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Abstract 

MONet provides novel soil molecular data to the research community for understanding 
biogeochemical processes and complementing other soil datasets. This study assesses MONet's 
ability to replicate known soil patterns via a comparative analysis of soil respiration (Rs), pH, and 
clay content against benchmark datasets. Results show moderate agreement for pH and clay 
content, highlighting MONet's strengths in capturing soil biogeochemical variation in 
underrepresented regions like urban areas. Rs data are marked by the appropriate trends relative 
to other datasets, but direct comparison is impractical due to methodological differences in 
underlying data. Strategic sampling is recommended to improve MONet's coverage and eventual 
utility in bridging molecular observations with global datasets. 
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Summary 

Herein we evaluate MONet soil properties in comparison with SoilGrids and SRDB to explore its 
capacity for representing known soil properties. Our key findings include: 

- Moderate agreement in pH and clay content comparisons, with R² values of 0.48–0.53 
for pH and 0.62–0.66 for clay content. 

- Strengths of MONet include its reliance on physical samples to capture unique trends 
(e.g., urban soils) and its potential to illuminate gaps in global coverage. 

- Limitations include known methodological challenges in comparing soil respiration 
measurements, reflecting the challenges of comparing controlled lab-based metrics 
(MONet) with broad field-based observations (SRDB). 

We emphasize the importance of expanding MONet sampling in precipitation transition zones 
(mean annual precipitation of 500–1000 mm) and enhancing methodological coherence for Rs 
measurements, potentially through collaboration with established site networks such as NEON. 
Ultimately, MONet is positioned as a valuable evolving tool for scaling molecular processes to 
global assessments 
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Acronyms and Abbreviations 

EMSL Environmental Molecular Science Laboratory 

FAO Food and Agriculture Organization of the United Nations 

IIASA International Institute for Applied Systems Analysis 

MAP mean annual precipitation 

MAT mean annual temperature 

MONet Molecular Observatory Network 

Rs soil respiration 

SRDB   soil respiration database 
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1.0 Introduction 

 The Molecular Observatory Network (hereafter, MONet) is an initiative from the 
Environmental Molecular Science Laboratory (EMSL), one of the Department of Energy’s Office 
of Science user facilities (Bowman et al. 2023). MONet addresses the inherent challenges of 
consistently collecting molecular-level soil data across diverse ecosystems and large 
geographic scales, providing researchers a transformative tool to potentially uncover patterns 
that were previously inaccessible. With its focus on the hidden molecular dynamics within soil, 
MONet seeks to address urgent environmental challenges, including climate change, 
ecosystem resilience, and sustainable land management. As all research builds on previous 
work, achieving this goal requires integrating and validating MONet data with and against 
existing databases of soil characteristics. 

 Soil has been a focal point for scientific study for as long as recorded history. Modern 
databases range from parameter-specific and individually curated efforts, such as the Soil 
Respiration Database (SRDB(Jian et al. 2021)), to machine learning-driven data products like 
SoilGrids (Hengl et al. 2017), which provide gridded global values across a suite of soil 
parameters. Other notable sources include international organizations, such as the Food and 
Agriculture Organization (FAO) with its Global Soil Information System and Harmonized World 
Soil Database (FAO and IIASA 2023), as well as government agencies like the USDA with 
SSURGO and gSSURGO databases (Soil Survey Staff 2014) ) and USGS soil datasets, such 
as CONUS-wide mineralogy (Smith et al. 2014). Due to historical disciplinary silos, each of 
these databases reflects the specific needs and priorities of distinct user communities, leaving 
gaps in interoperability and synthesis across research efforts. 

 Despite MONet’s potential to transform soil research with molecular data, it remains 
relatively unknown outside the EMSL and National Lab community. Expanding its impact will 
require public-facing tools and resources that emphasize open science principles, making 
MONet accessible and usable for a broad range of soil data user communities. To support this 
effort, we set out to assess MONet’s current dataset through response functions and upscaling 
with globally gridded soil data and present this analysis in a publically available Rmarkdown. 
This work will lay the foundation for tools that enhance MONet’s usability and foster the large-
scale Earth system science and ecosystem ecology research necessary to improve molecular-
to-global understanding. As MONet is still a relatively small dataset, validating its ability to 
replicate known patterns in soil properties can not only bolster confidence in its utility but also 
help identify gaps where additional data collection efforts should be prioritized. 
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2.0 Materials and Methods 

2.1 Data 

 The current MONet dataset is compact and manageable in size, making it easy to work with 
and integrate into data-driven analyses. To evaluate MONet’s ability to replicate known patterns 
in soil properties, we compared aspects of it with two globally recognized soil datasets: SRDB 
v5 and SoilGrids 2.0. These datasets offer complementary insights into soil parameters at 
different scales and resolutions, serving as benchmarks for testing MONet’s observations. 

 SRDB v5 (Jian et al. 2021) and an associated gridded product of global 1-km resolution 
estimates of total soil respiration and its heterotrophic component (2021), see also (Hashimoto, 
Ito, and Nishina 2023). The gridded data is generated by combining SRDB observations with 
mean annual temperature, seasonal precipitation, vegetation cover data, and modelled via a 
quantile regression forest approach. This dataset’s straightforward structure makes it relatively 
easy to integrate with MONet data (Figure 1). 

