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1. Abstract
The effects of climate change are becoming more prevalent, and it is important to know how copepods, the most abundant class in zooplankton, will react to changing temperatures as they are the main food source for secondary consumers. They act as key transferers of nutrients from primary producers to organisms higher up the food chain. Little is known about the effects of temperature changes on copepods on the long term, i.e., over several generations. Especially the epigenetic domain seems to be understudied and the question remains whether the nutritional value of copepods will permanently change with rising water temperatures. In this research, the effects of temperature on the fatty acid and epigenetic profiles of the abundant planktonic copepod Acartia tonsa were investigated, since we expect to see a link between these two. Indeed, changing methylation patterns helped copepods to deal with higher temperatures, which is in line with the relative abundance of the most important fatty acids, e.g., DHA. However, this pattern was only observed when temperature increased slowly. A sudden increase in temperature showed the opposite effect; Acartia tonsa did not show deviant methylation patterns and the relative abundance of DHA and other important fatty acids dropped significantly after several generations. These results suggest that local fluctuations in temperature have a greater effect on Acartia tonsa than an elevation of the global mean.
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2. Introduction
Copepods (Arthropoda, Crustacea, Copepoda) make up a major part of zooplankton and play a vital role as primary consumers, serving as intermediaries between primary producers and secondary consumers. Van Ginderdeuren (2013) stated that 66% of the zooplankton in the North sea consists of copepods, which makes them the most important food source for secondary consumers in that area. This trend extends to the rest of the world as copepods are widely distributed. Turner (2004) described the importance and wide distribution of small copepods (i.e. Acartia sp.) and their relevance in marine food webs. It is mainly copepods that are responsible for the transfer of nutrients and compounds from primary producers to higher trophic levels. Among these compounds are fatty acids, the building blocks of lipids in living organisms. Some poly unsaturated fatty acids (PUFAs) are essential for animals to survive, and therefore omega 3 fatty acids (i.e., fatty acids with three double bonds) are so important. Copepods transfer a lot of omega 3 fatty acids to higher trophic levels and ultimately, to human food sources. These PUFAs include DHA, the major omega-3 long chain PUFA in the human brain (Drouin et al., 2019), and EPA, another omega-3 fatty acid that decreases risks of several diseases and malfunctions in the brain (von Schacky, 2021). The importance of these two fatty acids has been extensively investigated. Overall, PUFA’s are important for vertebrates because of their role in the regulation of membrane fluidity, cell function, and contribution to brain functionality and brain health (Bell et al., 1986; GISSI-HF investigators, 2008; Hernando et al., 2022; Marchioli, 1999; Prado-Cabrero & Nolan, 2021; Simopoulos, 2002). 
PUFA’s are made by marine primary producers, such as algae, and consumed by primary consumers, such as copepods, which in turn pass their nutrients to organisms higher up the food chain. This transfer is well documented but the response of this flow of energy under changing environmental conditions is under actual debate. Holm et al (2022) already proved the inversed relationship between unsaturated lipids and temperature in primary producers, which means the amount of available PUFA’s in marine ecosystems will decrease. Recent studies suggest that some orders of copepods possess enzymes to bioconvert saturated or monounsaturated short-chain fatty acids to long-chain unsaturated FA. More specifically, harpacticoids contain methyl-end desaturases, but calanoids do not (Monroig et al., 2022). Therefore, calanoids are not able to produce PUFA’s by themselves and are dependent on dietary uptake. This pattern has evolved with the large availability of PUFA’s in pelagic producers (Monroig & Kabeya, 2018), where in normal circumstances, the presence of desaturases is not needed to gain sufficient PUFA’s. Marine fish do not contain these specific enzymes (Monroig et al., 2022), and therefore are dependent on zooplankton for their essential fatty acids. Consequently, any change in their FA source (i.e., pelagic copepods) could have detrimental effects for the community composition if species are not able to rapidly adapt to the new situation. Recent insights show that freshwater fish can evolve alternative pathways to foresee themselves in DHA (Matsushita et al., 2020), as the amount of DHA in freshwater ecosystems is more limited. However, these pathways are not yet developed in marine species. 
DNA methylation seems to be particularly important in response to heat stress (Horowitz, 2016). In addition, it is known that heat stress alters gene expression, with changing protein profiles as a result (Horowitz, 2014). In the light of climate change, unfolding these mechanisms is of uttermost importance and urgency, which is why we focus on DNA methylation and its link with the fatty acid metabolism. This link can be traced back to the molecular level, where the one carbon pathway provides methyl donors for methylation on one hand, and substrates and co-factors for basic metabolisms on the other hand (Clare et al., 2019). He et al. (2018) for example, concluded that DNA methylation regulates gene expression of desaturases in humans. Multiple studies also stress the importance of transgenerational experiments to unravel these links (Clare et al., 2019; Eirin-Lopez & Putnam, 2021; Jeremias et al., 2018; Pedersen et al., 2014). Therefore, we are particularly interested in the effects of different temperature exposures on fatty acid profiles and global methylation patterns over the course of several generations. This kind of information might be able to tell us if ocean warming and marine heatwaves will influence the quality of zooplankton as a food source for higher trophic levels. As mentioned above, Holm et al. (2022) state that the amount of double bonds in marine plankton decreases with increasing temperature, which implies a decrease in food quality for zooplankton. If we can, in addition to this information, support this finding at a higher trophic level, this can be a deal breaker for revealing cascade effects in the marine food web. Multiple studies have already investigated the change in important fatty acids, like DHA and EPA, due to heat stress. However, none have exposed test organisms to heat stress over several generations to curve their variation in response to different temperature treatments. Furthermore, exposure to heat stress over generations makes it possible to map methylation responses over time. The variation in global DNA methylation levels in response to diverse types of heat stress can reflect the resilience of organisms to climate change and ever more occurring heatwaves.
There is clearly a gap in our knowledge about transgenerational epigenetic responses and to what extend they are being inherited (Eirin-Lopez & Putnam, 2021). For sure, epigenetic mechanisms are important in the process of adapting to stressors, and to increase resilience (Bernstein et al., 2007; Jaenisch & Bird, 2003; Jeremias et al., 2018). 
The pelagic copepod species Acartia tonsa was used as a test organism as it is ecologically relevant, widely distributed, and consumed by commercially important fish species (Marcus & Wilcox, 2007; Sunar & Kır, 2021; Turner, 2004). Additionally, A. tonsa is easily culturable. Consequently, it is considered a model species for pelagic copepods.

