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Abstract

:

Numerous studies have revealed a negative correlation between the body size and temperature among a variety of aquatic ectotherms. Many studies at individual and population levels indicated that this mechanism may be explained by the decrease of competitive abilities of larger- over smaller-bodied individuals, as the production of larger-bodied individuals is more limited due to greater susceptibility to decreased oxygen concentrations (i.e., environmental hypoxia) at elevated temperatures. However, this hypothesis is still not tested at the community level. To test this, we performed several experiments on the food thresholds (which is a proxy for competitive ability) of 6 zooplankton (Daphnia) species varying in body size, at high or low oxygen concentrations. Contrary to the hypothesis tested, hypoxia increased threshold food concentrations to a relatively greater extent in smaller species than in larger ones. This may be attributed to the better evolutionary adaptations of larger-bodied daphnids to oxygen-poor environments manifested in higher production of haemoglobin. The results obtained in this study cannot exclude the possibility that environmental hypoxia is responsible for the temperature-size pattern in aquatic ectotherms, as our experiments did not take into account the long-term energetic costs of expedited haemoglobin synthesis, which could shift size-dependent competitive power.
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1. Introduction


Body size in ectothermic animals is one of the most important determinants of their ability to cope with various biotic and abiotic environmental conditions and many of them (e.g., reptiles, insects or crustaceans) are known to adapt to environmental cues by modifying their final body size [1,2,3]. In some cases, this can even be visible at every level of biological organization, e.g., the body size of individuals, as well as the mean body size of individuals in populations and species in communities of ectotherms tend to decrease in warmer as compared to cooler environments [4,5,6]. The pattern is consistent with the temperature-size rule at the individual level [5] and with Bergmann’s rule at the population and community levels [4]. In populations and communities, the pattern can be observed both in temperature gradients of geographical clines (i.e., along latitude and altitude; [3,7,8,9]), as well as in temporal warming events (e.g., seasonal or due to climate change; [3,10,11]), particularly in aquatic environments (e.g., [12,13]). In line with the shift in species proportion along latitudes and altitudes [14] and seasonal shifts in life-history events [15], reductions in body size are seen as a third ubiquitous ecological response to global warming in aquatic environments [16].



Elevated temperatures could reduce the mean body size in communities, due to processes operating at different levels of biological organization. At the individual and population levels, they consist of changes in an individual’s life history (concerning its body size and reproduction). At the community level, they consist of increasing the proportion of small-bodied species in relation to large-bodied ones [16]. The literature provides numerous mechanistic (proximate) and evolutionary (ultimate) explanations of the life history traits changes in the context of this pattern [17]. At the community level, these specific explanations can be grouped into three general and non-exclusive explanations [3,7,18]. The first, is due to the direct effect of temperature. This may occur during catastrophic events when the temperature rises above the thermal tolerance limit of larger- but not smaller-bodied species. Although this explanation is theoretically possible, it is rather unlikely. Remaining explanations concerning indirect effects of temperature on the species composition through interspecific interactions are more plausible. The second, is that higher water temperature may increase mortality due to predation, which selectively eliminates larger species from the community [19,20]. Finally, the warming might increase the competitive capacity of smaller species over larger ones (causing the elimination or decline of the latter) due to their physiological adaptation to higher temperatures [3,21]. The last explanation is based on the argument that larger bodied ectotherms are relatively more sensitive to elevated temperatures [22] or temperature-associated factors such as increased oxygen demand [23,24], decreased oxygen availability in water [25] or changes in food quality [18,26].



Although the inverse correlation of body size and temperature in aquatic ectotherms is ubiquitous, it remains unknown what mechanisms and underlying environmental factors are universally responsible for this pattern [17,27,28,29]. Among the most extensively studied and feasible factor is hypoxia. At elevated temperature, it can occur in the water as environmental hypoxia (due to the decrease in gas solubility in water, and therefore dissolved oxygen depletion) and in animals, as tissue hypoxia (due to increased metabolic rate, and thus oxygen demand). Hypoxia could be the main factor responsible for the inverse correlation of body size and temperature in aquatic ectotherms for at least three reasons, that is: (i) the respiratory surface area for oxygen uptake in a smaller body is challenged to a lesser degree in supplying oxygen due to its greater surface-to-body volume ratio [21], (ii) once inside a smaller body, oxygen is transported over shorter distances [30,31], and (iii) smaller cell size improves diffusion within tissues [32], because oxygen diffuses through a cell membrane more efficiently, than it does through the cytoplasm [31,33].