 SoilGrids 2.0 (Poggio et al. 2021) provides global maps of soil properties, including pH, clay 
content, organic carbon, and more, using machine learning models. These models are driven by 
soil profile observations sourced from the WoSIS database and other Earth observation data 
products (e.g., climate and vegetation covariates). With a spatial resolution of 250 meters, 
SoilGrids is one of the highest-resolution global datasets available. However, its large size 
makes processing computationally intensive, even for regional scale analyses. 

 

 
Figure 1. Location of MONet and SRDB sample sites in CONUS 
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2.2 Parameters 

 To capture representative features of soil without being exhaustive, soil respiration, pH, and 
clay content were selected for analysis. Soil respiration (Rs) captures aspects of biological 
activity in soil over variable time scales. It serves as a critical indicator for microbial processes 
and carbon fluxes influenced by both environmental gradients and molecular-scale interactions. 
Soil pH, acts as a proxy for biochemical interactions, particularly with abiotic factors such as soil 
mineralogy. As a fundamental property of soil chemistry, it provides valuable context for 
interpreting molecular observations. Clay content is included to represent soil's geological 
weathering and its impact on structure, water retention, and molecular adsorption. 

 Quantitative comparisons of theses parameters were as follows: (1) examining soil 
respiration relative to mean annual precipitation (MAP) and mean annual temperature (MAT), 
(2) assessing soil pH within Köppen climatic zones (Figure 2), and (3) evaluating the spatial 
distribution of soil clay content. We also completed direct comparisons between the data 
sources using linear regression. The original intent was to compare spatially upscaled MONet 
clay content to SoilGrids data, however detailed reading into existing spatial upscaling tools 
revealed that tasks to be beyond the resources currently available. Instead, we provide a visual 
comparison of the two datasets as well as an overlay of MONet clay content relative to a 
potential use-case, and current downstream data product of SoilGrids, the clay content of 
CONUS land-use regions of the Global Change Assessment Model (Bond-Lamberty et al. 
2023). 

 

 
Figure 2. Köppen Climate Zones in CONUS with MONet sample locations 
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 SRDB and derived data products report respiration fluxes on a spatial scale, while MONet 
reports this flux on the basis of soil mass. Additionally, MONet contains soil respiration data for 
the top 10 cm of a 30 cm deep soil core, as well as the bottom 10 cm. We calculated an index to 
integrate measurements of these sections as well as across two time points (24 hr and 96 hr), 
weighting the top core more heavily (65%) due to higher biological activity, and assigning 
greater importance to longer-term respiration rates (96 hours weighted at 66.7%) compared to 
shorter-term measurements (24 hours weighted at 33.3%). This approach provides a single 
representative value for each core, capturing dynamic microbial activity over time. For SRDB 
data, spatially aggregated soil respiration rates were converted into mass-based fluxes (mg 
CO2-C per gram of soil per day) using fixed assumptions about bulk density (1.33 g/cm³), a soil 
depth of 10 cm, and appropriate area and temporal scaling factors. This allowed for consistent 
comparisons between MONet’s experimental values and SRDB-derived data across climatic 
gradient analyses (FIGURE X). For comparisons with SoilGrids data, we used the 0 to 5 and 15 
to 30 cm data products for comparison to the top and bottom core sections respectively. 

2.3 User Orientation and R Markdown 

 MONet data was manually downloaded from two sources: EMSL’s web data portal and the 
One Thousand Soils pilot project’s Zenodo repository, links for both below. Shapefiles for down 
selecting data to the continuous United States, the spatial extent of MONet data, were sourced 
from the National Oceanic and Atmospheric Administration (National Weather Service 2018) 
and the Commission for Environmental Cooperation (Beck et al. 2018). All other data are 
downloaded using R code for maximum reproducibility. 

 
 MONet data: 
https://shinyproxy.emsl.pnnl.gov/app/1000soils 
https://zenodo.org/records/15328215 

 
  Shapefiles: 
 https://www.cec.org/north-american-environmental-atlas/climate-zones-of-north-america 
 https://www.weather.gov/gis/USStates 

 
 All analyses are conducted in the programming language R (R Core Team 2022) and fully 
reproducible using publicly available code. Users should refer to github documentation and 
visual aids (Figure 3) to get started. 

 

 

 

 

 

 

 

https://shinyproxy.emsl.pnnl.gov/app/1000soils
https://zenodo.org/records/15328215
https://www.cec.org/north-american-environmental-atlas/climate-zones-of-north-america
https://www.weather.gov/gis/USStates
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Figure 3. R project file tree 
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3.0 Results and Discussion 

 The comparative analysis of MONet data with SoilGrids and SRDB gridded data highlights 
notable strengths and limitations in capturing soil properties across datasets. Rs comparisons 
proved impractical due to fundamental methodological differences between MONet's laboratory 
measurements and field-based soil respiration estimates from SRDB. When converted to the 
same units (see markdown and Appendix A for more detail), values for the two datasets differed 
by 4 to 5 orders of magnitude. However, when both datasets were standardized using Z—
scores, the overall pattern in relation to MAP and MAT were generally similar (Figure 4). Though 
there was better agreement between the relationship between MAP and Rs than for MAT. 

