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Abstract 19 

Understanding the biodiversity–stability relationship has been a central challenge in ecology, 20 
yet experiments and theory return contradictory signs: more diverse communities are 21 
sometimes more stable, sometimes more fluctuating, and sometimes neither. Here we show 22 
that this relationship is not fixed but environment-dependent, by studying bacterial 23 
communities under daily dilutions across temperature (10–50 °C) and dilution-rate (10¹–10⁵) 24 
gradients. Communities exhibit two distinct fluctuation regimes: collective fluctuations and 25 
dominant-species fluctuations. In the collective fluctuation regime, many species interact and 26 
fluctuate together, and exhibit a positive diversity-instability relationship and turnover in the 27 
most abundant species. In the dominant-species fluctuation regime, only one or a few 28 
abundant species fluctuate and exhibit no significant diversity-instability relationship. Single 29 
species measurements show that the community fluctuation regime is determined by the 30 
balance between species growth and pH-mediated death. We developed a consumer-resource 31 
model with pH feedback reproducing both the fluctuation regimes and diversity–stability 32 
relationships observed in the experiment. We further tested our theoretical interpretation by 33 
performing another experiment tuning the dilution rate to shift between the same two 34 
regimes.  Our results thus show that two distinct environment-dependent ecological 35 
mechanisms and fluctuation regimes lead to different diversity–stability relationships. 36 
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Introduction 37 

How the biodiversity and stability of an ecological community arise from its species, and 38 
their shared environment is among the oldest questions in ecology. Its most enduring 39 
instance—whether greater diversity makes a community more or less stable—has divided 40 
ecologists for half a century. May’s theoretical analysis predicted that species dynamics in 41 
random interaction networks become less stable as they grow more diverse and more 42 
strongly connected (1, 2), whereas a long empirical tradition associated with Tilman and 43 
McCann found that diversity can stabilize aggregate ecosystem properties such as 44 
productivity (3–5). Conflicting diversity-stability relationships have also been observed in 45 
different natural ecosystems and experiments (6, 7). Many such contradictions have been 46 
shown to stem from inconsistent notions of diversity and stability, such as different levels of 47 
aggregation (9-11). Nevertheless, a central question remains: whether different diversity-48 
stability relationships can reflect distinct dynamical regimes, where instability may be driven 49 
by different ecological mechanisms such as environmental variations or species interactions. 50 
Microbial communities provide a tractable setting in which to address this question because 51 
diversity, environment and assembly can be manipulated directly while population dynamics 52 
are followed over many generations. In several synthetic microbial systems, instability 53 
increases with diversity or interaction strength, consistent with theoretical work showing that 54 
persistent fluctuations can be an emergent collective effect of sufficiently complex 55 
interactions (12-19). In such collective fluctuations, temporal variation occurs across many 56 
populations, and fluctuating communities are expected to be more diverse than stable 57 
communities within the same ensemble. This relationship, however, does not imply that 58 
every fluctuation in a diverse community has a collective origin, nor that diversity must 59 
predict instability under all environmental conditions. 60 
Here we asked how environmental conditions shape the relationship between diversity and 61 
temporal instability in bacterial communities. Temperature is a key environmental variable 62 
which can reshape microbial communities by altering cellular growth physiology and 63 
metabolic acclimation (20, 21), species interactions, and competitive outcomes (22-24), with 64 
consequences for community diversity and stability (25). Mortality and dilution is another 65 
important environmental variable which can produce systematic shifts in microbial 66 
community composition by changing which growth strategies are favored (26). Here, we 67 
studied microbial communities in different temperature conditions (10 to 50 °C). We found 68 
that varying temperature leads to both different ranges of diversity among surviving species, 69 
and different levels of correlation between diversity and instability, leading us to question the 70 
role of multi-species interactions in these relationships. Previous studies found that bacterial 71 
species notably interact by modifying and reacting to a shared abiotic variable such as pH 72 
(27, 28). We therefore characterized growth, pH modification and pH-induced within-cycle 73 
