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Abstract

:

Seasonal change inferred to climate change inevitably influences Critical thermal maximum (CTmax) of riverine fishes. In this study, we investigated CTmax as thermal tolerance for four common riverine fishes, i.e., Danio regina, Channa gachua, Rasbora caudimaculata and Mystacoleucus chilopterus, in the Kwae Noi river system in western Thailand. The acute thermal tolerance was lower in the wet season (mean river temperature ∼25 °C) and higher in the dry season (mean river temperature ∼23 °C) with medians of wet season-CTmax for those four fishes of 35.3 ± 0.4, 36.2 ± 0.5, 37.3 ± 0.5 and 37.5 ± 0.6 °C, respectively, and high values of dry season-CTmax of 37.4 ± 0.5, 38.3 ± 0.5, 38.7 ± 0.7 and 39.1 ± 0.5 °C, respectively. The variations of CTmax for all of the four species in this study, throughout the wet and dry seasons, attribute to their seasonal plasticity in response to the dynamics of thermal stress. Under climate variability and climate change with increasing the higher temperatures of air and river, and altering the habitat, R. caudimaculata and M. chilopterus had higher capacities to tolerate the acute heat stress across wet and dry seasons.
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1. Introduction


Among the other effects of climate change, the increase in atmospheric greenhouse gases from anthropogenic activities in the world (especially carbon dioxide) has led to a rising average global temperature and seasonal variation. It is expected that the peak and average of diurnal water temperature will experience gradual increase in accordance with higher air temperature. Interestingly, the over-release of greenhouse gases influences both global atmospheric circulation and ocean circulation linked to redistribution change of the daylength [1,2]. The influence of the climate change has not been focused with regards to the daylength change compared with the AT and water temperature (WT) increasing. However, both WT and photoperiod are the important environmental cues impacting fishes’ physiological tolerance, which is considered as an adaptive mechanism in response to the seasonal climate change.



Seasonal changes on the earth occur annually and affect a multitude of responses in fish, especially in growth and reproduction [3,4]. WT and photoperiod are environmental factors associated with seasonal changes [5,6]. The annual seasons in the places located in the temperate (mid-latitude) regions are distinctly different in the four-season year which can be marked by the weather conditions as spring, summer, autumn and winter. In tropical regions (equator), i.e., Southeast Asian countries including Thailand, winter is less associated with dramatic changes in temperature and lower rainfall and is referred to as dry season; summer provides higher rainfall and is referred to as the wet season.



Fish are poikilothermal species and are very sensitive to changes in surrounding temperature. Tropical riverine fishes living in a relatively small thermal fluctuation environment and close to upper thermal limits are vulnerable to increases in small rivers providing high biodiversity of fish, including rare, endemic and stenothermal species. Rising temperatures in the small rivers can affect all levels of their biological and ecological organization (individual, population, community and ecosystem).



Lethal temperatures of high latitude ectothermic fishes [7] tend to be higher in summer and lower in winter, in accordance with higher and lower ambient temperatures during these respective seasons [8,9]. Freshwater fishes in low latitude regions experience a smaller seasonal variation in ambient temperatures [10] and the scant information suggests the difference between maximum ambient and lethal temperature is less than those in high latitude regions [11]. Furthermore, the thermal tolerance capacity of the ectothermic animals including fish is likely to depend on the photoperiod experiences relating to the seasonal cycle [12,13,14,15]. The seasonal change in photoperiods have been suggested as being an important environmental cue driving specific metabolisms underlaying the behavior, physiology and phenology of fish [16] but, unfortunately, the photoperiod has been less mentioned in previous studies [15].



Freshwater fishes confronted by persistent high ambient temperatures may respond by moving to a more favorable habitat, except where physical, chemical or behavior barriers prohibit such a change. Adaptations have been accepted for understanding fish distribution in relation to temperature and referring to the development of physiological, behavioral or genetic characteristics that enable an organism to cope with environmental change [17,18]. Thermal adaptations are less well understood for tropical riverine fishes, particularly species from Southeast Asian countries, including Thailand. From searching the information available for a small number of species and interpreting a variety of methods, fishes from relatively stable environments, especially in the tropics, are sensitive to small changes in environmental temperature [7].



