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Materials and Methods 16 
 17 
Bacterial isolates, media and culturing conditions 18 
 19 
Two libraries of bacterial isolates were used: a 25-isolate library for the temperature 20 
experiment and an independent 36-isolate library for the dilution-factor experiment. The 21 
isolates were derived from bacteria isolated from maize seeds and from soil collected in 22 
Shenzhen, China. The taxonomic composition and phylogenetic relationships of both 23 
libraries are shown in fig. S1. Isolates were purified by dilution plating on LB broth agar and 24 
picking single colonies, identified from 16S rRNA gene sequences, and stored as glycerol 25 
stocks (25% glycerol) at -80 °C. 26 
 27 
Experimental communities were cultured in Base Medium (BM): 1 g L⁻¹ yeast extract and 1 28 
g L⁻¹ soytone from Becton Dickinson, 10 mM sodium phosphate, 0.1 mM CaCl₂, 2 mM 29 
MgCl₂, 4 mg L⁻¹ NiSO₄ and 50 mg L⁻¹ MnCl₂, with the initial pH adjusted to 6.5. For the 30 
temperature experiment, BM was supplemented with 5 g L⁻¹ glucose and 4 g L⁻¹ urea. For 31 
the dilution-factor experiment, BM was supplemented with 10 g L⁻¹ glucose and 8 g L⁻¹ urea. 32 
All media were filter sterilized using Bottle Top Filtration Units. 33 
 34 
Both monocultures and communities were grown in sealed 96-deep-well plates. 35 
Temperature-experiment plates were incubated at 10, 20, 30, 40 or 50 °C and shaken at 600 36 
r.p.m. Dilution-factor-experiment plates were incubated at 30 °C and shaken at 1,000 r.p.m.  37 
 38 
Pre-cultures, community assembly, daily dilutions, dispersal, and biomass measurements 39 
 40 
Before all community-assembly and monoculture experiments, each isolate was inoculated 41 
individually into BM and cultured for 24 hours. Aliquots from these 24-hour pre-cultures 42 
were then inoculated into the corresponding target medium. For the temperature experiment, 43 
12 synthetic communities were assembled from defined subsets of the 25-isolate library. The 44 
pre-grown monocultures were mixed to establish equal initial representation of the 45 
community members, and each community-temperature combination was established in three 46 
biological replicates.  47 
 48 
The temperature experiment was extended for 10 daily growth and transfer cycles. At each 49 
passage, the cultures were thoroughly mixed and 20 μL of community culture was transferred 50 
into 600 μL of fresh medium. A 6-μL dispersal inoculum was added to each well. The 51 
dispersal pool for each community was prepared only from the isolates belonging to that 52 
community's species pool and was diluted to give an effective dispersal rate of approximately 53 
10⁻⁶.  54 
 55 
For the dilution-factor experiment, 12 synthetic communities were assembled from the 36-56 
isolate library and propagated at 30 °C under daily dilution factors of 10¹, 10², 10³, 10⁴ or 10⁵. 57 
Each community-dilution combination contained three biological replicates and was 58 
propagated for six 24-hour cycles. Each passage contained 540 μL of fresh medium, 60 μL of 59 
community inoculum prepared at the designated dilution factor, and 6 μL of community-60 
specific dispersal inoculum at an effective rate of approximately 10⁻⁶. Community and 61 



dispersal inoculum were diluted in tenfold steps by transferring 20 μL into 180 μL of sterile 62 
phosphate-buffered saline (PBS) until the designated dilution was reached. 63 
 64 
At the end of each daily cycle, cultures were homogenized and transferred to flat-bottom 96-65 
well plates for optical-density measurements at 600 nm. Community OD was measured using 66 
100 µl per well for the temperature experiment and 180 µl per well for the dilution-factor 67 
experiment; monoculture OD was measured using 150 µl per well. Sterile medium was used 68 
for background correction. The remaining culture was stored at -80 °C for subsequent DNA 69 
extraction where applicable. 70 
 71 
Community pH was measured at the end of each growth cycle. Raw OD values were 72 
corrected by subtracting experiment-specific sterile-medium backgrounds (0.035 for the 73 
temperature experiment and 0.040 for the dilution-factor experiment), with negative 74 
corrected values set to zero. Species-level absolute abundance was reconstructed from the 75 
corrected OD and the sequencing-derived relative abundance: 76 