death of isolates to identify physiological features that could contribute to the observed 74 
fluctuating or stable dynamics. Species induce environmental deterioration (extreme pH) and 75 
therefore pronounced cell death (ecological suicide) (29) at higher temperatures (e.g. 40°C) 76 
than at optimal temperature (30°C). This strong within-cycle death rate can lead to single-77 
species biomass fluctuations over serial dilutions. We next developed a daily-passage 78 
consumer–resource model and found that coupling resource use to a shared pH variable and 79 
pH-associated death was sufficient to generate stable, collective and dominant-species 80 
dynamics. Finally, we varied dilution factor at fixed temperature to determine whether the 81 
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two fluctuation regimes also emerge along an environmental axis independent of 82 
temperature. The experiments establish environment-dependent fluctuation patterns; the 83 
model provides a possible dynamical interpretation rather than a direct identification of their 84 
experimental mechanism. 85 

Results 86 

Temperature reshapes community dynamics and the diversity–instability relationship 87 
We first tested how temperature alters the temporal dynamics of synthetic bacterial 88 
communities. Twelve communities, each assembled from a defined subset of a 25-isolate 89 
library, were inoculated at equal initial abundances into a complex medium containing 90 
glucose and urea (Fig. 1A; Materials and Methods). The isolate library spanned multiple 91 
phylogenetic groups (Fig. S1). Communities were propagated for ten daily passages by 1:30 92 
dilution at 10, 20, 30, 40, or 50 °C, with three biological replicates per condition. Limiting 93 
the experiment to ten cycles was suggested in previous studies (REF) to ensure reproducible 94 
results by avoiding the onset of evolutionary dynamics, at the cost of short time series. At 95 
every passage, we added a community-specific dispersal inoculum at an effective rate of 96 
approximately 10⁻⁶ to compensate for stochastic species extinctions. Daily measurements of 97 
optical density (OD), pH, and 16S rRNA amplicon composition allowed us to reconstruct 98 
biomass and species-resolved abundance trajectories. 99 
The endpoint community biomass was similar at 20, 30, and 40 °C but substantially lower at 100 
10 and 50 °C (Fig. 1B). Thus, communities at the three intermediate temperatures reached 101 
comparable biomass, even though their temporal dynamics differed markedly. The complete 102 
joint distributions of biomass and environmental pH over the temperature and dilution 103 
experiments are shown in Fig. S8. 104 
We estimated the absolute abundance of each species as the community OD multiplied by its 105 
16S relative abundance. Representative trajectories showed that the same inoculated 106 
community could be nearly stationary at one temperature but fluctuate strongly at another 107 
(Fig. 1C). Low temperature limited biomass accumulation, communities at 20 °C were 108 
comparatively stable, and multi-species fluctuations became prominent at 30 °C. At 40 °C, 109 
substantial temporal variation persisted despite reduced diversity, whereas at 50 °C only one 110 
or a few populations remained detectable and some trajectories approached collapse. The 111 
complete absolute- and relative-abundance trajectories across communities are shown in 112 
Figs. S2–S5. Temperature therefore changed the temporal dynamics of the constituent 113 
populations in addition to changing the total endpoint biomass. 114 
We quantified population instability over passages 8–10 using two complementary metrics 115 
(Fig. 1D; Materials and Methods). Population instability (CV) was defined as 116 
ΣᵢSDₜ[Nᵢ(t)]/Meanₜ[ΣᵢNᵢ(t)], whereas population instability (std) was the corresponding non-117 
normalized sum, ΣᵢSDₜ[Nᵢ(t)]. Both metrics quantify temporal variation across species and are 118 
distinct from variation in aggregate biomass. Absolute population variation was greatest at 119 
30–40 °C. At 10 °C, low mean biomass elevated the normalized CV even though the non-120 
normalized std remained small, indicating that these communities showed little absolute 121 
variation. Ranked instability distributions and sliding-window analyses supported the final-122 
three-passage summary (Figs. S9 and S10). 123 
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Diversity followed a different temperature dependence. the endpoint Shannon diversity was 124 
highest at 30 °C and lower at the other temperatures (Fig. 1E), a pattern that was robust with 125 
alternative diversity metrics (Fig. S11). In particular, communities at 40 °C were less diverse 126 
than those at 30 °C despite having population instability of similar magnitude. Population 127 
instability therefore could not be inferred from diversity alone. 128 
To compare diversity between communities with different levels of instability, we pooled all 129 
