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Abstract

:

Colonies of Aedes aegypti have been reported at increasingly southern locations. Is this feature a manifestation of climate change or the result of the mosquito’s adaptation? Answering the question requires the testing and comparison of results produced under different, competing, hypotheses. We address the problem using “AedesBA”, a detailed model of the mosquito Aedes aegypti that has been under development for about 20 years. The aim of the model is to promote understanding. We incorporate the recently discovered biological behavior of this mosquito: diapause. Namely, this is the laying of resistance eggs when the day light shortens, entering into the unfavorable season for reproduction in temperate climates, as described from laboratory experiments. When the model is challenged to answer the questions posed, it suggests that climate change, as experienced during the time of the field records, does not explain the observations. Furthermore, the standard climate change argument does not support a detailed analysis. In contrast, we find that while diapause is not expected to be a trait that is selected by natural conditions in a subtropical climate (simulations for Resistencia, AR), within temperate climates such as in Buenos Aires city (AR), there is pressure favoring the selection of the trait. As we move southward (the cities of Dolores, Azul, Tandil, and Mar del Plata), the pressure increases, while the probability of Aedes aegypti to become established in them decreases, being in accordance with the field observations. The model shows in addition that the field-observable effects of diapause depend on weather variables, especially precipitation, and the dynamics of the nutritional resources in the breeding sites.
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1. Introduction


Ever since the intervention of Aedes aegypti (Ae. aegypti in the sequel) as a vector of Yellow Fever was understood in tropical regions [1,2,3,4], the question of how Ae. aegypti managed to propagate this illness in temperate climates emerged, as cities such as Boston, New York, and Philadelphia in the north, as well as Montevideo and Buenos Aires, in temperate South America, underwent Yellow Fever epidemics in the 19th century. Two hypotheses were put forward: recurrent summer reinfestations and the overwintering of mosquito populations in their egg form [5]. As research developed, the overwintering hypothesis was the one that was experimentally supported.



This new understanding led to a new question: how far north or south could the mosquito sustain stable populations? A rough criteria was adopted, indicating that Ae. aegypti populations were expected between the northern and southern winter isotherms of 10 °C [6,7,8]. The criteria are based upon the idea of continuous replication over the year. When overwintering in the form of eggs is considered, as well as food availability, more detailed criteria are met [9]; as a rule of thumb, the yearly average 15 °C isotherm appears as a better indicative, at least in South America.



In later years, the southward expansion of Ae. aegypti populations has been experimentally demonstrated by a series of works. In Buenos Aires province (BAP), Argentina, records before the year 2000 [10] indicate that the mosquito distribution has a southern limit that is approximately given by the 14 °C isotherm. More recent work [11,12,13] register that Ae. aegypti became established in the colder regions, below the 15 °C isotherm (see Figure 1).



The reasons for why Ae. aegypti is moving southward constitute the next level of inquiry. Two hypotheses are readily available: climatic reasons and adaptive development. A deviation of   ± 1   °C from the climatic (30 year) average can be observed between the average annual temperatures and the overall average temperature in the BAP (Servicio Meteorológico Nacional, https://www.smn.gob.ar/clima/anomalia, accessed on 26 November 2022), with the period of 1991–2000 being colder and drier, 2001–2010 being average, and 2011–2020 being warmer and humid. Both temperature and precipitation favor the southward progression of the mosquito populations.



Adaptations of Ae. aegypti to a temperate climate have been reported. Eggs collected in BA can hatch, and larvae can survive, at lower temperatures than those previously described [14,15]. Perhaps more strikingly, diapause has been observed for Ae. aegypti collected at different locations in the region (BAP and BA) [16,17]. Female Ae. aegypti that are subject to a 10:14 day:night light cycle (winter eggs) lay resistant eggs which differ in diameter and lipid content from those laid in a 14:10 cycle (summer eggs). Summer eggs appear to be ready for a fast reproductive cycle, while fall–winter eggs are ready for a long dormancy. In early work, [18,19] dormancy (called diapause in those works) was observed to be induced by low temperatures.



We can speculate that hatching during the winter time is almost equivalent to death since low temperatures make the metabolism of the larvae slower (or impossible). Under such conditions, the larvae die instead of evolving into adults. In addition, the larvae forage in yeast and bacteria, and these organisms have a very low reproductive rate below 12 °C [20]; food is scarce. Actually, Ae. aegypti presents a mechanism of hatching inhibition in the absence of bacteria. The food is detected by the egg controlling the CO2 levels in the nearby environment [21,22,23]. This is an adaptive mechanism that prevents hatching into a food-deprived environment. Gillet’s hatching inhibition is implemented in AedesBA. It then appears that a key to survival is to endure in the egg form a long period of unfavorable weather conditions during late fall and winter, and to hatch in spring. It has been conjectured [24] and discussed using models [25] that a process of random local extinction during fall and winter is followed every year via a re-population process during spring and summer.



In this work, we propose to explore the following questions: can these biological facts quantitatively explain the observed expansion of Ae. aegypti habitat? How far south can it go? How were these traits selected? We will address these questions by modeling Ae. aegypti populations using the latest versions of a detailed model [9,25,26] that couples weather (represented by temperature and rain), the dynamics of food production, and body size, a phenotypic trait that depends on the environmental conditions (following [27,28,29]). In the present work, we incorporate a distinction between Short Day (SD) and Long Day (LD) eggs as a function of daylight (diapause).




2. Methods


2.1. The Model


The mathematical model for the mosquito Ae. aegypti (nicknamed AedesBA) used for the current study is the result of a long evolution that incorporated different relevant elements step by step, a process that leads to a better understanding of the relation between the incorporated features and the observations at the population level.