While body-size related effects of the tissue and environmental hypoxia on the life history traits have been extensively studied experimentally, usually confirming the predictions of the TSR (e.g., [3,5]), the studies concerning its effects on the species composition are much less numerous and concern mainly the tissue rather that environmental hypoxia associated with elevated temperature. The majority of studies concerning the effect of elevated temperature (i.e., the effect of tissue hypoxia) on the species composition are only correlational (e.g., [8,11,34]), therefore they do not exclude the possibility that the combinations of extrinsic factors other than elevated temperature may provide a better explanation of the observed trends [8]. This is further supported by the fact that the majority of experimental studies addressing this found no effect of temperature on competitive power [26,35] or even found inverse relationship to the expected one, i.e., elevated temperature accelerated competitive exclusion of smaller-bodied species [36].



Literature provides several examples of correlative studies between environmental hypoxia and the body size of species in different geographical clines (e.g., [12,37,38]). For instance, an analysis of 2092 species of benthic amphipods has shown a positive correlation between oxygen concentration and maximum body size along a latitudinal cline in freshwater and marine habitats [37]. However, according to our knowledge, the literature does not provide any example of an experimental study testing whether environmental hypoxia affects the relative increase of competitive abilities of small- over large-bodied species. There are no such studies even for planktonic animals, including Daphnia, which are keystone organisms for the functioning of lentic ecosystems. This is surprising as numerous studies at the individual level revealed that environmental hypoxia favours smaller body size [31,39].



One of the indirect methods of studying the effects of different environmental factors on the competitive abilities of different Daphnia genotypes is to compare the effect of that factor on their threshold food concentration (C0), the concentration at which production = 0, as assimilation equals respiration [40]. It has long been known that the body size of zooplankton is inversely related with C0 [41], although some later studies have not fully confirmed this relationship (e.g., [42,43,44]). Regardless of whether or not the C0 in Daphnia depends on body size, if the environmental hypoxia associated with elevated temperature affects competitive strength according to the pattern, it will have a relatively greater effect of raising C0 in larger- than smaller-bodied species. The aim of our study was to test whether environmental hypoxia increases the C0 of larger zooplankton species to a greater extent than it increases the C0 of smaller species. To do this, we performed growth experiments on several closely related Daphnia species differing in body size.




2. Materials and Methods


2.1. Experimental Animals


We have conducted experiments using 6 species of Daphnia characterised by different body size (ranked from largest to smallest): D. magna, D. pulicaria, D. pulex, D. galeata, D. longispina, D. cucullata. The first three species are typical for fishless pond ecosystems, whereas the rest are typical for lake ecosystems. Each species was represented by 4 clones (Table S1, Supplementary Material). The stock and experimental animals were fed unicellular green algae Chlamydomonas reinhardtii. Adult Daphnia cultivated for the production of juveniles for the experiments were fed ad libidum every day (1.2 mg Corg × L−1). An optimal culture density was constantly maintained in the cultivation stocks (≈5 D. magna, 9 D. pulicaria, 10 D. pulex, 13 D. galeata, 15 D. longispina, 17 D. cucullata ind. × L−1) and half of the stock cultivation medium was changed every two days (tap water aerated for 24 h before use). The cultivation stocks were located in a temperature-controlled room (22 °C) with a 16:8 (L:D) photoperiod with a light intensity of 2.6 µmol m−2 s−1 (measured by a photometer, Li-COR 89).




2.2. Experimental System


The system consisted of twin plankton wheels, each with 6 autoclaved and hermetically sealed (using lids and parafilm) glass experimental containers filled to the brim with media (the same water, as used for the cultivation stocks). The wheels were programmed to make a full turn every minute, which allowed heterogeneous distribution of algal food in the containers. They were located in a sarcophagus, evenly illuminated by low intensity LED bands (0.4 µmol m−2 s−1) with a photoperiod of 16:8 (L:D). The experimental system was located in a temperature-controlled room (22 °C). The temperature and oxygen concentration in the experimental media was measured by an optical dissolved oxygen probe (hand-held dissolved oxygen meter, YSI ProODO, YSI Incorporated, OH, USA). The algal food concentrations were determined by AquaFluor Handheld Fluorometer (Turner designs, San Jose, CA, USA).




2.3. Experimental Design


The experiments were performed at the Hydrobiological Field Station of University of Warsaw in Pilchy between March and August 2021. During each experiment, 12 experimental containers were used. Each experiment included 6 species, and each container consisted of one species (a single clone per experiment), either in hypoxia (3 mg × O2 L−1), or normoxia (8 mg O2 × L−1). The experiments were conducted in one algal food concentration at a time: 0.05, 0.15 or 0.45 mg Corg × L−1 and the total number of clones studied was 4 and each experiment was conducted in 2 replications (3 food concentrations × 4 clones × 2 replications = 24 experiments) (Figure 1). For haemoglobin measurements, some experimental variants were missing (e.g., there are no measurements of C4 clone), either due to high mortality or due to loss of animals during the handling procedure.



