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Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies) uses a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods. Our goal 
is to understand how human activity associated with energetic processes - in particular, 
contamination and climate change - is affecting the ecology of critical soil, groundwater, 
and aquifer systems.  

Despite decades of debate, many fundamental questions regarding the ecological drivers of 
community assembly remain unanswered. Classical stress gradient theory in ecology discussed 
the role of different deterministic forces (abiotic filtering, biotic interactions, etc.) under different 
degrees of stresses, however, we still know little about the basic question how deterministic 
versus stochastic forces vary along stress gradients, particularly in microbial ecology. The 
groundwater in the Oak Ridge Integrated Field Research Challenge site (FRC, Oak Ridge, TN) 
has large geochemical gradients and has been comprehensively surveyed, providing a rare 
opportunity to examine ecological processes and drivers shaping subsurface microbial diversity. 
Groundwater samples were taken from 98 wells that covered the geochemical diversity across 



the site. Collected samples and wells were analyzed for 205 environmental (spatial and 
geochemical) variables. Aliquots (4 L) were filtered through 10-µm and 0.2-µm pore size filters, 
DNA was extracted from 0.2-µm filters and the 16S rRNA genes were sequenced on an Illumina 
MiSeq sequencer. We have applied various approaches to further disentangle the mechanisms 
controlling community assembly (stochasticity vs determinism) based on this dataset. Although 
some interesting trend of ecological stochasticity are found using previous reported approaches, 
the algorithms have inherent limitations and the accuracy of the estimation was doubtable. To 
address the challenge, we proposed a general mathematical framework to provide quantitative 
assessment of ecological stochasticity under different situations in which deterministic factors 
drive the communities more similar or dissimilar than null expectations. We developed a new 
normalized index, followed by testing it with simulated communities considering abiotic 
filtering, biotic interactions, environmental noise, and spatial scales. Comparing to previous 
approaches, the new index (NST) showed obviously higher accuracy and precision, of which the 
coefficients were over 0.9 in most simulated scenarios. However, all approaches showed limited 
performance at large spatial scale or under very high environmental noise. We then applied the 
new index to an empirical study on groundwater microbial community succession in response to 
emulsified vegetable oil (EVO) injection at FRC, with expected trend of ecological stochasticity 
has been supported by various evidences. The new index revealed that community assembly 
processes were shifted from deterministic to highly stochastic post-EVO input, and that, as EVO 
is consumed, the groundwater communities gradually returned to be more deterministic similar 
to pre-EVO injection. Null model algorithms and community similarity metrics showed strong 
effects on quantitatively estimating ecological stochasticity, among which preferred algorithm 
and metrics were suggested based on reasonability of the results. Then, we applied this new 
index to investigate how ecological stochasticity varies along stress gradients at FRC. The results 
suggested obvious decrease of ecological stochasticity by the increase of environmental stress. 
Furthermore, we explored depth profile of ecological stochasticity based on a pilot study of 
sediment bacterial communities in a contaminated well and a background well. We found 
obvious variation of ecological stochasticity from vadose to saturated layers related to both 
selection and dispersal limitation. Across different empirical datasets we tested, the new index 
generally can correct the overestimation of stochasticity by previous approaches to some extent, 
and revealed the obvious effects of environmental stress on the role of ecological stochasticity in 
governing underground microbiome. 
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