Nᵢ(t)	=	OD(t)	×	qᵢ(t) 77 
where qᵢ(t) is the relative abundance of species i at passage t. 78 
 79 
Monoculture physiology across temperatures 80 
 81 
The 16 isolates with the highest abundance across the temperature experiment were selected 82 
for within-cycle physiological characterization at 20, 30 and 40 °C. For each isolate and 83 
temperature, a common inoculum was distributed among 12 parallel wells so that the culture 84 
volume remained identical at each sampling time. Each well contained 600 µl of fresh 85 
medium inoculated with 20 µl of a 24-hour BM pre-culture. A common baseline was 86 
measured at 0 hours, after which one well was destructively sampled every 2 hours from 2 to 87 
24 hours for OD₆₀₀, viable-cell density and culture pH. OD and pH were available for all 16 88 
isolates. CFU measurements were absent for Staphylococcus sp.1 (species 10); analyses that 89 
required viable-cell counts, including the cross-temperature summary panels, therefore used 90 
the 15 isolates with complete CFU records. The parallel wells represent destructive time 91 
points, not biological replicates. 92 
 93 
Viable-cell density was quantified by tenfold serial dilution in sterile PBS, transferring 20 µl 94 
of culture into 180 µl of PBS at each step. Five-microliter aliquots were spotted onto TSB-95 
agar plates and incubated at room temperature for 24 hours. Counts were converted to CFU 96 
per milliliter by multiplying by the reciprocal dilution and by 200, the conversion from a 5-97 
microliter spot to 1 ml. Colonies were counted at dilutions with clearly separated colonies; 98 
values below the countable range were recorded using the lower-limit convention in the 99 
source worksheet. Clear within-cycle death was defined operationally as a decline of at least 100 
1 log₁₀ CFU ml⁻¹ from the within-cycle maximum to a subsequent minimum. This is a 101 
descriptive threshold; no within-isolate significance test was applied to a single destructively 102 
sampled trajectory. 103 
 104 
Maximum growth rate was calculated from background-corrected OD over 0-24 hours. A 105 
linear model was fitted to ln(OD - 0.035) in every three-consecutive-time-point window, and 106 
the largest slope was retained as rₘₐₓ. End-of-cycle biomass and viable-cell density were the 107 



24-hour OD and CFU measurements. Viability loss was summarized as log₁₀[CFU(24 108 
h)/CFUₘₐₓ]. For analyses of death kinetics, the maximum death rate was the largest decline in 109 
log₁₀ CFU between consecutive 2-hour samples after the within-cycle maximum, provided 110 
that the total post-maximum decline reached 1 log₁₀. The pH deviation associated with a 111 
trajectory was calculated relative to pH 6.5 at the onset of the detected decline, or at 24 hours 112 
when no clear decline was detected. 113 
 114 
Physiological responses to initial pH 115 
 116 
To characterize species-specific responses to initial pH, the assayed isolates were inoculated 117 
into BM containing 5 g l⁻¹ glucose and 4 g l⁻¹ urea and adjusted to initial pH 3, 5, 7, 9 or 11. 118 
Growth curves were recorded for 24 hours using an automated growth-curve reader. The area 119 
under the background-corrected OD curve was calculated as an integrated measure of 120 
growth. This automated-reader assay was used only for the initial-pH experiment. One 121 
trajectory is shown for each plotted isolate-pH combination; time-resolved measurements 122 
within a trajectory were not treated as independent replicates. 123 
 124 
DNA extraction, 16S rRNA sequencing and data analysis 125 
 126 
Community composition was measured by 16S rRNA amplicon sequencing. In the 127 
temperature experiment, biological replicate 1 was sequenced across all 10 passages. 128 
Replicates 2 and 3 were sequenced primarily over the terminal sampling window. The final 129 
temperature feature table contained 924 samples: 600 from replicate 1 and 162 from each of 130 
replicates 2 and 3. Coverage of replicates 2 and 3 at 50 °C was incomplete because many 131 
cultures had collapsed; only measured samples with matched OD were used as observations. 132 
In the dilution-factor experiment, one biological replicate for each of 12 communities at five 133 
dilution factors was sequenced on all six passages, giving 360 sequenced samples. 134 
 135 
For the temperature experiment, DNA was extracted with the Zymo Research Quick-DNA 136 
Fungal/Bacterial 96 Kit. The V4-V5 region was amplified with primers 515F 137 
(GTGCCAGCMGCCGCGGTAA) and 907R (CCGTCAATTCMTTTRAGTTT) and 138 
sequenced as paired-end reads. Two sequencing batches were processed separately in QIIME 139 
2 (release 2023.9) (32). Primers were removed with cutadapt using --discard-untrimmed, 140 
after which DADA2 paired-end denoising was run with trim-left 0/0, truncation lengths 141 
228/205 bp and maximum expected errors 2/2 (33). Feature tables and representative 142 
sequences were merged only after batch-specific denoising. The resulting table contained 143 
5,628 ASVs across 924 samples. Temperature-experiment ASVs were annotated by local 144 
BLAST against the NCBI 16S ribosomal RNA database, retaining hits with at least 90% 145 
identity and 70% query coverage (35). 146 
 147 
For the dilution-factor experiment, the sequencing company supplied demultiplexed, primer-148 
trimmed clean FASTQ files for the V4 515F-806R amplicon. These files were imported 149 
directly as single-end Phred33 reads; no paired-read merging or additional primer removal 150 
was performed in our pipeline. DADA2 denoise-single was run in QIIME 2 2023.9.2 with 151 
trim-left 0, truncation length 250 bp, maximum expected errors 2, quality truncation 2, 152 
independent pooling, consensus chimera removal and 1,000,000 reads for error-model 153 



