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below. Another control consisted of mixing anew 50%-50% of strains A and C from long-term 153 

monocultures at each salinity rise. This allowed assessing whether the population dynamics of 154 

long-term mixed populations differed from those of populations with equal proportions of the 155 

two strains, thus quantifying the influence of evolution (frequency change) on population 156 

dynamics. 157 

Population density measures 158 

Since our interest is in demographic dynamics following each hyper-osmotic shock, we 159 

measured population density daily (except days 5 and 6) in the high salinity steps for the first 160 

five cycles (Fig. 1A) and the two last cycles (measurements for cycles 6 to 11 are explained in 161 

Material S2). In contrast in the low salinity steps, we only measured densities 1 hour after the 162 

salinity transfer to check the dilution rate, and at the end of the step (i.e. on day 4 or day 7 163 

depending on the temporal treatment) to predict the initial density of long-term populations in 164 

the following high salinity step (if no decline occurred). This latter measure is also necessary 165 

to calculate the culture volumes required to start the control mixtures at 50,000 cells/ml at the 166 

next salinity transfer.  167 

We measured population densities by passing 200 μl samples of each population 168 

through a Guava® EasyCyte™ HT cytometer (Luminex Corporation, Texas, USA), with a laser 169 

emitting at 488 nm. Dunaliella cells emits natural fluorescence in red (695/50nm) and yellow 170 

(583/26nm) due to their chlorophyll α, allowing discrimination of live Dunaliella cells from 171 

other particles, as described in [24,31]. A decrease in population density between the time of 172 

transfer to the new high salinity environment and 1h after the transfer was assumed to be 173 

entirely due to PCD, as this population decline was cancelled in presence of a PCD inhibitor 174 

(see below and [24]). Furthermore, non-PCD dying cells could be discriminated based on their 175 

smaller size and weaker red and yellow fluorescence (see Fig. S1 and further details in [24]), 176 

but their number cannot account for the massive decline observed. 177 
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Caspase-3-like inhibitor assay 178 

It has been shown that the intensity of decline in strain A can be diminished by an inhibitor of 179 

caspase-3-like enzymes [24], known to be a key player in the metabolic cascade leading to cell 180 

death [25,33–35]. We therefore investigated how this PCD inhibitor influenced strain 181 

frequencies and population dynamics in mixed populations. Both strains were first acclimated 182 

for 4 days at 2.4M. We then prepared 10 mixtures (50-50%) at 𝑁0 = 50,000 cells/ml, and 15 183 

monocultures of each strain at two initial densities: 10 at 𝑁0 = 50,000 and 5 at 𝑁0 = 25,000 184 

cells/ml, respectively matching the total density of mixed populations and of each individual 185 

strain therein, in total culture volume of 10ml. We applied 2 inhibitor conditions (with or 186 

without PCD inhibitor), reaching a total of 80 flasks. In the inhibitor treatment, a total number 187 

of 500,000 cells per flask were treated with 10 μM Z-VAD(Ome)-FMK (CellSignaling) caspase 188 

inhibitor, and incubated in the dark for 30min at 24°C, before being subjected to a hyper-189 

osmotic shock at 4M NaCl. Population densities were measured 30 min and 2 hours after the 190 

hyper-osmotic transfer, and then daily tracked over 10 days. Since the inhibitor is supplied as 191 

1 mg of powder and has been diluted in 213.9 μl of DMSO with membrane penetration action 192 

[36], we also checked that this solvent did not prevent decline of strain A monocultures (see 193 

Material S3). 194 

Demographic and competition analysis 195 

Decline intensity 196 

To quantify the intensity of population decline following each transfer to high salinity, we used 197 

a GLM with cytometer cell count one hour after the transfer (in day 0) as response variable, a 198 

log link function, negative binomial error structure, and log expected initial population density 199 

(based on pre-transfer density and the dilution rate) as offset (following [23,24,31]). We 200 

extracted the decline rate from those GLM as minus the linear predictor of the GLM (hence, on 201 

the log scale), such that steeper decline is represented by a larger positive value [24]. We then 202 
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computed population size reduction in % from the estimates of the GLMs. The fixed effects 203 

were the type of culture (monoculture or mixture), temporal treatment (4-10 vs 7-7 days), and 204 

the number of cycles (either as categorical or as continuous variable).  The latter effect was 205 

used to investigate whether the intensity of decline varied over cycles of salinity fluctuations. 206 

