

  water-13-01828




water-13-01828







Water 2021, 13(13), 1828; doi:10.3390/w13131828




Article



Assessing the Extinction Risk of Heterocypris incongruens (Crustacea: Ostracoda) in Climate Change with Sensitivity and Uncertainty Analysis



Nicolò Bellin[image: Orcid], Rachele Spezzano and Valeria Rossi *[image: Orcid]





Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, Viale delle Scienze 11/A, I-43124 Parma, Italy









*



Correspondence: valeria.rossi@unipr.it; Tel.: +39-0521-905612







Academic Editor: Hodon Ryu



Received: 6 May 2021 / Accepted: 28 June 2021 / Published: 30 June 2021



Abstract

:

Organisms respond to climate change in many different ways and their local extinction risk may vary widely among taxa. Crustaceans from freshwater temporary ponds produce resting eggs to cope with environmental uncertainty and, as a consequence, egg banks have a fundamental role for population persistence. The egg bank dynamics of six clonal lineages of Heterocypris incongruens (Ostracoda) from Northern Italy were simulated. Clonal lineages W1 and W2 are the most common “winter ecotypes”, clonal lineages S1 and S2 are allochthonous “summer ecotypes” and clonal lineages I1 and I2 are relatively rare and generalist in terms of seasonality. Fecundity and proportion of resting eggs vary by clonal lineage, temperature and photoperiod. The clonal extinction risk was estimated in present climate conditions and under climate change. For comparison, and to assess the potential colonization of northern ponds, clonal lineages from Lampedusa Island (Southern Italy), L, were considered. Cohen’s general model was used for simulating egg bank dynamics and the extinction rate of each clonal lineage was estimated with uncertainty analysis. A 30 year simulation in present and climate change conditions was carried out. Extinction rates were lower in climate change conditions than in present conditions. Hydroperiod, hatching rate and egg deterioration rate were the critical factors that affected extinction rates. Extinction rates varied among clonal lineages. This suggests that H. incongruens might be able to have multiple responses to climate change due to its genetic diversity. In climate change conditions, W clonal lineages underwent a niche expansion, while a mismatch between photoperiod and hydroperiod might generate a detrimental effect on the phenology of summer S clonal lineages that might cause their extinction. Southern clonal lineages L, showing an intermediate extinction rate, might colonize northern temporary ponds.
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1. Introduction


Climate change may be an important threat to global biodiversity, but the extent of species loss will depend on the details of how species respond to changing climates and predicting how species will respond may be very difficult. Modelling studies have shown that extinction risks may vary widely depending on specific assumptions, model type, study regions and taxon [1,2,3]. For example, species may respond to changing environments in several ways: dispersing to track the original climate conditions over space, shifting their niche via genetic adaptation, through phenotypic plasticity of fitness-related traits, or going extinct [4,5,6,7,8,9,10,11]. Although a number of studies have analyzed species response to climate change, few studies have explored it from an intraspecific perspective [12,13,14].



Organisms, such as crustaceans, that live in ephemeral freshwater habitats have evolved dormant stages in response to environmental variability that can lead to unsuitable conditions [15,16,17,18]. In analogy to plant seed banks, resting eggs remain dormant in the dry sediment and may accumulate to form a so-called egg bank [19,20,21]. In 1966, Cohen [22] proposed a general model of selection on dormancy and germination in unpredictable environments. The highly quoted model has been applied to describe the optimal hatching strategy of resting eggs of crustaceans and rotifers in ephemeral ponds [23,24,25,26]. The partial hatching from the egg bank during each new inundation is part of a bet-hedging strategy that buffers environmental fluctuations, preventing demographic catastrophes when the hatchlings are unable to complete their life cycle and produce new resting eggs [27,28,29,30]. Environmental cues, such as temperature and photoperiod, as well as maternal effects, may act as signals of a suitable environment that allow synchronizing hydroperiod and life cycle, and reduce extinction risk. On the other hand, prolonged drought, predation and diseases can reduce the number of eggs and might lead to local extinction [31,32,33]. An increase in temperature may reduce the developmental time of ectotherms but, due to evaporation, it may also shorten the hydroperiod and impose time constraints on reproduction [34,35,36]. Pinceel et al. [37] calculated that extinction risks of the fairy shrimp Branchipodopsis wolfi (Crustacea Branchiopoda, Anostraca) from rock pools in South Africa increase drastically once the median hydroperiod drops below a critical threshold of 12 days.



