-File Report, 2010, 17. 

38. Mehrbach C, Culberson CH, Hawley JE, Pytkowicz RN. 
Measurement of the apparent dissociation constants of 
carbonic acid in seawater at atmospheric pressure. 
Limnology and Oceanography, 1993; 18:897-907. 

39. Dickson A, Millero F. A comparison of the equilibrium 
constants for the dissociation of carbonic acid in seawater 
media. Deep-Sea Research, 1987; 34:1733-1743. 

40.  Oozeki Y, Hwang PP, Hirano R. Larval development of 
the Japanese whiting, Sillago japonica. Japanese J of 
Ichthyology, 1992; 39:59-669. 

41. Ishimatsu A, Hayashi M, Kikkawa T. Fishes in high-CO2, 
acidified oceans. Marine Ecology Progress Series, 2008; 
373:295-302. doi:10.3354/meps07823. 

42. Frommel AY, Maneja R, Lowe D, Malzahn AM, Geffen 
AJ, Folkvord A, et al. Severe tissue damage in Atlantic 
cod larvae under increasing ocean acidification. Nature 
Climate Change, 2011;2:42-46  
http://dx.doi.org/10.1038/NCLIMATE1324 



 

~ 54 ~ 

International Journal of Fisheries and Aquatic Studies 

43. Esbaugh AJ, Heuer R, Grosell M. Impacts of ocean 
acidification on respiratory gas exchange and acid–base 
balance in a marine teleost, Opsanus beta. J Comparative 
Physiology Bulletin. 2012; 182:921-934. 

44. Bignami S, Enochs IC, Manzello DP, Sponaugle S, 
Cowen RC. Ocean acidification alters the otoliths of a 
pantropical fish species with implications for sensory 
function, Proc. Of the National Academy of Sci. of the 
USA, 2013; 110(18):7366-7370.  
Doi:10.1073/pnas.1301365110. 

45. Enzor LA, Zippay ML, Place SP. High latitude fish in a 
high CO2 world: synergistic effects of elevated 
temperature and carbon dioxide on the metabolic rates of 
Antarctic notothenioids. Comparative Biochemistry and 
Physiology Part A: Molecular and Integrative Physiology, 
2013; 164:154-161. 

46. Hurst TP, Fernandez ER, Mathis JT. Effects of ocean 
acidification on hatch size and larval growth of walleye 
pollock (Theragra chalcogramma). – ICES. J Marine Sci. 
2013; 70:812-822. 

47. Pankhurst NW, Munday PL. Effects of climate change on 
fish reproduction and early life history stages. Marine and 
Freshwater Res. 2011; 62:1015-1026. 

48. Munday PL, Dixson DL, Donelson JM, Jones GP, 
Pratchett MS, Devitsina GV, et al. Ocean acidification 
impairs olfactory discrimination and homing ability of a 
marine fish. Proceedings of the National Academy of 
Sciences of the United States of America. 2009; 106: 
1848-1852. doi:10.1073/pnas.0809996106. 

49. Franke A, Clemmesen C. Effect of ocean acidification on 
early life stages of Atlantic herring (Clupea harengus L.). 
Biogeosciences, 2011; 8:3697-3707. 

50. Kikkawa T, Ishimatsu A, Kita J. Acute CO2 tolerance 
during the early developmental stages of four marine 
teleosts. Environmental Toxicology, 2003; 18:375-382. 

51. Ishimatsu A, Kikkawa T, Hayashi K, Lee SK, Kita J. 
Effects of CO2 on Marine Fish: Larvae and Adults. 
Review. J. Oceanography2004; 60:731-741. 

52. Hotta K, Tamura M, Watanabe T, Nakamura Y, Adachi S, 
Yamauchi K. Changes in spawning characteristics of 
Japanese whiting Sillago japonica under control of 
temperature. Fisheries Sci. 2001; 67:1111-1118. doi: 
10.1046/j.1444-2906.2001.00368.x 

53. Gagliano M, McCormick MI, Meekan MG. Survival 
against the odds: ontogenetic changes in selective pressure 
mediate growth-mortality trade-offs in a marine fish. 
Proceeding of Royal Society, 2007; 274:1575-1582. 

54. Ivrin DN. Temperature Tolerance of Early Developmental 
Stages of Dover Sole, Solea solea (L.) In: The Early Life 
History of Fish. (Ed. John H. S. Blaxter M. A.), 1974, 
449-463.  

55. Pepin P. Effect of temperature and size on development, 
mortality, and survival rates of the pelagic early life 
history stages of marine fish. Canadian J. of Fish and 
Aquatic Science, 1991; 48(3):503-518 doi: 10.1139/f91-
065. 