In mixed populations (with both A and C strains), such a change in decline rate over cycles 207 

could result from a change in frequency of the declining strain A over cycles, indicative of 208 

selection. However, it could also result from a change in the decline rate of strain A over cycles. 209 

This can be investigated by tracking putative changes in the decline of strain A monocultures 210 

over cycles.  211 

Competition analysis 212 

In most mixed populations, the two strains differed in their natural yellow and red fluorescence, 213 

despite some overlap (Fig. S1). We thus designed a mixture analysis method to estimate the 214 

relative frequencies of both strains, and from this their absolute population densities in the 215 

mixture, accounting for variable uncertainty among mixture types (clones used for each strain), 216 

as detailed in Material S4. We validated this method using mixed populations where we 217 

controlled the relative frequency of strain A, either experimentally or virtually (Material S6 and 218 

Fig. S2).  This framework for estimating frequency in a mixture using monocultures as 219 

reference is broadly applicable in any competition experiments with genotypes/species 220 

distinguished by their phenotypic traits, beyond the specific context we investigate here.  221 

 We then computed the per-capita growth rate per day of each strain in mixed 222 

populations during the exponential phase over 1000 simulated data sets, to account for 223 

uncertainty in the estimator of frequency of strain A. Finally, we fitted linear models (LM) and 224 

generalised additive models (GAM) with the per-capita growth rate as response variable, and 225 

the densities �̂�𝑡−𝜏 of both strains or the total densities in mixtures as fixed effects (see Table S1 226 
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for details), on each of the 1000 simulated dataset, and then obtained combined estimates with 227 

standard error using Rubin’s rules (see Material S5). 228 

Exponential growth rate in the inhibitor assay 229 

We applied a generalised linear model on population densities (from day 2 to 5) of strain A 230 

monocultures in the PCD inhibitor assay, to estimate the growth rate during the exponential 231 

phase as in [24]. Here, time was included as a continuous explanatory variable, estimating the 232 

rate of exponential growth (linear trend on log scale), and interactions of time with the other 233 

fixed effects (i.e. inhibitor treatment and initial density) estimated effects of these factors on 234 

the maximal exponential growth. All statistical analyses were performed on Rstudio (R version 235 

4.2.0) using packages MASS (version 7.3.56) [37], stats (version 4.2.3), mvtnorm (version 236 

1.1.3), mgcv (version 1.8.33), mice (version 3.14) [38]. 237 

Results 238 

Population decline occurs repeatedly over successive hyper-osmotic shocks 239 

The population dynamics over the first 5 cycles of salinity are shown in Fig. 1. Soon after each 240 

hyper-osmotic transfer, monocultures of strain A first declined sharply (population size 241 

reduction averaged over 7-7d and 4-10d treatments and over 5 cycles: 72.5%, SD= 6.8%), 242 

before rebounding through fast growth, eventually reaching a similar density as monocultures 243 

of the non-declining strain C, consistent with results in [24]. The decline-rebound pattern of 244 

strain A was repeated over successive hyper-osmotic shocks, with a decline intensity that 245 

slightly increased over cycles (number of salinity cycles used as a continuous variable, Table 246 

S2, P = 0.044, red line in Fig. 1B). The same pattern was found regardless of cycle treatment 247 

(Fig. 1A & S3A), but the increase in decline intensity over cycles was not significant in the 7-248 

7d treatment (Table S2, P = 0.914). The persistence of decline intensity over cycles indicates 249 
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that this response is not a mere passive consequence of the elimination of cells in bad condition 250 

[24]. 251 

To investigate whether the declining strain could be maintained in competition with a 252 

non-declining one, we exposed mixed populations comprising both strains to the same 253 

succession of cycles. Based on the results of monocultures, we may predict that the declining 254 

strain A should outcompete the non-declining strain C, leading to a more marked decline over 255 

cycles in mixed population. However, more complex dynamics may play out in mixtures, for 256 

instance if strain C exhausts resources before A is able to rebound (priority effect [19]). Here 257 

mixed populations maintained a similar rate of decline (population size reduction averaged over 258 

