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A Dynamic Energy Budget (DEB) model is applied to predict rapid metabolic shifts in an ecologically important krill, Nyctiphanes australis, in response to temperature and ultraviolet radiation (UVR). Specifically, we predict changes in fatty acids, amino acids and respiration rate in response to several light and temperature treatments. Environmental variability can alter the metabolic equilibrium and the mechanisms marine ectotherms used to obtain energy, which is a topical point given the current level of environmental change. Environmental variability also includes multiple stressors, which can have additive, antagonistic or synergistic effects on metabolism. In consequence, disentangling and quantifying the effects of multiple stressors on metabolism and the energy balance of ecthothermal species, such as krill, can be challenging. Here we apply a DEB model to direct measurements of fatty acids, amino acids and respiration rate of krill experimentally exposed simultaneously to several doses of UVR and temperatures. We found that on average light escalates metabolic rates by a factor of two, and temperature has an effect 1.35 times greater than the effect of light over respiration rates at temperatures from 9 to 19°C. The DEB model predicted shifts in metabolic function and indicated that the combined effect of light and elevated temperatures decrease the total of fatty acid concentrations at a higher rate than amino acids when krill are exposed to environmentally relevant temperatures and light treatments. Our results demonstrate that, when krill experience warmer conditions and higher levels of solar radiation, the mobilization of energy-relevant metabolites from the reserves increases by up to 36% and increase the total energetic cost by up to 45%. These findings suggest that ectothermal species with a fast metabolism, such as krill, quickly deplete energy reserves to compensate for changes in the environment. This renders krill susceptible to the effects of climate variability if the current climatic trend for the region continues to show temperature increases, even if solar radiation levels remain unchanged.
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INTRODUCTION

Variability in the marine environment, such as in temperature and ultraviolet radiation (UVR), present challenges for marine ectotherms, which frequently need to survive adverse abiotic conditions caused by multiple stressors. This is especially true when shifts in distribution or behavior are insufficient to mitigate the increased levels of stress created by global climate change (Sokolova, 2021). Physiological adaptability can play an essential part in improving survival chances under stressful conditions (McNamara et al., 2005; Lutz et al., 2008; Norin and Metcalfe, 2019). However, the physiological mechanisms involved in improved adaptation to environmental stress can be complex, especially when animals are subjected to multiple stressors such as a combination of increased temperatures, acidification, oxygen limitation, or UVR (Pecorino et al., 2014; Kazerouni et al., 2016; Lee et al., 2018; Rubalcaba et al., 2020), making it challenging to determine mechanisms based on empirical data alone. Process-based modeling approaches, informed by empirical data, can be powerful tools to explore biological mechanisms. Here, we take such an approach to gain insight into the metabolic response of krill exposed to multiple environmental stressors.

Multiple stressors can have additive, antagonistic or synergistic effects on metabolism (Przeslawski et al., 2005; Sokolova, 2021), and are a key factor in driving global change impacts on species ecosystems due to the inevitable constraints they put on the rates at which energy is acquired, assimilated, and converted into usable metabolites (Sokolova, 2013). These constraints can result in an overall decrease in fitness or loss of metabolic homeostasis (Klein et al., 2018; Toft et al., 2018; Sokolova, 2021). For instance, depletion of energy-relevant compounds, including fatty acids (FAs) and amino acids (AAs) in response to environmental stress is usually found in marine ectotherms, and the reduction of such compounds may act as a signal of transition into a bioenergetically unstable condition that might alter life-history traits and reduce fitness (Issartel et al., 2005; Sokolova, 2013; Kazerouni et al., 2016). How the interaction between ocean warming and other stressors such as ocean acidification and UVR deplete energy-relevant compounds and shape organism responses to climate variability is an active area of research (Valles-Regino et al., 2015; Wolinski et al., 2016; Lee et al., 2018; Wang et al., 2020; Heinze et al., 2021). This is due to the fundamental role energy transformation and energy fluxes within individuals play in the maintenance of life-history processes and the link they provide between an organism’s physiology and ecological processes (Chen and Nielsen, 2019).

Two of the most important drivers of change in marine organisms are temperature and UVR. Temperature plays a direct role in controlling physiological rates at the individual level, with warmer temperatures increasing metabolic cost (Hirche, 1984; Kooijman, 2010; Romero et al., 2010). Similarly, UVR can escalate physiological rates and can alter metabolism due to the formation of damaging free radicals or reactive oxygen species (ROS). This can ultimately decrease fitness by imposing energetic costs associated with repair mechanisms (Lesser et al., 2004; Moresino and Helbling, 2010; Tartarotti et al., 2014; Alves and Agustí, 2020; Sokolova, 2021) or by breaking down energy-relevant compounds, such as FAs and AAs. This process, known as photo-oxidation, can be relatively rapid and occur in a matter of hours for FAs and AAs (Dhams et al., 2011; Souza et al., 2012; Won et al., 2014; Kazerouni et al., 2016; Dur et al., 2021). The increase in energetic costs associated with environmental stress and the rapid decrease of energy-relevant metabolites, due to photo-oxidation or defense mechanisms, can disrupt metabolic homeostasis by introducing a trade-off between the available amount of energy necessary to maintain essential metabolic function and the energy necessary to produce metabolic defenses against environmental stress.