According to the projections of climate change for the Euro-Mediterranean region, Italy should be subjected to substantial warming in all seasons, with a maximum during summer and a minimum in winter (Euro-Mediterranean Centre for Climate Change (CMCC), 2010). In addition, a significant increase in the variability among years and the occurrence of extreme events, such as heatwaves, drought and heavy precipitations, are expected. Precipitations are expected to severely decrease in summer and, to a lesser extent, in spring and autumn. In winter, precipitations should increase in Northern Italy and should decrease in the South.



Ostracods, the most diverse class of Crustacea, are important components of temporary ponds and survive dry periods as dormant eggs resistant to desiccation [38]. Heterocypris incongruens is a very common species found worldwide and is the most widespread species in temporary ponds and ricefields in Northern Italy [39]. In all female parthenogenetic populations, different clonal lineages have been recorded and seasonal succession of different ecotypes has been described [40,41,42]. Fecundity and proportion of resting eggs vary depending on clonal lineage, environmental conditions (e.g., temperature and photoperiod) and their interactions [33,40,41,43]. During the whole reproductive cycle, parthenogenetic females of H. incongruens can produce resting and non-resting, smaller eggs, both genetically homogeneous [44]. Most resting eggs usually hatch synchronously at the start of each hydroperiod, but changes in the physico-chemical environmental conditions and maternal effects may affect the hatching phenology, including the spread of the hatching time of cohorts of resting eggs over more than one hydroperiod [45].



In a previous paper, we used the general model proposed by Cohen [22] to simulate egg bank dynamics of H. incongruens in vernal temporary ponds on Lampedusa Island (Southern Italy) [46]. Here, the simulated egg bank dynamics of six different clonal lineages of H. incongruens from Northern Italy, in present climate conditions and in future climate change conditions, are reported. It was hypothesized that the extinction risk of H. incongruens may vary among different clonal lineages and that this species might be able to respond to climate change due to its genetic diversity. Moreover, the potential migration and colonization of northern ponds by clonal lineages from the south in climate change conditions was assessed [33,46]. Uncertainty, regionalized sensitivity (RSA) and global sensitivity analysis (GSA) were carried out to evaluate the model in terms of output uncertainty, interaction terms and importance of factors for the model output [47,48,49,50].




2. Materials and Methods


The Po plain is located in Northern Italy. It extends approximately in an east-west direction, with an area of 46,000 km2. This basin is mainly made up of alluvial, deltaic and marine deposits, where the most common lithological types are sedimentary and composed of sand, clay deposits and clay sands and different coarse debris [51].



2.1. Potential Hydroperiod and Hydroperiod Unpredictability


To estimate the potential hydroperiod in temporary ponds in this area, the monthly water balance was calculated as the difference between rainfall and potential evapotranspiration and the effective infiltration in the soil. Potential evapotranspiration is the amount of water that could evaporate and was calculated using the algorithm proposed by Thornthwaite (1948) (http://onlinecalc.sdsu.edu/ accessed on 3 March 2020). This approach was useful in producing hydroperiod estimates on Lampedusa [46]. The effective infiltration in the soil was estimated by the product of the presumed infiltration (Ip), i.e., the difference between rainfall and potential evapotranspiration, and the effective infiltration coefficient (EIC). An effective infiltration coefficient varies in different lithological sites depending on several factors such as slope gradient, plant coverage and rock porosity [52,53]. Based on several lithological studies conducted in the Po plain, we estimated an average EIC value of 0.55 [52].



To estimate the potential hydroperiod in present conditions, we considered 30 years of rainfall data and mean temperatures (from 1990 to 2019) from a weather station located in the center of the Po plain (Arpae Emilia-Romagna) (Parma: 44°48′ N, 10°19′ E). We considered 30 years because the climate usually is defined as the average weather for a particular region and period of time, taken over 30 years. For estimating the potential hydroperiod in climate change conditions, we used the platform of KNMI Climate Explorer [54] (http://climexp.knmi.nl; accessed: 3 March 2020) for long forecasting. As future projection, it was considered a period of time of 30 years from 2020 to 2050. In order to obtain the average monthly values of temperatures and precipitations, an ensemble model from CMIP 5 from the IPCC AR5 report [55] was used and a square grid located in Northern Italy was selected (42°30′ N–45°00′ N, 10°00′ E–12°30′ E). The climate variables were recorded under the representative concentration (RCP) 8.5 scenario [55] that corresponds to the pathway with the highest greenhouse gas emissions. For present and climate change conditions, the monthly water balance values were converted to probabilities using a binary system. To each month, a binary value representing the absence or presence of water in a given ephemeral pond was assigned: 0 if the water balance was negative (supposing the pond was dry) and 1 if the water balance was positive (supposing the pond was wet). The monthly probability that the water balance in a given pond is positive (P in Equation (2)) was calculated by computing the sum of the water presence, month by month, divided by the total observations (30 years).



