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Abstract 12 

Short-lived, small tropical ectotherms may experience temperatures near their upper limits for several 13 

generations, yet risk assessments often rely on short-term exposure and responses within a single generation. 14 

Whether survival, body size and reproduction respond in parallel to sustained warming across multiple 15 

generations is unclear, which limits predictions of ecological consequences. We exposed five replicate lineages 16 

of the small tropical cyclopoid copepod Dioithona rigida to constant 28, 30, 32 or 34 °C for three generations. 17 

Survival to adulthood was on average 52.6% lower at 32-34 °C than at 28-30 °C, with no significant change 18 

across generations. In contrast, body size decreased and clutch size and nauplii production increased across 19 

generations at all temperatures, indicating a generation-related shift largely independent of temperature. 20 

Temperature differences in reproduction appeared only in F3, with smaller clutches at 32-34 °C and lower 21 

nauplii production at 34 °C. Fewer individuals reaching adulthood could reduce the number of reproducing 22 

adults and the supply of copepods to fish and shrimp larvae in tropical coastal food webs.  23 

Keywords: marine copepods; coastal warming; multigenerational exposure; reproductive performance; 24 

thermal sensitivity; tropical coastal ecosystems 25 
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1. Introduction 26 

Whether organisms can maintain performance across generations under sustained warming is central to 27 

predicting biological responses to climate change (Donelson et al., 2012, 2018, Ryu et al., 2018, Doan et al., 28 

2019, Dinh et al., 2020b, 2021). This is particularly relevant to tropical marine ectotherms where many tropical 29 

species are short-lived species and experience temperatures close to their upper physiological limits for weeks 30 

to months, which could be equal to several generations (Tewksbury et al., 2008, Nguyen et al., 2011). In 31 

copepods, a global synthesis identified smaller warming tolerances in populations from tropical environments 32 

and substantial geographical and taxonomic gaps in available thermal-tolerance measurements (Sasaki and 33 

Dam, 2021, Sasaki et al., 2022). As copepods transfer energy from phytoplankton and microzooplankton to 34 

higher trophic levels and contribute substantially to pelagic ecosystem functioning (Kiørboe, 1998, Chew and 35 

Chong, 2011, Kiørboe, 2011), changes in their survival, size, and offspring production could consequently 36 

alter both recruitment and the resources available to consumers (Chew and Chong, 2011). 37 

Extreme temperatures can impair performance of tropical copepods (Lehette et al., 2016, Doan et al., 38 

2018, Low et al., 2018). In Pseudodiaptomus annandalei, exposure to an extreme temperature (34 °C) across 39 

three generations prolonged development and reduced adult size, clutch size, hatching success, and nauplii 40 

production (Doan et al., 2019). Temperature-dependent feeding and metabolic responses provide energetic 41 

pathways for these effects (Lehette et al., 2016, Doan et al., 2018, Low et al., 2018). The changes in gut 42 

microbiome may also associate with the individual performance under warming (Vu et al., 2024). Exposure 43 

history can further change these relationships. Responses to warming and contaminants depend on life stages, 44 

response variables, and the number of exposed generations (Dinh et al., 2022). Chronic warming increased 45 

heat tolerance and reproductive performance at high temperatures in Paracartia grani, while warm-reared 46 

individuals were smaller and produced fewer offspring near the reproductive optimum (de Juan et al., 2023b). 47 

Recent work on Nitocra spinipes likewise found that the pace and duration of warming influenced reproductive 48 

and physiological responses across generations (Janssens et al., 2026).  49 

Knowledge of how copepods respond to warming is highly unevenly distributed among taxa. Studies 50 

of thermal performance and heat tolerance have concentrated on calanoids and harpacticoids (Harada and 51 

Burton, 2019, Harada et al., 2019, Dinh et al., 2020a, Sasaki and Dam, 2021, Sasaki et al., 2024, Lutier et al., 52 

2025), whereas cyclopoids have received much less attention (Nowakowski and Sługocki, 2024). This gap 53 

matters because small cyclopoids such as oithonids are widespread in coastal plankton (Gallienne and Robins, 54 
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2001, Hwang et al., 2010, Dahms et al., 2015, Madoui et al., 2017) and differ from calanoids in size and feeding 55 

mode, typically being ambush feeders (Kiørboe, 2011, Gréve et al., 2017). These traits could change how 56 

temperature affects their energy budget, growth and reproduction (Almeda et al., 2011, Kiørboe, 2024). The 57 

few cyclopoid studies have addressed short-term responses, such as acute heat shock or physiological and 58 

behavioural responses to temperature and salinity stress (Svetlichny et al., 2021, Nowakowski and Sługocki, 59 

2024). It therefore remains unclear whether small tropical cyclopoids, which may experience near-limit 60 

temperatures for several generations, can sustain survival, body size and reproduction under such conditions.  61 

Here, we exposed the tropical copepod Dioithona rigida to four temperatures (28, 30, 32, and 34 °C) 62 

across three consecutive generations, maintaining five replicate lineages per temperature. We measured 63 

survival to adulthood, male and female prosome length, clutch size, the proportion of females whose eggs 64 

hatched, and nauplii production. Based on studies of other tropical copepods, we hypothesised that survival 65 

would be lower at 32-34 °C than at 28-30 °C (Lehette et al., 2016, Doan et al., 2019, Nguyen et al., 2020), and 66 

that this difference would either persist or narrow across generations if plasticity or selection increased 67 

tolerance (Truong et al., 2022, de Juan et al., 2023b). We also predicted smaller adults at higher temperatures, 68 

as expected from the temperature-size rule (Atkinson, 1994, Horne et al., 2016), and lower reproductive output 69 

at high temperature (Doan et al., 2019).  70 

 71 

2. Materials and methods 72 

2.1 Study species and collection 73 

Adult Dioithona rigida were collected from aquaculture ponds in Cam Ranh, Khanh Hoa province, Vietnam 74 

in September 2024. The experiments were conducted at the Cam Ranh Aquaculture Research Station, Nha 75 