Many studies show temperature or UVR acting as a stressor for marine ectotherms (Tedetti and Sempéré, 2006; Lagos et al., 2015; Burritt and Lamare, 2016), however, there are few studies into their combined effect (Burritt and Lamare, 2016). These studies clearly show that the individual effect of temperature stress or UVR usually have strong effects on the physiology and ecology of marine life. Examples include, shortening the growing seasons of phytoplankton (Williamson et al., 2010), increasing mortality (Przeslawski et al., 2005), increasing crustaceans respiration rates (Fischer et al., 2006), or lowering fatty and amino acid concentrations (Arts et al., 2012). These studies are insightful, but their generality is less certain because the response to variation in temperature and UVR is species-specific (Saborowski et al., 2000, 2002; Atkinson et al., 2006; Jager et al., 2016; Klein et al., 2018), and the studies available are not enough to provide a robust understanding. For temperature and UVR, the challenge involves quantifying the relative effect of temperature and UVR on metabolic rates, as well as disentangling the general impact of UVR on metabolic rates from the compound-specific effects related to photo-oxidation. Furthermore, while we know that these stressors can escalate metabolic rates and reduce the amount of energy-relevant compounds, our understanding of the specific compound dynamics and their bioenergetic consequences is still limited.

Few studies have assessed the interactive effects of UVR with other environmental stressors in marine taxa (Wolinski et al., 2016; Liao et al., 2019; Williamson et al., 2019). However, these studies have found that both light and temperature tend to increase overall metabolism, as evidenced by increased respiration rates, and to decrease the concentrations of compounds.

Evaluating metabolic shifts and describing the energetic consequences of altered metabolism in marine ectotherms in response to temperature and light can be made through Dynamic Energy Budget (DEB) theory, developed to explain the link between physiological adaptability and the underlying processes fuelling metabolism. DEB models are proven frameworks successfully applied to interpret and predict the effect of environmental variability in the bioenergetics and life-history of marine ectotherms (Jager and Ravagnan, 2015; Gourault et al., 2019), and can be used to explain at ecosystemic, community and individual level, how these systems will reconfigure with changing environmental conditions (Beaugrand and Kirby, 2018). This includes the application of DEB models to infer patterns of lipid storage in copepods (Jager et al., 2017). A DEB is used here, for the first time, to connect the theory behind the usage of compounds to observations on how ectotherms use several types of energy-relevant compounds under multiple environmental stressors.

Here, we use a multiple stressor approach based on laboratory observations to find relevant patterns in the usage of compounds and a dynamic process-based model to assess how environmental variability affects krill metabolism associated with energy-relevant compounds and the overall energy balance. To date, few studies have connected energetic aspects of crustacean metabolism to essential metabolites such FAs and AAs (Issartel et al., 2005; Werbrouck et al., 2016; Lee et al., 2018). By applying a DEB model for the krill Nyctiphanes australis (Euphausiacea: Euphausiidae), the current research aims to (1) find stress threshold points, at which the combined effects of temperature and UVR affect the intermediate metabolism of krill, and (2) predict changes in the energy balance of krill, related to the rate of decrease of energy-relevant compounds such as fatty acids and amino acids under different temperature and light scenarios.

For this, we subjected krill to ecologically relevant levels of temperature and UV radiation, and measured the response in krill respiration rate and in the concentration of FAs and AAs. We model the effect of temperature and light (white and UV light) on respiration and on the dynamics of several compounds, using a DEB model. The modeling approach allows us to separate those compound decreases that stem from an overall increase in metabolism from those that may occur at a compound-specific rate due to photo-oxidation or from preferential use of certain compounds under light stress. Finally, we assess the multiple stressor effect of temperature and light on krill bioenergetics, by converting the mass flows in the DEB model to flows of energy. The DEB model is used to test the hypothesis that as temperature and doses of UVR increase, a rapid increase in metabolic rate is followed by a quick increase in the rate at which FAs and AAs are metabolized, ultimately decreasing the levels of energy stored as reserves.



MATERIALS AND METHODS


Krill Collection, Measurement of Respiration, Fatty Acids, and Amino Acids

Krill were exposed to a fully factorial design that combined the effect of temperature and light. Non-reproductive male and female adult krill (11–21 mm body length) were collected during summer and winter at night from two areas around the Otago Harbour, New Zealand (45°49′40″S; 170°38′23″E) (Figure 1) and kept starved in dark (no light) conditions for 24 h at ambient sea temperatures (Supplementary Figure A.1) inside a 250 L fiberglass holding tank. Krill individuals in the best visible physiological conditions (e.g., normal swimming activity) were manually selected and placed in the experimental tanks. The tanks were then heated to the selected experimental temperature at an approximate rate of 0.025–0.05°C/min depending on the ocean temperatures at the time of sampling. The krill were then acclimated for 1 h to the final experimental conditions which match temperatures typically found across a year (8, 12, 13, and 16°C) and a higher temperature reflecting occasional peaks (19°C) projected to increase in frequency along the Otago coast (Supplementary Figure A.1). In addition to temperature, krill were exposed to a combination of light treatments, no light (DARK), white light (WH), a low dose of UVR (19.2 J cm–2 UVA and 2.4 J cm–2 UVB), or a high dose of UVR (31 J cm–2 UVA; 3.2 J cm–2 UVB) (Supplementary Material A). Exposure to UVR was 2 h for the respiration experiment and 8 h in the compound concentration experiment. The maximum intensities of UV light (0.05–0.3 mW cm–2 UVB; 0.4–3.4 mW cm–2), was adjusted so that krill were exposed to the same total doses of UVR at 2 h in the respiration experiment as they were at 8 h in the compound concentration experiment. All experimental doses of UVR were adjusted to closely match typically found UVR doses across a year in the Otago Harbour (Supplementary Figure A.2).
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FIGURE 1. Locations used to collect krill inside the Otago Harbour, New Zealand. (Green dot) Aramoana point. (Red dot) Portobello Marine Laboratory.