2.1.1. Theoretical Biology?


Mathematical models used in biology comprehend a large and diverse family. In most cases such as in CIMSiM [30,31] (a detailed model for the simulation of Ae. aegypti populations), the model is an elaboration from previously known biological knowledge. The goal of the model is to provide a mechanistic accounting of populations. In this form, the model is not involved in the acquisition of fundamental knowledge, but is rather a tool to exploit this knowledge. More often than not, such models strive to be predictive and the modelers are satisfied when they believe that they have achieved this goal. That is, they have been successful. Other models, such as regression models, ignore the biology except perhaps in the selection of predictive variables, and seek to predict this by adjusting the coefficients of the model. Once again, they are successful when they predict, but are they correct? Do they promote knowledge? The predominant situation for these kinds of models has its methods for scoring them based upon the error in the prediction of known situations, and the costs and uncertainty of the calibration.



In contrast with empiricism and current normal science, a different, more demanding and more meaningful view of science and knowledge has existed for centuries. Our modeling belongs to this philosophical tradition. A few remarks will make clear the difference. In the saying of Kant:




Understanding cannot intuit, and the sensuous faculty cannot think. In no other way than from the united operation of both, can knowledge arise [32].





W. Whewell states:




[Fundamental dialectic] In all human KNOWLEDGE both Thoughts and Things are concerned. In every part of my knowledge there must be some thing about which I know, and an internal act of me who know... Man is interpreting the phenomena which he sees. He often interprets without being aware that he does so [33].





In turn, C. Peirce writes:




[Speaking of fundamental volition in perception] It is the sense that something has hit me or that I am hitting something; it might be called the sense of collision or clash. It has an outward and an inward variety, corresponding to Kant’s outer and inner sense, to will and self-control, to nerve-action and inhibition, to the two logical types A:B and A:A …






[About empiricists] They often deny this and say they rest entirely on experience. This is because they so overlook the Outward Clash, that they do not know what experience is ([34] CP 8.41) (emphasis added).





More recently, Piaget and García address the subjectivity of facts:




Un hecho es, siempre, el producto de la composición entre una parte provista por los objetos y otra construida por el sujeto ([35] Original version).






A fact is always the product of the composition between one part provided by the objects and another constructed by the subject [Our translation].





In the terms of Goethe, a situation such as the one described for CIMSiM deserves the warning:




A man does not need to have seen or experienced everything himself. But if he is to commit himself to another’s experiences and his way of putting them, let him consider that he has to do with three things – the object in question and two subjects ([36] #556).





The standard form of working in mathematical biology is then subject to a double interpretation, or a double translation, with its consequence of multiplying the errors. The first interpretation is performed by the biologist, often unaware of actually performing an interpretation, and the second is the mathematical interpretation of the empirical interpretation. In contrast, in the development of AedesBA, there is only one interpretation in which the model is a part, along with the intuitions of the scientists. Experiments and observations are planned and performed as a result of a dialog between the two interpretations available; that is, the model plays the role of a biological theory written mathematically and algorithmically. The observed phenomena influence our modeling in the same form in which our modeling influences how the observed is ideated into facts and what deserves observation. As in any theory, the role of the model is to coordinate and to logicize the observations, deducing new possible observations that can refute the theory, and helping the scientist to think clearly with respect to the observed. A theoretical model strives to be correct, and prediction is only a circumstance, and not its main goal. Theory is an essential part of knowledge, rather than a mechanism to exploit it. Theories cannot be successful, since they aim at understanding and knowledge. Neither understanding nor knowledge are finite, and then, they cannot ever be fully achieved. The differences between normal science and (the old concept of) science has been recently discussed [37] in a somewhat mathematical form; hence, we will not dwell on this matter.




2.1.2. The Timeline of AedesBA


The first version of the model [9] described a confined homogeneous population (no spatial representation) with biological stages: eggs, larvae, pupae, non-parous females, and parous females. The dynamics are driven by events, with temperature-dependent rates corresponding to the transitions between stages, mortality, and egg laying. Populations were counted with integer numbers and the evolution was given by a (generalized) Poisson process [38] that is able to perform properly, even for small populations and subpopulations. An accelerated algorithm based upon truncated Poisson deviates was developed for the numerical code [39]. Using the model, a limit for the southward propagation of the mosquito under the present environmental conditions (mainly the availability of breeding sites) was established as the 15 °C year average isotherm. The criteria differ from the traditional 10 °C winter isotherm proposed by Christophers [6] and adopted by the World Health Organization [7,8]. Soon, the field observations would show that the criteria of AedesBA were more accurate than the official/traditional criteria, but what it is more important is that the model showed that Christophers’ criteria corresponds to the limit of infinite breeding sites, the requirement of completing the development cycle all year long, and the neglect of seasonal oscillations. The three hidden assumptions are biologically incorrect and experimentally false, but yet, the two mentioned criteria do not differ in a remarkable form. In conclusion, a model giving an acceptable prediction can at the same time be utterly incorrect. What is at work is a compensation of errors, a situation that is aggravated when models are calibrated by fitting to the known data.