7-7d and 4-10d treatments and over the 13 cycles: 45.6%, SD= 6.5%), intermediate between 259 

those of strain A and C monocultures (population size reduction averaged over 7-7d and 4-10d 260 

treatments and over 5 cycles: -4.3%, SD = 4.0%), across hyperosmotic shocks (Fig. 1B, Table 261 

S2, P = 0.913), suggesting that no strain was able to fully outcompete the other after 180 days.  262 

Strain frequencies fluctuate within a cycle but are stable over cycles 263 

To further understand how these demographic dynamics relate to selection, we estimated strain 264 

frequencies in the mixed populations by taking advantage of their phenotypic differences (as 265 

measured by flow cytometry), and using the monocultures from the same day as references 266 

(Fig. S1). Strain A frequency strongly fluctuated in the days following hyper-osmotic shock. It 267 

was pretty low shortly after the osmotic shock (averaged over 5 first cycles for the 4-10d 268 

treatment: 0.36, SD = 0.17), before increasing until it became dominant in the mixture at the 269 

end of the high salinity step (averaged over 5 first cycles for the 4-10d treatment: 0.64, SD = 270 

0.13, Fig. 2), in almost every cycle (Figs. 2 & S4). This pattern is consistent with what could 271 

be predicted from the decline-rebound pattern in population density observed in monocultures. 272 

In the control mixtures, in which the frequency of strain A was set to ~50% before each hyper-273 

osmotic shock, this frequency started at lower value than in long-term mixtures, when first 274 
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measured in the hypersaline environment (averaged for for the 4-10d treatment: 0.11, SD = 275 

0.04). This suggests that the proportion of strain A before the hyper-osmotic shock (in the 276 

previous low salinity step) was greater than 50% in the long-term mixtures. We confirmed the 277 

stable coexistence of both strains in all long-term mixtures by genetically detecting both strains 278 

after 13 salinity cycles (Fig. S5). 279 

Since strain A grows faster than strain C during its rebound phase (Fig. 1A; also [24]), 280 

we hypothesized that longer hypersaline phases would leave more time for A to outgrow C in 281 

mixed populations. However, the dynamics of strain A frequency in the 7-7d cycles was similar 282 

to that in 4-10d cycles, over the first 5 cycles (Fig. S3B, initial frequency 0.38, SD = 0.10) as 283 

well as in the last two cycles (Fig. S4). This suggests that 7 days were sufficient for strain A to 284 

reach high enough frequency at the end of each hypersaline phase (averaged over 5 first cycles 285 

for the 7-7d treatment: 0.68, SD = 0.09) to not be outcompeted at the next hyper-osmotic shock. 286 

This is also consistent with the stable frequency observed between days 7 and 10 under 4-10d 287 

cycles (Fig. 2), suggesting that differences in growth rates of both strains were no longer 288 

significant drivers of selection after 7 days. 289 

To what extent does demography explain selection? 290 

To further elucidate how these selective dynamics of changes in relative genotype frequencies 291 

emerge from demography, we calculated the density of each strain in the mixed populations 292 

from their estimated relative frequency (Material S4). The demographic dynamics of each strain 293 

in mixtures (Fig. 3, dashed lines) was qualitatively consistent with that in monocultures (Fig. 294 

3, solid lines). In the mixtures, strain A had lower density than strain C just after the hyper-295 

osmotic shock as a consequence of PCD (averaged over the 5 cycles for the 4-10d treatment: 296 

8,867 cells/ml, SD = 4,368 cells/ml vs 15,778 cells/ml, SD = 4,541 cells/ml), but its higher 297 

exponential growth rate during the rebound allowed it to reach higher density at the end of the 298 

hypersaline phase (averaged over the 5 cycles for the 4-10d treatment x1.7: 3.8x105 , SD = 299 
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6.2x104 vs 2.2x105 , SD = 8.8 x104 in Fig. 3; see also Fig. S4C). This growth advantage during 300 

rebound was more pronounced than expected based on monocultures: in Fig. 3, the dashed red 301 

line crosses the dashed black line earlier, and their final difference is larger, than for continuous 302 

lines (monocultures). This probably occurs because the density of each strain starts lower in 303 

mixtures than in monocultures (since they only compose half of the population), allowing 304 

growth differences to accrue over a longer exponential phase (Fig. 3, Fig. S4C). However, the 305 

outcome of this process should also depend on how density dependence acts within and between 306 

strains. 307 

To better understand how the growth of each strain is impacted by both intra and inter-308 

genotype competition in the mixtures, we calculated the sensitivity of their per-capita growth 309 

rates to population density (Fig. 4, Table S3 for LM 1, see Fig. S6 for 7-7d treatment). We 310 

observed a significant negative effect of self-density on the per-capita growth rate of each strain 311 

