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Focal Area(s):
● Approaches that support the transfer of mechanistic knowledge gained in the laboratory
to make predictions in the field, and vice versa.

● Key uncertainties and knowledge gaps in CH4where newAI technology can advance
plant-trait based predictive understanding of the wetland methane cycle.

● The importance of high potential datasets (FLUXNET-CH4, COSORE, plant/root trait
databases, network data and experiments such as NEON, COMPASS, SPRUCE) and how
the combination of data across spatial or temporal scales or scientific domains may lead
to new scientific insights, either within or across fields.

Science or Technological Challenge: predicting highly variable wetland CH4

Wetlands are the largest natural source of CH4 to the atmosphere and remain a key uncertainty in
the global CH4 budget, emitting between 100–180 Tg CH4 yr−1 (1). Wetlands also face unique
pressures (drainage, salinization, etc) from human land uses (2) and climate change (3), often
driving these systems into disequilibrium (4). Uncertainty in wetland CH4 emissions is partly due
to the dynamic nature of wetland biogeochemistry, hydrology as well as processes involved in
CH4 flux (methanogenesis, methanotrophy, gas transport etc). The variability of wetland
ecosystem structure and function is hypothesized to further increase with increasing
environmental stressors (5) and expected to further hinder CH4 predictions and scaling.

Plants are integrators of the high spatiotemporal variability in wetland ecosystems, responding to
and influencing microbial structure and function, soil moisture, nutrient status, etc. Thus,
fine-scale (~1 m2/hourly to 1 km2/seasonal) heterogeneity in plant properties (hereafter, traits) is
often closely related to wetland CH4 flux variability (6–9) and plant trait incorporation into
empirical and predictive models of CH4 could help reduce uncertainties from fine-scale
variability. Advances in high potential CH4 flux (10, 11) and plant trait (12, 13) databases,
wetland CH4 modeling (14) and deep neural network technologies (15, 16), combined with
process-knowledge derived from controlled laboratory and manipulative field experiments can
help refine our understanding and predictions of wetland CH4.

Rationale: above and belowground plant traits to improve CH4 predictions
Advances in incorporating a mechanistic and scalable understanding of how plant traits influence
wetland CH4 emissions have been hindered by several research gaps: 1)We lack a synthetic view
of which plant traits most affect CH4 processes and can be best used as predictors. Knowledge



gaps particularly remain around the mechanistic links between root traits and CH4 fluxes (e.g.,
root biomass, rooting depth, exudation, aerenchyma size)(17), 2) While chamber-based CH4
measurements are often coupled with plant trait information, quantification of wetland plant
traits at the footprint scale of CH4 eddy covariance towers is usually difficult. 3) Also lacking are
frameworks to connect relatively-easy-to-measure and remotely sensible aboveground with
belowground traits, 4) High-potential validation datasets on CH4 flux and plant traits, particularly
root traits, that would allow for scaling mechanistic information from lab and field studies to site
and regional scales were unavailable until recently.

Narrative: AI-enabled mechanistic linkages between plant traits and wetland CH4

We propose to incorporate lab/field-scale mechanistic understanding of plant trait drivers of CH4
into site and regional scales using a combination of lab and field studies, data syntheses and deep
neural network modeling. Our approach is broadly divided into two steps:
A) Developing and synthesizing mechanistic frameworks from new lab studies, and existing
gradients and experiments: Controlled laboratory studies, such as wetland soil incubation
experiments with isotopically labeled root material to trace the fate of root-carbon in CH4
emissions, will be used as one tool to generate functions of CH4 response to trait variability. We
will also synthesize plant trait and CH4 data from natural gradient studies and databases such as
NEON and FRED (13), and from existing manipulative experiments providing a gradient of
plant trait values. For example, SPRUCE (18) provides root trait and CH4 flux gradients across a
peatland warming study (19, 20) and COMPASS sites provide elevational gradients across
coastal wetlands. We will also partner with ongoing experimental data synthesis efforts such as
the DeepSOIL2100. Through these lab and synthetic studies, we will develop specific model
structures and parameters on trait-CH4 links for our AI predictions in (B).
B) Predictive modeling of the mechanistic links between plant traits and wetland CH4: We will
test mechanistic model structures developed in (A) linking CH4-relevant plant traits and CH4
processes as frameworks for hybrid AI methods such as Neural Ordinary Differential Equations
(ODE) (15). Such hybrid approaches allow learning process parameters, latent variables and
functional relationships across a number of hypothesized structural constraints and complexity.
Input data for these models will originate from experiments and syntheses highlighted in (A).
High potential datasets such as the FLUXNET-CH4 and COSORE databases (10, 21) would
serve as the key validation datasets. In particular, combining chamber and eddy covariance tower
measurements from the same sites will allow us to test trait-CH4 linkages in a Neural ODE
across spatial scales to evaluate the generalizability of the learned parameters and functional
relationships.

Through the integration of lab, field and synthetic datas into a hybrid modeling approach, this
project will allow us to identify key mechanistic constraints and sources of uncertainty of the
relationship between plant traits and CH4 emissions in wetlands.
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