learning (33). Taxonomy was assigned with the SILVA 138 NR99 515F-806R classifier at a 154 
confidence threshold of 0.7 (34). The final table contained 2,176 ASVs across 360 samples 155 
and 35,614,246 non-chimeric reads. 156 
 157 
ASV consolidation, isolate matching and abundance reconstruction 158 
 159 
The same deterministic post-processing pipeline was applied to both experiments. ASVs 160 
were ranked by total reads in the analysis samples, and the 45 most abundant ASVs were 161 
considered for species reconstruction. Relative-abundance profiles were normalized within 162 
these 45 ASVs. Candidate ASV pairs were joined only when they belonged to the same 163 
informative genus and met one of two rules: (i) Pearson r > 0.95 together with sequence 164 
identity at least 0.99 or a minor-to-major total-read ratio no greater than 0.30; or (ii) sequence 165 
identity at least 0.995, Pearson r at least 0.90, presence Jaccard similarity at least 0.85 and a 166 
minor-to-major read ratio no greater than 0.30. Connected components of accepted pairwise 167 
links defined species-level units, within which raw read counts were summed; the highest-168 
read ASV was retained as the representative sequence. A unit was retained for a community 169 
when it exceeded 1% relative abundance in at least three analysis samples or reached 5% in 170 
any sample. This produced 25 retained species-level units for the temperature experiment 171 
(three merged ASV pairs) and 38 for the dilution-factor experiment (four merged pairs and 172 
one three-ASV group). Unmeasured worksheet slots filled with a value of 1 for spreadsheet 173 
compatibility were not treated as experimental sampling events. 174 
 175 
For downstream analyses, only retained units assigned to the defined species pool of a 176 
community were used. Their counts were renormalized to sum to 100% within each 177 
measured sample, then multiplied by matched background-corrected OD to reconstruct 178 
species-level absolute abundance. Temperature ASV ranking, grouping and presence calls 179 
used all W1-W4 samples and OD-supported W5 samples; noise-dominated W5 samples from 180 
collapsed cultures were excluded from those steps. Amplicon-derived relative abundance 181 
remains subject to extraction, amplification and 16S copy-number biases and should not be 182 
interpreted as an exact cell-number fraction. The defined isolate pools, expected-community 183 
filter and agreement of retained trajectories across repeated samples limit contamination 184 
effects, but uncertainty from both sequencing proportions and OD propagates into 185 
reconstructed absolute abundance. 186 
 187 
Definition and quantification of experimental population dynamics 188 
 189 
Shannon diversity was calculated from all retained taxa in a measured sample. The 1% 190 
relative-abundance threshold was used only for richness and survival-fraction calculations 191 
and was not used to remove rare taxa from the Shannon probability distribution. For the 192 
primary temperature analysis, endpoint Shannon diversity was calculated from day 10; the 193 
corresponding endpoint for the dilution-factor experiment was day 6: 194 

H(t) = −Σᵢ qᵢ(t) ln[qᵢ(t)] 195 
where qᵢ(t) is the renormalized relative abundance of species i. Accumulated Shannon 196 
diversity was calculated by pooling reconstructed absolute abundance over the analysis 197 
window (days 8–10 for temperature and days 4–6 for dilution). Days with total reconstructed 198 



abundance below 0.05 were excluded from pooling so that sequencing noise from a collapsed 199 
sample could not create artificial diversity. The pooled fraction was 200 

qᵢ,acc = Σₜ Nᵢ(t) / [ΣⱼΣₜ Nⱼ(t)], 201 
and Hacc = −Σᵢ qᵢ,acc ln(qᵢ,acc). Hacc therefore captures the number and evenness of 202 
populations that contributed over the sampled window, including temporal turnover that can 203 
be missed by an endpoint value. 204 
 205 
Population instability was calculated from species-resolved absolute abundance after daily 206 
renormalization of the retained species to 100%. For species i, σᵢ = SDₜ[Nᵢ(t)] was the sample 207 
standard deviation across the analysis window. Population instability (CV) and population 208 
instability (std) were defined as 209 

population instability (CV) = Σᵢσᵢ / Meanₜ[ΣᵢNᵢ(t)] 210 
population instability (std) = Σᵢσᵢ. 211 

Both metrics were evaluated over days 8–10 for the temperature experiment (replicates 1-3) 212 
and days 4–6 for the dilution-factor experiment (the sequenced replicate). They are sums of 213 
population-level temporal variation and are not the CV or standard deviation of total OD. 214 
Aggregate-biomass CV and std were calculated separately from the OD time series for 215 
robustness analyses. A trajectory was classified as collapsed when mean total reconstructed 216 
abundance over the window was below 0.05; collapsed W5 temperature trajectories were 217 
assigned zero diversity and instability for condition-level summaries but excluded from 218 
within-temperature rank correlations. Figure 1F ranked all non-collapsed temperature 219 
observations by population instability (CV) and divided the global ranking into equal high- 220 
and low-instability halves. Temperature-specific associations were evaluated continuously by 221 
Spearman rank correlation. Binary trajectory displays used an operational population-222 
instability threshold of 0.25; continuous correlations and the global-median analysis do not 223 
depend on this threshold. 224 
 225 
For the dilution-factor experiment, the accumulated-Shannon-diversity versus population-226 
instability plane was divided descriptively at population instability (CV) = 0.25 and Hacc = 227 
0.8. Low-instability trajectories were labeled stable. High-instability trajectories with high 228 
Hacc generally showed turnover among multiple populations and were described as 229 
collective fluctuations, whereas high-instability trajectories with low Hacc were repeatedly 230 
dominated by one or a few populations and were described as dominant-species fluctuations. 231 
These shaded regions organize the observed trajectories; they were not obtained by 232 
unsupervised clustering and do not imply discrete dynamical classes. 233 
 234 
Replication and statistical units in experimental analyses 235 
 236 
The temperature experiment comprised 180 community-temperature replicate time series (12 237 
communities × 5 temperatures × 3 biological replicates). Species-resolved final-window 238 
analyses used each replicate as a statistical unit when matched sequencing and OD were 239 
available. Replicate 1 was sequenced throughout the 10-passage experiment; replicates 2 and 240 
3 contributed terminal-window observations. The processed feature table contained 924 241 
samples rather than the nominal 960 because sequencing coverage of replicates 2 and 3 was 242 
incomplete at 50 °C. Long-trajectory analyses used replicate 1 only. 243 
 244 