non-collapsed community–temperature observations, ranked them by population instability 130 
(CV), and divided them at the global median (Fig. 1F). At 20 and 30 °C, communities in the 131 
high-instability half were more diverse than those in the low-instability half (P < 0.001 for 132 
both comparisons), whereas no corresponding separation was evident at 10, 40, or 50 °C. 133 
Community 11 illustrates this contrast: the same two persistent species were comparatively 134 
stable at 20 and 30 °C but fluctuated strongly at 40 °C (Fig. S3). Strong fluctuations can 135 
therefore occur in a low-diversity community even when greater diversity is associated with 136 
greater instability under other environmental conditions. 137 

Temperature shifts the fluctuation regime through the growth–death balance 138 
We next examined the diversity–instability relationship continuously within each 139 
temperature (Fig. 2A). Shannon diversity and population instability were positively 140 
correlated at 20 °C (Spearman ρ = 0.53, P < 0.001) and 30 °C (ρ = 0.65, P < 0.001), but not 141 
at 10 °C (ρ = 0.07, P = 0.67), 40 °C (ρ = 0.19, P = 0.28), or 50 °C (ρ = 0.28, P = 0.46). The 142 
positive associations at 20–30 °C were broadly consistent across alternative metrics, with 143 
metric-specific exceptions at other temperatures (Fig. S12), and an accumulated-diversity 144 
representation provided a complementary descriptive view of the temperature trajectories 145 
(Fig. S19). Thus, the diversity–instability relationship changed from no detectable 146 
association at 10 °C, to a positive relationship at 20–30 °C, and back to no detectable positive 147 
association among non-collapsed communities at 40–50 °C. 148 
To identify physiological processes that could contribute to this regime shift of diversity–149 
instability relationship, we characterized within-cycle dynamics of the 16 most abundant 150 
isolates in monoculture, recording OD, viable cell density, and culture pH over 24 hours (Fig. 151 
2B). Representative isolates exhibited three outcomes. An acidifying isolate and an 152 
alkalinizing isolate both accumulated biomass and then lost several orders of magnitude of 153 
viable cells, whereas an isolate that returned toward a near-neutral pH retained high viability. 154 
In several trajectories, OD remained high after CFU (Colony-Forming Unit) count had 155 
declined, showing that the accumulated biomass did not necessarily represent the viable 156 
population available for the next passage. Additional temperature-resolved trajectories are 157 
shown in Fig. S13. These measurements link isolate-driven pH modification to within-cycle 158 
viability loss, although they do not distinguish pH stress from correlated physiological 159 
changes or accumulated metabolites. 160 
We operationally classified a trajectory as showing clear within-cycle death when viable 161 
density declined by at least 1 log₁₀ CFU ml⁻¹ after reaching its within-cycle maximum (Fig. 162 
2C; Materials and Methods). Across the 15 isolates with complete CFU measurements at 20, 163 
30, and 40 °C, a substantial fraction met this criterion. The individual trajectories and their 164 
grouped means showed that death could follow either acidification or alkalinization, and the 165 
side distributions summarized both the magnitude of end-to-peak viability loss and the final 166 
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pH of death and no-death trajectories. We therefore refer to this process as pH-associated 167 
death without attributing it to a particular direction of pH change or to pH alone. 168 
Temperature altered both growth and end-of-cycle survival. End-of-cycle biomass measured 169 
by OD did not differ significantly among 20, 30, and 40 °C (Fig. 2D), but end-of-cycle viable 170 
density declined with increasing temperature and was lowest at 40 °C (Fig. 2E). Over the 171 
same range, exponential-phase growth rate increased progressively (Fig. 2F). Faster growth 172 
at 40 °C therefore produced comparable accumulated biomass but a smaller viable population 173 
at transfer, supporting greater within-cycle viability loss rather than reduced biomass 174 
production. Additional analyses linked viability loss to both temperature and pH deviation 175 
(Fig. S14). 176 
Controlling the initial pH independently revealed broad, species-specific physiological 177 
sensitivity (Fig. 2G). Integrated growth was generally greatest near the central pH range and 178 
was reduced at acidic or alkaline extremes, although the response differed substantially 179 
among isolates; the underlying growth trajectories are shown in Fig. S15. Species therefore 180 
differed both in how they modified environmental pH and in how their growth responded to 181 
the pH changes generated by themselves or by other community members. 182 
Within-cycle viability loss provides a direct route from single-isolate physiology to inter-183 
passage dynamics. A population can accumulate substantial biomass but contribute a much 184 