WT may impose lethal and sub-lethal effects on riverine fish, particularly impacting metabolism, appetite, growth, maturity and host of other inter-related activities [19,20,21]. Lethal temperatures impose their effects at low and high temperatures and are generally measured by either of two procedures. Critical thermal maximum or minimum (CTmax or CTmin) is measured by heating or cooling water at a constant rate that continues to a defined end point, such as a loss in equilibrium or respiratory movement, that suggests an imminent death. When the rate of temperature increases or decreases it usually accommodates, or at least should accommodate, an alignment of deep body temperature with ambient [22]. The second common procedure, incipient upper or lower lethal temperatures, exposes fish to an abrupt change in a static temperature, upward or downward that continues until death occurs [8]. Both CTmax or CTmin, and incipient upper or lower lethal temperatures, are also called upper or lower thermal tolerance [23].



In this study, we measured CTmax as thermal tolerance for four common Thai fishes, acclimated to 25.0 °C, a common average temperature in low-order Thai rivers [24], at the beginning and the end of the wet and dry seasons. Devario regina and Rasbora caudimaculata, are endemic species in Thailand, but a high abundance are found in head rivers in western Thailand [25]. Mystacoleucus chilopterus and Channa gachua are found in high abundance in head rivers and widely distributed throughout Thailand. These four species were representatives for studying the seasonal changes in heat tolerance of some of the population of Thai riverine freshwater fishes to cope with the future climate variability and change. Moreover, we compared the CTmax values for seasonal changes in tolerance of fishes from high latitude regions, and the CTmax values among those fishes with current seasonal maximum ambient temperatures in small rivers in Western Thailand.




2. Materials and Methods


2.1. Study Area


To study the CTmax of freshwater fish under the seasonal change, the Pakkok River (latitude 14°36′22″ N, longitude 98°28′14″ E), a tributary of Kwae Noi River system, in Kanchanburi province, Western Thailand (Figure 1), was considered as the study area. The sampling location, Pakkok river, the distance of which is 27 km from the border of Myanmar. This river is covered by Thongphaphoom national park, a highly pristine region contributing to high biodiversity of fish with a complexity of trophic levels [26,27] and has rare agricultural areas and few local villages with sparse populations [28]. The meteorological data during the period of 2015 to 2022 were sourced from Thai Meteorological Department (TMD) for evaluation of average AT, median of annual AT, and annual time series of average AT over Thailand. The median of annual AT was computed by the monthly AT. The maximum AT and minimum AT during the study period were collected from the meteorological station at Thong Pha Phum located near the Pakkok River. The photoperiod in Kanchanaburi province in each season was evaluated from the primary data provided by Thai Astronomical Society. The ambient river temperatures or water temperatures (WT) during the study period of wet season (May and August) and dry season (November and February) of 2017 and 2022 were monitored. Physiochemical measurements for Pakkok River in wet and dry season are shown in Table 1.




2.2. Fish Samples


Four fishes, D. regina, R. caudimaculata, M. chilopterus and C. gachua, were collected by the kick sampling technique from Pakkok River on eight occasions between 2017 and 2022. Fish were collected during daylight hours and the CTmax was measured at intervals of four months during mid-May (early wet season), mid-August (late wet season), mid-November (early dry season) and mid-February (late dry season). The sample size of the tested animal of each fish species was calculated using G*Power program [29] based on the power of test at 0.9, significant level at 0.05, and effect size = 0.6812803, which determined from our preliminary result of CTmax. The number of each fish required for two replicates of CTmax testing on each month was 20 individuals at actual power of 0.9015975. The average sizes (g) of D. regina, R. caudimaculata, M. chilopterus and C. gachua chosen for the experiment were 2.30 ± 0.12 (in range of 2.00–2.60), 1.69 ± 0.16 (in range of 1.50–2.00), 4.35 ± 0.14 (in range of 4.2–4.6), and 2.98 ± 0.09 (in range of 2.80–3.20), respectively. The experiments during 2017 followed the ethical principle and guideline for the use and care of animal in science, which were approved by the Ethics Committee at Faculty of Science, Burapha University. For the experiment during 2022, the animal care and use license was U1-07864–2561, approved by Mahidol University, Thailand.