Aerated (24 h) tap water was filtered through 0.20 µm membrane filters (Sartorius™, Göttingen, Germany). Filtered water was then mixed with algal suspension (to one of the three experimental food concentrations, calculated by measuring chlorophyll florescence on the AquaFluor Handheld Fluorometer (Turner designs, San Jose, CA, USA), calibrated to organic carbon concentration). Then, two different experimental media were prepared, either normoxic or hypoxic. Hypoxia was obtained by nitrogen purging (ultra-pure grade 99.9%) until reaching the desired oxygen concentration. The media were distributed into the experimental containers. The concentration of oxygen in each of the containers was maintained at the desired level using media with a very low (≈0.5 mg O2 × L−1) or very high (≈10.5 mg O2 × L−1) oxygen concentration. Synchronized Daphnia neonates (0–12 h) were introduced either to the hypoxic or normoxic treatments. In order to account for the different filtration rates (and therefore, the rate of algal food depletion), the number of Daphnia in the experiment was different for each of the species (10 D. magna, 18 D. pulicaria, 20 D. pulex, 26 D. galeata, 30 D. longispina, 34 D. cucullata). Additional fifteen individuals were rinsed, divided into five technical replicates (each with 3 individuals), dried (48 h at 60 °C) and weighted on a microbalance scale (Orion-Cahn C-35) to determine the average initial body mass. The experiments were started by hermetically sealing of the containers and by placing them onto the plankton wheels.



The experimental media were prepared and replaced every 24 h. The algal food concentration, temperature and oxygen concentration in each of the containers was measured twice a day, before and after media exchange. Experimental animals were gently isolated from the old containers and transferred into a prepared set of new containers with fresh media using a glass pipette. The containers were randomly placed on different plankton wheels every day. The duration of each experiment was 96 h. At the end of the experiments, Daphnia in each treatment were randomly divided into two groups. Daphnia from the first group (75 ± 5% of individuals) were divided into 3 technical replicates and then weighed to obtain final mass using the same procedure as for initial individuals. Daphnia from the second group were used to assess the Hb concentration (25 ± 5% of individuals). The % of weighted individuals slightly varied between treatments due to clone- and species-specific mortality.




2.4. Data Analysis


The individual growth rate (of each clone in each treatment) was calculated from the initial and final dry masses according to the formula: gr = (lnCt − lnC0)/t, where C0 is the mean body mass of newborn neonates and Ct is the mean body mass of individuals of a given clone at the end of the experiment.



The haemoglobin content in Daphnia was measured using a standard spectrophotometric method [45]. The final mean concentration was divided by the number of individuals in the sample and then related to the mean body mass of an individual Daphnia belonging to a given clone.



We fitted to the data GLM mixed-effect models predicting growth rate and haemoglobin content based on a set of fixed (species, oxygen concentration, food concentration) and random (clone) variables. We assumed that the growth rate is proportional to the logarithm of food concentration incorporated to the model as a continuous variable. From the other hand, food concentration was treated as a simple categorical variable when explaining the haemoglobin content. The interaction between model terms was assessed by the likelihood-ratio chi-squared test. For all the model parameters, approximate 95% confidence intervals (95% CI) were calculated based on profile likelihood. Multiple comparisons of growth rate and haemoglobin content between species were performed using Tukey HSD test. Threshold food concentration (TFC) for each species and oxygen level was calculated based on the point estimates of the growth rate model parameters. In order to assess TFC statistical uncertainty, 1000 bootstrap replicates of the growth rate model were performed. All the calculations were performed using R statistical software with ‘lme4’, ‘lmerTest’ and ‘multcomp’ packages.





3. Results


Although by introducing different numbers of Daphnia belonging to the studied species in each experimental container, we have, to some extent, normalized the algal food depletion due to species-specific filtration rates, there was still variability in the algal concentrations between the experiments. For that reason, we conducted the growth rate and TFC analysis for the mean food concentrations calculated based on the actually measured initial and final food concentrations and not the fixed levels assumed in the experimental design.