The dilution-factor experiment comprised 180 biomass time series (12 communities × 5 245 
dilution factors × 3 biological replicates). Only one biological replicate per community-246 
dilution combination was sequenced through all six passages, producing 60 complete 247 
composition time series and 360 sequenced samples. All species-resolved quantities in Fig. 4, 248 
including population instability, Shannon diversity and accumulated diversity, use this 249 
sequenced replicate and its matched OD trajectory. The other two replicates contribute only 250 
to analyses based solely on OD or pH and are not independent compositional replicates. 251 
 252 
For monoculture physiology, one destructively sampled time course was collected for each 253 
isolate-temperature combination; parallel wells were time points rather than replicate 254 
cultures. OD and pH were measured for 48 isolate-temperature trajectories (16 isolates × 3 255 
temperatures), whereas CFU-dependent analyses used 45 trajectories (15 isolates × 3 256 
temperatures) because species 10 lacked CFU measurements at all temperatures. Cross-257 
temperature tests treated isolate identity as the paired biological unit. For the initial-pH 258 
experiment, one growth trajectory is shown for each plotted isolate-pH combination; time 259 
points within a trajectory were not treated as independent replicates. 260 
 261 
pH-coupled consumer-resource model 262 
 263 
We modeled S microbial species competing for M resources during repeated 24-hour growth 264 
and transfer cycles. Species abundance, resource concentration, the shared environmental pH 265 
and cumulative biomass production were denoted Nᵢ, Rα, p and Bᵢ. Their within-cycle 266 
dynamics followed Eqs. 1–4: 267 
 dNᵢ/dt	=	Nᵢ[rᵢ(T)	Σα	Iᵢα(Rα,p)	−	µᵢ(T,p)] (1) 
 dRα/dt	=	−Σᵢ	Nᵢ	rᵢ(T)	Iᵢα(Rα,p) (2) 
 dp/dt	=	Σᵢ	Nᵢ	Σα	rᵢ(T)	γα	Iᵢα(Rα,p) (3) 
 dBᵢ/dt	=	Nᵢ	rᵢ(T)	Σα	Iᵢα(Rα,p) (4) 
The environment-dependent death rate was defined by Eq. 5: 268 
 µᵢ(T,p)	=	h(T)[p	−	pₒₚₜ,ᵢ]² (5) 
Here pₒₚₜ,ᵢ is the pH optimum of species i and h controls the strength of pH-associated death. 269 
Resource uptake followed pH-gated Monod kinetics, Iᵢα(Rα,p) = fᵢαRα/(Kₘ + Rα) φᵢ(p), with 270 
Kₘ = 0.3. The triangular tolerance function φᵢ(p) = max[0, 1 - |p - pₒₚₜ,ᵢ|/pₜₒₗ] had pₜₒₗ = 2 pH 271 
units. Each species consumed six randomly selected resources with Dirichlet(1,...,1) 272 
preference weights; its growth coefficient rᵢ scaled this preference vector. Each resource had 273 
a coefficient γα specifying how its consumption changed the shared pH. For each simulated 274 
community, γα values were drawn independently from Normal(0, 3²), held fixed over all 275 
passages of that community, and redrawn for the next community. Species could therefore 276 
affect one another through both resource depletion and the shared pH variable. 277 
 278 
Nᵢ represents viable abundance carried through the within-cycle dynamics, whereas Bᵢ 279 
records cumulative gross biomass production. Growth contributes to both variables, but death 280 
is subtracted only from Nᵢ. Bᵢ is reset to zero at the beginning of each passage and is not 281 
transferred. The primary model-ensemble analyses use Bᵢ as the readout compared with the 282 
experimentally reconstructed OD-based abundance; Nᵢ determines viable carry-over. 283 
 284 