(P = 5.34e-08 and P = 2.48e-06, Table S3), a classic signature of negative density dependence 312 

(i.e., regulation of population growth). The model that included densities of both self and the 313 

competitor strain as predictors (LM 1) showed that both strains are more sensitive to their own 314 

density than to that of their competitor, but that this is more pronounced for strain A (x4.0 for 315 

𝑟𝐴 vs x2.5 for 𝑟𝐶, Table S3). Somewhat surprisingly, the linear model where the growth of strain 316 

A depends on the total density (LM 2, Table S4) performed poorly (higher AIC for LM 2 in 317 

Table S1), contrary to the expectation that for closely related strains, competition should depend 318 

on the total number of individuals, regardless their genotype. 319 

The fitted linear model (LM1) corresponds to the classic Lotka-Volterra model of 320 

competition, where the per-capita growth rate of the strain A is defined by  321 

𝑟𝐴 = 𝑎𝐴 − 𝑏𝐴 𝑁𝐴 − 𝑐𝐴𝑁𝐶,     (Eq. 1) 322 
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with 𝑎𝐴 the intercept of the linear model (growth rate of strain A when both strains are at low 323 

density), and 𝑏𝐴 and 𝑐𝐴 the slopes of density dependence relative to self and the competitor, 324 

respectively (Table S3) (exchanging subscripts A and C yields the reciprocal equation for strain 325 

C.) In this model, the criterion for coexistence of two types is that each one is able to grow 326 

when at low density while the other is at demographic equilibrium [39]. In terms of parameters 327 

of the statistical model, this translates for the growth rate of strain A to 328 

𝑟𝐴 = 𝑎𝐴 − 𝑐𝐴
𝑎𝐶

𝑏𝐶
> 0,        (Eq. 2) 329 

where 
𝑎𝐶

𝑏𝐶
 is the equilibrium population size of strain C in monoculture (satisfying 𝑟𝐶 = 𝑎𝐶 −330 

𝑏𝐶  𝑁𝐶 = 0). The reciprocal invasion condition for strain C is 𝑎𝐶 − 𝑐𝐶
𝑎𝐴

𝑏𝐴
> 0. Here we found 331 

𝑎𝐴 − 𝑐𝐴
𝑎𝐶

𝑏𝐶
= 0.98  and 𝑎𝐶 − 𝑐𝐶

𝑎𝐴

𝑏𝐴
= 0.67, so the model predicts coexistence of both species. 332 

Furthermore, the equilibrium densities of both strains at the end of the stationary phase can be 333 

found by jointly solving for 𝑟𝐴 = 0 and 𝑟𝐶 = 0, yielding  334 

𝑁𝐴,𝐸𝑞 =
𝑐𝐴𝑎𝐶 − 𝑎𝐴𝑏𝐶

𝑏𝐴 𝑏𝐶 − 𝑐𝐴𝑐𝐶
= 3.51e05 cells/ml  335 

𝑁𝐶,𝐸𝑞 =
𝑐𝐶𝑎𝐴 − 𝑎𝐶𝑏𝐴

𝑏𝐴 𝑏𝐶 − 𝑐𝐴𝑐𝐶  
= 2.63e05 cells/ml  336 

from the estimates in Table S3. From this, we expect the relative frequency of strain A at the 337 

end of the stationary phase to be 0.57, which is similar to the observed frequency at the end of 338 

each cycle (Fig. 2; average over 5 first cycles: 0.64). This shows that, although the rapid 339 

rebound that follows initial decline is critical to the maintenance of the PCD strain A, 340 

competition near the stationary phase is instrumental in stabilizing its frequency over cycles 341 

and promoting coexistence with the non-PCD strain C, largely independent of the initial 342 

decline-rebound dynamics. Similar conclusions were drawn using more flexible models 343 