The second version incorporated spatial extension [25] and the flight of the adult mosquito. Because of the large dispersion of measurements regarding Ae. aegypti dispersal, new field studies were carried out with a low cost design that did not interfere with the normal flight of the mosquito [40]. The model showed how at the southern fringe of its habitat, where winter populations correspond almost entirely to the egg form, flying makes a substantial contribution to survival, a contribution that is not so much needed in tropical and subtropical climates. The first model compensated for a lack of the flight with an increase in the number of breeding sites. Starting within the second version, the model’s output in terms of the positivity of ovitraps were compared with field studies, systematically yielding, in all (final) cases, good agreements between the theory and field data without any adjustment of parameters. Quite often, the introduction of a new feature at the intermediate steps during development, as for example, the effects of rains, deteriorated the agreement, unveiling a compensation of errors. For example, an effective mortality can be used if rains are not introduced as triggers for egg hatching. However, as soon as rains are introduced, the improved model deteriorates its prediction until the biologically correct population control mechanisms (intra-specific competition for food) are introduced. Thus, throwing in more and more biological features does not seem to improve the model. Biological mechanisms are interdependent and must be introduced in a balanced form. The interplay between food dynamics, development, rains, and the complex hatching process was discussed in [41,42]. Local variations of parameters are influential as well. Not all Ae. aegypti are equal, an observation that goes beyond sensitivity to parameters. It says that in any practical situation, a consistent set of parameters representing the local population must be used. In AedesBA, this knowledge represented the end of the chimera–mosquito and was discussed in [42]. Current criticism to “typology” [43] runs in the same direction.



A detailed sub-model of larval development and mortality that incorporate a variable phenotype (body size, which in turn is linked to fecundity) for the populations [27,28] represents the next improvement. The larval development sub-model reproduces the main features (probability distributions and dependence with available food) observed in laboratory experiments based on eggs collected in the region of BA, Argentina [29].



The model, coupled to an epidemiological model, has been tested as well in its ability to detect the risk of dengue epidemics in BA [44]. The model correctly warned against the first epidemic in the region of BA (2009). Unfortunately, we were replying to referees when an epidemic started and caught the sanitary system off guard. The sanitary system had trusted the predictions of DEMSiM [45], as explained in [46]. The problem was that the local authorities were unaware of shortcuts in CIMSiM’s description of the life cycle that represented no danger in a tropical climate, but were unacceptable in a temperate climate. Once again, the predictive ability in a given situation does not imply a predictive ability in all situations. Lives are threatened by a wrong epistemology. The day-to-day cases of a historical epidemic of Yellow Fever (BA, 1873) has been described as well [47]; in this case, the number of breeding sites had to be adjusted since there are no records of these data.



We emphasize that the development of the model required both mathematical improvements, biological experiments, and observations. It also prompted philosophical questions that have in part been addressed. The model is particularly well suited for applications to the temperate region under consideration, where winter populations correspond almost exclusively to the egg form of the insect and (apparent) local spatial extinction/re-population cycles are frequent. We present a conceptual review of the model in Appendix A.




2.1.3. Current Update


For the present work, AedesBA was modified to incorporate the experimentally detected phenomenological features associated with the recently discovered diapause [16,17], which introduces a dependence on the characteristics of the eggs with the light-period experienced by the parental generation.



An additional improvement for the present work consists of the estimation of mortality and development rates as a function of temperature using data corresponding to the mosquitoes in the city of BA experimentally obtained by De Majo et al. [15] and Romeo Aznar et al. [28].



The general schema of the model is represented in Figure 2.



Diapause was incorporated to the base model [27], separating the eggs laid when the photoperiod, i.e., hours of light, lasts an interval of time above some threshold (“summer eggs” or LD) and those laid when daylight is below the threshold (“winter eggs”, “diapause eggs”, or SD). The threshold, named D−Thfor brevity, is varied during the work. Each set of eggs presents different dormancies [16] and mortality rates [48].





2.2. Input Data


The model is driven by the daily (average) temperature, precipitation, and light hours. Temperature and precipitation were obtained for BA and for cities in BAP where the National Weather Service has weather stations (see Table 1. Data from the subtropical city of Resistencia (Chaco, AR) were also obtained from the same source.



Miscellaneous information about the model follows:




	
Daily light hours were calculated using standard methods based on latitude (see [49], Ch 1, §6, eq. 1 and 10) for each city.



	
Food dynamics were assumed to depend on temperature in a similar fashion compared to yeast (see [42]), with an optimal temperature of 27 °C and a minimal temperature of 11 °C.



	
All other developmental parameters correspond to those reported in [50] for the strain collected in Córdoba, Argentina (31°25   ′   S 64°11   ′   W).



	
A “colonized urbanization” of 6 by 10 (6 × 10) blocks was arbitrarily chosen for the simulations. Each block was attributed a food productivity value under optimal weather conditions (27 °C), that was able to sustain the development of 60 larvae in their fourth instar, being the larvae of the largest possible size. All the larvae in a block are assumed to be co-inhabiting a single breeding site.








For the present work, the temperature dependencies of the developmental rate and the mortality rate were adjusted to the local (BA) values. See Appendix B.




2.3. Modeling Diapause


To model diapause, the eggs laid while the photoperiod was shorter than a given threshold (a parameter to be varied during explorations) were considered to be of the “Short day type” (SD), and those laid while the photoperiod was longer than the threshold corresponded to “Long day type” (LD). According to the elaboration of data from the experiment reported in [16], the two main characteristics that affect the development of the eggs are “dormancy” and “mortality”.



Dormancy corresponds to the proportion of eggs that hatch at the first immersion at time t after they have been laid. Under field conditions, only about 80% of the viable eggs hatch in a first immersion produced between 90 and 180 days after being laid [51]. Thus, we expect the probability of hatching before being laid to be zero (negative times), and to saturate to a value that is smaller than one for very long times. We further assumed that the probability would take the form corresponding to a Poisson process, where the transition between dormancy and readiness to hatch is made with constant probability at constant intervals of time. The model fitted to the data resulted in


  f ( t ) = a ∗ ( 1 − exp ( − b ∗ t ) )  











The result of the fit can be seen for SD and LD eggs in Figure 3.