To assess the hydroperiod unpredictability, the coefficient of variation of water balance [33] and the Shannon entropy equation were used, considering as variable the binary value absence/presence of water in the ephemeral pond. The entropy of a Bernoulli variable measures the quantity of uncertainty associated with a particular output and it was expressed as:


   Unpredictability    = − P × log 2  ( P )  −  (  1 − P  )  ×    log  2  (  1 −    P   )   



(1)




where P is the probability that the water balance is positive. When the probability that the water balance is positive, i.e., is equal to 0.5, the system showed the highest unpredictability, meanwhile when it approximates values of 0 or 1, the system showed the lowest unpredictability.




2.2. Clonal Lineages


To assess the production of resting eggs per female (see below Equation (2)), data on the fecundity of genetically different clonal lineages of H. incongruens were obtained by life table experiments [41]. Six parthenogenetic clonal lineages of H. incongruens from Po valley were considered. Two W-type clonal lineages (W1 and W2) are the most common and widespread, both in ricefields and temporary ponds [41]. They are typical “winter ecotypes”, autochthonous and well adapted to the local continental seasonal conditions. Two S-type clonal lineages (S1 and S2) are considered allochthonous, and it was hypothesized that they might have been introduced from Asia [56]. They are “summer ecotypes”, well adapted to warmer conditions and found in ricefields in late spring and summer only. Two I-type clonal lineages (I1 and I2) can be considered generalists in terms of seasonality. They are relatively rare with very high variability in their abundance among years in nature while they reached the highest densities in laboratory conditions. Temperature and photoperiod are the most relevant factors driving seasonality, survivorship, fecundity, resting eggs percentage and hatching phenology in W and S-type clonal lineages. The production of resting eggs seems to be unaffected by temperature and photoperiod in I-type clonal lineages. For comparison, and to assess the potential colonization of northern ponds, data on the fecundity of clonal lineages L from Lampedusa Island (South Italy) were considered [33,46]. They are “winter ecotypes” and their fecundity depends on temperature and photoperiod. In life table experiments, clonal lineages were replicated across experiments that were carried out at 24 °C and 12 light hours/12 dark hours photoperiod, corresponding to spring and fall seasons (April–June), at 12 °C and 8 light hours/16 dark hours photoperiod, corresponding to the winter season, and at 28 °C and 16 light hours/8 dark hours photoperiod, corresponding to the summer season [33,41] (Table S1 in Supplementary Materials). We assumed that the risk related to the reproduction (production of a new cohort of resting eggs) in ephemeral habitats varies according to the potential hydroperiod and that only one generation may complete a reproductive cycle in a single hydroperiod [46].




2.3. Cohen’s Model, Egg Bank Dynamics and Extinction Rate


To simulate egg bank dynamics, Cohen’s model [22] was used to compute the growth rate of seed banks in unpredictable environments. Cohen’s model for seed banks considers the production of new seeds per individual as a gain term, while the deterioration and the germination rates act as losses. Cohen’s model also introduces a factor relating to the probability of observing a suitable environment to start the life cycle. The number of eggs produced by a female in 1 life cycle, and each growth and each reproductive cycle is considered to be completed within a discrete-time interval. The average number of hatching eggs is a variable depending on the number of resting eggs produced by the previous generation and on environmental conditions. It was assumed to be independent of the population density. We computed the annual growth rate of the egg bank with Cohen’s equation [22]:


  ln  ( λ )  =  (  1 − P  )  ×    ln   [   (  1 − H  )  ×  (  1 − D  )   ]  +    P    ×    ln   [   (  1 − H  )  ×  (  1 − D  )  +  H    × Y  ]   



(2)







H is the hatching rate, P is the probability that the water balance is positive, Y is the mean number of resting eggs produced per female and D is the deterioration rate. The egg bank dynamics (Ebt) were simulated assuming the exponential growth over 30 time steps (years):