2.3. Fish Rearing Condition


In preparation for each season’s measurement, fish were captured in Pakkok River and transported within 2–3 h to our laboratory in insulated tanks incorporated with the heating element (300 W heater; coded 3018, LifeTech; digital thermoregurator, model XT121C, Dixell, Italy; and J type thermocouple) to control the temperature (25.0 ± 0.1 °C). Thereafter, the fish were housed in the animal facility consisting of three units of the recirculating systems (RS) at greenhouse laboratory in Mahidol University, Kanchanaburi Campus. The unit of RS system comprised six 15-L fish tanks, solid separation tank, microbead filter, biofilter, heating tank, water pump and oxygen and aeration system. For each species, 10 individuals of similar weight were assigned to each of two holding RS tanks and acclimated in recirculating freshwater of RS system under the acclimation temperature at 25.0 °C and natural photoperiod (~12:12 and ~11:13 for the wet and dry seasons, respectively) for two days prior to CTmax experiment. The water temperature during the acclimation was allowed to fluctuate in a narrow range of 24.9–25.1 °C. The holding RS tanks were filled with lightly chlorinated tap water. The water flow rate in RS system was 600 L·h−1. Water was replaced daily. The water qualities were measured twice daily at approximately 10 h and 20 h with calibrated probes including DO (±0.01 mg O2·L−1; Hanna, models HI9147), pH (±0.1 units; Hanna, models HI98127) and total ammonia (±0.01mg NH3·L−1; Merck-NOVA, Model 60). The DO, total ammonia, and pH in each RS system were controlled at >75% of air saturation, and <0.001 mg NH3·L−1 and 7.3–7.5, respectively.




2.4. CTmax Measurement


CTmax was taken as the calculated highest temperatures fish tolerated for 1 h following increases of 1.0 °C·h−1 above the acclimation temperature (thermal tolerance). The experimental end point was the cessation of respiratory movements as applied earlier by Tongnunui and Beamish [17]. Fish were deprived of food for 24 h following the final feeding on the second day in the holding RS tank. Thereafter, fish were transferred to an experimental RS tank (15 L) at 25 °C and food was withheld for an additional 12 h. An earlier study found the total of 36 h of food deprivation was sufficient for complete gastric evacuation, minimizing metabolic stress [24].



CTmax measurements began by increasing the temperature 1.0 °C above 25.0 °C, which was held for 1 h. Stepwise hourly increases of 1.0 °C were continued until individual fish sequentially exhibited a visible absence of opercular movements when death was assumed. It is noted that this endpoint may not always represent fish death, but a qualitative assessment in the present study suggested it did for the majority of fish and it is less subjective than behavioral irregularities sometimes applied in these studies [5]. All fish were removed when opercula movements ceased. Afterward, they were blotted with tissues to remove excessive water and weight (0.01 g). CTmax was calculated as the highest temperature at which an individual survived for a full hour plus the time fraction of the unit temperature during which opercular movements ceased. CTmax was calculated for each species and season as the mean highest temperature that fish (n = 20) tolerated for 1 h following abrupt increments of 1 °C·h−1 above the 25 °C acclimation temperature. Chemical measurements were made in each RS tank at the beginning and end of each experiment to ensure that the water quality is maintained during the CTmax experiment, i.e., 7.5–8.5 mg O2·L−1; pH 7.1–7.8; and 0.00–0.02 mg NH3·L−1.




2.5. Statistical Analysis


The relationship between AT and WT in the study area was tested using two methods: (1) linear correlation using Pearson’s method and (2) simple linear regression (GraphPad, Prism version 9.111, San Diego, CA, USA). Paired replications of CTmax measurements for each species and month (seasons) were tested for differences by t-test; p < 0.05. CTmax values among pooled replicates for each of the four species were tested for significant differences by analysis of variance. Post hoc comparisons, Tukey HSD (Honestly Significant Difference) were applied to distinguish differences among the four months (seasons) for each of four species; p < 0.05 was accepted for significant value. Minitab statistical analysis program, version 17.0 was used to test mean significance value.