3.1. Growth Rate


The model was well fitted to the data with marginal R2 equal to 0.80. The individual growth rate of Daphnia (Figure 2) was affected by both food and oxygen concentrations. Doubling food concentration increased the growth rate of Daphnia by 0.097–0.108 d−1 (95% CI; p < 2 × 10−16). Although we have not detected any interaction between oxygen concentration and species (LRT = 6.44; p = 0.2656, likelihood-ratio chi-squared test), upon grouping the species into two clusters: lake cluster (comprising smaller species; D. cucullata, D. longispina and D. galeata) and pond cluster (comprising larger species; D. pulex, D. pulicaria and D. magna), the statistical analysis has shown that decreased oxygen concentrations had different effect on the groups. Hypoxia hampered growth rate by 0.034–0.079 d−1 (95% CI; p < 9.11 × 10−7) in the case of lake species, and the effect of decreased oxygen concentration was less prominent by 0.004–0.063 d−1 for pond species (95% CI; p = 0.0255). The growth rate was also significantly different between most of the studied species; it was the highest in the largest bodied species and gradually lower in the smaller species (Figure S1).




3.2. Threshold Food Concentrations


The TFC of Daphnia (Figure 3) was significantly different between most of the studied species; it was the lowest in the largest bodied species and gradually higher in smaller species (normoxia; Figure S2, hypoxia; Figure S3). Although we have not detected any interaction between oxygen concentration and species (LRT = 6.44; p = 0.2656, likelihood-ratio chi-squared test), upon grouping the species into two clusters: lake cluster (comprising smaller species; D. cucullata, D. longispina and D. galeata) and pond cluster (comprising larger species; D. pulex, D. pulicaria and D. magna), the statistical analysis has shown that decreased oxygen concentration has increased the TFC of the lake cluster more than the pond cluster by 3.8–57.9% (95% bootstrapped CI).




3.3. Haemoglobin Production


Although the marginal R2 was rather low (0.26), we could determine that the haemoglobin production in Daphnia (Figure 4) was significantly affected by both food and oxygen concentrations. As compared to the lowest food concentration (0.05 mg Corg × L−1), increased food concentrations have lowered the production of haemoglobin at both 0.15 and 0.45 mg Corg × L−1 by 1.240–18.709 and 11.393–26.249 µg × mg−1 respectively (95% CI; corresponding p = 0.0254 and p = 2.41 × 10−6). Decreased oxygen concentration has expedited the production of haemoglobin by 8.096–21.040 µg × mg−1 (95% CI; p = 1.66 × 10−5). Moreover, the haemoglobin production was different between some of the species; it was the highest in the largest bodied species and gradually lower in the smaller species (Figure S3). We have not detected any interaction of oxygen concentration and species (LRT = 8.03; p = 0.1545, likelihood-ratio chi-squared test) or different clusters (LRT = 2.95; p = 0.0861, likelihood-ratio chi-squared test).





4. Discussion


In this study, the effects of environmental hypoxia on the growth rate and TFC in Daphnia were apparent, however, contrary to our hypothesis, hypoxia had decreased the growth rate and increased the threshold food concentrations to a relatively greater extent in the smaller bodied species, than it did in the larger bodied species. Potentially, this could be attributed to evolutionary adaptations of the larger species–in our study, the production of haemoglobin was greater in larger- than in smaller-bodied species. This is consistent with the results of earlier studies on the inter-specific differences in haemoglobin concentrations in Daphnia [46,47,48], which indicated that larger-bodied species have higher basal levels of haemoglobin.



The results are in contradiction to the studies performed at the individual and population levels, which revealed that environmental hypoxia favours smaller body size [31,39]. In such studies, for example, isopods only grew in accordance with the temperature-size rule when reared in hypoxic waters [39]. Our results however, do not exclude the possibility, that oxygen deficiencies could favour smaller body size (as well as favour smaller-bodied species at the community level). As opposed to the previous studies, in our case, the observed effects could also be attributed to great species-specific phenotypic plasticity of Daphnia (expressed in, e.g., differences in haemoglobin production). Nevertheless, Our results suggest that hypoxic conditions associated with elevated temperature alone cannot be responsible for the temperature-size pattern observed in zooplankton, although we cannot exclude the possibility that they play a significant role when combined with other size-selective factors such as increased oxygen demands and fish predation at elevated temperature.



Moreover, the results obtained in our study are also in contradiction with the correlational studies between environmental hypoxia and the body size in ectotherms communities [12]. However, it should be pointed out that the presence of the given correlation does not exclude the possibility that the combinations of extrinsic factors other than compared ones may provide a better explanation of the observed trends.



Lastly, hypoxia could possibly favorise smaller body size if the energetic costs of haemoglobin production in larger Daphnia outweighed the competitive advantages gained by expediting its synthesis at oxygen deficiencies. As our experiments were short-term, we could not observe such an effect, however a possibility cannot be excluded that it would shift the competitive strengths between larger- and smaller-bodied species over time.