Trang University. Copepods were collected using a zooplankton net and separated under a stereomicroscope 76 

using a plastic pipette. The isolated population was maintained in the laboratory before exposure to the 77 

experimental temperatures. 78 

2.2 Experimental conditions and acclimation 79 

Seawater was obtained from Cam Ranh Bay, treated with chlorine, and filtered after residual chlorine had 80 

dissipated. Freshwater used to adjust salinity was filtered, aerated, and left to stand for at least 48 h before use. 81 

Before the experiment, copepods were maintained at approximately 28 - 29 °C and a salinity of 22 PSU. 82 
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Salinity was gradually reduced to 20 PSU over one day. The parental copepods were acclimated to 83 

experimental temperatures over four days by increasing gradually approximately 2 °C per day for the higher-84 

temperature treatments. Experimental bottles (1L borosilicate glass bottles) were placed in temperature-85 

controlled water baths and provided with gentle aeration. Copepods were fed the diatom Chaetoceros muelleri 86 

at a concentration of 87,000 cells mL⁻¹ once daily at around 08:00 am (Doan et al., 2018). The algae were 87 

cultured semi-continuously in sterilised seawater enriched with f/2 medium at approximately 25 °C under 88 

continuous illumination and aeration. 89 

2.3 Temperature exposure across generations 90 

We examined the effects of four temperatures (28, 30, 32 and 34 °C) across three consecutive generations (F1, 91 

F2 and F3). Each temperature treatment consisted of five replicate cultures. The offspring produced by each 92 

replicate culture were used to establish the corresponding culture in the next generation, maintaining separate 93 

lineages throughout the experiment. To initiate F1, 50 acclimated parental females carrying egg sacs were 94 

assigned to each 1-L glass bottle and maintained at the corresponding experimental temperature. After 30 h, 95 

adults were separated from the nauplii, and approximately 500 nauplii were placed in each 1-L rearing bottle. 96 

The nauplii were maintained at their assigned temperature with gentle aeration and fed C. muelleri as described 97 

above. Copepods were reared until adulthood, which lasted 7–10 days. When F1 reached adulthood, 50 females 98 

carrying egg sacs from each replicate were collected and allowed to reproduce at their respective temperature 99 

for 30 h. The resulting nauplii were used to establish F2 at the same initial density of 500 nauplii per bottle. 100 

The procedure was repeated to establish F3. At each generation, adults were used to determine survival, body 101 

size, clutch size, hatching success and nauplii production. 102 

2.4 Response variables  103 

Survival was determined from the number of adults recovered relative to the 500 nauplii used to establish each 104 

culture. At each temperature and generation, prosome length was measured for 10 adult males and 10 adult 105 

females from each replicate bottle. Measurements were made under a stereomicroscope fitted with an eyepiece 106 

scale. Prosome length was measured from the anterior end of the head to the posterior end of the prosome and 107 

converted to µm using a calibrated reference scale at the same magnification. Clutch size was determined for 108 

10 females from the same females sampled for prosome length measurements from each bottle. Egg-carrying 109 

females were selected and preserved in 5% formalin. Their egg sacs were opened with a fine needle under a 110 
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stereomicroscope, and the total number of eggs carried by each female was counted. Clutch size was expressed 111 

as eggs per female. 112 

Hatching success was assessed using 10 egg-carrying females per replicate culture. Females were 113 

placed individually in wells containing 3 mL of clean seawater and microalgal food. The plates were 114 

maintained at the corresponding experimental temperature. After 30 h, each female was examined under a 115 

stereomicroscope and recorded as having hatched eggs or no hatched eggs. Hatching success was expressed 116 

as the percentage of the 10 females whose eggs hatched. This measure describes the proportion of females 117 

with hatched eggs. 118 

Nauplii production was measured using groups of 10 egg-carrying females. Each group was placed in 119 

a glass bottle containing 200 mL of clean seawater and maintained at its corresponding experimental 120 

temperature. After 30 h, nauplii were collected using a 25-µm mesh, preserved in 5% Lugol’s solution, and 121 

counted under a stereomicroscope. Production was expressed as the total number of nauplii produced by 10 122 

females over the incubation period. 123 

2.5 Statistical analysis 124 

All analyses were conducted in R version 4.5.2 (R Core Team 2025) using RStudio and the packages lme4, 125 

lmerTest and emmeans. Temperature (28, 30, 32 and 34 °C) and generation (F1–F3) were treated as categorical 126 

fixed factors. The culture bottle was the experimental unit, with five replicate lineages per temperature 127 

followed across three generations, yielding 60 bottle–generation observations. Individual measurements within 128 

bottles were treated as subsamples. 129 

Survival to adulthood was analysed using a generalized linear model (GLM) with a quasibinomial 130 

error distribution and logit link. The response comprised the numbers of adults recovered and individuals that 131 

did not survive to adulthood out of the initial 500 nauplii per bottle. Temperature, generation and their 132 

interaction were included as explanatory variables. This model estimated dispersion from the data and did not 133 

include a lineage term. Hatching success was analysed using the same model structure, with the numbers of 134 

females with and without hatched eggs out of 10 females per bottle as the response. For hatching success, an 135 

initial beta-binomial mixed model failed to produce reliable parameter uncertainty estimates, while a 136 

subsequent binomial mixed model estimated the lineage variance as zero and indicated underdispersion. A 137 

quasibinomial GLM without a lineage term was therefore fitted. For both quasibinomial models, the 138 
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temperature × generation interaction was evaluated by comparing the full model with an additive model using 139 

an F test. The joint contribution of each factor, including its interaction with the other factor, was evaluated by 140 

comparing the full model with a model containing only the other factor. 141 

Prosome length was analysed using a linear mixed-effects model (LMM) containing temperature, 142 

generation, sex and all two- and three-way interactions as fixed effects. Clutch size was analysed using an 143 

LMM containing temperature, generation and their interaction. Both models included random intercepts for 144 

lineage and bottle within generation; bottle identifiers represented unique lineage–generation combinations. 145 