The respiration rate data used here is the mass-specific oxygen consumption rate (μg O2 h–1 g–1 AFDW) measured using a previously calibrated fiber optic oxygen meter (PreSens®, Fibox 3 oxygen meter) on a closed respirometry system. We placed three active krill adults inside each of nine independent respirometry chambers (10 cm length × 3.5 cm diameter; replication: UV × 3, WH × 3, Dark × 3). Respirometry was repeated a total of eight times with oxygen consumption rates averaged across the three replicates for each treatment.

The compounds were extracted from pooled dry krill samples (∼200 ind. per sample) and concentrations (μg compound g–1 AFDW) were measured prior to starvation as well as at 4 and 8 h of light exposure. Measurements by gas chromatography with a flame ionisation detector (GC-FID) (Agilent Technologies 6890) followed GC methods described in Sabadel et al. (2019) and Kolodzey et al. (2021) for FAs and AAs, respectively. Due to the large number of individual FAs (n = 24) and AAs (n = 11) isolated from krill, all compounds were grouped by type. The fatty acids were grouped into four major types: monounsaturated (MUFA), polyunsaturated (PUFA), saturated (SAFA), and highly unsaturated (HUFA), and amino acids were grouped as: essential (EAA) and non-essential (NEAA). For consistency with units in the DEB model, the concentration of each individual FA and AA was transformed, using its molecular weight, to its equivalent amount in moles of carbon per gram of krill dry weight (C-mol g–1 DW). For full experimental method description see Supplementary Material A.



Dynamic Energy Budget Model Description

Dynamic Energy Budget theory is a robust and accepted framework that mechanistically describes the bioenergetics of an organism (Kooijman, 2010). DEB models are mathematical implementations of this theory, and describe how food is converted into reserves, and how reserves are mobilized and allocated to growth, reproduction, and maintenance (Figure 2A). We calibrated a standard DEB model for N. australis using growth data from Hosie (1982), Haywood and Burns (2003), and Lagos et al. (under review)1 and reproduction data obtained from Hosie and Ritz (1983) in conjunction with data of respiration rates and energy-relevant compounds from krill not exposed to light treatments (details in: Supplementary Material B). This provided us with core model parameters needed to subsequently model the compound dynamics and ensured that the compound dynamics were coherent with the overall DEB model.
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FIGURE 2. Schematic representation of the three steps implemented for the DEB model parametrization. The components of the standard DEB model that are used to predict the reduction of compounds in time are indicated as green and yellow rectangles (A). The control model describes how the temperature correction factor (CT) affect the flux of compounds ([image: image]) and the total outflux of energy from the reserves for maintenance purposes ([image: image]) (B). The second DEB model describes how the temperature correction factor (CT) and two light parameters ([image: image]) affect the rate of decrease of compounds. However, here both [image: image] and [image: image] are time-dependent, therefore, affecting the ratio of compounds in the reserves (MCE/ME) and the total outflux of energy for maintenance ([image: image]) (C).


In DEB theory, temperature affects all rates, including the mobilization rate of compounds and the respiration rates, in the same way. The relationship between rates and temperature is based on the Arrhenius concept of enzyme activation (Kooijman, 2010; Jager and Ravagnan, 2015; Jager et al., 2017). We quantified the effect of temperature on respiration by fitting the Arrhenius equation to the respiration rate data (Eq. 1). The effect of light on respiration was captured by estimating light factors applied to the Arrhenius equation. Thus, in biological terms, light was assumed to act on metabolism and respiration by amplifying its temperature response as shown in Kazerouni et al. (2016) and Williamson et al. (2019). We use a subset of the standard DEB model to describe the krill compound dynamics under starvation conditions, assuming that under such conditions, energy is mobilized from the reserve only to cover somatic maintenance costs (Figures 2B,C). Although the state variables of the model are usually termed in units of volume or energy, they can easily be converted to units of mass, as we do here for the compound dynamics. The model formulation for the compound dynamics is slightly different for the 24 h period of dark conditions (Figure 2B) and the subsequent 8 h period of light exposure (Figure 2C). In the model formulation for dark conditions (Figure 2B), mass is mobilized from the reserve to cover somatic maintenance costs. The rate of this mobilization is affected by temperature, as described by the Arrhenius equation. The mobilization rate of specific compounds is simply a product of the total reserve mobilization rate and the relative proportion of the compound in the reserve. This proportion is assumed to be constant over time, in accordance with the assumption of strong homeostasis. This assumption is central in DEB theory and states that the chemical composition of the organism is constant.

Dynamic Energy Budget theory does not consider the effect of ultraviolet and visible light on organism bioenergetics. Therefore, to model the decrease of energy-relevant compounds in the presence of light, we modify the DEB model subset as illustrated in Figure 2C. Firstly, the reserve mobilization rate is amplified by the light factors that we estimated for the respiration rate. Thus, biologically speaking, light and temperature are assumed to increase the total reserve mobilization rate the same way that they affect respiration. Secondly, we assume that the effect of light may disrupt the strong homeostasis; in other words, the composition of the reserve and, hence, the relative proportion of compounds in the reserve, is allowed to change in time. The disruption of the strong homeostasis proposed here is based on our hypothesis that in crustaceans the internal homeostasis of compounds can change due to the photo-oxidation of energy-relevant compounds or due to the differential usage of compounds to fuel defense mechanisms against environmental stress. We consider this to be a compound-specific process that can occur very quickly in time and precede physiological responses such as the increase in respiration rates as theoretically illustrated in Supplementary Figure C.1 and empirically supported for ectotherms (Fields et al., 1998; Won et al., 2014; Duan et al., 2016; Abol-Munafi et al., 2020). Finally, we convert the mass flows of the compound dynamics into energy, to evaluate the effect of temperature and light on the overall krill energetics.