We obtained several interesting additional results, e.g., the negative effect of hypoxia on the growth rate of Daphnia, which is consistent with several earlier studies demonstrating, that oxygen deficiencies hamper the growth rates of aquatic biota, e.g., fishes [49,50] or invertebrate species [51]. These results, however, are in contradiction with the studies questioning the importance of oxygen supply as a determinant of body size, which challenge the claim that oxygen supply could limit growth and body size under most conditions, at least for gill breathing ectotherms, such as fish [52]. Indeed, the current view among physiologists is that oxygen uptake can be easily modulated by organisms and therefore reflects oxygen demand rather than the other way around.



In this study we have also found consistent relations of both growth rate and TFC to body size. In general, the largest species had the highest growth rate and the lowest TFC, while the smaller species had gradually lower growth rate and higher TFC. This pattern has long since been described [41], although it was not apparent in another studies concerning the species-specific growth rate and TFC in Daphnia [42,43,44].



Although the increase in the individual growth rates of Daphnia along increasing food concentrations was quite obvious, interestingly, we have also found a significant effect of food concentrations on haemoglobin production. Because the haemoglobin production seemed to decrease along with increasing food concentrations, we hypothesize that Daphnia were producing more haemoglobin at lower food levels because it allows them to gather more food [53].




5. Conclusions


Our study revealed that environmental hypoxia has a greater negative effect on the growth rate and a greater positive effect on the threshold food concentrations in the smaller than in larger-bodied Daphnia species, which suggests that its presence results in the decrease of relative competitive abilities of the latter more than the former. Therefore, the study suggests that environmental hypoxia associated with an elevated temperature cannot be responsible for the decrease in relative proportion of larger-bodied species in zooplankton communities at an elevated temperature. In order to gain a deeper insight on the potential role of oxygen deficiencies in this pattern, further studies on the effects of hypoxia coupled with elevated temperatures and other environmental factors are necessary.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/w14203213/s1, Figure S1: 95% confidence intervals for the differences in growth rate (d−1) between each studied species; Figure S2: 95% bootstrapped confidence intervals for the differences in the threshold food concentration (mg Corg × L−1) between each studied species in normoxia. Figure S3: 95% bootstrapped confidence intervals for the differences in the threshold food concentration (mg Corg × L−1) between each studied species in hypoxia. Figure S4: 95% confidence intervals for the differences in haemoglobin production (µg × mg−1) between each studied species. Table S1: Daphnia species and clones used in our study, as well as their body size at first reproduction (mm), date of their isolation and their location of origin.





Author Contributions


Conceptualization, P.M.; methodology, P.M. and M.K.; validation, P.M., E.B. and W.W.; formal analysis, Ł.B. and W.W.; investigation, W.W., E.B., S.P., J.W., M.L.Z. and P.M.; resources, P.M.; data curation, P.M. and W.W.; writing—original draft preparation, W.W. and P.M.; writing—review and editing, W.W., Ł.B. and P.M.; visualization, P.M.; supervision, P.M.; project administration, P.M.; funding acquisition, P.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre, Poland, grants number 2014/15/B/NZ8/00245, 2016/23/D/NZ8/03532. E.B. was supported by the National Science Centre, Poland, grant number 2018/31/N/NZ8/03269. P.M. was supported by the National Science Centre, Poland, grant number 2019/35/B/NZ8/04523.




Institutional Review Board Statement


All applicable institutional and national guidelines for the care and use of animals were followed.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The study was conducted with the help of the infrastructure of the Hydrobiological Station of the University of Warsaw in Pilchy. We are thankful to Mirosław Ślusarczyk for valuable insights into the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Olalla-Tárraga, M.Á.; Rodríguez, M.Á.; Hawkins, B.A. Broad-scale patterns of body size in squamate reptiles of Europe and North America. J. Biogeogr. 2006, 33, 781–793. [Google Scholar] [CrossRef]

	



Cushman, J.; Lawton, J.H.; Manly, B.F. Latitudinal patterns in European ant assemblages: Variation in species richness and body size. Oecologia 1993, 95, 30–37. [Google Scholar] [CrossRef] [PubMed]

	



Maszczyk, P.; Brzezinski, T. Body size, maturation size, and growth rate of crustaceans. Nat. Hist. Crustacea Life Hist. 2018, 5, 35–72. [Google Scholar]

	



Bergmann, C. Uber die verhaltnisse der warmeokonomieder tiere zu ihrer grosse. Gott. Stud. 1847, 3, 595. [Google Scholar]

	



Atkinson, D. Temperature and organism size: A biological law for ectotherms? Adv. Ecol. Res. 1994, 25, 1–58. [Google Scholar]

	