3. Results


3.1. Environmental Data


Rivers are among the most sensitive ecosystems to the effects of seasonal change and climate change scenario. Monthly averaged AT during 2015 and 2022 indicated that the month high and the month low AT were April (28.7–31.7 °C) and December (24.2–26.4 °C), respectively (Figure 2a,b). Seasonally, the periods showing differences in AT were wet season (May–October) and mid dry season (December–January). However, there was no considerable difference between summer season (March–April) and early wet season (May–June). As the Figure 2b, the monthly averaged AT from 2015 to 2022 showed a trend to be higher than that of monthly averaged AT during previous 30-year period (Figure 2b). The medians of annual AT over Thailand (Figure 2c) have been increasing between 27.9 °C and 28.2 °C during 2015 to 2021, when compared with the previous 30-year period AT (27.5 °C).



In Thong Pha Phum, located near the Pakkok River, the maximum and minimum temperatures were demonstrated in Figure 3a,b. During the study period for CTmax testing on 2017 and 2022, the maximum AT observed in the dry season (November and February) varied between 27.4 °C and 38.5 °C, and the maximum AT observed in the wet season (May and August) varied between 25.6 °C and 39.3 °C. As the Figure 3b, the medians of minimum AT observed in November and February of the dry season (18.1–22.9 °C) lower than that of May and August of the wet season (23.9–25.2 °C). The medians of average AT observed in May, a month of the early wet season, were higher than those observed in August, November and February (Figure 3c). The difference between the daily maximum and daily minimum AT (diurnal range of daily AT) during a specified time interval of the dry and wet seasons varied by about 5.0–20.4 °C and 2.3–14.2 °C, respectively (Figure 3d). Ambient hours of daylight at the river site varied seasonally with the shortest in November (~11.6 h) and February (~11.8 h) and longest in August (~12.7 h) and May (~12.8 h), respectively.



During the study periods, the WT of the Pakkok River at our field site represented the fluctuation in the stream that expose to the wild native fishes shown in Figure 4. The daily WT of the Pakkok River on November of 2017 and 2022 of dry season varied between 20.0 °C and 26.5 °C (Figure 4a). While the daily WT of the Pakkok River on February of 2017 and 2022 fluctuated 20.0 °C and 27.0 °C (Figure 4b). The fluctuation of ambient WT on the dry season varied by 3.4–7.8 °C (Figure 4c,d), which was higher than that observed on the wet season of the study period showing the daily fluctuation of ambient WT varied by 2.0–3.3 °C (Figure 4a,b). The lowest and highest average river temperatures of the wet season observed in the Pakkok River were about 23.0 °C and 26.7 °C, respectively. Average daylight ambient river temperature varied by about 5–6 °C with average daily maximum temperature varying seasonally from approximately 20 to 27 °C.



The daily surface WT of Pakkok River on each month of wet and dry season in 2017 and 2022 showed a lower median temperature compared to the daily AT at Thong Pha Phum meteorological Station. As shown in Figure 5, a linear correlation analysis of WT and AT in Pakkok River was performed. The regression indicated correlation between the AT and surface WT with a slope of 0.2391 and the general equation of WT = 17.80 + 0.2391AT.




3.2. CTmax of the Fish in Wet Season and Dry Season


CTmax values of fish in paired replicate tanks did not differ significantly during each month (p ≥ 0.05) and were combined for each of the four species. Body weight of individuals in paired replicate tanks also did not differ significantly for each of the four species (p ≥ 0.05), and were also combined. CTmax was lowest in May with median ± SD for D. regina, C. gachua, R. caudimaculata, and M. chilopterus of 35.0 ± 0.3, 36.0 ± 0.2, 37.1 ± 0.5, and 37.0 ± 0.5 °C, respectively, in 2017, and 35.3 ± 0.3, 36.2 ± 0.5, 37.4 ± 0.4, and 37.5 ± 0.7 °C, respectively, in 2022. Highest CTmax values of each species were 37.2 ± 0.4 to 37.5 ± 0.7 for D. regina, 38.2 ± 0.4 to 38.5 ± 0.6 °C for C. gachua, 38.5 ± 0.7 to 38.9 ± 0.6 °C for R. caudimaculata, and 39.0 ± 0.5 to 39.5 ± 0.7 °C for M. chilopterus, which were observed in dry season during November and February of 2017 and 2022. For each species, CTmax values followed a similar sigmoidal pattern of change between May and February. Between May and August CTmax increased only slightly then abruptly to November and, again, only slightly to February (Figure 6a,b).