    Eb  t  =      Eb   0  ×      e     (  ln  ( λ )  × t  )     



(3)







Ebt is the number of resting eggs in the egg bank at time t, Eb0 is the number of resting eggs at time 0 and ln(λ) is the annual egg bank growth rate computed by Cohen’s equation (Equation (2)). It was assumed that there are no effects of competition and predation on the egg bank dynamics. An interval of 30 years of simulation in a specific climate regime between 2020 and 2050 was considered. Climate regime describes the average conditions and the variability of temperature and precipitation in a given region over a period of 30 years. At the last time step, 30 years, the condition of the population egg bank was recorded by binary output. The binary output of the egg bank simulation was expressed as:


   Extinction    =    Eb  30 < 1    or   Viability    =    Eb  30   ≥   1  



(4)







Extinction rate per clonal lineage and climate condition were computed as a proportion of extinction events.




2.4. Factor Fixing: Morris’ Method


A factor fixing analysis was performed in order to evaluate which factor among hatching rate (H), the probability that the water balance is positive (P), deterioration rate (D), mean number of resting eggs produced per female (Y) and number of resting eggs at time 0 (Eb0), was the least important in determining the extinction or the viability of the egg bank [47]. The least important factor with the lowest interaction level could be fixed at any constant value without loss of information in the model output. Preliminarily, we performed the Morris method, an OAT procedure (one step at a time) [47]. Each factor was sampled 1 time in its own range and the other was kept constant to compute the model output. The ranges of hatching rate (H), probability that the water balance is positive (P) and deterioration rate (D) were set between 0 and 1. The mean number of resting eggs produced per female (Y) was sampled between a minimum value of 0 and a maximum value of 187 [43]. The range of the number of resting eggs at time 0 (Eb0) was set between 10 and 1000. This procedure was repeated r times (where r = 100), which leads to r(k + 1) = 600 runs, where k = 5 was the number of input factors (H, P, Y, D, and Eb0). From the application of the Morris method it was estimated: the mean absolute value for elementary effect (µj*) for j-factor, a measure of the importance on dispersion in the model output, and the standard deviation of the elementary effects (σj), a measure of the degree of the interaction effects for the j-factor with other factors. Low values of µj* indicated that one factor was not important in the variation of the model output. High values of σj revealed how strong the interaction with other factors might be. The analysis was performed with R package sensitivity [57]. This analysis revealed that the most important factors with high interaction levels were the probability that the water balance is positive (P), deterioration rate (D) and hatching rate (H) (Figure S1 in Supplementary Materials). The number of resting eggs at time 0 (Ebo) was the least important factor, with the lowest interaction level. For this reason, in the following analysis, it was set as a fixed factor with a value equal to 10.




2.5. Uncertainty Analysis, Regionalized Sensitivity Analysis (RSA) and Global Sensitivity Analysis (GSA)


In order to perform the sensitivity and uncertainty analysis of the exponential growth model (Equation (3)), we assigned and estimated the prior distribution for 4 factors: hatching rate (H), the probability that the water balance is positive (P), mean number of resting eggs produced per female (Y) and deterioration rate (D) for each clone, in present and climate change conditions [47]. The probability that the water balance is positive (P) and mean number of resting eggs produced per female (Y) distributions were fitted from data with the maximum likelihood method. For the hatching rate (H) and the deterioration rate (D), uniform distributions were assumed (Table S2). The analysis was carried out with the R package fitdistrplus [57]. Uncertainty analysis was performed to estimate the probability of extinction and viability of the egg bank over 30 years for each clone, in present and climate change conditions [48]. To obtain the probability of extinction and viability of the egg bank, Latin Hypercube Sampling (LHS) [58] was performed 1000 times, assuming the estimated prior distribution for each factor (Table S2). The results made it possible to quantify the extinction rate of each clone under 2 climate conditions (R script S1 in Supplementary Materials).



