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Spectroscopic solutions for generating new global soil information
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While global efforts to operationalize soil spectroscopy are progressing,
cooperation is needed to fully leverage its potential for generating digital
soil information to support sustainable soil management worldwide. The
Global Soil Laboratory Network's soil spectroscopy initiative (GLOSOLAN-
Spec), led by the Food and Agriculture Organization of the United Nations
(FAO) through its Global Soil Partnership (GSP), is dedicated to the further
development and adoption of soil spectroscopy by fostering international
collaboration via a scientific community of practice to produce accurate
and reliable soil information for sustainable soil management and deci-
sion-making. To support this effort, we, a global consortium of soil scientists
under the auspices of the International Union of Soil Sciences (IUSS) and
GLOSOLAN-Spec, aim to address seven key challenges hindering the adop-
tion of soil spectroscopy worldwide. Here, we offer perspectives on what is
needed to advance soil spectroscopy as a routine soil analysis method,
emphasizing its potential to generate new and reliable spatial and temporal
soil data.

As one of Earth's most vital natural capitals, soil provides food, fiber, and fresh
water. The world's soil contributes to energy sustainability, climate stability, biodi-
versity, and the delivery of essential ecosystem services.' However, for securing
the world's soil and ensuring its continued productivity, establishing comprehen-
sive soil databases and spatial information systems representative of various
spatial and temporal scales for evidence-based decision-making remains chal-
lenging. There is a pressing need for rapid and cost-effective soil analysis solu-
tions worldwide.? Decades of research have demonstrated that soil spectros-
copy in the visible-near infrared (vis-NIR) and mid-infrared (mid-IR) portions of
the electromagnetic spectrum can help alleviate this urgent need.®

Soil spectra respond to the soil's mineral and organic composition and are
affected by soil water and texture. Spectroscopy combined with multivariate sta-
tistics or machine learning can hence be used to model and accurately estimate
a range of soil properties that depend on the composition of the soil matrix, e.g.,

soil organic carbon, clay, silt and sand contents, cation exchange capacity (CEC),
pH, and CaCOs. Thus, soil spectroscopy offers a cost-effective complement to
conventional soil analytical methods for measuring chemical, physical, and bio-
logical properties. Such information is essential for monitoring, sustaining, and
improving soil health, providing the foundation to address future challenges
once soil spectroscopy becomes more widely adopted and firmly established
(Figure 1).

TECHNOLOGY TRANSITION FROM ACADEMIC RESEARCH TO ROUTINE
APPLICATION

Soil spectroscopy has evolved from a mainly academic pursuit to a technolog-
ical endeavor used by researchers, national programs, and commercial enter-
prises yet often lacks significant cooperation. To realize its potential, however,
a greater degree of community organization is needed through global initiatives
where stakeholders may electively participate.

One of the primary actions necessary to achieve this goal is establishing an
extensive network of high-quality soil spectroscopy laboratories that offer accu-
rate and reliable routine analytical services to complement conventional soil lab-
oratories more quickly and inexpensively. On the way to that goal, current stake-
holder laboratories can participate in discussions on the need to align efforts and
benefit from collective knowledge and experience. Meanwhile, as technology ad-
vances, new instruments are emerging for soil analysis. Affordable instruments
will become increasingly available, enabling users to adopt this technology more
effectively and practically.

ENHANCING EDUCATIONAL PROGRAMS

Aside from isolated examples of local capacity-building initiatives (e.g., at uni-
versities, research institutions, and organizations such as the USDA NRCS and
ICRAF-CGIAR), there is no dedicated educational initiative to systematically
develop capacity and expertise in soil spectroscopy. Governments, academic in-
stitutions, and funding organizations must prioritize and allocate resources to
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Figure 1. Seven major challenges hindering global adoption of soil spectroscopy

establish comprehensive educational and practical programs in soil spectros-
copy. These programs should aim to train a new generation of soil scientists
and practitioners with multi-disciplinary expertise, ensuring the effective global
adoption and application of soil spectroscopy. International organizations and
research institutes can support these efforts by providing training opportunities,
including online and on-site courses, workshops, webinars, and laboratory and
field exercises, to engage a broader range of professionals—such as laboratory
and field technicians—and strengthen capacity across all levels.