In each fish species, there were no significant difference (p ≥ 0.05) between CTmax value observed from the first study in year 2017 and the second study in year 2022 when considered at the same month of wet and dry season (Figure 7a–d). The increase between May and August was not significant for any species (p ≥ 0.05) as was that between November and February (p ≥ 0.05). However, CTmax values differed (p < 0.05) significantly between months of wet season and months of dry season (Figure 7e–h). Temperature differences of the CTmax between wet and dry season in 2017 and 2022 for D. regina, C. gachua, M. chilopterus, and R. caudimaculata were 2.2 to 2.4, 2.2 to 2.3, 1.5 to 1.8, and 1.9 to 2.0 °C, respectively. CTmax values were inversely related with length of daylight in Kanchanaburi being highest in February and November when daylength was comparatively short, 11.8 and 11.6 h, and lowest in May and August when it was long at 12.8 and 12.7 h.





4. Discussion


The knowledge and data of the thermal tolerance in fishes are very important for predicting the responses to global warming at the population level. The pattern of the relationship between lethal temperature and season was identical for all four species with high and low thermal tolerance values occurring in the dry and wet seasons and inversely with daylengths [30,31,32]. This is in contrast to the pattern in northern or high latitudes which seasonal changes in lethal or stressful temperatures appear to relate directly with photoperiod [12,33]. Our findings demonstrated that the fishes experienced to shorter photoperiod in dry season (~11:13 h) had a higher CTmax than those of exposed to longer photoperiod in wet season (~12:12 h). CTmax values between the wet and dry seasons differed by approximately 2–3 °C for all the fish species in this study. In contrast with other studies, CTmax of various teleost fish in high latitude or temperate regions was higher in the summer season (June to August) when the fishes experience longer daylengths. Brett [8], who measured the thermal tolerance of 13 species of temperate fishes captured from the wild river at Algonquin Park in Ontario, Canada, found that it was highest in early to late spring (March to May) or early summer (June) in according with increasing daylengths. In Tyler’s study [34] the 12 h LC50 for Chrosomus eos and Chromsomus neogaeus was higher in late spring and summer than winter by about 2 °C at each acclimation temperature. Higher lethal temperatures were found also for bluegill sunfish (Lepomis macrochirus), killifish (Fundulus heteroclitus) and blacknose dace (Rhinichthys atratulus) experienced on the longer photoperiod [12,14,16]. This association with photoperiod was in contrast to the pattern found for Thai fishes in the present study. The inconsistency in the pattern of CTmax relating with the photoperiod between tropical fishes in our finding and other temperate fishes in previous findings could be involved with fish species, thermal history, reproductive status, dietary, nutrition, habitat, as well as environmental factors, especially the ambient river temperature [14,16,20,35,36].



Since the early studies by Brett [8] and Tyler [34] a number of thermal tolerance studies have been undertaken with freshwater temperate species and most, if not all, have found a direct association between lethal temperature and photoperiod. Most temperate fishes reproduce only once annually and during the spring and summer suggesting an adaptation to warmer ambient temperatures, higher metabolism, higher water levels and a greater abundance of habitats and food. Thermal tolerance of the four low latitude species in this study was lowest during the wet season when water levels are high and habitat and food abundant, but photoperiod relatively low [30,31]. Importantly, earlier studies have related rainfall with the initiation of reproduction among low latitude fishes [37]. Seasonal variation in photoperiod at low latitudes is much less than that at high latitudes. Furthermore, reproduction strategies among fishes from low latitude regions are more diverse than among temperate species and may exhibit a distinct seasonal pattern of reproduction, an extended period of reproduction or even reproduce more or less continually [38,39,40]. A number of hypotheses have been suggested in relation to the adaptive advantages of different reproductive strategies that may override the importance of photoperiod, especially when seasonal differences are not large as in low latitude regions [38,41]. Spawning at the beginning of the wet season in Thailand coincides with peak food availability in floodplain regions [42], while continuous spawning could represent an opportunistic strategy to take advantage of favorable conditions in a highly competitive environment, while seasonal reproduction may correlate with patterns of egg release [43].