Nauplii production was analysed using an LMM containing temperature, generation and their interaction as 146 

fixed effects and lineage as a random intercept. Models were fitted by restricted maximum likelihood. Fixed 147 

effects in these factorial analyses were evaluated using Type III F tests with sum-to-zero contrasts and 148 

Satterthwaite approximations for denominator degrees of freedom. 149 

The correlation between female size and clutch size was examined using bottle-mean female prosome 150 

length and bottle-mean clutch size. The LMM included female prosome length, temperature, generation and 151 

the temperature × generation interaction as fixed effects, with lineage as a random intercept. Prosome length 152 

was centred and scaled so that its coefficient represented the difference in mean clutch size associated with a 153 

50-µm increase in female mean length. A common size–clutch slope was estimated across experimental groups 154 

and evaluated using a Satterthwaite t test. For each bottle, we calculated mean female prosome length and 155 

mean clutch size. We then calculated Pearson correlations between these bottle means using all 60 observations 156 

together and separately for each generation (20 observations per generation). 157 

Pairwise comparisons were obtained using emmeans. Temperatures were compared within each 158 

generation, and generations were compared within each temperature; for prosome length, these comparisons 159 

were additionally conditioned on sex. Tukey adjustment was applied separately within each comparison 160 

family. Male–female differences were evaluated within each temperature–generation combination, with Holm 161 

adjustment across the 12 comparisons. Comparisons from the quasibinomial models used asymptotic z tests 162 

on the log-odds scale, whereas comparisons from the LMMs used t tests with Satterthwaite degrees of freedom. 163 

Statistical significance was assessed at P < 0.05. 164 

Model assessment included residual plots and checks for convergence problems and singular fits. The 165 

prosome-length and nauplii-production models estimated the lineage random-intercept variance at zero and 166 

were classified as singular fits; the prosome-length model retained a positive bottle-level variance. Residual 167 
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plots indicated unequal variance among some groups and departures from normality in the tails. Figures 1-3 168 

and 5-6 show observed means ± 1 SE across five replicate cultures, with individual measurements averaged 169 

within bottles before calculating treatment summaries. Figure 4 shows bottle-mean female prosome length and 170 

clutch size alongside fitted relationships from the size–clutch model. 171 

 172 

3. Results 173 

3.1 Survival 174 

Survival was more than 2 times lower at 32 and 34 °C than at 28 and 30 °C (main effect of temperature, 175 

quasibinomial model, F₉,₄₈ = 21.57, P < 0.001) and this effect was consistent across all three generations 176 

(temperature × generation interaction, F₆,₄₈ = 0.32, P = 0.92, Fig. 1). Within each generation, survival at both 177 

32 and 34 °C was significantly lower than at either 28 or 30 °C (all Tukey-adjusted P < 0.0001). Survival did 178 

not differ significantly between 28 and 30 °C or between 32 and 34 °C in any generation (all adjusted P ≥ 179 

0.62). The overall contribution of generation was not significant (F₈,₄₈ = 1.24, P = 0.295), and comparisons 180 

among generations within each temperature detected no significant differences (all adjusted P ≥ 0.165). 181 

 182 

 183 

Figure 1. Survival to adulthood of D. rigida at four temperatures across three generations (F1–F3). Blue circles 184 

represent individual replicate cultures; black diamonds and error bars indicate means ± 1 SE across five 185 

replicates. Within each generation, groups sharing a lowercase letter do not differ significantly (Tukey-186 

adjusted comparisons, P < 0.05). Letters indicate comparisons among temperatures within each generation 187 

only. 188 



9 

 

 189 

3.2 Prosome length 190 

Prosome length differed significantly with temperature (F₃,₄₈ = 9.30, P < 0.001), generation (F₂,₄₈ = 117.60, P 191 

< 0.001), and sex (F₁,₁₁₂₈ = 330.90, P < 0.001; Fig. 2). Females were larger than males at every temperature in 192 

all three generations (all Holm-adjusted P ≤ 0.016). The difference between sexes varied among generations, 193 

as indicated by a significant generation × sex interaction (F₂,₁₁₂₈ = 13.67, P < 0.001). Neither the temperature 194 

× generation interaction (F₆,₄₈ = 0.61, P = 0.718), the temperature × sex interaction (F₃,₁₁₂₈ = 0.10, P = 0.962), 195 

nor the three-way interaction (F₆,₁₁₂₈ = 0.43, P = 0.861) was significant. 196 

Mean prosome length decreased with increasing temperature in both sexes, although most temperature 197 

comparisons within individual generations were not significant. F1 males were smaller at 34 °C than at 28 °C 198 

(Tukey-adjusted P = 0.0016). Similarly, F2 females were smaller at 34 °C than at 28 °C (P = 0.011). No other 199 

temperature comparisons within a generation and sex were significant (all adjusted P ≥ 0.071). 200 

Male prosome length decreased successively from F1 to F2 and F3 at all temperatures (all Tukey-201 

adjusted P ≤ 0.028). Female prosome length did not differ significantly between F1 and F2 at any temperature 202 

(all adjusted P ≥ 0.27), but was smaller in F3 than in F1 at all temperatures (all adjusted P ≤ 0.004). Females 203 

were also smaller in F3 than in F2 at 28, 30, and 32 °C (all adjusted P ≤ 0.008), whereas this difference was 204 

not significant at 34 °C (P = 0.087). 205 

 206 
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 207 

Figure 2. Prosome length of males (upper row) and females (lower row) at four temperatures across three 208 

generations (F1–F3). Blue circles represent bottle means (10 individuals per sex per bottle); black diamonds 209 

and error bars indicate means ± 1 SE across five replicate bottles. Within each panel, groups sharing a 210 

lowercase letter do not differ significantly (Tukey-adjusted comparisons, P < 0.05). Asterisks above female 211 

groups indicate significant differences from males at the same temperature and generation, with Holm 212 

adjustment across the 12 comparisons: *P < 0.05, **P < 0.01, and ***P < 0.001. 213 

 214 

3.3 Clutch size 215 

The model detected significant overall effects of temperature (F₃,₁₆ = 5.87, P = 0.0067) and generation (F₂,₃₂ = 216 