smaller effective inoculum if most cells lose viability before transfer. Repeated growth, 185 
viability loss, dilution, and dispersal can then amplify differences in viable carry-over. When 186 
many species grow and persist, their shared environmental feedback couples multiple 187 
populations and can generate joint fluctuations. When environmental filtering leaves only 188 
one or a few persistent species, the same feedback acts primarily within a dominant 189 
population, allowing boom–bust dynamics without a diverse interaction network. Collapse 190 
and subsequent regrowth at 50 °C represent an extreme realization of this growth–death–191 
transfer sequence. 192 
We summarized these observations in a conceptual growth–death landscape (Fig. 2H). As 193 
temperature increased from 10 to 40 °C, both growth and within-cycle death increased, 194 
shifting communities from a low-growth, low-absolute-variation regime at 10 °C, through 195 
collective fluctuations that were most prevalent near the growth optimum at 20–30 °C, to 196 
dominant-species fluctuations at 40 °C. At 50 °C, growth was strongly suppressed for many 197 
species and collapse became more frequent, consistent with an extension of the dominant-198 
species regime into collapse–recovery dynamics. The temperature placements are ordinal 199 
rather than fitted, and collective and dominant-species fluctuations can coexist at the same 200 
temperature; environmental conditions change their relative prevalence rather than assigning 201 
every community to a unique state.  202 
Our results suggest that different fluctuation regimes in different temperature conditions. At 203 
temperatures favorable for the growth and persistence of many species, temporal variation is 204 
distributed across many coexisting species which interact with each other, producing 205 
collective fluctuations and a positive diversity–instability relationship. At high temperature, 206 
environmental filtering leaves fewer persistent species, and variation can instead be 207 
generated by one or a few dominant populations. Because these dominant-species 208 
fluctuations do not require a diverse interaction network, they need not be associated with 209 
increased community diversity. The thermal extremes were nevertheless distinct: 210 
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communities at 10 °C had low absolute variation, whereas communities at 50 °C frequently 211 
contained only one or a few detectable species and sometimes underwent collapse followed 212 
by dispersal-assisted regrowth. 213 
The isolate measurements identify environmental modification and within-cycle viability loss 214 
as prominent features of the culture system, but they do not determine the origin of any 215 
individual community trajectory. We therefore developed a consumer–resource model to test 216 
whether coupling resource use, a shared pH variable, and pH-associated death is sufficient to 217 
generate the three dynamical regimes and their contrasting diversity–instability relationships. 218 

A pH-coupled consumer–resource model generates contrasting fluctuation regimes 219 
The model describes species that compete for resources while jointly modifying a shared pH 220 
environment (Fig. 3A). Resource uptake produces species-specific growth and shifts pH 221 
according to resource-specific metabolic effects; deviation from each species' pH optimum 222 
produces pH-associated death. At the end of each 24-hour cycle, viable abundance is diluted 223 
and supplemented by dispersal, whereas resources and environmental pH are reset. This 224 
structure separates gross biomass production, which is compared with the experimental OD-225 
based abundance, from the viable population transferred to the next passage. 226 
The model generated stable, collective, and dominant-species dynamics (Fig. 3B). Stable 227 
communities converged to abundances that repeated across passages. Collective fluctuations 228 
involved persistent variation across many coexisting species when each species would be 229 
stable in isolation, whereas dominant-species fluctuations were concentrated in one or a few 230 
abundant populations. The within-cycle insets show how pH excursions and the resulting loss 231 
of viable cells can translate into passage-to-passage variation. These trajectories demonstrate 232 
behaviors that are possible within the model rather than assigning a unique mechanism to an 233 
experimental trajectory. 234 
We simulated 5,000 independently assembled communities at each point in the parameter 235 
space defined by mean growth rate and death strength h (S = 12, M = 24, R₀ = 1). Outcomes 236 
were classified from the final three passages using the same population-instability metric as 237 
in the experiment. A bimodal distribution separated stable from fluctuating non-collapsed 238 
communities, whereas simulations with persistently low biomass were classified separately 239 
as collapsed (fig. S16). The death-free control retained resource competition, pH 240 