Dynamic Energy Budget Model Parametrization and Formulation

The krill DEB model used here is the standard DEB model as first applied to N. australis (see text footnote 1). Briefly, the dynamics model (Figure 2A) can be explained as follows: food is assimilated into the energy reserve, from which energy is mobilized, and the reserve mobilization rate [image: image] is divided in two parts; a constant fraction, k, is allocated to growth, [image: image] and somatic maintenance, [image: image], and the remainder, 1 − k, is allocated to reproduction [image: image] and maturity maintenance [image: image] (Figure 2A). The equations describing the dynamics of the state variables and the energy fluxes of the model are given in Supplementary Table B.1. The full list of parameters of the DEB model are given in Supplementary Table B.2 and the full list of equations for model prediction are given in Supplementary Table B.3. The temperature dependence of DEB parameters that represent rates is achieved by multiplying the default parameter value, i.e., the rate at Tref, by a temperature correction factor, CT, derived from the Arrhenius concept:

[image: image]

where TA is the Arrhenius temperature, TL and TH are the upper and lower tolerance boundary, and TAH and TAL are the Arrhenius temperatures for the rate of decrease at both boundaries (Kooijman, 2010) (detailed methods in: Supplementary Material E). The effect of light on metabolic rates and on the reserve mobilization rate was captured by a light factor, αl, the value of which is specific for each light treatment (αWH for WH light, αUVL for the low UVR doses, and αUVH for the high UVR dose). αl escalates the rate for any given temperature, such that the combined effect of temperature and light on a rate was described as:
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In the absence of light, the fatty acids and amino acids decrease linearly in time as described for starvation conditions in Kooijman (2010):

[image: image]

with:

[image: image]

MC(t), the amount of compound in C-mol at time t, is thus a direct function of MC0, the initial amount of compound in the organism, and [image: image], the compound-specific rate of decrease. This rate of decrease is in turn a product of the temperature-dependent [image: image], the total mass flux mobilized from the reserve to cover maintenance, and MCE/ME, the relative proportion of compound in the reserve. The [image: image] mass flux corresponds to the total somatic maintenance cost, [image: image], in the standard DEB model for N. australis (Figure 2A), simply converted from units of energy to units of mass. In the presence of light (WH or UVR), the fatty acids and amino acids decrease non-linearly in time:

[image: image]

αl, is the effect of light on metabolic rates and, [image: image], is the effect of light on compounds due to photo-oxidation or differential usage of compounds to fuel defense mechanisms against environmental stress and, tl, is the time when krill is exposed to light. The effect of temperature and light on krill bioenergetics was assessed by converting the compound concentrations and fluxes of the model from units of mass (C-mol) to units of energy (kJ), using the conversion parameters in Table 3.



Parameter Estimation

The parameterization of the model was a three-step procedure. In the first step, we parameterized the Arrhenius equation of the model using the software R v3.6 (R Development Core Team, 2019) and the function “nlsLM” of the package “minpak.lm” to fit a non-linear least squares regression to the scaled respiration rate of krill at several temperatures from the dark treatment (methods in: Supplementary Material D). In the second step, we calibrated the DEB model, which included parameterizing the DEB model core parameters, estimating the αl parameters, as well as the parameters pertaining to the compound dynamics under dark conditions. The αl parameters were estimated by fitting Eq. 2 to the respiration data from the light treatments. For the compound dynamics, the initial amount of compound, MC0, was known from FA and AA measurements, and only the compound specific values for [image: image] needed to be parameterized, by fitting Eq. 3 to the compound data from the dark treatments. In the third step, we estimated the [image: image] parameters, by fitting Eq. 5 to the compound data from the light treatments. The other parameters in Eq. 5 were already known from the previous parameterization steps; in addition to [image: image] and αl already mentioned, [image: image] can be calculated from the DEB core parameters, and MCE/ME can then be obtained from Eq. 4. Since MCE/ME is constant under dark conditions, the MCE/ME in Eq. 4 equals [image: image]in Eq. 5. Thus, in the third parameterization step, all parameters were fixed except for the compound- and light-specific [image: image] parameter. It was necessary to divide the parameterization of the compound dynamics into these two steps; otherwise, it would not have been possible to separate the effect of light on overall reserve mobilization from the effect of light on the relative proportion of compounds due to photo-oxidation or preferential use. The MATLAB® code used for model predictions is freely available2.