77.43, P < 0.001) while no significant effects of temperature on the clutch sizes of F1 or F2 females were 217 

observed (all adjusted P ≥ 0.097, Fig. 3). In F3, females at 28 and 30 °C produced larger clutches than those 218 

at 32 and 34 °C (all Tukey-adjusted P ≤ 0.045). Clutch size did not differ significantly between 28 and 30 °C 219 

or between 32 and 34 °C in F3 (both adjusted P ≥ 0.69). Clutch size was larger in F3 than in either F1 or F2 at 220 
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every temperature (all Tukey-adjusted P ≤ 0.0078), whereas F1 and F2 did not differ significantly at any 221 

temperature (all adjusted P ≥ 0.11). Although temperature differences were greater in F3, the overall 222 

temperature × generation interaction was not statistically significant (F₆,₃₂ = 1.93, P = 0.11). 223 

 224 

Figure 3. Clutch size at four temperatures across three generations (F1–F3). Blue circles represent bottle means 225 

(10 females per bottle); black diamonds and error bars indicate means ± 1 SE across five replicate bottles. 226 

Within each generation, groups sharing a lowercase letter do not differ significantly, whereas groups with no 227 

letter in common differ significantly (Tukey-adjusted comparisons, P < 0.05). Letters indicate comparisons 228 

among temperatures within each generation only. 229 

 230 

3.4 Correlation between prosome length and clutch size 231 

Female prosome length did not significantly predict clutch size after accounting for temperature, generation 232 

and lineage (P = 0.49; Fig. 6). The unadjusted correlation across all bottles was negative (r = −0.45), reflecting 233 

the opposing trends of size and clutch size across generations and not a relationship within generations (r = 234 

−0.002 to 0.32). The F3 vs F1 difference in clutch size remained after adjusting for size (+5.65 eggs at 28 °C; 235 

P < 0.001). 236 
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 237 

Figure 4. Relationship between female prosome length and clutch size in Dioithona rigida across three 238 

generations (F1-F3) at four constant temperatures. Each point is the bottle mean (10 females per bottle for each 239 

trait; n = 60 bottles from 20 lineages), coloured by temperature. Lines show the fitted common size effect from 240 

a linear mixed model of mean clutch size with female mean prosome length (per 50 µm), temperature, 241 

generation and their interaction as fixed effects and lineage as a random intercept. Female size did not 242 

significantly predict clutch size after adjustment (0.34 eggs per 50 µm; 95% CI −0.65 to 1.32; P = 0.495) 243 

 244 

3.5 Hatching success 245 

The overall contribution of temperature, including its interaction with generation on the percentage of females 246 

with hatched eggs, was significant (quasibinomial model, F₉,₄₈ = 2.36, P = 0.027, Fig. 5). However, Tukey-247 

adjusted comparisons detected no significant differences among temperatures within any generation (all 248 

adjusted P ≥ 0.085). The temperature × generation interaction was not significant (F₆,₄₈ = 0.047, P = 0.99). The 249 

overall contribution of generation was also not significant (F₈,₄₈ = 0.49, P = 0.86), and no significant differences 250 

among generations were detected within any temperature (all adjusted P ≥ 0.49). 251 
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 252 

Figure 5. Hatching success of D. rigida, expressed as the percentage of 10 females whose eggs hatched, at 253 

four temperatures across three generations (F1–F3). Blue circles represent individual replicate percentages; 254 

black diamonds and error bars indicate means ± 1 SE across five replicates. Within each generation, groups 255 

sharing a lowercase letter do not differ significantly (Tukey-adjusted comparisons, P < 0.05). Letters indicate 256 

comparisons among temperatures within each generation only. 257 

 258 

3.6 Nauplii production 259 

Nauplii production differed significantly with temperature (F₃,₄₈ = 4.23, P = 0.0099) and generation (F₂,₄₈ = 260 

21.76, P < 0.001), whereas the temperature × generation interaction was not significant (F₆,₄₈ = 0.43, P = 0.85). 261 

Specifically, nauplii production did not differ significantly among temperatures within F1 or F2 (all Tukey-262 

adjusted P ≥ 0.35; Fig. 6). In F3, production at 34 °C was approximately 30% lower than at 28 °C (P = 0.034) 263 

and 30 °C (P = 0.036). Production at 32 °C was intermediate and did not differ significantly from the other 264 

temperatures. Nauplii production was higher in F3 than in F1 at 28, 30, and 32 °C (all Tukey-adjusted P ≤ 265 

0.0042). No significant differences were detected between F1 and F2 or between F2 and F3 at any temperature 266 

(all adjusted P ≥ 0.053), and no generation differences were significant at 34 °C.  267 

 268 
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 269 

Figure 6. Total number of nauplii produced by 10 females at four temperatures across three generations (F1–270 

F3). Blue circles represent individual replicates; black diamonds and error bars indicate means ± 1 SE across 271 

five replicates. Within each generation, groups sharing a lowercase letter do not differ significantly, whereas 272 

groups with no letter in common differ significantly (Tukey-adjusted comparisons, P < 0.05). Letters indicate 273 

comparisons among temperatures within each generation only. 274 

 275 

4. Discussion 276 

4.1 Survival and the potential for thermal adaptation 277 

Survival to adulthood of D. rigida was substantially lower at 32 and 34 °C than at 28 and 30 °C across the 278 

three generations, suggesting that prolonged exposure to elevated temperatures impaired performance during 279 

development, which have often been observed in other tropical calanoid copepods exposed to comparable 280 

extreme temperatures (Doan et al., 2019, Dinh et al., 2020b, Nguyen et al., 2020). The reduced survival of D. 281 

rigida at 32 and 34 °C may reflect heat-induced physiological failure during development. One possible 282 

mechanism is impaired mitochondrial ATP production, which could compromise essential cellular functions 283 

and repair (Sokolova, 2023). In the copepod Tigriopus californicus, a decline in ATP synthesis at high 284 

temperatures was associated with reduced thermal tolerance (Harada et al., 2019, Healy and Burton, 2023). 285 