Atkinson, D.; Morley, S.A.; Weetman, D.; Hughes, R.N. Offspring size responses to maternal temperature in ectotherms. In Environment and Animal Development: Genes, Life Histories and Plasticity; BIOS Scientific: Oxford, UK, 2001; pp. 269–285. [Google Scholar]

	



Green, J. Altitudinal distribution of tropical planktonic Cladocera. In Cladocera as Model Organisms in Biology; Springer: Dordrecht, The Netherlands, 1995; pp. 75–84. [Google Scholar]

	



Gillooly, J.F.; Dodson, S.I. Latitudinal patterns in the size distribution and seasonal dynamics of new world, freshwater cladocerans. Limnol. Oceanogr. 2000, 45, 22–30. [Google Scholar] [CrossRef]

	



Anufriieva, E.V.; Shadrin, N.V. Factors determining the average body size of geographically separated Arctodiaptomus salinus (Daday, 1885) populations. Zool. Res. 2014, 35, 132. [Google Scholar]

	



Sommer, U.; Gliwicz, Z.M.; Lampert, W.; Duncan, A. The PEG-model of seasonal succession of planktonic events in fresh waters. Arch. Für Hydrobiol. 1986, 106, 433–471. [Google Scholar]

	



Hawkins, S.J.; Moore, P.; Burrows, M.; Poloczanska, E.; Mieszkowska, N.; Herbert, R.J.H.; Jenkins, S.R.; Thompson, R.C.; Genner, M.J.; Southward, A.J. Complex interactions in a rapidly changing world: Responses of rocky shore communities to recent climate change. Clim. Res. 2008, 37, 123–133. [Google Scholar] [CrossRef]

	



Forster, J.; Hirst, A.G.; Atkinson, D. Warming-induced reductions in body size are greater in aquatic than terrestrial species. Proc. Natl. Acad. Sci. USA 2012, 109, 19310–19314. [Google Scholar] [CrossRef]

	



Horne, C.R.; Hirst, A.G.; Atkinson, D. Temperature-size responses match latitudinal-size clines in arthropods, revealing critical differences between aquatic and terrestrial species. Ecol. Lett. 2015, 18, 327–335. [Google Scholar] [CrossRef] [PubMed]

	



Parmesan, C.; Yohe, G. A globally coherent fingerprint of climate change impacts across natural systems. Nature 2003, 421, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Walther, G.R.; Post, E.; Convey, P.; Menzel, A.; Parmesan, C.; Beebee, T.J.C.; Fromentin, J.M.; Hoegh-Guldberg, O.; Bairlein, F. Ecological responses to recent climate change. Nature 2002, 416, 389–395. [Google Scholar] [CrossRef]

	



Daufresne, M.; Lengfellner, K.; Sommer, U. Global warming benefits the small in aquatic ecosystems. Proc. Natl. Acad. Sci. USA 2009, 106, 12788–12793. [Google Scholar] [CrossRef]

	



Verberk, W.C.; Atkinson, D.; Hoefnagel, K.N.; Hirst, A.G.; Horne, C.R.; Siepel, H. Shrinking body sizes in response to warming: Explanations for the temperature–size rule with special emphasis on the role of oxygen. Biol. Rev. 2021, 96, 247–268. [Google Scholar] [CrossRef]

	



Sikora, A.B.; Petzoldt, T.; Dawidowicz, P.; Von Elert, E. Demands of eicosapentaenoic acid (EPA) in Daphnia: Are they dependent on body size? Oecologia 2016, 182, 405–417. [Google Scholar] [CrossRef] [PubMed]

	



Kozlowski, J.; Czarnoleski, M.; Danko, M. Can optimal resource allocation models explain why ectotherms grow larger in cold? Integr. Comp. Biol. 2004, 44, 480–493. [Google Scholar] [CrossRef]

	



Gliwicz, Z.M.; Wrzosek, D. Predation-mediated coexistence of large-and small-bodied Daphnia at different food levels. Am. Nat. 2008, 172, 358–374. [Google Scholar] [CrossRef]

	



Atkinson, D.; Morley, S.A.; Hughes, R.N. From cells to colonies: At what levels of body organization does the ‘temperature-size rule’ apply? Evol. Dev. 2006, 8, 202–214. [Google Scholar] [CrossRef]

	



Ohlberger, J. Climate warming and ectotherm body size–from individual physiology to community ecology. Funct. Ecol. 2013, 27, 991–1001. [Google Scholar] [CrossRef]

	



McBryan, T.L.; Anttila, K.; Healy, T.M.; Schulte, P.M. Responses to temperature and hypoxia as interacting stressors in fish: Implications for adaptation to environmental change. Integr. Comp. Biol. 2013, 53, 648–659. [Google Scholar] [CrossRef] [PubMed]