(generalised additive models GAM, namely spline smoothers in the R package mgcv) that make 344 
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fewer assumptions about the shape of density dependence (continuous lines in Fig. 4, Table 345 

S1). 346 

How does a PCD inhibitor affect competition in mixtures?  347 

To demonstrate the role of programmed cell death (PCD) in these eco-evolutionary dynamics, 348 

we applied a caspase-3-like inhibitor to mixed populations composed of 50% of each strain, 349 

just before the underwent hyper-osmotic shock (Fig. S7). We estimated strain frequencies using 350 

monocultures as references, as explained above and in Material S4 (Figs. S7-S8), and then 351 

inferred the density of each strain in the mixtures (Fig. 5). While the treatment without inhibitor 352 

led to a sharp initial decline of strain A (estimated population size reduction in two hours of 353 

73.4%) as previously, no population decline was observed for strain A subjected to PCD 354 

inhibitor (estimated population size reduction in two hours of -10.0%), confirming that the 355 

initial decline was attributable to a form of programmed cell death (as also shown in [24]). 356 

Interestingly, the mean growth rate of populations of strain A that underwent initial decline 357 

(without inhibitor) was higher than that of populations that did not decline (with inhibitor), over 358 

a similar range of densities (in mixtures, compare slopes of red vs dashed red lines between eg 359 

days 2 and 5 in Fig. 5; for monocultures see Table S5 P = 3.55e-11). In addition, the initial 360 

density of strain A monocultures without PCD inhibitor did not affect their growth rate during 361 

the exponential phase (Table S5, P = 0.451), consolidating the idea that the demographic 362 

rebound after the decline is not just a density-dependence effect due to relaxed competition. 363 

Eventually, strain A in mixtures reached a similar density with and without inhibitor (Fig. 5). 364 

The population dynamics of the non-PCD strain C were similar under both conditions, despite 365 

its competitor having markedly different responses, supporting the idea that the growth of strain 366 

C is little sensitive to presence of the other strain. 367 
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Discussion 368 

We used a long-term competition experiment with two strains of the microalgae Dunaliella 369 

salina, one of which triggers programmed cell death (PCD) in response to hyper-osmotic shock, 370 

to investigate interconnected evolutionary ecology questions: (1) How can absolute fitness 371 

(population growth rate) of genotypes in isolation predict their relative fitness in competition, 372 

and thus the outcome of natural selection? (2) How does the outcome of this process depend on 373 

the demographic phase of population growth (exponential vs stationary), and what is the role 374 

of competition in long-term coexistence? (3) How can programmed cell death be maintained 375 

by selection, despite causing massive population decline? Our results provided important 376 

insights about all these questions, as we elaborate below.  377 

Relative and absolute fitness 378 

Being able to measure relative fitness is crucial in experimental evolution, but is technically 379 

challenging as it requires being able to distinguish competing genotypes [10,11,14]. Here, we 380 

took advantage of the natural pigment fluorescence to discriminate the two strains in mixtures, 381 

and thus estimate their frequencies and relative fitnesses. Our method based on analysis of 382 

mixture distributions (Material S4) allowed us to estimate frequencies more precisely, and at 383 

much lower cost, than using strain-specific amplicon sequencing (as done in [11] for the same 384 

strains). This allowed us to increase temporal resolution (daily measurements), thus yielding 385 

more insights into the non-trivial eco-evolutionary dynamics in this system.  386 

We have shown that the population dynamics in monocultures were broadly consistent with 387 

those of mixtures (Fig. 3), such that absolute fitness in monocultures partly predicted selection 388 

in mixtures. On the other hand, selection was strongly density-dependent, such that using 389 

exponential growth rates as proxies for fitness would not have been relevant to correctly 390 

estimate the net coefficient of selection over a cycle [5]. This was true regardless of the type of 391 
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cycle (Fig. S6), and even though the transfer to the next salinity was achieved when strains had 392 

experienced less time in the hypersaline phase in the 7-7d cycle. Therefore in our experiment, 393 

a selection coefficient defined from differences in exponential growth rates, even averaged over 394 

the decline-rebound pattern for strain A, would have failed to predict the outcome of selection 395 