At the end of each cycle, abundances below 10⁻⁷ were set to zero and populations were 285 
transferred as Nᵢ,next = f(Nᵢ,end + D), with f = 1/30 and D = 10⁻⁶. Resources were reset to R₀ 286 
= 1 for each of the 24 resources and pH was reset to pₑₙᵥ = 7. Abundances below 10⁻¹² after 287 
transfer were treated as zero. The h = 0 reference removes pH-associated death while 288 
retaining resource competition, pH modification and pH gating of uptake. 289 
 290 
Model parameterization, numerical integration and ensemble simulations 291 
 292 
The main ensemble used S = 12 species and M = 24 resources. Species growth rates were 293 
drawn as rᵢ = ⟨rᵢ⟩ max(1 + 0.3 Zᵢ, 0), with Zᵢ standard normal, and pH optima were drawn 294 
independently from Uniform(5.5, 8.5). The parameter grid contained 100 mean-growth 295 
values from 0 to 1 and 100 h values from 0 to 0.15. Figure 3 focuses on h = 0.03–0.15, with h 296 
= 0 shown as the death-free reference. At every grid point, 5,000 independently assembled 297 
communities were simulated. The resource preferences, growth-rate deviations, pH optima 298 
and γα values constituted quenched disorder: they were fixed during a community trajectory 299 
and resampled between ensemble members. 300 
 301 
Within-cycle ordinary differential equations were integrated for 24 model hours with 302 
scipy.integrate.solve_ivp using LSODA (relative tolerance 10⁻⁶, absolute tolerance 10⁻⁹ and 303 
maximum step 0.48 h), with BDF as a fallback when LSODA did not converge (36). The 304 
right-hand side was compiled with Numba. Each community was propagated for 30 305 
passages; the final 10 endpoints were saved, and all primary classification, participation and 306 
diversity-ordering statistics were calculated from the final three passages. Independent 307 
deterministic seeds were generated as seed_base + (i_r + 1) × 1,000,000 + (i_h + 1) × 10,000 308 
+ (i_ensemble + 1), permitting exact regeneration of each member. 309 
 310 
Definition of stable, fluctuating and collapsed model trajectories 311 
 312 
Classification used Bᵢ over the final three passages. Model population instability (CV) was 313 
defined exactly as in the experimental analysis, ΣᵢSDₜ[Bᵢ(t)]/Meanₜ[ΣᵢBᵢ(t)]. A simulation was 314 
classified as collapsed when its mean total B over the window was below 10⁻³. Among non-315 
collapsed simulations, population instability (CV) greater than 0.1 defined a fluctuating 316 
trajectory and lower values defined a stable trajectory. The empirical distribution of model 317 
population instability was bimodal across the analyzed ensemble, supporting this operational 318 
separation (fig. S16). Shannon diversity was calculated from the final-passage Bᵢ distribution 319 
after setting Bᵢ values at or below 10⁻³ to zero. Parameter points with fewer than 10 stable or 320 
10 fluctuating communities were left blank in between-class maps. 321 
 322 
Fluctuation participation 323 
 324 
For each fluctuating simulation, σᵢ was the temporal standard deviation of species i's Bᵢ over 325 
the final three passages. The normalized fluctuation-participation ratio was 326 

PR = (Σᵢσᵢ)² / (SΣᵢσᵢ²). 327 
PR ranges from 1/S when temporal variation is concentrated in one species to 1 when all S 328 
species contribute equally. PR measures how broadly variation is distributed; it does not 329 
measure synchrony, phase relationships or compensation. 330 



 331 
Pairwise probability difference in diversity 332 
 333 
At each parameter point with at least 10 stable and 10 fluctuating non-collapsed simulations, 334 
one member was drawn conceptually from each subset and their final-passage Shannon 335 
diversities were compared. The reported effect size was 336 

ΔP = P(H_F > H_S) − P(H_F < H_S). 337 
Here H_F and H_S denote the final-passage Shannon diversities of a fluctuating and a stable 338 
simulation, respectively. ΔP ranges from −1 to 1. Positive values mean that a randomly 339 
selected fluctuating simulation is more likely to be more diverse than a randomly selected 340 
stable simulation; values near zero indicate no consistent ordering. All fluctuating-stable 341 
pairs in the 5,000-member ensemble were represented through the equivalent rank-biserial 342 
statistic; ties contribute zero. ΔP is an ensemble-level effect size, not a correlation coefficient 343 
and not an assignment of dynamical origin to an individual trajectory. 344 
 345 
Schematic dynamical summary (Fig. 3F) 346 
 347 
Figure 3F summarizes three continuous ensemble quantities: the fluctuating fraction, 348 
normalized PR among fluctuating communities and ΔP. At moderate h, fluctuations were 349 
relatively uncommon but broadly distributed among species and ΔP was positive. At larger h, 350 
fluctuations were more frequent, participation declined and ΔP approached zero. Separate S 351 
= 1 simulations and explicit constituent-monoculture trajectories were used to determine 352 
whether instability could occur without community assembly, whereas S = 24 and alternative 353 
resource-supply and γα distributions tested structural robustness (fig. S18). 354 
 355 
The regions and boundaries in Fig. 3F are schematic guides to these continuous trends, not 356 
fitted transitions or a classification imposed on every simulation. 'Collective fluctuation' 357 
denotes the part of the parameter range with broader participation and positive diversity 358 
ordering; 'dominant-species fluctuation' denotes ranges in which variation is more 359 
concentrated and diversity no longer orders stable and fluctuating ensembles. Both patterns 360 
can occur near the same parameter values. 361 
 362 
Relationship between experimental conditions and model parameters 363 
 364 
The notation rᵢ(T) and h(T) permits temperature dependence in principle, but no function 365 
mapping temperature to either parameter was fitted. Experimental temperatures were placed 366 
only ordinally in the schematic summary using measured growth and end-of-cycle viability 367 
patterns. Temperature changes growth, pH modification, stress tolerance and other traits 368 
simultaneously, so the placement is not a mechanistic assignment of an experimental 369 
trajectory to a unique model coordinate or fluctuation form. 370 
 371 
Model controls and robustness analyses 372 
 373 
The h = 0 sweep served as the death-free resource-competition reference. S = 1 simulations 374 
quantified monoculture instability, and S = 12 and S = 24 ensembles tested the dependence 375 
of the maps on species-pool size. The main S = 12 ensemble used γα ~ Normal(0, 3²), R₀ = 1 376 