The mortality rates of the eggs depend as well on the photoperiod during the gonadotropic cycle. The mortality was fitted to the data [48] using the form


  f ( t ) = 1 − exp ( − c ∗ t )  



(1)







The coefficients resulting from the fit are   c = 0.0015 ± 13 %   (1/day) for SD eggs and   c = 0.0039 ± 7 %   (1/day) for LD eggs, corresponding to an average longevity of 666 days (SD) and 256 days (LD).




2.4. Direct and Indirect Model Outputs


The output of the model consists of population numbers in each block, and for each stadium in the developmental cycle, as described by the model, as well as the number of events (for example, egg hatching, the transition of larvae between different developmental stages, adults emerged, the flight of adults in each direction from each block, etc.). The time step for the computational model is of 2 hs and finds an upper limit in the event of egg laying, which is associated with dispersal. Food production, food consumption, and the average weights of adults are recorded for every day and block. Random repetitions of 20 runs are usually performed to grasp the influence of random effects.



The output of the model may be further processed through averaging over runs and spatial distribution.



The simulations are usually allowed for three years of transition (July 2008 to June 2011) to lessen the influence of the arbitrary initial condition consisting of a population of 150 LD eggs and 150 SD eggs in every block by 1 July 2008, and with no individuals in any other stage. No sensible changes are observed when initializing the populations with half the number of eggs.





3. Results


3.1. Outcomes of the Model for Buenos Aires City


During the seven-year simulation (1 July 2011 to 30 June 2018), the adult population presents peaks during the favorable season, decorated by the effect of rains in triggering eclosion; see Figure 4.



During the winter and early spring months, populations of adults Ae. aegypti are only occasionally present. When the temperature conditions become favorable for development, occasional rains induce egg-hatching and reproductive activity starts. The body size of adults evolves during the season (see Appendix C and Figure A3).



The total adult population in the year (evaluated as the sum of female adults during one year of simulation) depends as well on D−Th(see Figure 5).



The threshold of 9 hs corresponds to a situation in which no resistant eggs (SD) are laid, while with a 14 hs threshold, almost all the eggs laid correspond to the resistant type (the largest value of daylight is about 14.5 h). It is important to notice that the higher total (year-round) adult population values are obtained for intermediate D−Th(12 and 13 hs).



The possibility of local extinction (the extinction of all forms of the mosquito in one or several blocks) cannot be ruled out. The minimal population in a block (the lowest value of the total daily population during the year in any of the 60 blocks simulated) reaches values of below five individuals for low D−Thvalues in BA. In addition, extinction in a block is observed with a low probability for a D−Thof 9 hs. The probability is strongly influenced by the breeding sites available and through chance. In Figure 6, we can appreciate how the minimal population in a block (averaged over 20 runs) changes as a function of the threshold value.




3.2. Output of the Model for Southern Cities in Buenos Aires Province


Four cities: Dolores, Azul, Tandil, and Mar del Plata, have been selected for the study, based upon the availability of weather data and their status with respect to the detection of Ae. aegypti. Of them, Ae. aegypti populations have been reported for Dolores (by health authorities circa 2009–2013 [11]), Tandil [12], and Azul [13]. In contrast, no permanent population has been detected for Mar del Plata where similar searches have been carried out.



The probability of local extinction (the maximum fraction of simultaneously empty blocks of the total simulated blocks) gives an idea on how difficult the results are for the colonization of the landscape. We show the evolution of this probability for the four cities as a function of time during the seven years of simulation (July 2011 to June 2018) in Figure 7.




3.3. The 1998–2018 Simulation for Dolores (Buenos Aires)


A 20-year simulation was performed for Dolores covering 10 years of a colder and drier period (on average), followed by a warmer and more rainy 10-year period (the climatic pattern displayed in Figure 8). We notice that in the weather records, there are two important anomalies. The period over 1998–2001 presents an important precipitation defect, and the period of 2014–2017 presents temperatures and precipitations in excess of the average. The dry 1998–2001 period has an important negative impact on the winter populations, as manifested in a substantially larger probability of local extinction and minimally average populations. In contrast, the favorable season of 2014–2017 presents no special features in terms of surviving the winter.




3.4. The Simulation for Resistencia (Chaco)


A simulation for the same period was run using weather and light hours corresponding to the subtropical city of Resistencia in the northern province of Chaco. No local extinction process was detected. We present a minimal year population (spatial average) and a maximal adult year population (spatial average) in Figure 9. Notice that since the hours of day light for Resistencia are in the interval   [ 10.40   hs  , 13.90   hs  ]  , we simulate thresholds of 10 hs (all eggs are summer eggs), 11–13 hs, and 14 hs (all eggs are winter eggs).





4. Discussion and Conclusions


The view of modeling advanced in this work corresponds closely to the idea of theory. The aim of a theory is to organize the observations in coherent form, eventually being able to forecast the outcome of different situations from this understanding. In contrast, the most common use of modeling associates it only with forecasting/prediction, and this might promote no understanding at all. With understanding, we mean to provide a layer of accessible observations (experiments) that, logically organized, allow us to form a consistent picture of most (ideally of the totality) of the observations. In the present case, the model has been used to compare the contributions of two different explanatory hypotheses for the phenomena observed. The climatic change explanation has been postulated previously [12] as the only relevant reason for the observations, and we show that this view has no real support.



The colonization of cities in the southern region of temperate South America is a complex series of phenomena that suggests an adaptation of Ae. aegypti to a temperate climate. Complexity is the result of its dependency on climatic factors and on anthropogenic factors such as the availability of breeding sites and long distance transportation by vehicles [52], the dynamics of the nutrients that the species exploits, and the dependence on climatic factors and the physiological behaviors of the mosquito, which we conjecture are subject to adaptive selection. The theory provides a form of separating the different contributions that manifest in nature as a single realization of a unique phenomena. Thus, the role of the theory is to form an analytic tool that is incorporated to the biological research.