3. Methods
3.1 Origin of test organisms
Eggs of A. tonsa Dana were obtained from the Danish stock culture DFH.AT1 (Støttrup et al., 1986), that is maintained in the Centre for Ocean Life at the Technical University of Denmark. A. tonsa is a well investigated species with straightforward culture protocols (Marcus & Wilcox, 2007; Rotolo et al., 2021; C. Zhou et al., 2018). The eggs grew to adults at Ghent University and an A. tonsa culture was maintained in a climate-controlled room of 20 °C (+-1°C) for 6 months before the start of the experiment to allow adaptation to lab conditions. A 12h/12h light-darkness cycle was applied, and all tanks were covered with lids to avoid evaporation. Gentle aeration was provided through a cotton wool filter. The cultures were fed ad libitum two to three times a week with concentrations of 3400 cells per ml for Tisochrysis lutea and 2300 cells per ml for Rhodomonas salina in the pots. Before feeding, the volume of added algae solution was adjusted according to the concentration of the stock cultures. These algae species were chosen as they resemble the species used by Breteler et al. (Breteler et al., 1982; Breteler, 1980). Quantities were chosen at the lower limits of concentrations defined by Klein Breteler (1980). The concentrations of living algae cultures were measured with a Coulter Counter (Z1S, Beckman-Coulter, Miami, USA) prior to feeding. The algae were grown in L1 medium (Guillard & Morton in Hallegraeff et al., 1995) with monthly refreshment procedures. 
3.2 Experimental design
During the experiment, adults of A. tonsa were exposed to two different treatments, fixed raised temperature, and increasing temperature, plus a control run in five replicates (Figure 1). The control was set to 20°C (±1°C), which is also the stock culture temperature (see also Carotenuto et al., 2020; Pavlaki et al., 2017; Vu et al., 2017; C. Zhou et al., 2018; Z. Zhou et al., 2020). The fixed raised temperature was set at 25°C (±1°C) as sea surface temperature is estimated to rise between 2 and 4.5°C over the next century (Aral & Guan, 2016). For the increasing temperature treatment, temperature increased slowly from 20°C to 25°C (±1°C), over a timespan of three months by increasing the temperature in the incubator manually with 0.4°C every week, so that each generation could experience an equal amount of stress. The replicates (5 per treatment) were treated in the same way as the stock cultures, with feeding three times a week with the same concentration of algae and gentle aeration. Each replicate contained 90 adults at the start, e.g., copepods in their last life stage (C6). The temperature switch to the fixed raised temperature treatment (25°C) happened at slow pace to soften the transition. The copepods were left in treatment conditions to lay eggs for a week before they were collected and stored frozen. These adults are referred to as the F0 generation. After that, a fixed number (n=110±10) of naupliar larvae was collected from each of the replicates and put in fresh filtered seawater. Transfer of generations was done by picking nauplii as hatching success is already assured in this stage, and so density effects could be avoided. These larvae represented the F1 generation and were given time to develop until the adult stage. This procedure was repeated until generation F4 was reached. Once the copepods of the F4 generation were adult, they were stored frozen, and the experiment ended. Exposure times of each generation per treatment are indicated in supplementary table 1.
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Figure 1. Visual representation of the experimental design. Arrow adults: after every generation, adults were removed and used for DNA extractions and FA analysis. Arrow larvae: larvae were used to start the new generation.
3.3 DNA extraction