even within a cycle. Instead, the relative strain frequencies were largely driven in the long run 396 

by differences in their competitive abilities.  397 

Long-term coexistence of alternative strategies 398 

Based on the competition-relatedness relationship, also known as the limiting similarity 399 

hypothesis  [2,40–42], we might expect that the two strains we studied should exert strong 400 

competition on each other, since they are closely related. From this principle, we might have 401 

predicted exclusion of the declining strain A over cycles, since it starts growing later and at 402 

much lower density following each hyper-osmotic shock, such that strain C would benefit from 403 

a priority effect. Interestingly, we found that instead of responding to the total population 404 

density (Table S1, see AIC for LM 2 and GAM 2), as expected for closely related genotypes, 405 

the growth rates of both strains A and C were mostly sensitive to their own densities. This 406 

suggests that these strains have different ecological strategies in the same environment, as also 407 

indicated by their strikingly different demographies (Fig 1A, Fig 3). Such different ecological 408 

strategies between strains might arise from the use of different resources, such as light 409 

wavelength or depth in water column, or from different affinities to the same nutrient, among 410 

other possible explanations. In any case, this weak sensitivity to each other’s presence allowed 411 

their stable coexistence over 13 cycles of salinity changes (Fig. 1B and DNA confirmation Fig. 412 

S3), consistent with the fact that they have been sampled in 1976 from the same brackish site 413 

[43]. Previous work has shown that strain A is almost neutral against strain C at constant salinity 414 

3.2M NaCl [11], but strongly counter-selected at constant 2.4M NaCl (our lower salinity here). 415 

Interestingly, although the dynamics of selection is here more complex because of the decline-416 
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rebound dynamics at each salinity rise, the long-term coexistence implies selective near-417 

neutrality across cycles, for a mean salinity of 3.2M NaCl per cycle. Hence, fluctuating and 418 

constant salinities with a same mean 3.2M led to similar net selection, but probably for different 419 

reasons owing to their different demographic dynamics. 420 

Selection on programmed cell death 421 

Beyond the general goal of understanding how selection emerges from demography, a major 422 

aim of our competition experiment was to determine whether, and how, selection can favour 423 

(or at least maintain) programmed cell death (PCD), a trait that seems detrimental since it leads 424 

to the death of individuals and the decline of populations. The distinctive decline-rebound 425 

pattern of strain A in response to osmotic shock was entirely removed by exposure to an 426 

inhibitor of caspase3-like activity (Fig. 5), confirming that it was a form of active death, or PCD 427 

(consistent with the results in [24]). A previous study with these strains has further shown that 428 

the intensities of decline and rebound were correlated across conditions, such that conditions 429 

more favourable to growth (more nutrients, more light) were associated to both steeper decline 430 

and greater rebound following hyperosmotic shock [24]. The ecological and/or physiological 431 

mechanisms behind the decline-rebound pattern, observed both in monocultures and in 432 

mixtures, remain to be elucidated. Three potential hypotheses were proposed in [24]: an 433 

altruistic release of substrate by the dying cells, heterogeneity in cell state, or a trade-off 434 

between halotolerance and reproduction. Further investigation of these hypotheses through 435 

modelling may help distinguish them, based on the dynamics they predict for both monocultures 436 

and mixtures.  437 

Regardless of the mechanism driving natural selection on this trait, our results demonstrate that 438 

a PCD-inducing strain can be maintained in competition against a closely related non-PCD 439 

strain, over numerous successive osmotic shocks. This maintenance clearly relies on the rapid 440 

demographic rebound that follows the sharp decline due to PCD, allowing strain A to recover 441 
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from its drastic initial demographic disadvantage and not be eliminated. On the other hand, the 442 

stable frequency of the PCD strain in the long run is mostly explained by competitive 443 

interactions at high density. These interactions seem largely unrelated to PCD per se, at least in 444 

our experimental conditions (e.g. amount of resources and duration of cycles). In fact these 445 

high-density dynamics are almost unchanged when PCD is shut off entirely (Figure 5). Overall, 446 

the interplay of these population dynamics at low and high density led to the maintenance of 447 

the PCD-inducing strain at high frequency. As a consequence, the mixed populations continued 448 

to exhibit marked decline following exposure to stress, even after 13 cycles of salinity rise. 449 