Quantitative modeling would require a complete characterization of the mosquito bionomics as a function of the available food and temperature, as well as a reasonable characterization of the environment in terms of the number, quality, and location of breeding sites. However, only parts of this information can be really obtained. The quantitative task is then impossible. What is possible is to use conjectures regarding the information that is not available and to produce qualitative descriptions as a function of the conjectured scenario. In the full region studied, the abundance of breeding sites is a determining factor for the persistence of the species year-round, but this characteristic changes with time, as it is associated with human activity. Moreover, information about breeding sites is also difficult to recollect. For example, a can that is filled with water and placed in the shade under a bush can make a good breeding site, but if the can is moved under direct sunlight, its quality as a breeding site will sharply diminish. This situation represents a serious drawback for the ability to predict, while for the needs of understanding, it is not so relevant. Understanding aims at knowing how populations depend qualitatively on the available breeding site, a functional dependency that does not change with the actual number in such places. In the same form, knowing the precise temperature dependency of the developmental rate is very relevant for prediction, but for our purposes, it is the general tendency that matters. In brief, understanding rests more on quality than on quantity.



With respect to diapause in Ae. aegypti, the emerging picture is that it constitutes a trade-off in which the advantage of more resistant eggs, in terms of surviving the unfavorable season, is obtained at the expense of a longer dormancy. The latter can imply smaller summer adult populations, and then a lesser ability to disperse and to conquer territory. In part, this rationale is demonstrated by the theoretical observation that in BA, the largest adult populations are obtained for intermediate values of the D−Th. However, this is not the only mechanism by which diapause affects the viability of populations. The threshold for diapause changes the relationship between food and larval biomass, resulting in a different temporal progression of pupae into adults as a function of the threshold value. Actually, the body size of the adult mosquitoes is expected to change over the favorable season. The body size is larger at the beginning and smaller towards the end. This is a result of the model that under constant temperature and available food, the adult population tends to be large but of small body size, asymptotically in time. Such an equilibrium favors dispersion without affecting the total biomass much. However, if food develops in the spring time faster than the hatching of the surviving eggs, the relative abundance of food promotes large body sizes (and then, large fecundity) and a shorter developmental time, giving a quick start to the re-population process. As the population growth and the production of food reaches a maximum during the early summer, temperatures then begin to fall. In this process, the food available to each larva diminishes, and consequently, development slows down while the body size diminishes. Thus, the plasticity of body size appears as a beneficial trait for the mosquito under a temperate climate.



Overwintering of the populations represents a challenge and a bottleneck, the overcoming of which is facilitated by diapause. Going from north to south, we observe that winter populations in BA (under the simulated conditions) present very low values (less than five individuals per block), but at these minimal and likely undetectable numbers, they are present in all of the blocks all of the time (see Figure 6). For D−Ththat is equal or larger than 10 to 11 hours, the overwintering shows an improvement, and at the same time, female adult populations are more abundant with values of D−Thin the range of 12 to 13 hs (Figure 5). Thus, we expect a selection pressure that increases D−Thaway from 9 hs and into 10–11 hs. For cities south of BA, in the BAP, the winter bottleneck for Ae. aegypti populations is manifested, as well by the number of blocks with local extinctions (for example, in Dolores).



This situation can be contrasted with that at a subtropical city such as Resistencia (Chaco, AR) (see Figure 9). In the first place, the meaningful range for D−This slightly narrower than that at meridional latitudes. Winter populations are small, but at the same time, they are substantially larger than in BA. Thus, the selective pressure is small. Total (year-round) populations of adult females present low sensitivities to D−Th. We conclude that there is no selective pressure. Displaying diapause is a non-critical help for overwintering, and neutral for dispersion. It is interesting to notice that, while the minimal population increases monotonically with D−Th, this effect is not reflected in the total number of females, which are essentially independent of the threshold. The rationale is that larvae populations, at the end resulting in adult populations, are regulated by the environment in the model by means of available food. Thus, while winter populations are mostly in an egg form, the adults are characteristic of the Summer. The lower mortality of SD eggs influences the winter population noticeably. During the summer, the adult mosquito population tracks the environmental conditions thanks to the large fertility of the mosquito. Thus, the adult populations reach environmental capability (except for the winter conditions displaying extremely low populations, which is not the case for the subtropical city). The environmental capability is in turn independent of the initial conditions in winter.



Overwintering populations south of BA are even smaller (see Figure 7), and local extinction in random blocks occurs in a fashion that depends on the particular year and location. The probability of local extinction for Dolores and Azul may reach the value of 0.35 at a particular year (notice that it is not the same year for Dolores and Azul) for D−Th9 hs. Values of D−Thof 11 hs and above are enough to minimize this effect. In this respect, the situation at Dolores and Azul with D−Thof 11 hs during the winter would be equivalent to the situation at BA with D−Thof 9 hs. It is important to keep in mind that the simulations assume an initial condition in which the area was completely colonized by Ae. aegypti three years before the period simulated.



We will discuss a different case soon. A selective pressure for D−Thof at least 11 hs is greater for Tandil and Mar del Plata than for the previous cases. It is important to notice the difference between Azul and Tandil, both of them being at latitude 36° ± 15′, and Azul being north of Tandil. These small differences would in turn be dramatic for the persistence of Ae. aegypti, if not for the diapause trait.



In the absence of diapause, the model predicts that the chances to colonize Tandil and Mar del Plata are small. The situation is harder (for the mosquito) in Mar del Plata than in Tandil, an observation in the model that is well aligned to the fact that colonies of the mosquito have been observed in Tandil, but not so far in Mar del Plata.