Lethal temperature of the fishes in this study varied inversely with daylength in contrast to the direct association in most seasonal measurements for temperate fishes [44]. Life strategies in fish, to a large degree, represent a balance between the availability and allocation of energy for somatic and gonadal growth [6,37]. Among river fishes, especially those found in fast flowing headwater rivers where currents can be rapid, the energy expended in swimming can be quite significant [45]. Tropical river fishes in Thailand and many temperate river fishes, including the species-rich cyprinids, commonly reproduce during the late spring or early summer [46], which is coincident with high river discharge and currents that tend to be high relative to other seasons. As noted, mature river fishes during their reproductive mode are metabolically stressed under the load of nurturing gametes, particularly oocytes [47]. Furthermore, as reproductive products increase in size, gonads will occupy an increasingly large volume of the body cavity decreasing potential fish appetite and capacity of the digestive tract to contain and process food. Collectively these changes will reduce the energy budget for other activities, including resistance to heat stress. This study supports the suggestion that Thai fish have adopted a reproductive strategy that balances the application of environmental resources that collectively favor reproductive success.



In the present days, the diurnal temperature extremes in the peak of wet and dry seasons at the Pakkok River were ~27 °C and the diurnal temperature fluctuation slightly altered over three years after 2017. In the present study, the dry season-CTmax values were higher than the wet season-CTmax values. CTmax values between the wet and dry seasons differed by approximately 2–3 °C for all fish species. The seasonal variations in thermal tolerance of four fish species captured from Pakkok River and other fishes in previous experiments basically depended on the ambient river temperature and fluctuation. As the previous studies, they found higher CTmax of temperate fishes in high latitudes when the fishes experienced a higher average WT in spring and summer seasons [8,20,34,48]. The ambient WT is directly affected by the ambient AT. The increase in the average of annual AT over Thailand varied between 0.5 and 0.95 °C during a 30-year period until 2022, which is higher than the increased average annual world AT (0.69 °C) [49]. In the period of 2017 to 2022, the highest of mean maximum AT in Thong Pha Phum were 41.4–43.3 °C in March to May, which raised by about 1 to 4 °C from the same interval months of 2017 (Data collected from TDM). In Thailand the average annual AT will likely rise by 0.62 °C per decade [50]. Globally, the average AT may project warming by about 4.5 °C from 1990 to 2100. In Thailand, the average increasing AT of <3.5 °C to >4 °C is projected in next century [51].



The warming AT has implications for freshwater ecosystems caused by the increasing WT. In general, due to the correlation between AT and WT, the current climate change may drive the global average temperature of freshwater system to rise by 0.163 °C per decade [52]. The alteration in WT is also influenced by the change in other environmental factors, which has the potential to rising temperature of the stream. For example, the WT depends on shading level by woody riparian plants, buffer length, width, and canopy cover along the river [53]. The size of the stream and catchment size influence the daily WT fluctuations and rates of heating and cooling [54]. Under a high anthropogenic heat pollutions and high emissions, the riparian landscapes have been altered, thereby giving more impact on the WT in the future. The daily maximum WT especially a small headwater stream in unshaded will increase in the range of 3 °C, while the daily maximum WT in 60% canopy cover will decrease by about 3.5 °C [53,55]. In the period of 2017 to 2022, the highest of mean maximum AT in Thong Pha Phum were 41.4–43.3 °C in March to May, which rose by about 1 to 4 °C from the same interval months of 2017 (Data collected from TDM). Collectively, the extreme temperature in Pakkok River may potentially occur in future summer to early wet season due to global climate change altering the WT, forest degradation, as well as riparian landscape. We employed a regression model to assess how increasing AT influenced the WT in Pakkok River, by the end of this century, the temperature of Pakkok River may increase by 1 °C when the warming AT of >4 °C.