DNA was extracted applying a cetyltrimethylammonium bromide (CTAB)-based method (Winnepenninckx et al., 1993). Adult copepods collected for molecular analyses were immediately put in 150 µL warm CTAB-buffer and stored frozen at -20°C. To obtain enough biomass for DNA extraction, 32 copepods (16 males, 16 females) per replicate were pooled together. We made sure that equal amounts of males and females were present in each sample as methylation patterns can be gender specific in invertebrates (Kvist et al., 2020; Sun et al., 2022). Subsequently, another 150 µL of warm CTAB buffer was added to the copepods and they were grinded with pestles to break their carapaces. Grounding was realised with a pestle that fitted the Eppendorf tube. The same movement of plunge, mash, twist and grind was repeated during one minute per sample. They were then incubated in a water bath at 65°C for one hour with periodical vortexing. After this, 300µL of phenol: chloroform: IAA solution (25:24:1) was added and the mixture was vortexed firmly. From this moment onwards, tubes were kept on ice between the steps of the protocol. Samples were then centrifuged in a cooled microfuge at 15000 rcf for 15-20 minutes. The supernatant was transferred to a new plastic Eppendorf and RNase A was added to a final concentration of 10 µg/mL. Samples were left 20 minutes at room temperature to allow incubation. Thereafter, 500 µL of chloroform: isoamyl alcohol (24:1) was added and the samples were vortexed vigorously. Again, the tubes were centrifuged in a cooled microfuge at 15000 rcf for 15 minutes where after the supernatant was transferred to a new Eppendorf tube. Subsequently, 27 µL of Na Acetate and 500 µL of 2-propanol were added, tubes were inverted to mix, and the samples were then placed at -20 °C for 10 minutes, after which they were again centrifuged in a cooled microfuge for 15 minutes but at 10 000 rcf this time. Eventually, the 2-propanol was removed carefully to avoid damage of the pellet. This pellet was washed twice with 70% ethanol before the samples were left to air-dry. When the ethanol was evaporated completely, the pellet with extracted DNA was resuspended in TE buffer and quality and quantity of the extracted DNA was checked with the Nanodrop (NanoDrop 2000, Thermo Fisher Scientific). After this, the samples were stored at -80°C until further analysis.
3.4 Methylation analyses
Methylation analyses were performed with the MethylFlash™ Global DNA Methylation (5-mC) ELISA Easy Kit (Colorimetric) from EpigenTek following the manufacturer’s user guide.
3.5 Fatty acid analyses 
Freeze-dried copepod samples for fatty acid analysis were handled as in De Troch et al. (2012). First, an internal standard (19:0, 2.5 µg) was added. Fatty acids were then separated from other compounds by 2.5% (v: v) sulfuric acid in methanol according to a direct transesterification procedure. Next, derivatization of the samples took place by adding hexane to the vials to convert fatty acids into fatty acid methyl esters (FAMEs). Per sample, 2 µL FAMEs in hexane were injected in the inlet of a gas chromatograph (HP 7890B, Agilent Technologies, Diegem, Belgium). Technical specifications and temperature program were identical to those described in Boyen et al. (2020). 
Fatty acid chromatogram results were analysed with the Masshunter workstation software (Agilent Technologies). In this step, the different peaks of the chromatograms were identified based on their retention times, external standards (Supelco 37 Component FAME Mix, Sigma-Aldrich, Overijse, Belgium), and mass spectra generated with the Mass Selective Detector. The peak areas of the FAMEs were converted according to the weight of the fatty acids by a response factor for each fatty acid (Ackman and Sipos, 1964; Wolff et al., 1995). Hence, the relative amount of each fatty acid was calculated according to:
	