Heat-induced damage to proteins and membranes may also contribute to mortality (Somero, 1995, Somero et 286 

al., 2016), while reduced feeding could limit the energy available for maintenance, as observed at high 287 

temperature in the tropical copepod Pseudodiaptomus annandalei (Doan et al., 2018, Vu et al., 2026).   288 
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Importantly, the high mortality inferred at elevated temperatures could have imposed strong selection 289 

on traits associated with thermal tolerance. If individuals varied in tolerance, and if some of that variation was 290 

heritable, survivors could contribute disproportionately to the next generation (Krause et al., 2017). 291 

Experimental evolution studies demonstrate that copepod populations can show genetic changes during 292 

prolonged exposure to warming and other environmental stressors, but the direction and magnitude of their 293 

responses depend on the population and exposure conditions (Dam et al., 2021, Brennan et al., 2025). Despite 294 

continued exposure, survival at 32 and 34 °C remained lower than at 28 and 30 °C in F1–F3. The absence of 295 

a recovery in survival may be a result of a limited heritable variation available. Selection may also have 296 

changed traits or allele frequencies without producing a detectable improvement in the measured endpoint. 297 

More broadly, Dinh et al. (, 2022) emphasised that responses to environmental stress can depend on exposure 298 

history, life stage, and the number of generations examined.  299 

The results contrast with those of Truong et al. (, 2022), who reported that parental exposure to a 300 

simulated marine heatwave ameliorated the heatwave’s lethal effect on offspring of the tropical copepod 301 

Pseudodiaptomus incisus. The longer-term study of Paracartia grani by de Juan et al. (, 2023b) provides a 302 

further comparison: after more than 18 generations of warm rearing, copepods showed improved survival 303 

under acute thermal stress and higher fecundity at stressful temperatures, although warm-reared individuals 304 

were smaller and produced fewer offspring near the reproductive optimum. This suggests that a response to 305 

selection or acclimation can be trait-dependent and may involve costs under conditions other than those in 306 

which the lines were maintained. It does not establish that the same responses would emerge in D. rigida over 307 

a longer experiment. 308 

 309 

4.2 Divergent survival, growth and reproductive responses  310 

Across temperatures, survival and body size showed broadly consistent directional patterns: survival was lower 311 

at 32–34 °C, and mean prosome length tended to be smaller at higher temperatures. Similar reductions in adult 312 

size with warming have been reported for many copepods (Horne et al., 2016, Doan et al., 2019, de Juan et al., 313 

2023b). The responses in our study were nevertheless not identical: the survival contrast between lower and 314 

higher temperatures was large in all generations, while most individual temperature comparisons for prosome 315 

length within a generation and sex were not significant. Several non-exclusive mechanisms could contribute 316 

to smaller adults. Temperature can affect growth and development differently, so individuals may reach 317 
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maturity at a smaller size when development proceeds faster relative to somatic growth (Horne et al., 2016). 318 

Energy limitation or thermal stress may also constrain growth, and food availability and population density 319 

can modify copepod body size (Corona et al., 2021). Furthermore, the adult-size data are also conditional on 320 

survival. At the higher temperatures, body size was measured in the individuals that reached adulthood. 321 

Consequently, the observed size response combines any effects of temperature on growth and development 322 

with possible differences in which individuals survived to be measured. Previous studies on various animal 323 

species have shown that larger body size animals are disproportionately vulnerable to heat stress than smaller 324 

ones (Burton and Einum, 2020, Hahn and Brennan, 2024) that may relate to constraints on oxygen supply 325 

relative to metabolic demand (Pörtner, 2010) and/or the tradeoff between energy allocation on growth and 326 

coping with stressors (Dinh et al., 2014, 2022). 327 

Across generations, declining body size coincided with increased reproductive output but no 328 

detectable improvement in survival, suggesting that these traits differed in their capacity to respond to 329 

sustained warming. Body size is a potentially important link between thermal exposure and reproductive 330 

performance (Kiørboe and Sabatini, 1995, Sichlau and Kiørboe, 2011, Horne et al., 2016, Doan et al., 2019).  331 

Female size has been shown to positively correlate with fecundity in marine copepods, making size reduction 332 

a plausible contributor to lower reproductive output (Kiørboe and Sabatini, 1995, Krause et al., 2017). 333 

However, when warming occurs across multigenerations, physiological compensation can modify feeding and 334 

egg production beyond the effects attributable to smaller body size alone (de Juan et al., 2023a). The size–335 

clutch analysis of D. rigida nevertheless provides no support for female size as the principal explanation for 336 

the generational increase in clutch size as it was not significantly associated with female size. This decoupling 337 

is consistent with evidence that multigenerational changes in feeding and egg production can involve 338 

physiological compensation beyond the effects of body-size reduction (de Juan et al., 2023b).   339 

Hatching success showed a different pattern: its overall temperature contribution was significant, but 340 

neither within-generation temperature comparisons nor generational changes were significant. This 341 

comparatively weak response contrasts with reduced hatching success at 34 °C in tropical calanoid copepods 342 

from the same region (Grønning et al., 2019, Nguyen et al., 2020, Dinh et al., 2021), suggesting differences in 343 

reproductive thermal sensitivity among species. Moreover, the proportion of females producing hatched eggs 344 

describes the occurrence of successful hatching, whereas nauplii production integrates the number of offspring 345 
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released during the incubation period. A female can therefore remain reproductively successful by the first 346 

measure while contributing fewer nauplii by the second. 347 

 348 

4.3 Conclusions and perspectives 349 

Sustained warming produced divergent responses across the life cycle of D. rigida: reproductive improvement 350 

among surviving adults occurred alongside persistent losses during development. Multigenerational studies of 351 

other copepods similarly show that changes in individual traits can conceal costs that become apparent when 352 

survival and reproduction are integrated into population fitness (de Juan et al., 2023a, 2023b). Ecological risk 353 

assessments should therefore evaluate whether increased offspring production translates into recruitment 354 

through subsequent life stages, rather than treating improved adult reproduction as evidence of recovery. 355 