The studied populations of Ae. aegypti in the south of BAP may not constitute a sanitary risk of epidemic outbreaks, since adult populations are limited to a relatively short period of time and are relatively much smaller than those in BA, where dengue has produced outbreaks in the near past [53]. This matter requires a direct approach and it is outside the scope of this work.



Figure 8 allows us to compare between the colder-drier years from 1998 to 2008, and those warmer and rainy years (2009–2018). We see that the overall influence of climatic variability (such as the decennial average temperature) is small. What influences the possibility of the mosquito to become established is mostly the lack of rains during the favorable season, which is characteristic of the 1998–2001 period in the location. The situation is the same, either with negative or positive temperature anomalies. When the temperatures rise (2016–2017), the influence on the probability of extinction at a block is minimal (within the range of fluctuations). In contrast, the effect of diapause is very noticeable.



In conclusion, the articulation of our current knowledge with respect to Ae. aegypti with weather data and geophysical data (light hours) indicate that the mechanism of diapause is the most likely reason for the southward motion of Ae. aegypti, whereas climate change is not. The selective pressure of diapause is weak or absent at the subtropical location studied, and it becomes evident in BA and increases southward.



The “logic” of diapause involves relations with dispersal abilities, weather, and environmental variables such as the availability of breeding sites and the dynamics of food, and it cannot be seen as an independent variable that only affects the overwintering capabilities.



In contrast, “the logic” supporting the influence of climate change is ill constructed since the mosquito does not respond to climatic variables (long-term averages), but rather to weather variables, short-term (season) averages, and the synoptic scale. The length of the unfavorable season is one of the key determining weather features for the ability of the mosquito to move southwards. The sensitivity to a precipitation deficit is far more relevant than the sensitivity to temperature anomalies. However, the anthropic effects during dry periods exert a considerable influence in the populations of Ae. aegypti. With the mosquito being a peridomestic animal, it benefits from people watering and indoor breeding sites [54].



One of the weakest points of the model is its completely conceptual (qualitative) treatment of the foraging of larvae as they affect the breeding environment. There is no biological information on this matter. A sided view has been predominating (perhaps because of practical matters), which emphasizes the influence of the environment on the mosquitoes, but not the reciprocal influences of mosquitoes on their habitats. Yet, from the point of view of modeling and conceptualization, the available food consumed by the larvae (intra-specific competition) is the only regulation of the population size, and other factors such as temperature can create conditions for extinction but not for controlling the overall population size, since temperature acts at the individual level, and then, it is represented by linear transition rates.



Do larvae hatched form SD eggs have the same response times and the same mortality rates compared to larvae hatched from LD eggs? Lacking information, we have assumed so, but since SD eggs are larger than LD eggs, we expect a lower fecundity or a longer gonadotropic cycle for females laying SD eggs. There are no attempts so far at quantifying such effects. Is there a measurable variability of body size along the year, as predicted by the model? These questions exemplify how the necessity of the modeler to give precision to the terms moves them to ask biological questions.
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Appendix A. Generalities of the Model


AedesBA is a stochastic model that describes the population dynamics of the Ae. aegypti mosquito. The mathematical structure of the model consists of a Markovian process with non-linear rates. The mechanism regulating the population—intraspecific competition in the larval stage—introduces non-linear growth and feeding rates into the model. Space is explicitly described and is represented by a regular grid. In each unit of the grid, the dynamics of the local population are specified, as well as the interaction between units through the flight of the mosquito.



The model considers the mosquito population at different stages of development. The main stages are egg, larvae, pupa, and adult, and within each of them, different substages are specified, depending on the model version (the details of the version used here are described below). The dynamical evolution of these populations are affected by different events; in general terms, the mortality and the passage to the next stage (next maturation stage, Figure A1). Events occur at rates that depend not only on the population values, but also on temperature. The temperature variation throughout the year introduces a time dependency in the event rates.
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Figure A1. Scheme of compartments and events. 






Figure A1. Scheme of compartments and events.
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The population evolution follows a Poisson process with the probability that a population state (  E , L , P , A  ) (numbers of: eggs = E, larves = L, pupae = P and adults = A) evolves over time according to a Kolmogorov forward equation. The implemented numeric simulation considers a Poisson approximation for fixed times [39]. Basically, the idea is: given   X ( t ) = ( E , L , P , A ) ( t )  , a vector with integer variables representing the population at time t, and given the quantities   e i   (  i = 1 … k  ) that denote the events in which the populations change by a fixed amount   Δ i  , the stochastic process can be written as [55]


  X  ( t )  = X  ( 0 )  +  ∑  i = 1  k    Δ i  Y  (  w i  )   ,  








where    w i   ( X )    is the transition rate of the i-th event and Y is a stochastic Poisson process with rate w. The probability that   n i   events of type i have occurred between time t and time   t + d t   is approximated by a Poisson distribution with parameter   λ i  . Therefore, the probability that the population takes the value


  X  t + d t  = X  ( t )  +  ∑  i = 1  k   Δ i   n i   








is approximated by the product of independent Poisson distributions of the form


  P  (  n 1  ,  n 2  , … ,  n k  , t + dt ∨ X  ( t )  )  =  ∏  i = 1  k   Prob   (  λ i  )  .  











Then, a differential equation for  λ  is obtained


    d  λ i    d t   = <  w i   ( x )  >  



(A1)







Consider as an example the population of pupae. Using Equation (A1), we have that   P  ( t + d t )  = P  ( t )  +  n P  −  n  P A   −  n  M P    , where    n L  ,  n P  ,  n  M P     are stochastic variables that respectively represent the number of pupations, the number of adults emerged, and the number of pupae deaths, having a place during a window of time   d t  . The values of the variables   n i   are obtained by generating a stochastic number from a Poisson distribution with a mean of   λ i  . Of course, a system of coupled differential equations given by Equation (A1) has been solved previously to obtain the   λ i   values, as explained in [39]. Therefore, if we know the population at a time t, we can obtain the population at a posterior time   t + d t  .