	
Formula 1. Calculation of the amount of an individual fatty acid (FAi). With Ai being the peak area of fatty acid methyl ester, WIS the mass of the internal standard, Ri the response factor relative to the internal standard, Ci the factor to convert the fatty acid methyl ester to fatty acid, and AIS the peak area of the internal standard. 



3.6 Statistical analyses
RStudio 2023.03.0+386 "Cherry Blossom" Release for Windows was used to perform all tests and statistical analyses, unless specified otherwise. Used packages are ‘readxl’ (Wickham and Bryan, 2023), ‘car’ (Fox and Weisberg, 2019), ‘carData’ (Fox et al., 2022), ‘lattice’ (Sarkar, 2008), ‘permute’ (Simpson, 2022), ‘vegan’ (Oksanen et al., 2022), ‘ggplot2’ (Wickham, 2016), ‘drc’ (Ritz et al., 2015), ‘parameters’ (Lüdecke, 2020), and ‘magrittr’ (Bache and Wickham, 2022).
Data from the methylation analysis was first evaluated with a PERMANOVA to see which variables could potentially influence differences in our data. Additionally, most suitable models were fitted over the data per treatment group using the ‘drc’ package (Ritz et al., 2015). Parameters b and e, referring to the steepness of the curve and the inflection point respectively, were extracted from the different models and compared with each other. Parameter d, the upper limit, could not be evaluated as this parameter is not included in the LL.2 model, and so this parameter was not available for one of our treatment groups. Statistical comparison of these parameters was then done by a Kruskal-Wallis test (non-parametric). Differences between means were checked with one-sided Wilcoxon tests.
Fatty acid data were subjected to a multivariate analysis to compare entire FA profiles (relative concentrations). A non-metric multidimensional scaling (nMDS or metaMDS) with Bray-Curtis distance matrix was performed to visualize scatter in data clouds. A permutational multivariate analysis of variance (PERMANOVA) was used to see if one of the variables had a significant influence on the dispersion of the data. An extra permutational multivariate analysis of dispersion (PERMDISP) was performed to confirm that p-values obtained by the PERMANOVA were truly the result of the variables, rather than an effect of random dispersion. Analysis of similarities (ANOSIM) was used to see if groups were significantly different from each other. Additionally, a similarity percentages breakdown test (SIMPER) was conducted to indicate which fatty acids define the differences between our treatment groups. Means and medians were calculated and plotted with R, to visualize relative abundances of the most influential fatty acids. The deltas between generation F3 and F4 were calculated per treatment, as the data exploration showed potentially interesting results. Differences were assessed with Wilcoxon tests. 

