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Our study aims to identify the “right 
variables” that describe the emergent 
dynamics of living systems—nonlinear and 
complex functions of naive ones. How can 
such variables be identified in the face of 
immense biological and abiotic 
complexity? We approach this challenge in 
the context of microbial ecosystems, 
specifically, nitrogen cycling in soil 
microbiomes, guided by three principles. 
First, we focus on collective metabolism 
rather than species abundances, shifting 

from traditional ecological models to a phenomenological mathematical framework based on quantitative 
metabolic measurements in natural soil settings. Second, rather than reducing complexity, we preserve the 
full biotic and abiotic landscape by integrating quantitative metabolic measurements with modeling in 
intact farmland soil microcosms. Third, we emphasize that microbial dynamics must be understood in 
relation to environmental context, as organisms adapt across multiple timescales. Using large-scale surveys 
of natural topsoil microbiomes, we experimentally 
characterize and mathematically model how 
collective metabolic dynamics vary with pH, a key 
factor in denitrification. 

Our results reveal three functional phases of 
microbial ecosystems—growth, stationary, and 
death— with transitions dictated by environmental 
pH. Near native soil pH, the system exists in a 
carbon-limited stationary phase. Strikingly, our 
findings suggest that pH adaptation occurs through 
pH-dependent carbon release from the soil, eliciting 
a near-linear, low-dimensional metabolic response. 
Under highly basic conditions, a resurgent growth phase emerges, driven by the proliferation of previously 
low-abundance strains, whereas extreme acidity leads to microbiome collapse and metabolic decline.  
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