modification, and pH-dependent uptake but removed pH-associated mortality. 241 
The fraction of fluctuating communities was greatest where both mean growth and death 242 
strength were high (Fig. 3C). In the death-free limit, surviving communities converged to 243 
stable trajectories, showing that growth and environmental modification alone were 244 
insufficient under the simulated passage protocol. Conditional on pH-associated death, faster 245 
growth increased resource consumption and pH modification, thereby strengthening the 246 
feedback through which viability loss destabilized carry-over. Growth and death therefore 247 
acted jointly to promote inter-cycle instability. 248 
The fluctuation-participation ratio showed that this unstable region contained two distinct 249 
organizations of temporal variation (Fig. 3D). At high growth and relatively moderate death, 250 
PR was comparatively high, indicating that variation was distributed across more species. 251 
This upper-left region of the parameter map corresponds to collective fluctuations: many 252 
species persisted, and modification of the shared environment by one population altered the 253 
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growth and survival conditions of others. Consistent with this community-level origin, 254 
assembling otherwise stable model monocultures could generate persistent irregular 255 
fluctuations involving multiple species (Fig. S18). At high death relative to growth, PR 256 
declined toward the lower-right region, showing that variation became concentrated in fewer 257 
populations. Strong environmental feedback could then destabilize a dominant population 258 
through its own pH modification, producing single-species boom–bust or collapse dynamics. 259 
These two fluctuation regimes produced different diversity–instability relationships (Fig. 260 
3E). We quantified a diversity ordering as ΔP = P(H_F > H_S) − P(H_F < H_S), where H_F 261 
and H_S are the Shannon diversities of fluctuating and stable communities assembled at the 262 
same parameter values. ΔP was positive in the high-growth, moderate-death region: a 263 
fluctuating community was more likely to be more diverse than a stable community, 264 
consistent with collective instability emerging from a complex multispecies network. As 265 
death increased relative to growth, ΔP approached zero and became negative, indicating that 266 
fluctuating communities were no more diverse, and could be less diverse, than stable 267 
communities. Instability in this region was generated primarily by one or a few dominant 268 
populations and therefore did not produce a positive diversity–instability relationship. Fixed-269 
growth slices through the parameter map showed the same progression (Fig. S17). 270 
We integrated the fluctuating fraction, participation ratio, and diversity ordering into a 271 
schematic dynamical map (Fig. 3F). Low death favors stable dynamics; high growth with 272 
moderate death favors collective fluctuations; stronger death relative to growth favors 273 
dominant-species fluctuations; and low growth with strong death increases the chance of 274 
collapse. The experimental temperatures are located only qualitatively on this graph: 10 °C 275 
lies near the low-growth stable region, 20–30 °C near the collective-fluctuation region, 40 °C 276 
near the dominant-species region, and 50 °C near its collapse boundary. The boundaries 277 
summarize continuous ensemble trends rather than transitions, and the model does not map 278 
any experimental temperature to a unique parameter combination. 279 

Dilution independently shifts the fluctuation regime and diversity-stability relationship 280 

The model predicts that the organization of population fluctuations depends on the 281 
opportunity for environmental feedback to develop within each passage, rather than on 282 
temperature itself. We therefore propagated 12 communities assembled from an independent 283 
36-isolate library for six daily cycles at 30 °C while varying the dilution factor from 10¹ to 284 
10⁵ (Fig. 4). Under weaker dilution, greater population carry-over allowed communities to 285 
reach high density earlier and spend more of each cycle in a late stationary-phase state. 286 
Stronger dilution reduced the initial abundance and delayed the return to high density, 287 
thereby shortening the time spent under late-cycle conditions. Species-resolved analyses used 288 
the one complete sequenced replicate available for each community–dilution combination, 289 
and the full trajectories are shown in Figs. S6 and S7. Because dilution also changes 290 
bottleneck strength, demographic noise, and initial abundance, this experiment perturbs 291 
several processes affecting within-cycle feedback and cannot be interpreted as a direct 292 
manipulation of the model death parameter h. 293 

Both normalized and non-normalized population instability decreased overall as the dilution 294 
factor increased (Fig. 4A). Thus, communities experiencing the weakest dilution—and 295 