and six-resource preference vectors. Additional ensembles varied S, the γα distribution and 377 
variance, and resource supply. These controls assess whether the qualitative progression from 378 
stable dynamics to broadly shared and then more concentrated fluctuations persists, rather 379 
than whether boundary coordinates are invariant. 380 
 381 
The primary metrics use the final three passages. The final 10 saved passages were retained 382 
for trajectory inspection and window sensitivity, but were not substituted for the three-383 
passage PR reported in the main analysis. Classification robustness was checked against the 384 
continuous bimodal distribution of model population instability and the independent collapse 385 
criterion (fig. S16). Fixed-growth slices expose the same h-dependent trends without relying 386 
on interpolation across the two-dimensional parameter grid (fig. S17). 387 
 388 
The dilution-factor experiment was not fitted by changing a single model parameter. Dilution 389 
changes carry-over, initial abundance and time spent at high density simultaneously, whereas 390 
h changes only the strength of the model death term. Agreement between their qualitative 391 
trends is therefore interpreted as consistency between two serial-passage systems, not as a 392 
calibrated correspondence between dilution factor and h. 393 
 394 
Statistical analysis 395 
 396 
Analyses were implemented in Python and R from the scripts archived with the source data. 397 
Spearman rank correlations were calculated separately within each temperature using non-398 
collapsed observations. The global high- versus low-instability comparison in the analysis 399 
code used an unpaired one-sided Wilcoxon rank-sum test for the directional hypothesis that 400 
the high-instability half had greater diversity; Benjamini-Hochberg-adjusted values were also 401 
written by the script. Continuous between-condition analyses report both t tests and 402 
Wilcoxon tests, with Benjamini-Hochberg correction within each metric, experiment and 403 
analysis window. Differences in fluctuating proportions were evaluated by Fisher's exact test 404 
and an uncorrected two-sample proportion test; dilution trends were evaluated with a 405 
binomial generalized linear model for binary outcomes and a linear model for continuous 406 
outcomes. Monoculture temperature comparisons were paired by isolate. Paired t tests were 407 
used when Shapiro-Wilk tests supported normality of paired differences and paired Wilcoxon 408 
signed-rank tests otherwise. OD and growth-rate comparisons were two-sided. Directional 409 
CFU comparisons were one-sided on log₁₀ CFU; changes smaller than 1 log₁₀ were treated as 410 
plate-counting ties in that analysis. No independent replicate was inferred from destructive 411 
time points. Exact n and the statistical unit are reported in the corresponding methods and 412 
legends. 413 
 414 
Data and code availability 415 
 416 
Raw clean FASTQ files, exported ASV tables and sequences, species-level Excel tables, 417 
community OD and pH measurements, monoculture OD-CFU-pH trajectories, processed 418 
source data and the analysis and simulation scripts will be deposited in a public repository 419 
before publication. The archived model package will include the configuration files, 420 
deterministic seed rule and scripts used to reproduce the ensemble summaries. 421 
  422 



Supplementary Text 423 
 424 
Interpretation of collective and dominant-species fluctuations 425 
 426 
Collective and dominant-species fluctuations are phenomenological descriptions of how 427 
temporal variation is distributed among populations. In a collective fluctuation, several 428 
coexisting populations contribute appreciably to the trajectory. In a dominant-species 429 
fluctuation, most temporal variation is concentrated in one or a few abundant populations. 430 
The two forms are endpoints of a continuum and can coexist within the same environmental 431 
condition; neither label identifies a mechanism from an experimental trajectory alone. 432 
 433 
PR and ΔP provide complementary ensemble summaries. PR quantifies the number of 434 
populations contributing variation within a model trajectory, whereas ΔP asks whether 435 
diversity tends to be ordered between fluctuating and stable ensembles at the same parameter 436 
values. High PR with positive ΔP is consistent with collective fluctuations being more 437 
prevalent; low PR with ΔP near zero is consistent with variation being concentrated in fewer 438 
populations. These statistics do not prove the origin of an individual fluctuation, and PR does 439 
not distinguish synchronous from compensatory variation. 440 
 441 
Interpretation of the model growth-death parameter space 442 
 443 
Within the model, mean growth controls renewal during a passage and h controls how 444 
strongly deviation from a species' pH optimum reduces viable abundance. At h = 0, surviving 445 
communities converged under the simulated serial-passage protocol. At moderate h, 446 
environmental modification supplied an additional channel of coupling among species; 447 
fluctuations were rare but often involved several populations, and fluctuating communities 448 
were more likely to be diverse. At larger h, single-species oscillation or collapse became 449 
more frequent, and community variation could be dominated by a population that became 450 
unstable after reaching high abundance. These are behaviors generated by the equations, not 451 
demonstrations of the mechanism in the experiment. 452 
 453 
The parameter space should not be read as a claim that temperature changes only growth and 454 
death. Temperature can alter resource uptake, metabolic products, pH tolerance and 455 
interactions simultaneously. The model also treats acidification and alkalinization 456 
symmetrically: pH is reset to 7, pH optima are sampled uniformly from 5.5 to 8.5, and death 457 
is quadratic in the deviation from each optimum. This symmetry is an ensemble-design 458 
simplification. The experimental medium began at pH 6.5, and acidifying and alkalinizing 459 
trajectories need not be physiologically equivalent. 460 
 461 
Interpretation of the dilution-factor experiment 462 
 463 
The dilution-factor experiment tests whether the two fluctuation forms recur at a fixed 464 
temperature along an independent propagation axis. Figure 4C is not an unsupervised 465 
classification. The shaded areas denote low-instability trajectories, high-instability 466 
trajectories with high accumulated diversity and multispecies turnover, and high-instability 467 
trajectories with low accumulated diversity and repeated dominance by one or a few 468 