Although warming-associated shifts towards smaller organisms are widespread in aquatic ecosystems, 356 

the persistent warming-induced lower survival in D. rigida shows that small size can also suffer substantial 357 

thermal vulnerability, which is highly relevant to small-sized ectotherms like oithonid copepods (Daufresne et 358 

al., 2009). In tropical coastal food webs, where copepods support young fish and shrimp, reduced recruitment 359 

could weaken prey replenishment even when surviving females maintain substantial reproductive output 360 

(Chew and Chong, 2011, Doan et al., 2019). 361 

The next logical step is linking multigenerational experiments to life-table models that would identify 362 

which stages exert the strongest demographic constraints and whether those constraints shift with exposure 363 

history (deMayo et al., 2023). Incorporating fluctuating temperatures, food availability, coastal contaminants 364 

and seasonality would further connect these responses to the conditions experienced in tropical habitats, where 365 

exposure timing and interacting stressors can alter biological outcomes (Dinh et al., 2022, 2023, Sasaki et al., 366 

2024, Janssens et al., 2026).  367 

 368 

Funding 369 

This study was financially supported by Nha Trang University, project number TR2024-13-20. The authors 370 

express their sincere gratitude to Nha Trang University and the Cam Ranh Centre for Tropical Marine Research 371 

and Aquaculture for providing the essential facilities, institutional support, and research time required to 372 

complete this study. 373 



18 

 

Ethics declarations 374 

This manuscript has not been published previously. This manuscript is not under consideration for publication 375 

elsewhere. The article’s publication is approved by all authors. If accepted, the article will not be published 376 

elsewhere in the same form, in English, or any other language, including electronically, without the written 377 

consent of the copyright holder. 378 

Acknowledgements 379 

We thank Nguyen Thi Nhi for her technical assistance.  380 

Conflict of interest 381 

None. 382 

Declaration of generative AI use 383 

During the preparation, Grammarly was used to check grammar and readability. The author reviewed and 384 

edited the content and takes full responsibility. 385 

References 386 

ALMEDA, R., ALCARAZ, M., CALBET, A. & SAIZ, E. 2011. Metabolic rates and carbon budget of early 387 

developmental stages of the marine cyclopoid copepod Oithona davisae. Limnology and 388 

Oceanography, 56, 403–414. 389 

ATKINSON, D. 1994. Temperature and organism size-a biological law for ectotherms? Adv. Ecol. Res., 25, 390 

1–58. 391 

BRENNAN, R. S., DEMAYO, J. A., FINIGUERRA, M., BAUMANN, H., DAM, H. G. & PESPENI, M. H. 392 

2025. Complementary genetic and epigenetic changes facilitate rapid adaptation to multiple global 393 

change stressors. Proceedings of the National Academy of Sciences, 122, e2422782122. 394 

BURTON, T. & EINUM, S. 2020. The old and the large may suffer disproportionately during episodes of high 395 

temperature: evidence from a keystone zooplankton species. Conservation Physiology, 8. 396 

CHEW, L.-L. & CHONG, V. C. 2011. Copepod community structure and abundance in a tropical mangrove 397 

estuary, with comparisons to coastal waters. Hydrobiologia, 666, 127–143. 398 



19 

 

CORONA, S., HIRST, A., ATKINSON, D. & ATKINSON, A. 2021. Density-dependent modulation of 399 

copepod body size and temperature–size responses in a shelf sea. Limnology and Oceanography, 66, 400 

3916–3927. 401 

DAHMS, H.-U., TSENG, L.-C. & HWANG, J.-S. 2015. Biogeographic distribution of the cyclopoid copepod 402 

genus Oithona – from mesoscales to global scales. Journal of Experimental Marine Biology and 403 

Ecology, 467, 26–32. 404 

DAM, H. G., DEMAYO, J. A., PARK, G., NORTON, L., HE, X., FINIGUERRA, M. B., BAUMANN, H., 405 

BRENNAN, R. S. & PESPENI, M. H. 2021. Rapid, but limited, zooplankton adaptation to 406 

simultaneous warming and acidification. Nature Climate Change, 11, 780–786. 407 

DAUFRESNE, M., LENGFELLNER, K. & SOMMER, U. 2009. Global warming benefits the small in aquatic 408 

ecosystems. Proceedings of the National Academy of Sciences of the United States of America, 106, 409 

12788–12793. 410 

DE JUAN, C., CALBET, A. & SAIZ, E. 2023a. Shifts in survival and reproduction after chronic warming 411 

enhance the potential of a marine copepod to persist under extreme heat events. Journal of Plankton 412 

Research, 45, 751–762. 413 

DE JUAN, C., GRIFFELL, K., CALBET, A. & SAIZ, E. 2023b. Multigenerational physiological 414 

compensation and body size reduction dampen the effects of warming on copepods. Limnology and 415 

Oceanography, 68, 1037–1047. 416 

DEMAYO, J. A., BRENNAN, R. S., PESPENI, M. H., FINIGUERRA, M., NORTON, L., PARK, G., 417 

BAUMANN, H. & DAM, H. G. 2023. Simultaneous warming and acidification limit population 418 

fitness and reveal phenotype costs for a marine copepod. Proceedings of the Royal Society B, 290, 419 

20231033. 420 

DINH, K. V., ALBINI, D., ORR, J. A., MACAULAY, S. J., RILLIG, M. C., BORGå, K. & JACKSON, M. 421 

C. 2023. Winter is coming: Interactions of multiple stressors in winter and implications for the natural 422 

world. Global Change Biology, 29, 6834–6845. 423 

DINH, K. V., CUEVAS-SANCHEZ, A. Y., BUHL, K. S., MOESER, E. A. & DOWD, W. W. 2020a. Heat 424 

tolerance and thermal preference of the copepod Tigriopus californicus are insensitive to ecologically 425 

relevant dissolved oxygen levels. Scientific Reports, 10, 18885. 426 



20 

 

DINH, K. V., DOAN, K. L. U., DOAN, N. X., PHAM, H. Q., LE, T. H. O., LE, M.-H., VU, M. T. T., DAHMS, 427 

H.-U. & TRUONG, K. N. 2021. Parental exposures increase the vulnerability of copepod offspring to 428 

copper and a simulated marine heatwave. Environmental Pollution, 287, 117603. 429 