therefore the greatest population carry-over—showed the largest inter-passage fluctuations. 296 
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Although stronger dilution could in principle increase demographic noise or amplify discrete-297 
time effects, the observed trend was in the opposite direction. This suggests that its dominant 298 
effect in our experiment was to buffer the consequences of community-driven environmental 299 
modification. By delaying entry into stationary phase, stronger dilution likely reduced the 300 
time communities experienced extreme pH and associated viability loss before transfer, 301 
resulting in less pH-associated death, more consistent viable carry-over, and smaller 302 
fluctuations across passages. Endpoint Shannon diversity showed no corresponding 303 
monotonic trend across dilution factors (Fig. 4B). Passage conditions therefore altered 304 
population instability without producing a parallel change in endpoint diversity, further 305 
showing that diversity alone does not determine the magnitude of temporal variation. 306 

We next related population instability to accumulated Shannon diversity, which summarizes 307 
the breadth and evenness of the populations contributing over the full analysis window (Fig. 308 
4C). Rather than forming a single diversity–instability relationship, the observations revealed 309 
two characteristic regimes. In the upper, high-diversity branch, accumulated diversity 310 
showed a positive association with population instability, and the corresponding trajectories 311 
exhibited turnover among multiple fluctuating populations. In the lower, low-diversity 312 
branch, no clear diversity–instability relationship was evident, and fluctuations were 313 
repeatedly concentrated in one or a few dominant populations. These patterns correspond, 314 
respectively, to the collective-fluctuation and dominant-species fluctuation regimes identified 315 
in the temperature-gradient experiment. Marker shapes showed that collective fluctuations 316 
occurred across the dilution gradient, whereas dominant-species fluctuations were more 317 
frequent under weaker dilution. The heuristic thresholds at population instability (CV) = 0.25 318 
and accumulated diversity = 0.8, together with the shaded regions, are descriptive guides 319 
linking observations to representative trajectories; they do not define fitted clusters or phase 320 
boundaries. 321 
Changing the dilution factors at a fixed temperature therefore shifted both the magnitude and 322 
the organization of population fluctuations. Most importantly, the same two diversity–323 
instability regimes observed across temperature re-emerged along this independent 324 
environmental axis: collective fluctuations were associated with a positive diversity–325 
instability relationship, whereas dominant-species fluctuations showed no clear relationship.  326 

Discussion 327 

Our study reframes the diversity–stability question as one of fluctuation organization: 328 
environmental conditions change not only how strongly a community varies, but also 329 
whether that variation is distributed across many populations or concentrated in one or a few 330 
dominant populations. These alternatives have different ecological origins. Collective 331 
fluctuations are emergent properties of multi-species coupling, whereas dominant-species 332 
fluctuations can be inherited from the dynamics of populations in isolation. The resulting 333 
diversity–instability relationship is therefore not an intrinsic property of the community; it is 334 
an emergent property of the coupled community–environment system. Collective and 335 
dominant-species regimes should be viewed as endpoints of a continuum whose relative 336 
prevalence shifts with the environmental context, rather than as mutually exclusive states. 337 
In the collective regime, the same conditions that permit many species to coexist can also 338 
couple their dynamics through resource use and modification of a shared environment(8, 19). 339 
Realized diversity then expands the number of pathways through which changes in one 340 
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population alter the growth or survival of others, providing a route from ecological 341 
complexity to endogenous temporal fluctuations (12-18). This interpretation does not require 342 
diversity itself to causally increase instability. Instead, coexistence and broad  participation in 343 
fluctuations can be joint consequences of the same environmental conditions and interaction 344 
structure. Thus, the mechanistically informative signature of collective fluctuations is 345 
therefore not high diversity or large variance alone, but temporal variation distributed across 346 
many coexisting populations. Additional hallmarks of collective fluctuations include turnover 347 
in the identity of dominant species and contrasts with the stability of individual populations 348 