Regionalized sensitivity analysis (RSA) was performed to evaluate the rank of each factor (H, P, Y and D) in determining the extinction or viability of the egg bank. For each factor, we obtained 2 cumulative density functions (1 for extinction and 1 for viability). The Kolmogorov–Smirnov test was used to evaluate the difference between the 2 functions [59]. Each factor (H, P, Y and D) was grouped into 3 sensitivity classes, based on the significance level of Kolmogorov–Smirnov test: critical (α < 0.01), important (0.01 ≤ α ≤ 0.10) and insignificant (α > 0.10). Considering only the extinction output, the interaction between pairs of factors by correlation coefficients (ρ) was evaluated. To examine higher-order interaction terms among factors and to improve the ranking criteria, a global sensitivity analysis (GSA) was applied according to Sobol’s method [47,49,60]. For each factor and clone in present and climate change conditions, we estimated the first index (Si) (main effect of each factor) and total index (STi) (main effect of each factor plus interaction with the other factors). A bootstrapped procedure was used to obtain 1000 replicates of each index to estimate the standard error. The analyses were performed with R package sensitivity and pse [57].





3. Results


According to potential hydroperiod estimations, in present conditions, the probability that the water balance is positive (P) was higher in winter and fall and declined from spring to summer, reaching a value of 0 from June to September (Figure 1). Under climate change conditions, the probability that the water balance is positive (P) was higher than under present conditions from November to March. The dry season started earlier (April) and lasted longer than in present conditions (in October, the probability that the water balance is positive (P) was lower than in present conditions). Under present conditions, environmental unpredictability was high from October to May, reaching the maximum values in February, March and October. In simulation under climate change conditions, in all months, we found an overall reduction of the hydroperiod unpredictability (measured as coefficient of variation of water balance or as entropy). This reduction was due to a shortening of the wet season and a lengthening of the dry one.



For all clones, the extinction rate was lower under climate change than under present conditions (Figure 2). Among the northern clones, the winter W1 and W2 showed the lowest extinction rate in both conditions. W1 and W2 clones showed a reduction of the extinction rate respectively equal to 5% and 3% under climate change. The clones from Lampedusa, L, showed an intermediate extinction rate, with a reduction of 6% in climate change conditions. Clones I1 and I2 showed the highest extinction rates in both conditions, with a reduction of 4% and 9% in climate change conditions.



In general, the most important factors varied according to conditions and clones. Under present conditions, the deterioration rate (D) was critical (α < 0.01) for all clones, except for W2 and S2, for which it was important and insignificant, respectively. The probability that the water balance is positive (P) was critical (α < 0.01) for all clones, except for the northern clone I2 (for which it was important) and insignificant for the southern clones L (Figure 3). Under both conditions, the hatching rate (H) ranked as a critical factor for all clones (α < 0.01), while the mean number of resting eggs produced per female (Y) was critical (α < 0.01) for the northern clones S1, S2 and I2 and the southern clones L.



Considering only the extinction event, for all clones, under both present and climate change conditions, the hatching rate (H) and the deterioration rate (D) were negatively correlated while the probability of positive water balance (P) and deterioration rate (D) were positively correlated (Figure 4 and Table S3). The mean number of resting eggs produced per female (Y) and the egg deterioration rate (D) were positively correlated only for clone I1. In present conditions, the values of hatching rate (H) and the probability that the water balance is positive (P) were positively correlated for all clones but S1 and L. The hatching rate (H) and the mean number of resting eggs produced per female (Y) were positively correlated only for clone I1. The probability of positive water balance (P) and the mean number of resting eggs produced per female (Y) were negatively correlated for clones I2 and S1. In climate change conditions, the hatching rate (H) and the probability that the water balance is positive (P) were positively correlated for clones W1, S2 and I1. They were negatively correlated for the southern clones L. The probability that the water balance is positive (P) and the mean number of resting eggs produced per female (Y) were negatively correlated for the northern clones I2, S1 and I1 and the southern clones L.



Sobol’s method confirmed that the main effect of each factor (first index Si) and the main effect of each factor plus interaction with the other factors (total index STi) in determining extinction, varied according to conditions and clones. Under present conditions, the deterioration rate (D) showed the highest first index (SD) for clones S1 and I1. In climate change conditions, a general increase of SD, compared with present conditions, was observed for all clones but W1 and S1 (Figure 5 and Figure S2 in Supplementary Materials). Under present conditions, the mean number of resting eggs produced per female (Y) showed the lowest value of the first index and total index for all clones.