4. Results
4.1 Methylation analyses
The mean methylation levels of our test organisms per treatment, per generation were 0.17 ± 0.01% at minimum, and 0.87 ± 0.05% at maximum (Supplementary table 2). The minimum mean was registered in the F3 generation for the increasing temperature treatment. The maximum mean was registered in the F0 generation for the control treatment. Methylation data from the F1 generation could not be sampled due to technical issues. 
Differences were found for the variable ‘generation’, but not for the variable ‘treatment’, using PERMANOVA. Furthermore, the generation:treatment interaction tested not significant. A log-logistic two parameter model was best fitting for the control group (20°C), and three parameter Weibull models were best fitting for the increasing (20°C  25°C) and the steady raised (25°C) temperature treatments. The Wilcoxon tests returned  one significant outcome for the increasing temperature treatment. Global DNA methylation of the F2 generation was higher than the methylation levels of the F3 generation, but there is a borderline statistical significance (p-value: 0.041). Other combinations were not significant (Figure 2).

Figure 2. Left: the different models, fitted over our data per treatment. Blue line: two parameter log logistic model over data from the control treatment (20°C). Yellow line: three parameter Weibull model over data from the increasing temperature treatment (20°C  25°C). Red line: three parameter Weibull model over data from the steady raised treatment (25°C).
Right: Parameter estimates of steepness for the three treatment groups with error bars representing the standard error. 
 

The Kruskal-Wallis test returned a non-significant p-value of 0.368 for both parameters (steepness and inflection point). However, our sample size was small, and the fact that the test returned identical p-values for both parameters, makes them unreliable. If we look at the values and standard errors of the steepness parameter (Figure 3), we can see that error margins of the increasing treatment group do not overlap with the error margins of the other treatment groups. Therefore, we conclude that the curve of the increasing treatment group is different from the curves of the other treatment groups in terms of steepness. 
4.2 Fatty acid analyses
A stress plot of the metaMDS on relative FA composition (supplementary figure 1) resulted in an excellent fit of the data (R² value: 0.992, stress value: 0.089). On the metaMDS itself (Figure 3), we can see the three treatment groups overlapping, yet they have different shapes and distributions.
The PERMANOVA resulted in significant p-values for both variables, ‘Treatment’ and ‘Generation,’ and their interaction effect. However, when homogeneity of multivariate spread was evaluated, the variable Treatment tested non-significant (p-value of 0.155). Therefore, only the effect of treatment can be confirmed, as the low p-values of ‘Generation’ and the interaction effect might be caused by random dispersion. Figure 3. Visual representation of the fatty acid data according to a non-metric multidimensional scaling with Bray-Curtis distance matrix. Grouping was based on the treatment groups; blue: control (20°C), yellow: increasing temperature (20°C  25°C), red: steady raised temperature (25°C).

The ANOSIM yielded low R statistics for the variables ‘Treatment’ and ‘Generation’ (0.086 and 0.139, respectively). The R statistic for the interaction effect was higher (0.282) but still low. However, all p-values returned by the ANOSIM were significant (0.002 for ‘Treatment’ and 0.001 for ‘Generation’ and the interaction effect). Figure 4. Percentages of the three most influential fatty acids, relative to the total amount of fatty acids in the sample. Lines connect the means per treatment, per generation. Error bars represent the standard deviation of the data. Blue line: control treatment (20°C), yellow line: increasing temperature (20°C  25°C), red line: steady raised temperature (25°C).