RESULTS


Model Performance: Fit to Data

A previously developed DEB model was used to predict general life-history traits of N. australis, including growth and reproduction (see text footnote 1). When new data on oxygen consumption rates and fatty and amino acid concentrations were added to the data previously used to parameterize the model, the model performed well at predicting respiration rates, fatty acids and amino acids concentrations. The addition of respiration rates and energy-relevant compounds to the model increased the accuracy in prediction of life-span. The model predicted the respiration rates under dark conditions well (MRE = 0.20) (Supplementary Figure A.1), and the model performance for fatty acid and amino acid dynamics in the absence of light was in most cases good (MRE = 0.10–0.21). Higher errors were only observed at the warmest temperature for amino acids (MRE = 0.48 at 19°C) and at the coolest temperature for fatty acids (MRE = 0.12 at 8°C) (Figures 2, 3). Age and length at birth were largely underestimated by the model, with an overall error of more than 22% (Supplementary Table A.4). With the additional data, the model maintained a low relative error (MRE = 0.135) and a low symmetric mean squared error (SMSE = 0.194), values that represent a reduction of 20% in the MRE and an increase of 10% of the SMSE respectively, compared to the previously described parametrization for the species (Table 1).
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FIGURE 3. Predicted and observed decrease in Nyctiphanes australis fatty acid concentration in time for all temperatures and light treatments: high UV, low UV, PAR, and DARK with the mean across fatty acids types relative error of the DEB model predictions (MRE). Values used for the DEB model are the total sum of fatty acids converted into C-moles. For model predictions of UV and PAR treatments the value of fatty acids at 1 day (24 h) of starvation was interpolated from the negative control data, which is krill not experimentally exposed to light.



TABLE 1. Estimated mean relative errors.

[image: Table 1]


Effect of Temperature and Light on Respiration

Adding the proposed escalation parameter αl and [image: image], the model successfully predicted changes in oxygen consumption at different temperatures and light conditions, with low mean relative errors for the low UVR dose and high UVR dose treatments. The model slightly underestimated the oxygen consumption by krill at 19° and 16°C for high UVR exposed krill (Figure 4A), but maintained good predictions at low UVR doses and good predictions when krill is under WH light and DARK conditions across all temperatures.


[image: image]

FIGURE 4. Metabolic responses to light and temperature. Predicted changes in respiration rates of Nyctiphanes australis with light and temperature (A). Effect of temperature on the total outflux of energy from the reserves to cover somatic maintenance at different levels of UVR and at different light condition (B).


Overall, the light amplification factors indicate that UVR has a moderate effect on the rate at which oxygen consumption increases with temperature. For instance, light amplification parameters predicted by the model (Table 2) indicate that, compared to the DARK exposed krill, light in general escalates metabolic rates by a factor of 2. The strongest escalation was by the high UV light treatment, compared to the escalation of WH light and low intensity UV light, which was 36% and 18% lower, respectively (Figure 4). In contrast, model predictions under DARK and WH light conditions indicate that temperature increases respiration rates by a factor of 2.7 between 8 and 19°C and under low doses of UVR increases respiration by a factor of 2.6 between 8 and 19°C. Therefore, by comparing predictions across temperature ranges, temperature has an effect 1.35 times higher than the effect in respiration rates produced by light.


TABLE 2. Light and compounds specific parameters.

[image: Table 2]
 
TABLE 3. Energy content of compounds.
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Decrease in Fatty Acids and Amino Acids Over Time With Light and Temperature

The DEB model successfully predicted the rate of decrease of FAs in time, with error estimates for the predicted decrease of FAs in time ranging between MRE = 0.05–0.33 (Figure 3) and error estimates for the decrease of AAs in time ranging between MRE = 0.02–0.48 (Figure 5). Overall, the relative errors of the model for FAs and AAs in the absence of light (DARK) were relatively low, with a total MRE = 0.149 and an SMSE = 0.185 (Table 1).


[image: image]

FIGURE 5. Predicted and observed decrease in Nyctiphanes australis amino acid concentrations in time for all temperatures and light treatments: high UV, low UV, PAR, and DARK. MRE represent the mean relative error across amino acids type (EAA and NEAA) for each DEB model prediction. All observed values used for DEB prediction are the total sum of amino acids converted into C-moles. For model predictions of UV and PAR treatments the value of amino acids at 1 day (24 h) of starvation was interpolated from the negative control data, which represent krill not exposed to light.


The model predictions indicated a faster rate of decrease of compounds when UVR and WH light are present. This rate of decrease was greater when doses of UVR are above 31 J cm–2 UVA and 3.2 J cm–2 UVB and when the temperature is above 16°C, slowing down at temperatures below 16°C. Additionally, model results indicate that compounds consistently decrease at different rates when temperature and light interact. For instance, the predicted rate of decrease of HUFA was 3.5e–05 C-mol g–1, which is an order of magnitude higher than the rate of decrease of the remaining PUFA. In contrast, the predicted rate of decrease of MUFA and SAFA was on average 1.7e–06 C-mol g–1 (Table 2). Similarly, the predicted rate of decrease of AA was higher for EAA, with a rate of decrease of 3.58e–06 C-mol g–1 and smaller for NEAA, with a rate of decrease of 9.13e–07 C-mol g–1.

Based on error estimates, the model had difficulties predicting the rate of decrease of FAs at 8°C, with error estimates ranging between MRE = 0.12–0.33, and not accurately predicting the decrease of MUFA’s and PUFA’s at the lower temperature. However, the model performed better predicting the rate of decrease of EAAs and NEAAs, with lower error estimates of MRE = 0.07–0.18 at 8°C. Overall, the model predicted a mean specific rate of decrease of fatty acids of 0.03 C-μmol day–1, which was higher than the mean specific rate of decrease of amino acids 0.002 C-μmol day–1. The model also predicted dose-dependent differences in the way light affects compounds. For instance, the difference between primary drivers of reductions of energy-relevant compounds (i.e., effect of light on metabolic activity) and secondary drivers of reductions in energy-relevant compounds (i.e., Photooxidation of compounds) was 0.3 times smaller when high doses of UVR (31 J cm–2 UVA; 3.2 J cm–2 UVB) are present and 0.8 times higher when low doses of UVR (19.2 J cm–2 UVA and 2.4 J cm–2 UVB) are present, with a total effect of UVR dose greater on SAFAs, HUFAs, and NEAAs, and less on MUFAs, PUFAs, and EAAs (Table 2). The modeling also predicted that visible light is 0.78 times less effective in producing FA and AA decreases. However, the model overestimated the compound-specific impact of WH light. For instance, WH light predicted effect were stronger for NEAAs, EAAs, and SAFAs with minor impact in MUFAs and PUFA’s (Table 2).