Under climate change conditions, the first index of the probability that the water balance is positive, SP increased when compared to present conditions for all clones (Figure 5 and Figure S2 in Supplementary Materials) except W1 and S1. The first index of the hatching rate SH increased with respect to present conditions for clones that showed the highest extinction rate: I2, S1 and I1 (SH = 0.16, SH = 0.20 and SH = 0.27, respectively). Under present climatic conditions, the deterioration rate (D), the probability that the water balance is positive (P) and the hatching rate (H), were the factors with the highest interaction terms measured for all clones according to the total effect index (Figure 5 and Figure S2 in Supplementary Materials). For all clones, the mean number of resting eggs produced per female (Y) was the factor that showed the lowest value of total index. Among clones, the highest values of STY were recorded in clones that showed the highest extinction rate: I2, S1 and I1 (STY = 0.28, STY = 0.22 and STY = 0.26, respectively). Under climate change conditions, for all clones, the total effect index of the deterioration rate (D), STD, decreased, with respect to the present climate conditions. The total effect index of the mean number of resting eggs produced per female (Y), STY, showed a reduction with respect to the present conditions for all clones with the exception of the northern clone I1 (Figure 5 and Figure S2 in Supplementary Materials). In present conditions, the highest total effect index for the hatching rate (H), STH, was recorded for clones that showed the highest extinction rate I2, S1 and I1 (STH = 0.48, STH = 0.50 and STH = 0.53, respectively). In both climatic conditions, northern clone I1 showed the lowest total effect index for the probability that the water balance is positive (P).




4. Discussion


Egg banks play a prominent role for population persistence in short-lived pools characterized by high levels of habitat uncertainty [19]. Egg banks have a key role in aquatic crustaceans that cope with environmental uncertainty in temporary ponds and survive recurrent dry periods thanks to drought resistant eggs, from which the following generations are recruited when a suitable hydroperiod is re-established [15,61,62,63]. The difference in resting egg production, hatching time and hatching rate may have consequences on clonal fitness and persistence. Previous studies have shown that temporary pool zooplankton will face decreasing hydroperiods under climate change [35,64,65]. Simulations by Pinceel et al. [37] confirmed that climate change could threaten population persistence despite the presence of an egg bank. In our simulation of egg bank dynamics under climate change conditions, all clones showed a reduction of their extinction rate. This result might be explained considering that, in our simulation, the wet season was indeed shortened but hydroperiod unpredictability was also found to be reduced. Under climate change conditions, the probability of a positive water balance increased in the winter months (November–March) and decreased from April to October, leading to a shorter but more predictable hydroperiod. As a consequence, the risk of egg bank depletion was reduced.



In general, the most important factors involved in viability or extinction varied according to conditions and clones. By global sensitivity (GSA) and uncertainty analysis, and in agreement with our previous results [46], hatching rate (H), egg deterioration rate (D) and the probability that the water balance is positive (P) were the most important factors in determining the extinction of H. incongruens’ egg banks. By regionalized sensitivity analysis (RSA), we showed that, for all clones, under both present and climate change conditions, the hatching rate (H) and the deterioration rate (D) were negatively correlated: extinction was observed when the fraction of eggs that hatched was low and the deterioration was high. The probability that the water balance is positive (P) and the deterioration rate (D) were positively correlated: extinction events were recorded in co-occurrence with a wet season and a high deterioration rate. The probability that the water balance is positive (P) and the hatching rate (H) were positively correlated for most clones in both conditions. Therefore, extinction rates might be high when P and H are high but are not counterbalanced by the high production of resting eggs (Y). According to the factor fixing Morris’ methods, the initial number of eggs (Eb0) was not important for persistence in time but may be in the early stages of the colonization to cope with the random fluctuations of the population and the environment. We assume that this effect loses importance over time, to a negligible effect at the end of the simulation.



According to our results, the extinction rate varied among clonal lineages. The northern winter clones W1 and W2 showed the lowest extinction rates, both in present and in climate change conditions. With respect to the present conditions, this result is supported by field observation, as those clones are the most widespread in northern temporary water bodies and ricefields [39]. For W clonal lineages, the extinction rate was high when H and P were positively correlated. In present conditions, according to the total Sobol’s index, these factors also showed higher interaction terms to determine the egg bank extinction. Short-lived pools typically have a driving selection for lower hatching fractions as part of a bet-hedging strategy and an increase in the importance of the survival of the egg bank [29,66]. We found that for all clones, a high deterioration rate with a low hatching rate increased the extinction rate. In winter, when a positive water balance probability is high and unpredictability is low, the emergent effect of a high hatching rate and a consistent production of resting eggs (Y) could counteract the deterioration rate, leading to a global reduction of the extinction rate for typical winter clones W1 and W2.