Therefore, the four fish species from Pakkok River in this study may tolerate to the warming temperature of the river in the next century because the increasing WT of ~1 °C above mean WT during 2017 and 2022 is lower than their CTmax across the wet and dry seasons. The wet season-CTmax values for the four species were about 1.5–2.4 °C smaller than those in dry season. This might be explained by the acclimatization of fish to a wider range of daily temperatures in dry season, which can adjust the physiology of response to the environmental changes [56]. The variations in thermal maxima for D. regina, C. gachua, R. caudimaculata, and M. chilopterus, throughout the wet and dry seasons, attribute to their seasonal plasticity in response to the dynamics of thermal stress. The ongoing climate warming is driving extreme weather events, longer warm days and heatwaves in Thailand; the warming habitat has greatly influenced the low plasticity populations in freshwater ecosystem, as well as other ecosystems. According to the results obtained from the experiment, it is found that the R. caudimaculata, and M. chilopterus may have a higher capacity to tolerate acute heat stress caused by extreme thermal events. However, both these species appear to have relatively high thermal maxima and are expected to have a greater risk for the long-term exposure to the warming temperature, indicating the limited ability to acclimatize to warmer conditions because of the higher costs of metabolic and energetic they incur [48,57,58]. The tolerance of the heat stress in fish species relates to a complexity of genetic architecture underlying the thermal tolerance trait [36]. The thermal-tolerant animals appearing a higher baseline expression of thermal response genes; however, they respond to the thermal stress with smaller changes in the expression of those genes [58], which might reveal the association with levels of plasticity [59].



The small shifts in sigmoidal-CTmax pattern in 2022 (second populations), above the sigmoidal-CTmax pattern in 2017 (first population), were observed for all fish species of this study. Interestingly, these may reflect an attempt of adaptive upper thermal limits in the second populations to respond to broader fluctuation of environmental temperature under climate variability and climate change compared with the first populations. Considering the extension in thermal tolerant magnitude of fish, this trait is costly, especially in wet season, in which the energetic costs to exert the expression of thermal response genes (i.e., cluster of heat shock protein genes) might limit other important specific-seasonal traits; for example, the reproductive performance and fecundity [20]. In the worst possible case, we might expect a compromise in reproductive success of fish that would result in decreased population sizes and ongoing increased risk of local extinction in future climate warming. However, our study did not determine the thermal response gene expressions; therefore, these are the most important issues for our future study to predict the vulnerability and phenotypic thermal plasticity in those species acclimatizing to warmer habitat due to climate warming and the detrimental effect on the population sizes and risk to biodiversity.
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Figure 1. Map of the study area (a), indicating the sampling location (blue dot) in Pakkok River, Kwai Noi River system, Mae Khlong basin, Thong Pha Phum, Kanchanaburi province, Thailand. The habitat of the Pakkok River observed from the same vantage point during the wet season of 2017 (b) and the dry season of 2017 (c). 
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Figure 2. The monthly averaged time series of AT (a), the comparison of monthly averaged AT (b), and the violin plot of averaged annual AT (c) over Thailand during 2015–2022 and 30-year period. For each violin plot, the bold horizontal line in the center of the box represents the median, and the dash lines at the bottom and top of the box represent the first and third quartiles, respectively. AT; air temperature. 
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Figure 3. The medians of maximum (a), minimum (b), average (c), and diurnal range (d) of AT in Thong Pha Phum station during the study periods of dry season (November and February) and wet season (May and August) in 2017 and 2022. For each violin plot, the bold horizontal line in the center of the box represents the median, and the dash lines at the bottom and top of the box represent the first and third quartiles, respectively. *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively, as determined by independent samples t-test. 
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Figure 4. The diurnal variations of WT at Pakkok River during the study periods of wet season; May (a), August (b) and dry season; November (c), February (d) in 2017 and 2022. The average WT in Pakkok River was monitored on the 15th and 28th of each observed month (May, August, November, and February) during 2017 and 2022. The data presented at the predetermined time intervals of 3.00, 6.00, 9.00, 12.00, 15.00, 18.00, 21.00, and 24.00 h were the average values of the 15th (n = 3) and 28th (n = 3) of the month. Dash lines in black and light grey represent the daily median WT on each month of year 2017 and 2022, respectively. 
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Figure 5. Relationship between daily air temperature (AT) and surface layer water temperature (WT) at Pakkok River during wet and dry season of 2022. The AT and WT water temperature in Pakkok River was monitored at 15th and 28th of each observed month (May, August, November, and February) during 2022 (n = 72). 
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Figure 6. Seasonal changes of thermal tolerance or critical thermal maximum (CTmax) for four species acclimated to 25 °C and measured in mid-May (early wet season), mid-August (late wet season), mid-November (early dry season) and mid-February (late dry season) during 2017 (a) and 2020 (b). Values are median for 20 fish. 
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Figure 7. Critical thermal maximum (CTmax) values of four species (a–d) captured from the wild in May, August, November, and February are compared between 2017 (black) and 2022 (light grey). For each violin plot, the bold horizontal line in the center of the box represents the median, and the dash lines at the bottom and top of the box represent the first and third quartiles, respectively. Seasonal median CTmax for wet- and dry-captured four fish species (e–h). For each box plot, the dots show the outlier data, the bold horizontal line in the center of the box represents the median, the top and bottom of the box represent the first and third quartiles, and the whiskers indicate the highest and lowest values within 1.5× the interquartile range. *** indicate significance at p < 0.001, respectively, as determined by independent samples t-test. 
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Table 1. Physiochemical parameters of Pakkok River, Kwai Noi River system, Mae Khlong basin, Kanchanaburi province, Thailand during the wet and dry seasons of 2017 and 2022.
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Physicochemical Parameters