	



Pörtner, H.O.; Langenbuch, M.; Michaelidis, B. Synergistic effects of temperature extremes, hypoxia, and increases in CO2 on marine animals: From Earth history to global change. J. Geophys. Res. Oceans 2005, 110, C09S10. [Google Scholar] [CrossRef]

	



Clark, M.S.; Husmann, G.; Thorne, M.A.; Burns, G.; Truebano, M.; Peck, L.S.; Abele, D.; Philipp, E.E.R. Hypoxia impacts large adults first: Consequences in a warming world. Glob. Chang. Biol. 2013, 19, 2251–2263. [Google Scholar] [CrossRef] [PubMed]

	



Sikora, A.; Dawidowicz, P. Do the presence of filamentous cyanobacteria and an elevated temperature favor small-bodied Daphnia in interspecific competitive interactions. Fundam. Appl. Limnol. 2014, 185, 307–314. [Google Scholar] [CrossRef]

	



Angilletta, M.J., Jr.; Dunham, A.E. The temperature-size rule in ectotherms: Simple evolutionary explanations may not be general. Am. Nat. 2003, 162, 332–342. [Google Scholar] [CrossRef]

	



Audzijonyte, A.; Barneche, D.R.; Baudron, A.R.; Belmaker, J.; Clark, T.D.; Marshall, C.T.; Morongiello, J.R.; van Rijn, I. Is oxygen limitation in warming waters a valid mechanism to explain decreased body sizes in aquatic ectotherms? Glob. Ecol. Biogeogr. 2019, 28, 64–77. [Google Scholar] [CrossRef]

	



Reyes, V.P.; Ventura, M.A.; Amarillo, P.B. Ecotoxicological assessment of water and sediment in areas of Taal Lake with heavy aquaculture practices using Allium cepa and Daphnia magna assay. Philipp. J. Sci. 2022, 151, 969–974. [Google Scholar] [CrossRef]

	



Seidl, M.D.; Paul, R.J.; Pirow, R. Effects of hypoxia acclimation on morpho-physiological traits over three generations of Daphnia magna. J. Exp. Biol. 2005, 208, 2165–2175. [Google Scholar] [CrossRef]

	



Czarnoleski, M.; Ejsmont-Karabin, J.; Angilletta, M.J.; Kozlowski, J. Colder rotifers grow larger but only in oxygenated waters. Ecosphere 2015, 6, 1–5. [Google Scholar] [CrossRef]

	



Woods, H.A. Egg-mass size and cell size: Effects of temperature on oxygen distribution. Am. Zool. 1999, 39, 244–252. [Google Scholar] [CrossRef]

	



Subczynski, W.K.; Hyde, J.S.; Kusumi, A. Oxygen permeability of phosphatidylcholine--cholesterol membranes. Proc. Natl. Acad. Sci. USA 1989, 86, 4474–4478. [Google Scholar] [CrossRef] [PubMed]

	



Havens, K.E.; Pinto-Coelho, R.M.; Beklioğlu, M.; Christoffersen, K.S.; Jeppesen, E.; Lauridsen, T.L.; Mazumder, A.; Methot, G.; Alloul, B.P.; Vijverberg, J.; et al. Temperature effects on body size of freshwater crustacean zooplankton from Greenland to the tropics. Hydrobiologia 2015, 743, 27–35. [Google Scholar] [CrossRef]

	



Achenbach, L.; Lampert, W. Effects of elevated temperatures on threshold food concentrations and possible competitive abilities of differently sized cladoceran species. Oikos 1997, 79, 469–476. [Google Scholar] [CrossRef]

	



Vijverberg, J.; Vos, M. Predator-released compounds, ambient temperature and competitive exclusion among differently sized Daphnia species. Freshw. Biol. 2006, 51, 756–767. [Google Scholar] [CrossRef]

	



Chapelle, G.; Peck, L.S. Amphipod crustacean size spectra: New insights in the relationship between size and oxygen. Oikos 2004, 106, 167–175. [Google Scholar] [CrossRef]

	



Walczyńska, A.; Sobczyk, L. The underestimated role of temperature–oxygen relationship in large-scale studies on size-to-temperature response. Ecol. Evol. 2017, 7, 7434–7441. [Google Scholar] [CrossRef] [PubMed]

	



Hoefnagel, K.N.; Verberk, W.C. Is the temperature-size rule mediated by oxygen in aquatic ectotherms? J. Therm. Biol. 2015, 54, 56–65. [Google Scholar] [CrossRef]

	