For clones that showed the highest extinction rates, S1, I2 and I1, the interaction term between hatching rate (H) and deterioration rate (D) was higher than in the winter clones (W1 and W2). Sobol’s analysis highlights the importance of the mean number of resting eggs produced per female (Y) in reducing the extinction rate. In S1, I2 and I1 clones the mean numbers of resting eggs produced per female (Y) were lower than in W1, W2 and S2 clones [41]. W1, W2 and S2 clones produced a number of resting eggs that better buffer the depletion of the egg bank, cope with environmental fluctuation and prevent local extinctions [19,67,68]. Our results suggest a local adaptation of clones W1 and W2 in the Po plain [41]. In both climatic conditions, from Sobol’s analysis, the mean number of resting eggs produced per female (Y) was an important factor for clones S1, I2 and I1. The highest extinction rates were shown by the I1 and I2 rare clones which, according to our laboratory experiments, did not produce a significant number of resting eggs and by a typical summer clone (S1). S1 is well adapted to artificial ricefield conditions and was considered a “foreign guest”, i.e., an allochthonous clonal lineage introduced into Italy by resting eggs along with rice [56,69]. Clones I1 and I2 did not have an efficient egg bank and summer clone S1 could not perform well in winter temporary ponds, even in climate change conditions. With an extinction rate higher than 50%, I1, I2, and S1 clones are critically endangered (according to the IUCN Red List criterion [70]).



Our previous field and laboratory work demonstrated that H. incongruens is made up of clones that, for their ecological needs, can be classified as Winter–Spring and Summer clones [40,41,43]. In temperate regions, temperature and photoperiod are critical seasonal cues that regulate phenology of plants and animals (e.g., flowering time and dormancy). Temperature is affected by climate change while photoperiod is not [71,72,73,74,75]. The asynchronous change of temperature and photoperiod cues has disrupted the optimal seasonal timing and phenology in many species [71,76,77]. Increased temperatures and shorter photoperiods have been reported to decrease Daphnia emergence from resting eggs [78]. In our simulation, the sharper differences between “very wet” and “very dry” seasons might have affected the clones’ ability to perceive appropriate seasonal clues. The altered relationship between photoperiod and seasonal hydroperiod creates a mismatch that might affect both the periodic production of resting eggs and the hatching phenology of H. incongruens. In turn, this less accurate detection will produce inappropriate plastic responses in animals that use photoperiod as a predictor of seasonality. A change in climate and hydroperiod may positively affect seasonal timing (phenology) of Wl and W2 clones, as reported in poikilothermic organisms whose development depends on temperature [79,80]. Even less understood is the effect of a mismatch between photoperiod and hydroperiod, and the potential for disruption of the phenology of clones S whose deposition and hatching of resting eggs seem driven by other environmental cues such as photoperiod and water chemistry [79]. For instance, at 24 °C, clone W2 produced more resting eggs at 12:12 L:D than at 16:8 L:D, while clone S1 produced fewer resting eggs at 12:12 L:D than at 16:8 L:D [43].



Under the new climate conditions, due to an increase in the average winter temperature and to a reduction of unpredictability in the hydroperiod regime, seasonal availability of northern ponds could be similar to the one in present conditions in Lampedusa Island, Southern Italy, where, at present, a positive water balance was observed from October to March [33]. In this new simulated scenario, the potential migration northward and the colonization of northern ponds by clonal lineages from the South, could be successful. According to our simulation, the winter clones from southern Italy, clones L, showed an intermediate extinction rate compared to winter and summer northern clones, and, only in clones L, the probability that the water balance is positive (P) and the hatching rate (H) were correlated. The southern clones L showed a remarkable reduction of the extinction rate in climate change conditions and an increase in the importance of P was recorded. P becomes critical in climate change conditions for clones L. According to global sensitivity analysis (GSA), in climate change conditions, the importance of single factors and the reduction of interaction among factors was observed.