grown in isolation. The experimental patterns are consistent with this interpretation, and the 349 
model shows that shared environmental feedback is sufficient to generate it; neither 350 
establishes the detailed interaction network operating in each experimental community. 351 
The dominant-species regime reveals a distinct route to population-level instability. 352 
Environmental filtering can leave one or a few populations whose physiology and self-353 
generated environmental feedback produce large changes in viable abundance. Rapid 354 
biomass accumulation followed by substantial within-cycle viability loss can, in principle, 355 
generate boom–bust dynamics across transfers without a diverse interaction network (15, 16). 356 
Under these conditions, diversity is not required for fluctuation, and further filtering can 357 
reduce diversity while variation remains strong. Conversely, a weak diversity–instability 358 
relationship under slow-growth conditions can arise because little absolute variation 359 
develops. The same null correlation can therefore conceal two opposite dynamical 360 
situations—quiescent low-growth communities and strongly fluctuating low-diversity 361 
communities—showing why the correlation sign alone cannot identify the mechanism. 362 
Distinguishing them requires information about absolute variation, fluctuation participation, 363 
and the dynamics of candidate dominant species. 364 
The growth–death–transfer balance provides a useful mechanistic coordinate system for 365 
understanding how environmental conditions shift the prevalence of these regimes. Growth 366 
renews biomass and accelerates resource consumption and environmental modification, 367 
whereas death translates environmental excursions into changes in viable carry-over. 368 
Transfer, in turn, determines how strongly these within-cycle effects propagate to the next 369 
cycle. In principle, more severe dilution could amplify fluctuations through two mechanisms: 370 
by increasing stochasticity in the smaller transferred populations and by making population 371 
dynamics more discontinuous—and therefore more similar to discrete-time maps, which can 372 
readily exhibit cycles or even chaos. However, our experiment shows that increasing dilution 373 
suppresses fluctuations, suggesting that its dominant effect in our experiment is to attenuate 374 
the carry-over of environmental modifications.  375 
 Our analysis concerns population-level instability, not variability of ecosystem function. In a 376 
collective regime, temporal asynchrony (turnover in which species dominates) allows large 377 
population fluctuations to coexist with relatively stable aggregate output. (10, 11, 19)In a 378 
dominant-species regime, functional consequences depend on whether ecosystem output is 379 
controlled by the fluctuating dominant taxon or buffered by other populations. A positive 380 
diversity–instability association at the population level therefore need not imply a similar 381 
impact on functional stability (3–6, 30-33). Connecting fluctuation regimes to functional 382 
stability requires joint measurements of species-level covariance and aggregate output. 383 
The longstanding diversity–stability debate has persisted in part because studies conducted in 384 
different environments and at different observational scales have reported positive, negative, 385 
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or absent relationships (1–7, 25, 30-33, 37-39). Our findings suggest that such contrasts need 386 
not reflect a single universal effect of diversity obscured by noise. Instead, within serially 387 
passaged microbial communities, environmental conditions altered the dynamical origin of 388 
temporal variation: when fluctuations were broadly distributed among coexisting 389 
populations, instability tended to be associated with higher diversity, whereas fluctuations 390 
carried by one or a few dominant populations decoupled diversity from instability and, in the 391 
model, could make fluctuating communities equally or less diverse than stable communities. 392 
The observed diversity–stability pattern was therefore contingent on which fluctuation 393 
regime prevailed rather than being a fixed property. Whether environment-dependent 394 
fluctuation regimes similarly determine diversity–stability relationships beyond microbial 395 
microcosms remains an open question. Future work should test this framework across spatial 396 
and temporal scales, levels of biological organization, trophic structures, and natural 397 
ecosystems(40), while jointly measuring population-level variation and aggregate ecosystem 398 
functions. 399 
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 501 
Fig. 1. Temperature reshapes fluctuation patterns and their relationship with diversity. (A) Experimental 502 
design: twelve synthetic communities assembled from a 25-isolate library were propagated by daily 1:30 serial 503 
dilution for 10 cycles at five temperatures (10–50 °C), with an approximately 10⁻⁶ community-specific dispersal 504 