Lampert, W., IV. Determination of the “threshold” concentration as a factor controlling the abundance of zooplankton species. Arch. Für Hydrobiol. 1977, 48, 361–368. [Google Scholar]

	



Gliwicz, Z.M. Food thresholds and body size in cladocerans. Nature 1990, 343, 638–640. [Google Scholar] [CrossRef]

	



Tessier, A.J.; Leibold, M.A.; Tsao, J. A fundamental trade-off in resource exploitation by Daphnia and consequences to plankton communities. Ecology 2000, 81, 826–841. [Google Scholar] [CrossRef]

	



Tessier, A.J.; Woodruff, P. Trading off the ability to exploit rich versus poor food quality. Ecol. Lett. 2002, 5, 685–692. [Google Scholar] [CrossRef]

	



Iwabuchi, T.; Urabe, J. Food quality and food threshold: Implications of food stoichiometry to competitive ability of herbivore plankton. Ecosphere 2012, 3, 1–17. [Google Scholar] [CrossRef]

	



Rider, C.V.; Gorr, T.A.; Olmstead, A.W.; Wasilak, B.A.; LeBlanc, G.A. Stress signaling: Coregulation of hemoglobin and male sex determination through a terpenoid signaling pathway in a crustacean. J. Exp. Biol. 2005, 208, 15–23. [Google Scholar] [CrossRef] [PubMed]

	



Heisey, D.; Porter, K.G. The effect of ambient oxygen concentration on filtering and respiration rates of Daphnia galeata mendotae and Daphnia magna 1. Limnol. Oceanogr. 1977, 22, 839–845. [Google Scholar] [CrossRef]

	



Sell, A.F. Adaptation to oxygen deficiency: Contrasting patterns of haemoglobin synthesis in two coexisting Daphnia species. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 1998, 120, 119–125. [Google Scholar] [CrossRef]

	



Wilczynski, W.; Dynak, P.; Babkiewicz, E.; Bernatowicz, P.; Leniowski, K.; Maszczyk, P. The combined effects of hypoxia and fish kairomones on several physiological and life history traits of Daphnia. Freshw. Biol. 2019, 64, 2204–2220. [Google Scholar] [CrossRef]

	



Hrycik, A.R.; Almeida, L.Z.; Höök, T.O. Sub-lethal effects on fish provide insight into a biologically-relevant threshold of hypoxia. Oikos 2017, 126, 307–317. [Google Scholar] [CrossRef]

	



Ekau, W.; Auel, H.; Pörtner, H.O.; Gilbert, D. Impacts of hypoxia on the structure and processes in pelagic communities (zooplankton, macro-invertebrates and fish). Biogeosciences 2010, 7, 1669–1699. [Google Scholar] [CrossRef]

	



Winter, A.; Ciborowski, J.J.; Reynoldson, T.B. Effects of chronic hypoxia and reduced temperature on survival and growth of burrowing mayflies, (Hexagenia limbata) (Ephemeroptera: Ephemeridae). Can. J. Fish. Aquat. Sci. 1996, 53, 1565–1571. [Google Scholar] [CrossRef]

	



Lefevre, S.; McKenzie, D.J.; Nilsson, G.E. In modelling effects of global warming, invalid assumptions lead to unrealistic projections. Glob. Chang. Biol. 2018, 24, 553–556. [Google Scholar] [CrossRef]

	



Fox, H.M.; Gilchrist, B.M.; Phear, E.A. Functions of haemoglobin in Daphnia. Proc. R. Soc. Lond. Ser. B Biol. Sci. 1951, 138, 514–528. [Google Scholar] [CrossRef] [PubMed]








[image: Water 14 03213 g001 550] 





Figure 1. A diagram highlighting the experimental plan. 
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Figure 2. Regression lines of growth rate (d−1) vs. food concentration (mg Corg × L−1) for six species of Daphnia at different oxygen concentrations (normoxia = blue lines; hypoxia = red lines). Each line represents the mean growth rate calculated from four clones (experimental replicates). 
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Figure 3. Boxplots showing the bootstrapped threshold food concentration (TFC, mg Corg × L−1) for six Daphnia species at different oxygen concentrations (normoxia = blue bars; hypoxia = red bars; whiskers = min. and max. excluding outliers; boxes represent quartiles). The species that were significantly different from the others are denoted with different letters (latin letters for normoxia and greek letters for hypoxia). 
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Figure 4. Haemoglobin concentration on dry body mass (µg × mg−1, mean ± SD) at three different food concentrations: (a) 0.05, (b) 0.15 and (c) 0.45 mg Corg × L−1 for six Daphnia species at different oxygen concentrations (normoxia = blue bars; hypoxia = red bars). Statistically significant differences are denoted with different letters. 
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