 

 
Figure 4. Z-score of respiration rate of MONet and SRDB samples in relation to MAP and MAT 
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For pH, the coefficient of determination (Figure 5, R²) was 0.48 for bottom cores in our one 
to one comparison and 0.53 for top, suggesting moderate agreement with SoilGrids. However, 
MONet physical samples tend towards higher pH values at the lower, more acidic, end of the 
range and towards higher values at the alkaline extreme, reflecting challenges in aligning 
observations with predictions from broader-scale datasets. For the one to one comparison with 
clay content (Figure 6), R² values were stronger at 0.62 for bottom cores and 0.66 for top cores, 
but similar patterns of overestimation at low values and underestimation at higher values were 
observed, particularly for bottom layers. 

 Overall, the comparison underscores the variability in agreement across parameters, with 
clay content showing slightly stronger alignment than pH. Despite its strengths, MONet’s 
relatively small sample size limits its ability to perfectly capture spatial heterogeneity, 
emphasizing the need for cautious interpretation of broader trends. 

 

 
Figure 5. One-to-one comparison of pH with 1000m buffer confidence intervals 
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Figure 6. One-to-one comparison of clay with 1000m buffer confidence intervals 
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3.1 Strengths of MONet 

 While MONet pH data generally agree with that from SoilGrids, there were specific climate 
zones, generally with low sample volume, where pH values were somewhat divergent (Figure 
7). Humid continental climate with year-round precipitation, which make of most of the land area 
of CONUS, tended to have lower pH values in SoilGrids, than what was represented in MONet 
by physical samples, but mean values were within a single pH unit. 

 

 
Figure 7. pH distribution by climate zone compared to random samples of SoilGrids 

 Its foundation on physical soil samples is a distinct advantage of MONet, which allows for 
sampling in regions excluded from SoilGrids, such as urban areas (Figure 8). This was 
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exemplified by the identification of six MONet sample sites—three in College Park, MD, two in 
Baltimore, MD, and one in Philadelphia, PA—which can provide valuable insights into urban soil 
properties. These areas, excluded from SoilGrids’ global models, highlight MONet’s ability to 
expand the soil biogeochemistry dataset into underrepresented regions. 

 

 
Figure 8. MONet sample locations without a corresponding value in SoilGrids 

 

3.2 Areas for Improvement 

 For an applied-science comparison of MONet’s ability to capture known spatial patterns in 
clay distribution, we pulled clay content from GCAM’s CONUS land-use basins, values that are 
derived from spatial aggregation of SoilGrids (Figure 9). This spatial comparison shows that the 
low-end overestimation and high-end under estimation of SoilGrids’ predictions relative to the 
physical samples of MONet, seen in the direct comparison (Figure 6) is exaggerated in this 
downstream data product (Figure 10). These inconsistencies highlight the need for careful 
consideration in cross-dataset interpretations and the importance of targeted validation for 
improving soil property accuracy across regions. 
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Figure 9. Spatial comparison of clay content at MONet site to GCAM basin clay content 

 

 
Figure 10. One-to-one comparison of GCAM CONUS basins (glu-nm) vs MONet clay content 

with confidence intervals 
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 Current gaps within specific Köppen climate zones, such as hot deserts and temperate 
oceanic climates, highlight the need for expanded sampling efforts to improve representation 
across diverse environmental gradients. Notably, MONet Rs values show a substantial gap in 
regions with moderate rainfall (MAP 500–1000 mm/year), particularly transitional areas like the 
Great Plains or Intermountain West. Targeted sampling in these regions, characterized by 
temperate grasslands and semi-arid ecosystems, could close critical data gaps in soil 
biogeochemistry. 

 Laboratory-based MONet respiration measurements isolate heterotrophic components 
under control conditions, whereas field-based measurements are influenced by real-world 
environmental gradients. These methodological differences limit direct comparisons but 
underscore complementary value (Patel et al. 2022): MONet data excels in controlled 
mechanistic studies, while SRDB informs large-scale ecological trends. Future efforts should 
systematically compare the biases and strengths of each method to better align data integration. 

3.3 Conclusion 

 MONet has shown promise in capturing key soil properties, including pH and clay content, 
with moderate agreement to global datasets like SoilGrids. Its ability to provide insights into 
underrepresented regions (e.g., urban soils) reinforces its unique contribution to soil 
biogeochemistry. However, key areas for improvement remain, including expanding sampling 
coverage within climate zones and addressing scale mismatches in soil respiration 
measurements. With strategic enhancements and interdisciplinary collaborations, MONet can 
evolve into a more robust tool, bridging molecular-scale observations with global datasets to 
inform Earth system science and ecosystem research. 
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Appendix A – Static Markdown 

The following images are a static version of our final R Markdown for illustration only. To 
generate an interactive markdown see: https://github.com/JGCRI/monet_synthesis 

 

https://github.com/JGCRI/monet_synthesis
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