Phases within the Main Ae. aegypti Stages and Rates


Adults. Within this stage, the model differentiates three phases (see details in Otero, 2008):




	
Female adults not having laid eggs,   A 1   (longer gonadotropic cycle).



	
Female adults having laid eggs,   A 2   (shorter gonadotropic cycle).



	
Flyers, F. Females are able to deposit their eggs; they fly in order to find oviposition sites. This stage is responsible for the connection between blocks. The flyers can only relocate to neighboring units.








Pupa. We define 22 sub-stages within the pupae. These 22 phases are not regular entomological classifications, but they follow the results of laboratory experiments of larvae raised under different nutrients scenarios [28]. The rates to go through these sub-stages are equal, independent of the food level, and depend on temperature. The same is true for the death rates.



Larvae. The molting of chitinous skin defines four substages within larvae. However, AedesBA distinguishes 67 sub-stages according to the same experimental results used to define the pupa stages [28]. Since larvae are the only immature stage that feeds, the rates to pass the 67 sub-stages are classified in two categories: seven depend on food availability and temperature, and 60 only on temperature. Within each category, the rates are the same. The mortality rates in each of the 67 sub-stages become the same and depend on temperature and food level.



Eggs. AedesBA considers six different populations within the egg stage. SD and LD eggs have three sub-stages each [16].



	
Immature eggs,   E 1   (eggs laid by females),



	
Mature eggs,   E 2  ,



	
Wet eggs,   E 3  .






Eggs are laid immature, and depending on the time of the year (on the photoperiod), they will be affected by the diapause effect. Depending on the temperature, immature eggs become mature. Then, as a result of rainfall, the eggs become wet and can hatch. The model considers a rainfall threshold of 7.5 mm for all eggs to become wet, since Ae. aegypti lays its eggs just above the water level.



Food for larvae. The larvae of Ae. aegypti feed on bacteria or yeast associated with the decomposition of organic matter, mainly by filtering water [56]. Correspondingly, we assume that the larvae forage on stranded bacteria, without altering the decomposition process. Food, f, is produced at a rate   f  P R    that depends on temperature T. While food is available, it evolves with the following equation:


    d f   d t   + u f =  f  P R    ( T )  − f − B L  








where u is a characteristic decay time for the food and   B L   is the food consumed by the larvae in the breeding site. For details, see [42]. Food production is modeled with temperature as bacteria using a Ratkowsky-2 model [20,57]



Body size. The body sizes of the larval populations evolve according to a von Bertalanffy [58] equation for each stage. The equation was taken as


    d  B i    d t   = − μ  B i  log    B i    B i   ( ∞ )      








where B is the body size,  μ  is a scaling of time that depends on the available food fitted to the laboratory experimental results, and   B ( ∞ )   is an asymptotic body size adjusted with growth data in [6]. The rate of food consumption is


  B L =   ∑ i   (  B i   L i  )   f  








where the sum ranges over all the larvae stages and represents the consumption by all of the present biomass of larvae in the breeding site. This is actually the only non-linear element in the model.





Appendix B. Temperature Dependence of Development and Mortality as a Function of Temperature


The dependence of the developmental rate and, to a lesser extent, the mortality rate with respect to temperature, in immature stages, has been a topic that has been addressed repeatedly in the literature ever since the pioneering work by Bar-Zeev [59]. A comparison between the results in [59] and those in [15] at the same temperature (~16 °C) indicate an agreement within the uncertainty of the measurements. The data point corresponding to [29] is also well aligned. In all these experiments, the provided food was replaced periodically to decouple the time evolution of nutrients from the physiological traits. The range of temperature in the latter is 10–20 °C. In turn, in the former is 16–38 °C, while the range of temperature needed for our simulations covers the range of 10–31 °C.



The developmental and mortality rates were assumed to be a product of the form


  r  ( F , T )  =  r 26   ( F )   r o   ( T )   








where    r 26   ( F )    is the dependence on the available food measured in [27] at ~26 °C, and    r o   ( T )    is the dependence on temperature under the optimal feeding conditions reported in [15,59].



The developmental rate (the inverse of the average developmental time in days) can be represented by the continuous function


   r o   ( T )  =     0    T ≤ 9.49   ° C        − 0.0503 + 0.0053 ( 1 /  ° C )  ∗ T     9.49   ° C  < T ≤ 21   ° C        0.0088 ( 1 /  ° C )  ∗ ( T − 21   ° C  ) + 0.0619     21   ° C   < T ≤ 31   ° C         








resulting from the fit displayed in Figure A2. Notice that a rate of   0 ( 1 /  day  )   represents an infinite amount of time required to develop, and no successful development is possible under   9.49 ± 5 %   ° C   .
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Figure A2. Developmental rate (left) and mortality (right) fitted as a function of temperature for optimal food conditions. 