56. Richter CJJ, Viveen WJAR, Eding EH, Van Hoof MFPM, 
Van Den Berg FGJ, Van Oordt PGWJ. The significance 
of photoperiodicity, water temperature and an inherent 
and endogenous rhythm for the production of viable eggs 
by the African catfish, Clarias gariepinus kept in 
subtropical ponds in Israel and under Israel and Dutch 
hatchery conditions. Aquaculture, 1987; 63:169-185. 

57. Laurel BJ, Blood BM. The effects of temperature on 

hatching and survival of northern rock sole larvae 
(Lepidopsetta polyxystra). Fisheries Bulletin, 2011; 
109:282-291.  

58. El-Hakim A, El-Gamal E. Effect of Temperature on 
Hatching and Larval Development and Mucin Secretion in 
Common Carp, Cyprinus carpio (Linnaeus, 1758) Global 
Veterinaria, 2009; 3(2):80-90. 

59. Nwosu FM, Holzlohnev S. Influence of temperature on 
eggs hatching, growth and survival of larvae of 
Heterobranchus longifilis. (Teleostei: Clariidae). J 
Applied Ichthyology, 2000; 16:20-23. 

60. Bagenal T, Braun B. Eggs and early life history. In 
methods for assessment of fish production in fresh water. 
T.B. Bagenal (Ed.) Oxford London: Blackwell Scientific 
Publication, 1978, 165-201. 

61. Herbing IH, Boutilier RG. Activity and metabolism of 
larval Atlantic cod (Gadus morhua) from Scotian Shelf 
and Newfoundland source populations. Marine Biology, 
1996; 124(4):607-610. 

62. McLeod IM, Rummer JL, Clark TD, Jones GP, 
McCormick MI, Wenger AS, Munday PL. Climate change 
and the performance of larval coral reef fishes: the 
interaction between temperature and food availability. 
Conservation Physiology, 2013; 1. 
doi:10.1093/conphys/cot024. 

63. Hokanson KEF. Temperature requirements of some 
percids and adaptations to seasonal temperature cycle. J 
Fisheries Res. Board of Canada, 1977; 34(10):1524-1550.  

64. Rombough PJ. The effects of temperature on embryonic 
and larval development. In: Wood CM, McDonald DG, 
eds. Global Warming: Implications for Freshwater and 
Marine Fish. Cambridge University Press, Cambridge, 
UK, 1997; 177-224. 

65. Brauner CJ, Baker DW. Patterns of Acid-Base Regulation 
during Exposure to Hypercarbia in Fishes. Glass ML, 
Wood SC, editors Berlin, Heidelberg: Springer Berlin 
Heidelbergd, oi: 10. 1007/978-3-540-93985-6. 2009. 

66. Melzner F, Gutowska MA, Langenbuch M, Dupont S, 
Lucassen M, Thorndyke MC, et al. Physiological basis for 
high CO2 tolerance in marine ectothermic animals: pre-
adaptation through lifestyle and ontogeny? 
Biogeosciences, 2009; 6:2313-2331. 

67. Munday PL, Gagliano M, Donelson JM, Dixson DL, 
Thorrold SR. Ocean acidification does not affect the early 
life history development of a tropical marine fish. Marine 
Ecology Progress Series, 2011; 423:211-221. 

68. Kreiss CM, Michael K, Lucassen M, Jutfelt F, Motyka R, 
Dupont S. et al. Ocean warming and acidification 
modulate energy budget and gill ion regulatory 
mechanisms in Atlantic cod (Gadus morhua). J. 
Comparative Physiology, 2015. B. DOI 10.1007/s00360-
015-0923-7. 

69. Kurihara H. Effects of CO2-driven ocean acidification on 
the early developmental stages of invertebrates. Marine 
Ecology Progress Series, 2008; 373:275-284. 

70. Shirayama Y. Towards comprehensive understanding of 
impacts on marine organisms due to raised CO2 
concentration. Proceedings of the 5th International 
Symposium on CO2 Fixation and Efficient Utilization of 
Energy. Tokyo Institute of Technology, Tokyo, 2002. 

71. Das T, Pal AK, Chakraborty SK, Manush SM, Dalvi RS, 
Sarma K. et al. Thermal dependence of embryonic 
development and hatching rate in Labeo rohita (Hamilton, 
1822). Aquaculture, 2006; 255:536-541. 



 

~ 55 ~ 

International Journal of Fisheries and Aquatic Studies 

72. Perry SF, Gilmour KM Acid base balance and CO2 
excretion in fish: Unanswered questions and emerging 
models. Respiratory Physiology and Neurobiology, 2006; 
154:199-215. 

 