DINH, K. V., JANSSENS, L., DEBECKER, S. & STOKS, R. 2014. Temperature- and latitude-specific 430 

individual growth rates shape the vulnerability of damselfly larvae to a widespread pesticide. Journal 431 

of Applied Ecology, 51, 919–928. 432 

DINH, K. V., KONESTABO, H. S., BORGå, K., HYLLAND, K., MACAULAY, S. J., JACKSON, M. C., 433 

VERHEYEN, J. & STOKS, R. 2022. Interactive effects of warming and pollutants on marine and 434 

freshwater invertebrates. Current Pollution Reports, 8, 341–359. 435 

DINH, K. V., NGUYEN, T. T. Q., VO, T.-M.-C., BUI, B. T., DAO, T.-S., TRAN, D. M., DOAN, N. X., 436 

TRUONG, S. H. T., WISZ, S. M., NIELSEN, T. G., VU, T. T. M. & LE, M.-H. 2020b. Interactive 437 

effects of extreme temperature and a widespread coastal metal contaminant reduce the fitness of a 438 

common tropical copepod across generations. Marine Pollution Bulletin, 159, 111509. 439 

DOAN, N. X., VU, M. T. T., NGUYEN, H. T., TRAN, H. T. N., PHAM, H. Q. & DINH, K. V. 2018. 440 

Temperature- and sex-specific grazing rate of a tropical copepod Pseudodiaptomus annandalei to food 441 

availability: implications for live feed in aquaculture. Aquaculture Research, 49, 3864–3873. 442 

DOAN, X. N., VU, M. T. T., PHAM, H. Q., WISZ, M. S., NIELSEN, T. G. & DINH, K. V. 2019. Extreme 443 

temperature impairs growth and productivity in a common tropical marine copepod. Scientific Reports, 444 

9, 4550. 445 

DONELSON, J. M., MUNDAY, P. L., MCCORMICK, M. I. & PITCHER, C. R. 2012. Rapid 446 

transgenerational acclimation of a tropical reef fish to climate change. Nature Climate Change, 2, 30–447 

32. 448 

DONELSON, J. M., SALINAS, S., MUNDAY, P. L. & SHAMA, L. N. S. 2018. Transgenerational plasticity 449 

and climate change experiments: Where do we go from here? Global Change Biology, 24, 13–34. 450 

GALLIENNE, C. & ROBINS, D. 2001. Is Oithona the most important copepod in the world's oceans? Journal 451 

of Plankton Research, 23, 1421–1432. 452 

GRéVE, H. V., ALMEDA, R., LINDEGREN, M. & KIORBOE, T. 2017. Gender-specific feeding rates in 453 

planktonic copepods with different feeding behavior. Journal of Plankton Research, 39, 631–644. 454 



21 

 

GRøNNING, J. B., DOAN, N. X., DINH, T. N., DINH, K. V. & NIELSEN, T. G. 2019. Ecology of 455 

Pseudodiaptomus annandalei in tropical aquaculture ponds with emphasis on the limitation of 456 

production. Journal of Plankton Research, 41, 741–758. 457 

HAHN, A. & BRENNAN, R. S. 2024. Phenotypic plasticity drives seasonal thermal tolerance in a Baltic 458 

copepod. Journal of Experimental Marine Biology and Ecology, 576, 152014. 459 

HARADA, A. E. & BURTON, R. S. 2019. Ecologically relevant temperature ramping rates enhance the 460 

protective heat shock response in an intertidal ectotherm. Physiological and Biochemical Zoology, 92, 461 

152–162. 462 

HARADA, A. E., HEALY, T. M. & BURTON, R. S. 2019. Variation in thermal tolerance and its relationship 463 

to mitochondrial function across populations of Tigriopus californicus. Frontiers in Physiology, 10. 464 

HEALY, T. M. & BURTON, R. S. 2023. Loss of mitochondrial performance at high temperatures is correlated 465 

with upper thermal tolerance among populations of an intertidal copepod. Comparative Biochemistry 466 

and Physiology Part B: Biochemistry and Molecular Biology, 266, 110836. 467 

HORNE, C. R., HIRST, A. G., ATKINSON, D., NEVES, A. & KIORBOE, T. 2016. A global synthesis of 468 

seasonal temperature-size responses in copepods. Global Ecology and Biogeography, 25, 988–999. 469 

HWANG, J.-S., KUMAR, R., DAHMS, H.-U., TSENG, L.-C. & CHEN, Q.-C. 2010. Interannual, seasonal, 470 

and diurnal variations in vertical and horizontal distribution patterns of 6 Oithona spp.(Copepoda: 471 

Cyclopoida) in the South China Sea. Zoological Studies, 49, 220–229. 472 

JANSSENS, L., DE TROCH, M., VAFEIADOU, A. M., HERMAN, I., VIGLIANO RELVA, J. & 473 

ASSELMAN, J. 2026. Multigenerational effects of ocean warming on copepod physiology, nutritional 474 

value, and epigenetics: Evidence for reversible and adaptive stress responses. Limnology and 475 

Oceanography, 71, e70452. 476 

KIøRBOE, T. 1998. Population regulation and role of mesozooplankton in shaping marine pelagic food webs. 477 

Hydrobiologia, 363, 13–27. 478 

KIøRBOE, T. 2011. How zooplankton feed: mechanisms, traits and trade-offs. Biological Reviews, 86, 311–479 

339. 480 

KIøRBOE, T. 2024. Organismal trade-offs and the pace of planktonic life. Biological Reviews, 99, 1992–2002. 481 

KIøRBOE, T. & SABATINI, M. 1995. Scaling of fecundity, growth and development in marine planktonic 482 

copepods. Marine Ecology Progress Series, 120, 285–298. 483 



22 

 

KRAUSE, K. E., DINH, K. V. & NIELSEN, T. G. 2017. Increased tolerance to oil exposure by the 484 

cosmopolitan marine copepod Acartia tonsa. Science of The Total Environment, 607–608, 87–94. 485 