Figure A2. Developmental rate (left) and mortality (right) fitted as a function of temperature for optimal food conditions.
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The experiments do not report the mortality rate directly, but rather the frequency (probability) of death during the developmental period. In terms of the model, death is the result from a sequence of   N = 89   Poisson races [38] that cover the N developmental stages that the model uses to produce the proper statistical distribution of developmental times. Let    R d  =  1  <  t d  >     be the developmental rate per stage (  <  t d  >   stands for the average time in the stage),   R m   the mortality rate, and   P m   the mortality probability (frequency); the relation is


  1 −  P m  =     R d    R d  +  R m     N   











Thus, the mortality rate, given the survival probability    ( 1 −  P m  )  =  P s   , is


     P  s   − 1 / N   − 1   <  t d  >   =  R m   








which suggests the regression displayed in the right panel of Figure A2, which in numerical values is


   R m   = ( − 0.00415 + T ∗ 0.00039  ( 1 /  ° C )  )   ( 1 /  day  )    








for   T ≥ 10   ° C   . It is worth noticing that the mortality rate increases with temperature; despite the decrease in the death probability, it simply means that the developmental time decreases with temperature faster than the probability of death.




Appendix C. Body Size Evolution


Body size is ultimately regulated by the relation between available food and the biomass of larvae. Large body sizes correspond to abundant food for each larvae, it is also associated with a short developmental time. In Figure A3, the threshold of 9 hs corresponds to a situation in which no resistant eggs (SD) are laid, while with a 14 hs threshold, almost all of the eggs laid correspond to the resistant type (the largest value of daylight is about 14.5 h). It is important to notice that in general, the body size is large at the beginning of the favorable season and decreases later in the season.
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Figure A3. Normalized body size according to the model for the year starting on 1 July 2012. Simulations with D−Thof 9, 11, and 14 hs.The normalization corresponds to the largest physiologically possible body size according to the model. Arrows indicate the beginning of the season. The details of the pattern are sensible to the the relation between larvae foraging and body growth, which is not well known. 
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Figure 1. Evolution of the southern limit for Ae. aegypti distribution after Curto et al. [10], Zanotti et al. [11], Carbajo et al. [12], Rubio et al. [13]. The red line indicates approximately the 15 °C annual isotherm. Green cities: Ae. aegypti not found. Red: reports from 2019–2020. Dark blue: Municipal reports. Orange: 2013–2015. Yellow: before 2013. 
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Figure 2. Life cycle of Ae. aegypti, as described in the model AedesBA, with the subpopulations and rates. The rates can depend on temperature (T), daily sunlight hours (SLH), numbers of breeding sites (BS), and the quotient between larvae and food production (L/Pf). The population cycle, as described in Appendix A, goes through three egg forms labeled (  E ,  E m  ,  E w   ). For each egg population in {SD, LD}, the larvae stages L progress until pupa, P. After metamorphosis of the pupae, non-parus adult females emerge,   A 1   (males are considered implicitly). Females become F; when seeking oviposition sites and after the first laying of eggs, they become parus,   A 2  . In all of the stages of the life cycle, there is a death event competing with progression in the life cycle. 
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Figure 3. Long day-type eggs present a dormancy characterized by the function   f ( t ) = ( 0.785 ± 6 % ∗ ( 1 − exp ( − 0.039 ∗ ( t / d ) ± 20 % )  . Short day eggs are fitted with   f ( t ) = 1 − exp ( − b ∗ t )   in a one parameter fit yielding   b = 0.0056 / d ± 11 %   (the asymptotic value for dormancy cannot be estimated from the data). The characteristic time for the hatching response at the first immersion is of 25 and 178 days for the LD and SD eggs, respectively. The results are elaborated from the data published in [16]. 
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Figure 4. Average adult population simulated from 1 July 2011 to 30 June 2018 for BA using a threshold for laying resistant eggs of 12 hs of daylight. The details of the pattern are sensible toward the relation between larvae foraging and body growth, which are not well known. For the present illustration, foraging was considered to be proportional to B, where B stands for normalized body size (see [27] for an explanation of the food-weight sub-model). 
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Figure 5. Dependence of the total female adult population during the year, starting on 1 July 2011 for different D−Thvalues. Simulations for BA. 
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Figure 6. Minimal average population for BA during the year, starting in 1 July 2015 as a function of D−Th. 
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Figure 7. Approximated probability (after 20 simulations) for a block to become free of Ae. aegypti in the cold season for different values of D−Th. Dolores (upper left panel), Azul (upper right), Tandil (lower left), and Mar del Plata (lower right). Not shown are lines that correspond to thresholds with an estimated probability of zero. 
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Figure 8. (Upper left), Temperature anomaly (Mean temperature 15.12 °C). (Upper right), precipitation anomaly (mean precipitation of 764.4 mm). (Bottom left), probability of local extinction in the period 1 July 1998 to 30 June 2018. D−Th 9 hs and 11 hs. (Bottom right), minimum of the spatially averaged population of the year. Lines represent averages on simulations and dots individual simulations. 
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Figure 9. Resistencia (Chaco). Minimal year population (spatial average, left panel) and maximal female adult year population (spatial average, right panel) for the periods 1 July 2011 to 30 June 2018. 
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Table 1. Weather records (average daily temperature and rain) were obtained from the National Weather Service (available on request and at the NOA data center (Climate Data Online, NOA, https://www.ncdc.noaa.gov/cdo-web/search, accessed on 26 November 2022)).
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	City
	Latitude
	Longitude
	Station (OACI)
	Period





	Buenos Aires
	34°35   ′   S
	58°29   ′   O
	87585 (SABA)
	1981–2018



	Dolores
	31°57   ′   S
	65°09   ′   O
	87648 (SAZD)
	1998–2018



	Azul
	36°50   ′   S
	59°53   ′   O
	87641 (SAZA)
	2008–2018



	Tandil
	37°14   ′   S
	57°14   ′   O
	87645 (SAZT)
	2008–2018



	Mar del Plata
	37°56   ′   S
	57°35   ′   O
	87692 (SAZM)
	2008–2018



	Resistencia (Chaco)
	27°26   ′   S
	59°03   ′   W
	87155 (SARE)
	2008–2018
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