The SIMPER test indicated that palmitic acid (16:0), palmitoleic acid (16:1 n-7), and DHA (22:6 n-3) explained in total 40.2 % of the variance between the treatments. 
The most remarkable outcome of the Wilcoxon tests was that the contribution of the three tested FA in the steady raised treatment group were significantly lower at generation F4, compared to generation F3. It is striking that, when copepods of the steady raised treatment reach the F4 generation, relative abundance of the FAs with most influence drops to almost zero (Figure 4). There were no significant differences between the F3 and the F4 generation in the control and increasing temperature treatment (Wilcoxon tests).

5. Discussion
The mean methylation levels of our test organisms (min: 0.17 ± 0.01%, max: 0.87 ± 0.05%) lie within the range of total methylation levels found in invertebrates (Cribiu et al., 2018) and correspond with methylation levels reported for Daphnia magna (Asselman et al., 2015; Vandegehuchte et al., 2009). The methylation levels of all groups decreased over the generations. This was expected as DNA methylation incites genetic changes; methylated cytosine will mutate faster to thymine in comparison to their non-methylated twins (Gonzalgo & Jones, 1997; Hanson & Liebl, 2022; Nabel et al., 2012; D. Zhou et al., 2015). Therefore, it could be stated that acclimatization through DNA methylation accelerates evolution.
It is important to note the difference between adaptation and acclimation.  The definitions of Collier et al. (2019) are being used throughout this paper: acclimation is the phenotypic change in response to a single variable, acclimatization is the phenotypic change in response to several variables (Collier et al., 2019), and adaptation is the genotypic change of an organisms in response to one or several variables (Collier et al., 2019). Phenotypic changes are usually reversible and genotypic responses are not. When phenotypic changes due to acclimation or acclimatization are inherited, this is called transgenerational plasticity. Transgenerational plasticity can occur through a variety of mechanisms, and one of them is epigenetics.
When a mutation occurs, the methyl group will detach from the DNA strand, resulting in a steady decrease of global methylation levels over time, as seen in the control group. By model selection, different models were found best fitting for data from the different treatment groups. Treatments did not test significant in our models, probably due to high variance. However, the steepness parameter of the curves suggested that methylation patterns behave differently within treatments.
Particularly, the methylation curve of the increasing temperature treatment differs from the other treatment groups in terms of steepness with no overlapping confidence intervals. Contrary to the control and steady treatment curve, methylation levels undergoing slowly increasing temperature remained stable until generation two, after which methylation levels dropped drastically. This might indicate a turning point, where the temperature increase crosses a certain threshold, showing a reaction in methylation status. 
[bookmark: _Hlk160529318]The fatty acid data, on the other hand, showed no significant differences between the control and increasing temperature treatment. In addition, it has been proven that methylation levels influence gene expression (Bonasio et al., 2012; Jeremias et al., 2018; Kvist et al., 2020; Weinberg & Morris, 2016). Therefore, our results imply that the changes in global methylation levels for the increasing temperature treatment have their effect, resulting in relative fatty acid amounts like those in the control samples. Nevertheless, the exact mechanisms taking place are yet to be discovered.
In various transgenerational experiments where copepods are being exposed to a fixed raised temperature, researchers observed decreased hatching, reduced number of offspring, decreased body size, decreased urosome length, increased vulnerability to pollution, and decreased faecal pellet production (Byrne et al., 2020; Dinh et al., 2020, 2021; Truong et al., 2020). Those responses are all related to the base metabolism of the organisms and might be influenced by transgenerational plasticity. However, researchers found that previous environmental conditions do not alter copepods responses to new stressors (Byrne et al., 2020; Kelly et al., 2012; Langer et al., 2019). Prior studies on invertebrates exposed to temperature stressors also showed that global methylation patterns can change rapidly (Gavery & Roberts, 2010; Marsh & Pasqualone, 2014). Therefore, we expected to see a significant difference in global methylation patterns between the fixed raised temperature treatment and the control treatment. In our study, we did not see a difference. This might be because of the initial ’heat shock’ experienced by copepods at the beginning in comparison to the increasing temperature treatment. This explains why the methylation profile of the 25°C treatment initially differs from the control treatment but follows the same curve as the control treatment after one generation. However, it has been proven that this small change, followed by a trend that does not differ from the control, does not necessarily mean that the organism has acclimated (Byrne et al., 2020). Indeed, the drop in relative amounts of important fatty acids in the 25°C treatment, shows that the copepods in this treatment lack the capability and/or time to cope with a sudden rise in temperature of 5°C. The relative amount of DHA specifically, drops after three generations, with no overlapping confidence intervals between the third and fourth generation in the fixed raised temperature treatment. 