Changes in the Energy Budget With Light and Temperature

Using mass energy conversions (Table 3), predictions of the DEB model show that the total energy content stored in FAs and AAs in N. australis is around 0.061 kJ. Most of the available energy for N. australis is stored in the form of HUFAs and MUFAs, which contain a combined energy content of 0.043 kJ, approximately ∼71% of the total energy stored in all compounds measured. At the same time, SAFA and PUFA constituted ∼29% of the total energy content and essential and non-essential amino acids only constitute 0.63% of the total, with a combined energy content of 0.0004 kJ.

The total energy expenditure of N. australis that comes from the mobilization of all compounds stored as reserves to cover somatic maintenance costs, assuming we have most of the compounds krill uses as a source of energy, is 0.049 kJ day–1 at the reference temperature of 20°C, and in the absence of WH or UV light. This energetic cost to cover somatic maintenance changes with temperature and light as a result of the decrease of compounds in the reserve and as a result of changes in the mobilization flux of compounds from the reserves (Figure 4B). For instance, model results indicate that at 19°C and high doses of UV, the total maintenance costs are considerably higher compared to maintenance cost at temperatures below 19°C or when krill do not experience high doses of UVR (Figure 4B). The rate of change in the mean mobilization flux of compounds from the reserves also increases with temperature, and is higher when krill are exposed to higher doses of UVR, which indicates that the mobilization of compounds occurs at a higher pace at elevated temperatures and when doses of UVR are higher, therefore compounds decrease rapidly over time under these circumstances (Figure 6).


[image: image]

FIGURE 6. Mean changes in energy fluxes. Nyctiphanes australis energy fluxes from the reserve to cover somatic maintenance.


In terms of the total energy balance, by using mass energy conversion values for fatty acids and amino acids (Table 3), the higher rate at which the flux of compounds changes at temperatures above 16°C and high doses of UVR increases the total energy maintenance cost from 0.018 to 0.059 kJ day–1. Similarly, at intermediate temperatures from 12 to 16°C, the mean total energetic costs associated with the flux of compounds from reserves is 0.039 kJ day–1 at high UVR doses and 0.032 kJ day–1 at low UVR doses, which represents an increase of 44% compared to krill not exposed to any light treatment and an increase of 13% compared to krill exposed to WH light. In contrast, at the lower temperature of 8°C the energetic cost of maintenance for krill at low doses of UVR are 0.018 kJ day–1, and 0.022 kJ day–1 at high doses of UVR, which is a total reduction of 43% in the mean energetic cost for somatic maintenance compared to krill at 19°C and higher doses of UVR. Finally, visible light (WH) had a smaller effect on the energetic balance of N. australis, imposing a total energetic cost to cover somatic maintenance of 0.027 kJ day–1 at temperatures between 8 and 16°C and 0.43 kJ day–1 at 19°C with total changes in the flux or mobilization of compounds from the reserves smaller than changes produced by UV light (Figure 4). Looking across all light and temperature conditions that krill were exposed to, the rate of decrease of compounds over time in reserve indicates that close to 40% of the total energy available is mobilized within the first hours and the remaining energy is mobilized at a slower rate until reserves are depleted.




DISCUSSION

The DEB model predicted rapid changes in N. australis utilization of compounds, such as fatty acids and amino acids, to cover the energetic cost of maintaining metabolic activity under the combined exposure to light and temperature. The model results show that when krill are exposed to high temperatures and UV doses (31–39 J cm–2 UVA; 3.2–4.2 J cm–2 UVB) and irradiances (3.9 mW cm–2 UVA; 0.35 mW cm–2 UVB) of UVR, comparable to the maximum doses (25–35 J cm–2 UVA; 3.3–6.9 J cm–2 UVB), and irradiances (1.4–3.9 mW cm–2 UVA; 0.18–0.36 mW cm–2 UVB) naturally found during summer, the concentration of energy-relevant compounds in krill decrease rapidly, while the metabolic rates increase. However, model predictions only partially support our hypothesis that as temperature and doses of UVR increase, a rapid increase in metabolic rates is followed by a quick increase in the rate at which all compounds are metabolized. For instance, the model was not fully able to capture the differential rate of decrease between FAs and AAs at lower temperatures or the lower decrease rate of compounds in the dark treatments. Nevertheless, we accurately predict that the effect of temperature on the respiration rate and reserve mobilization is of comparable magnitude to the effect of UVR on these rates, while the compound-specific effect of UVR can be either larger or smaller than the effect on the overall metabolism (Figures 3, 5). From a bioenergetic perspective this means that under higher temperature and UVR doses, krill would increase the mobilization flux of compounds from the reserves (Figure 6). The accuracy of model predictions at high levels of UVR above 16°C suggest that this temperature is likely to be the optimum upper metabolic threshold at which the mobilization of energy from the reserves occur at a pace fast enough to cope with environmental exposure to higher doses of UVR, but slow enough to maintain an energetic balance that can sustain the extra expenditure of energy for longer periods of time. However, the model was not entirely able to reproduce the full dynamics of fatty acids and amino acids in time in the lower temperatures, especially in the absence of light.