populations. Representative trajectories connect positions in this plane to the underlying 469 
composition time series. 470 
 471 
Dilution factor changes carry-over abundance, bottleneck strength, demographic noise, the 472 
time required to reach high density and the duration of late-cycle environmental feedback. 473 
Within the tested range, stronger dilution gives populations more time to grow from low 474 
density before the next high-density phase and was associated with lower inter-passage 475 
population instability. Because these effects are coupled, the experiment does not isolate 476 
within-cycle death or establish that any one process caused the observed trend. The 477 
enrichment of dominant-species fluctuations at lower dilution is therefore a descriptive result 478 
that is qualitatively consistent with, but not a direct test of, the model interpretation. 479 
 480 
Robustness and scope of the central conclusions 481 
 482 
The experimental diversity-instability result was examined with endpoint, mean-daily and 483 
accumulated Shannon diversity, richness and Simpson-type measures, and with normalized 484 
and unnormalized population-instability measures. Sliding windows that all ended on the 485 
final experimental day tested sensitivity to the starting passage, while the final-three-passage 486 
window was retained as the primary definition. Aggregate-biomass variation and temporal 487 
Bray-Curtis dissimilarity were analyzed separately and were not substituted for population 488 
instability. 489 
 490 
Model robustness focused on the continuity of the ensemble trends across species-pool size, 491 
resource supply and pH-modification distributions, the operational stability and collapse 492 
criteria, and fixed-growth slices through h. The most specific mechanistic example compared 493 
each constituent monoculture with the assembled community under identical quenched traits: 494 
all monocultures were stable, whereas the assembled high-diversity community showed 495 
persistent irregular fluctuations (fig. S18). This example establishes emergence within the 496 
model realization; it does not identify the cause of the experimental fluctuations. 497 
  498 
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 511 

 512 
Fig. S1. Taxonomic composition and phylogeny of the two isolate libraries. (A) The 25-513 
isolate library used in the temperature experiment. (B) The 36-isolate library used in the 514 
dilution-factor experiment. Tip labels report taxonomic assignments; branch lengths indicate 515 
relative phylogenetic distance, and colors distinguish higher taxonomic groups. 516 

517 



 518 
Fig. S2. Species-resolved absolute-abundance trajectories for Communities 1-6 across 519 
temperature. Bars show reconstructed absolute abundance (background-corrected OD × 520 
sequencing relative abundance) for replicate 1 over 10 passages; columns are 10, 20, 30, 40 521 
and 50 °C. Colors identify retained species-level units. 522 

523 



 524 
Fig. S3. Species-resolved absolute-abundance trajectories for Communities 7-12 across 525 
temperature. Plotting conventions are as in fig. S2. 526 

527 



 528 

 529 
Fig. S4. Species relative-abundance trajectories for Communities 1-6 across 530 
temperature. Bars are normalized within each measured sample. 531 

532 



 533 
Fig. S5. Species relative-abundance trajectories for Communities 7-12 across 534 
temperature. Plotting conventions are as in fig. S4. 535 

536 



 537 
Fig. S6. Species-resolved absolute-abundance trajectories for Communities 1-6 across 538 
the dilution-factor experiment. Columns show daily dilution factors from 10¹ to 10⁵ at 30 539 
°C; bars show the sequenced replicate over six passages. 540 
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 542 
Fig. S7. Species-resolved absolute-abundance trajectories for Communities 7-12 across 543 
the dilution-factor experiment. Plotting conventions are as in fig. S6. 544 

545 



 546 
Fig. S8. Relationship between pH and biomass across propagation conditions. (A) All 547 
community measurements across the five temperatures; color denotes passage day 1-10. (B) 548 
All measurements across dilution factors 10¹–10⁵ at 30 °C; color denotes passage day 1-6. 549 

550 



 551 
Fig. S9. Ranked distributions of population instability (CV). (A) Temperature conditions. 552 
(B) Dilution factors. (C) Pooled rankings within each experiment. The dashed line marks the 553 
operational value 0.25 used for binary trajectory displays; orange and purple denote values 554 
above and below this guide, respectively. 555 