	
Wet Season

(May and August)

	
Dry Season

(November and February)




	
Year 2017

	
Year 2022

	
Year 2017

	
Year 2022






	
Dissolved oxygen (DO, mgO2/L)

	
8.1–8.5

	
8.7–9.1

	
8.7–9.1

	
8.6–9.1




	
8.3 ± 0.1

	
8.9 ± 0.1

	
8.8 ± 0.1

	
8.8 ± 2.0




	
Alkalinity (mgCaCO3/L)

	
34–36

	
34–38

	
34–36

	
32–36




	
34.7 ± 0.8

	
35.7–1.5

	
35.0 ± 0.7

	
34.1 ± 1.6




	
Silica (mgSiO2/L)

	
34–35

	
34–37

	
35–38

	
35–38




	
37.7 ± 0.4

	
35.5 ± 1.2

	
36.3 ± 1.3

	
36.5 ± 1.2




	
Ammonia (mgNH3N/L)

	
0.01–0.02

	
0.01–0.02

	
0.01–0.02

	
0.01–0.2




	
0.012 ± 0.00

	
0.01 ± 0.00

	
0.01 ± 0.00

	
0.04 ± 0.1




	
Total iron (mgFe/L)

	
0.01–0.02

	
0.01–0.2

	
0.01–0.02

	
0.01–0.02




	
0.014 ± 0.00

	
0.02 ± 0.05

	
0.01 ± 0.00

	
0.01 ± 0.00




	
pH

	
7.4–7.8

	
6.5–7.8

	
7.4–8.1

	
7.4–8.2




	
7.5 ± 0.1

	
7.4 ± 0.4

	
7.7 ± 0.3

	
7.8 ± 0.3




	
Canopy (%)

	
45%

	
40%

	
30%

	
30%




	
45.0 ± 0.0

	
40.0 ± 0.0

	
30.0 ± 0.0

	
30.0 ± 0.0








Note(s): The range (upper row for each parameter) and average (lower row for each parameter) value of the physicochemical parameters in Pakkok River was monitored on the 15th and 28th of each observed month (May, August, November, and February) during 2017 and 2022.
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