pool added at each cycle; OD, pH and 16S rRNA amplicon composition were recorded daily. (B) Endpoint 505 
biomass (OD) across temperatures. Biomass was similar at 20–40 °C and lower at 10 and 50 °C. (C) 506 
Representative daily species-level abundance trajectories (OD × 16S relative abundance) for two communities 507 
at each temperature. (D) Population instability over the final three passages, quantified as 508 
ΣᵢSDₜ[Nᵢ(t)]/Meanₜ[ΣᵢNᵢ(t)] (CV, left) and ΣᵢSDₜ[Nᵢ(t)] (std, right; mean ± s.e.m.). (E) Shannon diversity at each 509 
temperature; points are colored by population instability (CV) and the line shows the mean. (F) Shannon 510 
diversity after ranking all community–temperature combinations by population instability (CV) and dividing 511 
them at the global median. Fluctuating communities were more diverse than stable communities at 20 and 30 °C 512 
but not at 40 °C (***P < 0.001, one-sided Wilcoxon rank-sum test). 513 

514 
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 515 
Fig. 2. Temperature-dependent diversity–instability relationships and single-isolate physiology. (A) 516 
Shannon diversity versus population instability (CV) at each temperature. Spearman ρ and P values are shown; 517 
the relationship was positive at 20 and 30 °C and not significant at 10, 40 or 50 °C. (B) Representative within-518 
cycle trajectories of monoculture OD₆₀₀, viable count and medium pH over 24 hours, illustrating pH 519 
modification associated with different degrees of viability loss. (C) Viable-count trajectories for 45 isolate–520 
temperature combinations from the 15 isolates with complete CFU measurements, classified as showing clear 521 
within-cycle death (≥1 log₁₀ decline after the within-cycle maximum) or no clear death; side distributions show 522 
the end-to-peak CFU ratio and final pH. The threshold is operational and does not establish pH as the sole cause 523 
of death. (D) End-of-cycle biomass (OD₆₀₀), which did not differ significantly among 20, 30 and 40 °C. (E) 524 
End-of-cycle viable count (CFU ml⁻¹), which decreased with temperature. (F) Exponential-phase growth rate, 525 
which increased with temperature (***P < 0.001). (G) Integrated growth of 15 isolates across initial medium 526 
pH, showing heterogeneous pH sensitivity. (H) Schematic organization of the experimental conditions by 527 
growth and within-cycle death. Temperature placements are ordinal, and collective and dominant-species 528 
fluctuations may coexist within a condition. 529 
 530 
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 531 
Fig. 3. A pH-coupled consumer–resource model generates contrasting fluctuation patterns. (A) Daily-532 
passage model in which species consume resources, modify a shared pH variable and experience species-533 
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specific pH-gated growth and pH-associated death (Eqs. 1–5). (B) Representative stable, dominant-species and 534 
collective model trajectories. Main panels show passage-to-passage biomass, and insets show within-cycle pH 535 
and population dynamics. (C–E) Ensemble summaries across mean growth rate ⟨rᵢ⟩ and death strength h with S 536 
= 12, M = 24, R₀ = 1 and 5,000 random communities per parameter point. Metrics were calculated from the final 537 
three passages; h = 0 is the death-free reference and the main analysis spans h = 0.03–0.15. (C) Fraction of 538 
communities classified as fluctuating from the bimodal distribution of population instability (CV). (D) 539 
Normalized fluctuation-participation ratio, PR = (Σᵢσᵢ)²/(SΣᵢσᵢ²), among fluctuating communities. (E) Pairwise 540 
probability difference in Shannon diversity, ΔP = P(H_fluctuating > H_stable) − P(H_fluctuating < H_stable). 541 
(F) Schematic dynamical summary of panels C–E. Boundaries are guides to continuous ensemble trends rather 542 
than fitted transitions, and experimental temperatures are placed ordinally rather than mapped to unique 543 
parameter values. 544 

545 
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 546 
Fig. 4. Dilution factor independently reveals collective and dominant-species fluctuations. Synthetic 547 
communities assembled from a 36-isolate library were propagated at 30 °C across daily dilution factors from 548 
1:10¹ to 1:10⁵. (A) Population instability (CV and std) over the final three passages across dilution factors (mean 549 
± s.e.m.). (B) Shannon diversity across dilution factors; points are colored by population instability (CV) and 550 
the line shows the mean. (C) Accumulated Shannon diversity versus population instability (CV) across all 551 
communities. Marker shape denotes dilution factor. Shaded regions are descriptive guides corresponding to 552 
stable communities, collective fluctuations with high accumulated diversity and dominant-species fluctuations 553 
with low accumulated diversity. Insets show representative species-abundance trajectories. 554 
 555 
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