556 



 557 
Fig. S10. Sensitivity of population instability to the analysis window. (A) Temperature 558 
experiment: mean population instability for windows ending on day 10 as the first included 559 
day was shifted from day 1 to day 8. (B) Between-replicate compositional distance over days 560 
8–10 versus population instability in the temperature experiment. (C) Dilution-factor 561 
experiment: analogous windows ending on day 6 with starting days 1-4. Orange and purple 562 
show trajectories classified above and below 0.25 from the final-three-passage window; 563 
points and error bars are mean ± s.e.m. 564 
 565 
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 567 
Fig. S11. Robustness of the temperature-dependent dynamics to alternative summary 568 
measures. (A) Absolute variation of aggregate biomass, abundance-weighted log-scale 569 
population variation and mean temporal Bray-Curtis dissimilarity. (B) Richness, mean-daily 570 
Shannon diversity and accumulated Shannon diversity. (C) Diversity summaries after 571 
division into high- and low-instability groups. Points show individual community-replicate 572 
observations where applicable; lines and error bars show mean ± s.e.m. 573 
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 575 
Fig. S12. Diversity-instability associations across alternative diversity and instability 576 
metrics. Columns correspond to 10, 20, 30, 40 and 50 °C. Rows show richness versus 577 
population instability (CV), mean Shannon diversity versus population instability (CV), 578 
Shannon diversity versus population instability (std), and Shannon diversity versus 579 
population instability (CV). Correlation coefficients and P values are shown in each panel; 580 
solid colored fits mark significant associations and dashed fits non-significant associations. 581 
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 583 
Fig. S13. Representative within-cycle monoculture trajectories. OD₆₀₀, pH and CFU 584 
measurements are shown for three selected isolates at 20, 30 and 40 °C. Each time point was 585 
obtained from a separate destructively sampled well; lines connect measurements from the 586 
same isolate-temperature trajectory. 587 
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 589 
Fig. S14. Temperature and pH associations of within-cycle viability loss. (A) End-of-590 
cycle OD₆₀₀ divided by log₁₀-transformed CFU density for the 15 isolates with CFU 591 
measurements at 20, 30 and 40 °C. Points show isolates; open circles and error bars show 592 
mean ± s.e.m.; brackets denote the directional paired comparisons specified in the statistical 593 
methods. (B) Maximum within-cycle death rate versus the absolute pH deviation from 6.5. 594 
Maximum death rate was the largest decline in log₁₀ CFU between consecutive 2-hour 595 
samples after the within-cycle maximum and was set to zero unless the total post-maximum 596 
decline reached 1 log₁₀. Dashed lines are predictions from the linear model containing pH 597 
deviation and temperature; the inset reports the adjusted R2 and one-sided coefficient tests. 598 
Colors denote temperature. Staphylococcus sp.1 was omitted because no CFU series was 599 
available. 600 
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 602 
Fig. S15. Isolate growth responses to initial pH. OD₆₀₀ trajectories were recorded for 24 603 
hours in BM adjusted to initial pH 3, 5, 7, 9 or 11. Colors identify the isolate trajectories 604 
shown in the legend. 605 
 606 
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 608 
Fig. S16. Operational separation of model outcomes. (A) Distribution of model population 609 
instability (CV) calculated from Bᵢ over the final three passages, showing a stable bimodal 610 
structure across the ensemble. (B) Distribution of final-passage species biomass, used 611 
together with mean total B to distinguish surviving from collapsed simulations. Main 612 
analyses used population instability (CV) > 0.1 for fluctuating non-collapsed trajectories and 613 
mean total B < 10⁻³ for collapse. 614 
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 616 
Fig. S17. Fixed-growth slices through the model parameter map. The fluctuating fraction, 617 
normalized participation ratio among fluctuating communities and ΔP are shown as h 618 
increases from 0.03 to 0.15 at mean growth rates ⟨rᵢ⟩ = 0.40 (A) and 0.80 (B). All quantities 619 
were computed from the final three passages of the S = 12, M = 24, R₀ = 1 ensemble. 620 



 621 
Fig. S18. Robustness of model ensemble trends to alternative parameterizations. 622 
Columns show the fraction of fluctuating communities, the normalized fluctuation-623 
participation ratio (PR) among fluctuating communities, and the pairwise probability 624 
difference in Shannon diversity between fluctuating and stable communities (ΔP). Rows 625 
show the primary parameterization (S = 12, γα ~ N(0, 3²), R₀ = 1), an expanded species pool 626 
(S = 24, γα ~ N(0, 3²), R₀ = 1), and altered pH-modification variance and resource supply (S 627 
= 12, γα ~ N(0, 5²), R₀ = 0.5). Across these parameterizations, increasing within-cycle death 628 
strength increased the prevalence of fluctuations, reduced their participation across species, 629 
and weakened or reversed the diversity ordering between fluctuating and stable communities. 630 



 631 
Fig. S19. Model robustness and examples of emergent fluctuation. The parameter maps 632 
show the fluctuating fraction, normalized participation ratio and ΔP for the main S = 12 633 
ensemble and for ensembles with S = 24 or an alternative γα variance and resource supply. 634 
Parameter changes shift quantitative boundaries but retain the qualitative change in 635 
fluctuation participation and diversity ordering. The trajectory panels show two quenched-636 
disorder realizations in which every constituent monoculture remains stable over 30 637 
passages, whereas assembly of the same 12 species produces persistent irregular multispecies 638 
fluctuations; the lower panels show the corresponding end-of-cycle pH. These examples 639 
establish emergence within the model, not the mechanism of an experimental trajectory. 640 
 641 
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 643 
Fig. S20. Descriptive organization of temperature trajectories in the accumulated-644 
diversity versus population-instability plane and its sensitivity to alternative diversity 645 
summaries or analysis subsets. Marker shape denotes temperature. Background regions are 646 
visual guides based on population instability (CV) = 0.25 and diversity = 0.8 and are not 647 
clustering results. 648 