Our data indicate that a slow build-up of temperature has a greater effect on global DNA methylation levels over a long period than a sudden increase of temperature. A striking discovery since climate change will not increase the ocean temperature on a short term but it will take time to develop and spread its effects. On the other hand, short-term fluctuations can influence methylation patterns in short periods of time (Asselman et al., 2015; Marsh & Pasqualone, 2014), and so become more important (Baldanzi et al., 2015; Jeremias et al., 2018). Additionally, Mathes et al. (2021) stress the importance of interactions between short- and long-term environmental changes. In this regard, the growing occurrence of heatwaves plays a vital role as well. Siegle et al. (2018) demonstrate that exposure to higher temperatures decreases the resilience of the copepod Tigriopus californicus to heatwaves. Semmouri et al. (2023) observed population collapses in calanoid copepods during heat waves in the Belgian part of the North Sea. As climate change evolves and heatwaves become more prevalent, effects of local fluctuations and how this affects organisms’ responses and resilience will become vital information.
It is remarkable that the relative abundance of DHA, palmitic acid and palmitoleic acid, drops drastically during the last generation in samples that underwent the high temperature treatment. Differences between the means of the F3 and F4 generation, for these three fatty acids, at 25°C were the only ones showing a clear pattern of significance. The sudden decrease after F3 at high temperature extends to the eight FA that most influence the variance between treatment groups (supplementary figure 2). This phenomenon is not present in the other temperature treatments, and no other clear patterns could be distinguished. It is also noteworthy that the standard errors, for the fatty acid measurements of the F4 generation at 25°C, are low and thus supporting a clear tendency. This pattern emphasizes the influence of temperature on the fatty acid metabolism in copepods with possible consequences for the impact of climate on the fatty acid composition of zooplankton. We know that calanoids lack desaturases (Monroig & Kabeya, 2018) and are dependent on food uptake to obtain enough essential FA. In that regard, we should analyse lower trophic levels when we try to explain changes in fatty acid profiles in calanoids. Holm et al. (2022) investigated temperature effects on primary producers and found that the number of double bounds in FA will decrease with increasing temperature. 
Despite all efforts to control algae concentration, not all pots were evenly murky, and we visually observed that the colour was not even. This might be due to algal degradation, as they got transferred from their optimal growth conditions to test medium. Consequently, this might have caused variations in food quality, which in turn can cause variations in our results. For this reason, the use of peristaltic pumps is recommended in future long-term and/ or transgenerational experiments. To avoid the FA composition of the used algae to change because of treatment conditions, freeze-dried algae could also be a solution on the condition that an additional check for its effect on the life history parameters of the tested species is included. Nevertheless, the grouping in our fatty acid data cloud can be explained by the treatment factor, and the treatment groups significantly differ from each other. The fact that this result is visible through data with this variability, points to a strong connection.
During the experiment, we also observed faster growth and earlier maturity in the 25°C treatment. Although we have no strict data to prove this, previous research shows that generation times of copepods generally reduce with increasing temperature (Landry, 1975; Palmer & Coull, 1980; Relva et al., 2023). This points to higher turnover rates, as observed in tropical ecosystems. In summary, we can say that when water temperatures keep rising, ecosystems might shift to mechanisms observed in tropical waters.
DNA methylation might play a crucial role in this shift. It can be proposed that, when temperatures rise, calanoids will start to generate desaturases as well, because of evolution; that is because algae will produce less PUFA’s and so the availability will not remain infinite, therefore, calanoids will have to find alternative pathways to obtain enough PUFA’s. That is, when copepods will adapt and evolve fast enough to keep up with their rapidly changing environment. 
Acartia tonsa is specifically known to be tolerant for a wide range of temperatures and salinity and is easily spread by ballast water and other anthropogenic transport. However, we demonstrate that the nutritional value of Acartia tonsa knows a decrease at elevated temperature treatments. This combination can lead to a shift in the marine food web structures, with bottom-up cascade effects that will change the ecosystem composition and make communities collapse.