Several important factors such as competitive interactions among and between individuals of different clones, predation or any climate-associated environmental changes, were not taken into account in our analysis. However, our different clones represent different ecotypes with different thermal niches and show seasonal succession [33,41]. Persistence and reproduction in ephemeral ponds are independent of population density and depend on the timing of the hydroperiod and the organisms’ life cycle [39]. A winter temperature increase may reduce both the developmental time of crustaceans and hydroperiod, due to evaporation [35,81]. In this scenario, if the hydroperiod shortens much more than the life cycle, the result will be a demographic decline with a depletion of the egg bank proportional to the hatching rate of the resting eggs. Moreover, under climate change conditions, variations in rainfall patterns, temperature and evaporation increase, are expected to increase conductivity levels [36,64,82]. In Heterocypris, high conductivity delayed hatching of resting eggs from an egg bank [83]. In contrast to an increase of temperature, increasing of conductivity levels may reduce the hatching rate and the depletion of the egg bank or may reduce growth rates and fecundity of freshwater invertebrates [36]. Coping with hydroperiod uncertainty, organisms “hedge their bets” and adopt an adaptive risk spread strategy, including hatching delays and asynchrony [22,23,24]. A higher conductivity and a shorter hydroperiod potentially exert a selective pressure that may affect local extinction [84,85,86]. In the present study, the measure of habitat predictability is based primarily on the probability that a positive water balance is maintained in a pond for a sufficiently long time to allow H. incongruens to complete its life cycle. Perhaps that the probability of a positive water balance is not very meaningful as a proxy for habitat uncertainty and is a simplification in a bet-hedging perspective, where hatching is partly regulated by the environment cues (water, conductivity, temperature, photoperiod, oxygen, etc.) that signal ‘good’ conditions [87]. However, the probability of a positive water balance is the “condicio sine qua non” for a hydroperiod slot.



Moreover, here, metapopulation dynamics were not taken into account but, in a previous study, a simulation was performed by combining the local dynamics of Heterocypris’ egg bank with a metapopulation approach [46]. The persistence of H. incongruens is linked to the egg bank growth rate and to high dispersal by wind, and the extinction rate is negatively correlated with the percentage of colonized ponds. Last but not least, the probability of the population’s extinction (under reduced median hydroperiods) could be compensated by changes in life history traits due to phenotypic plasticity or (epi)genetic changes [6,7,8,34,37]. Actually, the potential phenotypic plasticity of many clones and the maternal epigenetic effect on the hatching phenology of H. incongruens was shown [33,40,41,43,45].




5. Conclusions


In our simulation, in climate change conditions, extinction rates should decline for all different clonal lineages and the extinction risk may vary widely depending on both genetic and ecological diversity. It is hypothesized that W winter clonal lineages should undergo niche expansion, realizing niche changes to accommodate new climate conditions. The summer clone S2 could undergo a niche shift, but a mismatch between photoperiod and hydroperiod might have a detrimental effect on its fecundity and phenology and accelerate its extinction. Southern winter clonal lineages L, showing intermediate extinction rates, should successfully colonize northern temporary ponds, by passive migration as resting eggs. H. incongruens might respond to climate change in different ways through genetic diversity and phenotypic plasticity, but genetic variability and potential for further adaptive capacity could decline due to global change.
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Figure 1. Panel (A) shows the histograms of the annual probability that the water balance is positive (P) under 2 different climatic conditions: present (white) and climate change (grey). The photoperiod of the Po plain was reported as lines and circles. Panel (B) shows the measures of environmental uncertainty: left y-axis is referred to the histograms of the entropy in present condition (white) and climate change (grey). The right y-axis is relative to coefficient of variation (CV) in 2 climatic conditions: present (continuous line and circle) and climate change (dashed line and triangle). 
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Figure 2. Extinction rates obtained by uncertainty analysis for each clone in present (dark grey) and climate change (light grey) conditions. 
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Figure 3. Heatmaps from the Kolmogorov–Smirnov tests for each factor relative to each clone in two conditions: present (panel A) and climate change (panel B). The p-values (α) from the regionalized sensitivity analysis are reported and the ranking criteria labelled with different colors (critical: dark grey; important: light grey; and insignificant: white). 
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Figure 4. Pairwise correlation coefficients (ρ) computed between factors (the hatching rate (H), probability that the water balance is positive (P), mean number of resting eggs produced per female (Y) and deterioration rate (D) for each clone (W1, W2, S2, L, S1, I2, I1) in present and climate change conditions (Table S3). 
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Figure 5. Sobol’s indices: first index (dark grey) and total index (light grey) for each factor (the hatching rate (H), probability that the water balance is positive (P), mean number of resting eggs produced per female (Y) and deterioration rate (D) and each clone (W1, W2, S2, L, I2, S1, I1) in 2 climatic conditions: present (panel A) and climate change (panel B). The error bar represent the standard error estimated from the bootstrap procedure (n = 1000). 
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