The model indicates that at temperatures below 19°C, krill have the metabolic adaptability to cope with decreases in temperatures even if UVR levels are high. This is evidenced by the lower rate at which compounds are mobilized below 16°C and by the lower metabolic effect of light predicted by the model compared to the effect produced by temperature. Model predictions of energy fluxes at the lower temperatures intervals support this and indicate that energy demands below 16°C are lower, which is evidenced by the lower fluxes of compounds from the reserves and the higher content of energy-relevant compounds. This indicates that krill should be more tolerant to additional environmental stress below 16°C, due to the lower energetic demands and the higher amount of FAs and AAs that can be used in stress defense. These results agree with studies showing similar tolerance responses to environmental variability in ectotherms, in which lower metabolic demands lead to higher stress tolerance (Vajedsamiei et al., 2021). However, the mean error of the model predictions at 8°C and high UV levels were greater than mean errors at intermediate temperatures. Therefore, it is also possible that N. australis could be closer to its lower temperatures tolerance limit than predicted by the model, which suggests that animals that don’t possess large reserves, could potentially be at risk of not surviving extended periods of time at temperatures below 8°C as well as above 19°C, when levels of solar radiation are high.

Generally speaking, in marine ectotherms the capacity to survive adverse conditions is directly proportional to the internal reserve formation and mobilization, which is generally less temperature-dependent than the metabolic demands (Kooijman, 2010). From an energy balance perspective, the DEB model indicates that under environmentally stressful conditions, krill would quickly utilize all energy-relevant compounds available to maintain metabolic functions, which in turn decreases the overall energetic content at a fast rate, leaving the animals with energy reserves that last for a period no longer than 2 days (Supplementary Figure F1). The predictions of the model indicate that the rapid decrease of compounds occurs together with rapid compositional changes in the reserves due to UVR. For instance, while degradation and utilization of HUFAs and PUFAs occur more slowly, MUFAs and SAFAs are severely damaged by UVR, as predicted by the high values of the specific light correction factors for these compounds, which are higher than the values of the parameter that represents the normal metabolic use of the compounds (Table 2). These findings are consistent with research in fish showing empirically that MUFAs are greatly reduced when the fish are exposed to UVR (Arts et al., 2012) and imply that photo-oxidative stress processes have the potential to reduce MUFA and SAFA at a faster rate than the organism is able to metabolize the compounds to maintain normal metabolic functions. Although there is not enough evidence to support that this is a general response in marine organisms to temperature and light, reductions of FAs can extend from the individual to the ecosystem level, by reducing the amount of available FAs that are transferred to higher trophic levels (Brett et al., 2009; Jiang et al., 2020).

Previous studies evaluating the antioxidant capacity and fatty acid photo-oxidation due to UVR in the copepods Paracyclopina nana (Won et al., 2014), Schmackeria inopinus (Yu et al., 2009), and Eudiaptomus gracilis (Souza et al., 2012) have shown that doses of UVR between 0.3 and 0.4 kJ cm–2 significantly increase the activity of antioxidant enzymes but still strongly decrease the amount of MUFAs and PUFAs (Won et al., 2014), reducing adaptability to environmental variability. The model results presented here are in agreement with the previous studies performed on copepods and also indicate that photo-oxidation due to UVR is one of the causes behind the rapid reduction of FAs, not only for MUFAs and SAFAs but also for PUFAs and HUFAs. In addition, model results suggest that reductions in FA driven by temperature could enhance these reductions. This is most likely due to the higher metabolic turnover of compounds produced by higher temperatures, which can be explained by the predicted increase in respiration rates found when krill are exposed to temperatures above 16°C and high doses of UVR. These changes in composition and rapid reductions of FAs by light ultimately limit the thermal tolerance at the higher temperatures by imposing energetic cost that cannot be sustained by the reserve capacity.

Further studies examining the role of oxidative stress associated with daily migration patterns of the sister species Nyctiphanes simplex have shown that N. simplex cannot migrate through high stress areas of the water column (elevated water temperature >23°C; low dissolved oxygen concentrations <2.5 mL O2 L–1) and higher temperature significantly increased oxidative stress and affected krill metabolic homeostasis (Tremblay et al., 2010). Our results are in agreement with observations made for other Nyctiphanes species and demonstrate from a different perspective how members of the genus do not possess the physiological mechanism to cope with high oxidative stress environmental scenarios. Alternatively, it appears that Nyctiphanes may try to offset damage produced by oxidative stress by rapidly mobilizing energy reserves, a metabolic adaptation that could have serious repercussions for the only known genus of krill that form large daytime surface swarms, if surface ocean temperature keep increasing. However, it is uncertain whether Nyctiphanes would stay in the surface, to feed and escape predators as hypothesized by Gendron (1992), when high temperatures and levels of UVR are present or if they would actively avoid the surface of the water column. It is clear that Nyctiphanes species face the dilemma of food limitations in deeper waters or high stress at the surface and shallow areas where N. australis are normally found in the Otago Harbour