6. Conclusion
Overall, we conclude that there is a great difference between the effects of short-term and long-term temperature changes. This is because the individual FA curves, for the slowly increasing temperature, do not show a significant difference from the control. This indicates that the changes we see in the methylation curve have their effect; the animal is acclimating to the changes. The methylation curve from the steady treatment is not significantly different from the control one, and in the FA profiles we see drastic decreases in the relative amount of essential fatty acids. We conclude that the copepods did not have time to acclimate to the higher temperature in this treatment and this reflects in their FA profiles. These findings prove two things. First, Acartia tonsa can acclimate when the water temperature increases slowly. This means that, over time, this organism will be able to adapt as climate change evolves. Secondly, Acartia tonsa is not able to acclimate when temperature increases fast and remains high. This indicates that prolonged heatwaves lasting until the next generation have a more drastic effect. In general, the amount, duration and frequency of heatwaves will increase because of climate change. The mean temperature will know a slight increase over a longer period, but short-term changes will have a greater effect on species with such short life cycles. We should be careful to investigate the effects of climate change over long-time frames, as short-time frames are more important and have more drastic effects on organisms with short generation times.
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13. Supplementary 
Supplementary figure 1. Stress plot of the metaNMDS performed on our fatty acid data, including R2 values.
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Supplementary figure 2. Relative amounts of the eight FA that most influence the differences between treatment groups in terms of fatty acid profile. Presented in percentage of the total amount of FA found in a sample. The dots represent the means per treatment group, the error bars represent the standard error of the means.
	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]







Supplementary table 1. Exposure times of each generation per treatment, in days.
	
	Exposure time F0 (in days)
	Exposure time F1 (in days)
	Exposure time F2 (in days)
	Exposure time F3 (in days)
	Exposure time F4 (in days)

	Control
	8 (±1)
	16 (±2)
	17 (±2)
	15 (±2)
	14 (±2)

	Increasing
	8 (±1)
	18 (±2)
	16 (±2)
	14 (±2)
	14 (±2)

	Steady
	8 (±1)
	14 (±2)
	15 (±2)
	12 (±2)
	14 (±2)



Supplementary table 2. Mean global methylation levels and their variance per generation, per treatment.
	Treatment
	Generation
	Mean global methylation level
	Variance

	Control
	F0
	0,8725793
	0,048395981

	Control
	F2
	0,4894710
	0,191173533

	Control
	F3
	0,2196916
	0,010093342

	Control
	F4
	0,3737175
	0,012145932

	Increasing
	F0
	0,6812342
	0,217504614

	Increasing
	F2
	0,7598954
	0,106023859

	Increasing
	F3
	0,1737125
	0,008742272

	Increasing
	F4
	0,1846073
	0,005727613

	Steady
	F0
	0,8496933
	0,193080724

	Steady
	F2
	0,5830610
	0,147287674

	Steady
	F3
	0,3896502
	0,120764691

	Steady
	F4
	0,2734682
	0,017380885
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