 In conclusion, we presented the first experimental evidence for evolutionary maintenance of 450 

programmed cell death in a unicellular organism, over many generations and multiple cycles of 451 

inductions by environmental stress. Our ability to distinguish genotypes in mixtures and track 452 

their population densities throughout the experiment allowed us to link selection and 453 

demography in a non-trivial ecological context. We could thus demonstrate that the decline-454 

rebound population dynamics of PCD led to strong frequency fluctuations within a cycle, while 455 

competition at high density largely explained stable frequency across cycles and long-term 456 

coexistence. 457 

458 
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Figures legends 563 

Figure 1. Demographic responses to successive salinity rises (4-10d fluctuation cycle). (A) 564 

Populations densities over the first five salinity cycles are shown for monocultures of strain A 565 

(red) and strain C (black), and long-term mixtures of A and C (blue). Small dots represent 566 

biological replicates (specific isogenic lines of each strain, and mixtures thereof), while large 567 

dots represent means over replicates (with SE not visible). Grey backgrounds correspond to the 568 

high salinity steps in a given cycle. (B) The estimated rate of initial decline one hour after the 569 

hyper-osmotic shock is shown over cycles, based on GLMs where the number of cycles was 570 

treated either as factor (dots), or as a continuous variable (lines). The star denotes p-value <0.1 571 

for the slope of decline rate against cycle number. 572 

Figure 2. Frequency of declining strain over 5 successive salinity rises (4-10d fluctuation 573 

cycle). The proportion of strain A in mixed populations, as estimated from the cytometric traits 574 

of cells, is shown against time for long-term mixtures (solid lines), and control mixtures (dotted 575 

lines) that were freshly composed by mixing 50-50% of each strain before each salinity rise. 576 

Means and 95% confidence intervals were obtained on the logit scale by inverse-variance 577 

weighting over the 10 population lines, to account for the variable uncertainty of estimates 578 

among biological replicates (isogenic lines of each strain), and back-transformed to the 579 

arithmetic scale using the delta method.580 
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581 

Figure 3. Growth rates in monocultures versus mixtures. Mean population densities across 582 

replicates in monocultures (solid lines; direct measurements), and long-term mixtures (dashed 583 

lines; inferred from the estimate of relative frequencies), averaged over the first 5 high salinity 584 

steps, are shown for the 4-10d fluctuation cycle. For the monocultures, we computed the mean 585 

and standard error (not visible) over 10 isogenic lines. For the mixtures, we used inverse-586 

variance-weighted mean (eq. S9, computed with the delta method) and 95% confidence 587 

interval, to account for variable precision in estimation of strain A frequency among biological 588 

replicates. The crosses at time 0 (overlapping for red and black) correspond to the expected 589 

initial densities for monocultures, based on the known density before the 10% dilution. 590 

Figure 4. Intra- and inter-strain competition. The per-capita growth rate of strain A (A-B) 591 

or strain C (C-D) is shown against the density of strain A (A, C) or strain C (B, D), in the 4-10d 592 

fluctuation cycle. Each point corresponds to the per-capita growth rate over the interval 593 

between two subsequent population measurements, plotted against density at the first 594 

measurement. The predictions from linear models (LM1, straight dashed lines and dark gray 595 

95% CI) and generalised additive models (GAM1, continuous lines and light gray 95% CI) are 596 

also shown, pooling estimates from 1000 resimulated datasets to account for uncertainty in r 597 

and N, and setting the density of the strain not represented in the x-axis to its median. We set 598 

the y-axis maximum to 2 for the sake of graphical clarity, which led to removing 2 dots in A-B 599 

(rA = 2.3; 3.9) and 1 in C-D (rC =2.4).  600 

Figure 5. Impact of a programmed cell death inhibitor on growth in competition. Densities 601 

of each strain (colours) in the mixtures are shown under different doses of PCD inhibitor (line 602 

type), against days following a single salinity rise. Transfers occur at day 0, and the first 603 

measurements were made 30 min, and then 2 hours after the transfer. The cross corresponds to 604 

the expected initial density. Filled symbols are weighted averages (accounting for uncertainty 605 
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in distinguishing the strains in mixtures) over 10 replicates, and error bars indicate confidence 606 

interval at 95. 607 
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