LEHETTE, P., TING, S. M., CHEW, L. L. & CHONG, V. C. 2016. Respiration rates of the copepod 486 

Pseudodiaptomus annandalei in tropical waters: beyond the thermal optimum. Journal of Plankton 487 

Research, 38, 456–467. 488 

LOW, J. S., CHEW, L. L., NG, C. C., GOH, H. C., LEHETTE, P. & CHONG, V. C. 2018. Heat shock response 489 

and metabolic stress in the tropical estuarine copepod Pseudodiaptomus annandalei converge at its 490 

upper thermal optimum. Journal of Thermal Biology, 74, 14–22. 491 

LUTIER, M., SKARI, A. E. T., REINARDY, H., KONESTABO, H. S., BORGå, K. & DINH, K. V. 2025. 492 

Sea surface freshening can suppress the thermal tipping point of marine copepods. Science of The 493 

Total Environment, 1003, 180714. 494 

MADOUI, M. A., POULAIN, J., SUGIER, K., WESSNER, M., NOEL, B., BERLINE, L., LABADIE, K., 495 

CORNILS, A., BLANCO‐BERCIAL, L. & STEMMANN, L. 2017. New insights into global 496 

biogeography, population structure and natural selection from the genome of the epipelagic copepod 497 

Oithona. Molecular ecology, 26, 4467–4482. 498 

NGUYEN, K. D. T., MORLEY, S. A., LAI, C. H., CLARK, M. S., TAN, K. S., BATES, A. E. & PECK, L. 499 

S. 2011. Upper temperature limits of tropical marine ectotherms: global warming implications. Plos 500 

One, 6, e29340. 501 

NGUYEN, T. T., LE, M. H., DOAN, N. X., PHAM, H. Q., VU, M. T. T. & DINH, K. V. 2020. Artificial light 502 

pollution increases the sensitivity of tropical zooplankton to extreme warming. Environmental 503 

Technology & Innovation, 20, 101179. 504 

NOWAKOWSKI, K. & SłUGOCKI, Ł. 2024. Contrasting responses of Thermocyclops crassus and T. 505 

oithonoides (Crustacea, Copepoda) to thermal stress. Scientific Reports, 14, 7660. 506 

PöRTNER, H. O. 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for integrating climate-507 

related stressor effects in marine ecosystems. Journal of Experimental Biology, 213, 881–893. 508 

RYU, T., VEILLEUX, H. D., DONELSON, J. M., MUNDAY, P. L. & RAVASI, T. 2018. The epigenetic 509 

landscape of transgenerational acclimation to ocean warming. Nature Climate Change, 8, 504–+. 510 



23 

 

SASAKI, M., BARLEY, J. M., GIGNOUX-WOLFSOHN, S., HAYS, C. G., KELLY, M. W., PUTNAM, A. 511 

B., SHETH, S. N., VILLENEUVE, A. R. & CHENG, B. S. 2022. Greater evolutionary divergence of 512 

thermal limits within marine than terrestrial species. Nature Climate Change, 12, 1175–1180. 513 

SASAKI, M. & DAM, H. G. 2021. Global patterns in copepod thermal tolerance. Journal of Plankton 514 

Research, 43, 598–609. 515 

SASAKI, M., FINIGUERRA, M. & DAM, H. G. 2024. Seasonally variable thermal performance curves 516 

prevent adverse effects of heatwaves. Journal of Animal Ecology. 517 

SICHLAU, M. H. & KIøRBOE, T. 2011. Age- and size-dependent mating performance and fertility in a 518 

pelagic copepod, Temora longicornis. Marine Ecology Progress Series, 442, 123–132. 519 

SOKOLOVA, I. M. 2023. Ectotherm mitochondrial economy and responses to global warming. Acta 520 

Physiologica, 237, e13950. 521 

SOMERO, G. N. 1995. Proteins and temperature. Annual Review of Physiology, 57, 43–68. 522 

SOMERO, G. N., LOCKWOOD, B. L. & TOMANEK, L. 2016. Biochemical adaptation: response to 523 

environmental challenges, from life's origins to the Anthropocene, Sinauer Associates, Incorporated 524 

Publishers Sunderland (MA). 525 

SVETLICHNY, L., HUBAREVA, E. & UTTIERI, M. 2021. Ecophysiological and behavioural responses to 526 

salinity and temperature stress in cyclopoid copepod Oithona davisae with comments on gender 527 

differences. Mediterranean Marine Science, 22, 89–101. 528 

TEWKSBURY, J. J., HUEY, R. B. & DEUTSCH, C. A. 2008. Putting the heat on tropical animals. Science, 529 

320, 1296–1297. 530 

TRUONG, K. N., VU, N.-A., DOAN, N. X., BUI, C. V., LE, M.-H., VU, M. T. T. & DINH, K. V. 2022. 531 

Transgenerational exposure to marine heatwaves ameliorates the lethal effect on tropical copepods 532 

regardless of predation stress. Ecology and Evolution, 12, e9149. 533 

VU, N.-A., LE, M.-H., HOANG LU, T.-A., LUU, H. V., DOAN, N. X., TRUONG, K. N. & DINH, K. V. 534 

2026. Feeding and reproduction of a tropical coastal copepod across warming and copper gradients. 535 

Frontiers in Marine Science, 13, 1826444. 536 

VU, QUYEN D. H., PHAM, LINH P., TRUONG, OANH T., TRAN, SANG Q., BUI, CANH V., LE, M.-H., 537 

DANG, BINH T. & DINH, KHUONG V. 2024. Extreme temperatures reduce copepod performance 538 

and change the relative abundance of internal microbiota. Ecology and Evolution, 14, e70408. 539 



24 

 

 540 

 541 


	2.1 Study species and collection
	2.2 Experimental conditions and acclimation
	2.3 Temperature exposure across generations
	2.4 Response variables
	2.5 Statistical analysis
	4.1 Survival and the potential for thermal adaptation
	4.2 Divergent survival, growth and reproductive responses
	Declaration of generative AI use