As for fatty acids, model predictions suggest that amino acid composition can change considerably under environmental stress, but with overall amino acid levels decreasing at a lower rate than fatty acids at any given temperature or light treatment. Light had different effects on the overall amino acid content. For instance the model predicted that when krill are exposed to high UV doses, AA levels decrease at a faster rate compared to krill exposed to low UVR doses or WH light, with EAAs decreasing faster than NEAAs, which is in agreement with the empirical observations. For temperature, the model predicted reductions in AAs, as expected based on the implementation of the Arrhenius concept. This effect of temperature fit the data well for the two UVR treatments but had variable success in the WH and DARK treatments. In particular, the observed phenomena in these two treatments that the model could not capture was the high amounts of both EAAs and NEAAs at higher temperatures and the low amount of EAAs at low temperatures. The reason for this is that the data describe a temperature trend in amino acid concentration opposite than is expected based on the general effect of temperature on metabolic rates. However, the trend observed in the data is in line with what has been found for freshwater crustacean, that showed an increase in temperature of 5°C tends to increase the AA content, but produce an overall decrease in proteins levels (Cogo et al., 2018). These responses may be caused by a higher degree of proteolysis at elevated temperatures. However, we caution that the AA patterns predicted by the model should not be discarded too quickly, as they well could be an species-specific response to temperature not previously observed in marine ectotherms.

Although, the levels of AAs at both temperature extremes predicted by the model partially contrast with the general responses to temperature of AAs levels in crustaceans, which show a general increase of AAs at lower temperatures (Issartel et al., 2005), the predicted reduction of FAs are in agreement with studies showing similar reduction of FAs with temperature extremes (Wen et al., 2017; Abol-Munafi et al., 2020) and with the levels measured here. DEB model predictions and data also indicate that the generality of the response of AA at lower temperature could shift when krill is exposed to multiple environmental stressors, ultimately reducing AAs as shown by the good fit of the model when AAs are affected by UVR. However, we acknowledge that there is high specificity in the role AAs play in response to cold and warm temperatures, and how multiple stressors affect AAs levels is an area of research that still remains largely unknown for crustaceans. The DEB approach taken here provides a mechanistic foundation to explain patterns of reduction of AAs in ectotherms exposed simultaneously to elevated temperatures and doses of UVR.

Model predictions indicate that krill could undergo metabolic shifts due to temperature and UVR that could trigger a bioenergetic imbalance between the necessary energy to sustain metabolism and the mobilization rate of available energy from the reserves at higher temperature (Figure 6). This is due to the elevated rate at which krill use fatty acids and amino acids, which imply that krill can potentially use gluconeogenetic pathways to gain rapid access to stored energy, which has already been reported for other species of crustaceans (Ferreira et al., 2005; Foucreau et al., 2014). However, this hypothesis will require further testing and evaluation of levels of proteins and glycogen. These compounds are typically used by crustaceans during changes in environmental conditions or periods of increased activity, evidenced in eye ablated crustaceans, who show a decrease in glycogen levels followed by increases in protein levels (Bhaskar, 2016).

Based on model predictions on AA reduction, we propose some interesting hypotheses and conclusions. For instance, it is likely that the reduction of AAs in time predicted by the models are not caused by thermal decomposition, as amino acids degradation is a process that has been demonstrated to only occur at temperatures above 100°C (Weiss et al., 2018). It is reasonable to expect that the reduction in AAs after exposure to thermal and UVR stress could be due to krill simply using all available sources of energy. This could explain the sharp decrease in EAAs at 19°C, but does not necessarily explain the changes in NEAAs in time, which at lower temperatures remain almost unaltered. The rate of decrease of NEAA in time at 19°C remained almost unaltered regardless of the light treatments. But using the model formulation presented in this study the concentrations of NEAA decrease quickly above 16°C. This could be a clear indication that either krill would metabolize EAA and NEAA differently with temperature and light and indicate from a modeling perspective, that there are still biological mechanisms that we can’t currently describe. However, there are no empirical studies that have shown this response in crustaceans.

Regardless of the biological mechanisms behind the different rates of use of AAs with temperature and light, we believe that future modelling approaches attempting to predict amino acid dynamics under multiple stressors would be improved by adding feedback loops to the amino acids pool due to protein degradation and synthesis (Mente et al., 2010). Moreover, because EAAs cannot be synthesized by krill and are incorporated directly from the diet, a rapid reduction of such compounds is expected (Carter and Mente, 2014). On the other hand, NEAAs can be formed from different sources, therefore we might expect a slower reduction over time (Wu, 2013; Wu et al., 2013). This is likely due to the fact that under more favorable conditions, when metabolic stress still remains low, some level of recycling of compounds can occur as krill do not need to meet high energy demanding processes. Therefore, future model approximations that establish positive feedback loops in the flux of energy relevant compounds such as amino acids coming out from the reserve to cover somatic maintenance could benefit from such approaches and establish even more accurate models. Future modeling approaches that consider feedback loops in the dynamics of amino acids reserve, should include the use of an Arrhenius function that extent beyond the thermal limits of normal functioning of the species, as this could help solve problems in predictions at the thermal extremes.

Regardless of the model approach, the results presented in this study accurately predict reduction on most of the compounds used by krill. The implication of the present findings is that higher doses of UVR and elevated temperatures accelerate the degradation of MUFAs and SAFAs at a rate fast enough to disrupt normal metabolic activity. This could increase susceptibility of krill to climatic variations by accelerating the fluxes of compounds from the reserves that otherwise would be destined to maintenance of metabolic functions. At the ecosystem level the decreased availability of fatty acids under current warming conditions (Jin et al., 2020) is already affecting the fitness of top predators by decreasing spawning and egg quality, fertilization and hatching rates, and consequently ecosystem stability (Parrish, 2013; Colombo et al., 2020). Therefore, specifically targeted investigations of alterations in the composition and content of energy-relevant compounds can provide insights into changes in cellular function, biochemical mechanisms of stress and impaired health processes under climate warming.
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