BUILDING PUBLIC CONFIDENCE

Clear and transparent communication is crucial for building public trust in soil
spectroscopy. Over the past 30 years, scientists have published extensive peer-
reviewed research demonstrating the technology'’s utility, precision, and reliability
while openly acknowledging its limitations. Soil spectroscopy can reliably esti-
mate some, but not all, soil properties. Understanding and communicating the
advantages and limitations of soil spectroscopy is essential. Global initiatives
such as the Global Soil Laboratory Network's soil spectroscopy initiative
(GLOSOLAN-Spec) must provide good practice guides for the standardized appli-
cation of the technology, including soil sampling, sample preparation, data acqui-
sition, interpretation, development of a spectral library, data management, spec-
troscopic calibration, validation, and uncertainty assessment. Promoting the
successful application of soil spectroscopy through various media channels is
also crucial, as it highlights how this technology complements traditional soil
analytical methods and improves the efficiency of soil laboratories. Practical ini-

tiatives such as workshops, live demonstrations, and community forums can
help demystify soil spectroscopy and foster greater stakeholder understanding.
Governments, international organizations, and academic and research institutes
can play a critical role in supporting the development and expansion of soil spec-
tral libraries (SSLs) while building awareness and trust in soil spectroscopy. For
companies and commercial laboratories to integrate spectroscopy into their soil
analysis for various applications, it is vital to provide evidence that the technology
is efficient and cost effective.

STANDARDIZATION AND HARMONIZATION

The effectiveness of spectroscopic models for soil property estimation de-
pends on the quality and consistency of the spectra and the associated analytical
measurements. Soil property values in SSLs are subject to errors because
different laboratories use varying soil preparation procedures and analytical
methods to analyze soil properties. Similarly, variations in sample preparation,
instrumentation, measurement protocols, and other procedural elements can
introduce systematic and random errors into soil spectra, leading to discrep-
ancies in model performance across different laboratories. The overall quality
of the data in SSLs is influenced by the level of quality control maintained at
each facility, creating additional variability. For instance, spectroscopic models
developed in one laboratory may perform poorly due to such inconsistencies
when applied to spectra from another. Merging various SSLs into a single
comprehensive library can introduce additional sources of variation, which can
degrade the overall performance of the combined SSL. It is important to note
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that mathematical filters and transformations can correct for additive, multiplica-
tive, and random errors in the spectra, but soil analytical errors are more difficult
to correct. Calibration transfer between different manufacturers’ spectrometers
is less challenging as instrumentation improves and signal processing and ma-
chine learning methods develop.* However, developing a global soil spectros-
copy laboratory network and standardizing and harmonizing soil spectroscopy
remains essential. Initiatives like GLOSOLAN-Spec and GLOSOLAN must collab-
orate to establish laboratory proficiency testing programs that ensure the consis-
tency and comparability of spectra and soil property values across different in-
struments and laboratories. Such efforts are critical to fostering reliable and
interoperable soil spectroscopy globally.

AN OPEN, FREE, AND DISTRIBUTED GLOBAL SSL AND ESTIMATION
PLATFORM

Over the last two decades, SSLs have been developed by institutions world-
wide as practical tools to characterize soil and become an essential reference
source for the estimation of soil properties® for digital soil mapping and
modeling. The SSLs store extensive data from soil samples; each sample in
the SSL includes a spectrum measured by a spectrometer and associated soil
property values measured by conventional soil analytical methods. A well-con-
structed SSL can be used to create predictive multivariate models of soil proper-
ties. Depending on the need and scale of the application, the models can be sta-
tistical or machine learning methods. With robust modeling and validation
practices, they can provide precise and unbiased estimates of soil properties
for different applications (e.g. agricultural, ecological, and urban®) at global,
regional, and local scales.

Establishing an SSL requires significant investment, often beyond the reach
of many institutions and countries. The widespread use of public soil re-
sources, such as the USDA NRCS Soil Survey, shows the benefits of voluntarily
shared SSLs. Open sharing accelerates research. Current efforts to share SSLs
have adopted a centralized approach, where international organizations have
taken the lead in collating and maintaining a global SSL. While establishing
open global SSLs is needed, many soil scientists and practitioners lack the
expertise to analyze and model soil properties with spectra effectively. To
make this technology accessible and beneficial worldwide, especially in devel-
oping countries where expensive laboratory analyses are unaffordable, we
must develop SSLs alongside user-friendly estimation platforms. These plat-
forms should enable non-experts to obtain the necessary soil information effi-
ciently and allow models trained on extensive global SSLs to be adapted for
local conditions, improving their accuracy and utility. By integrating SSLs
with an accessible estimation platform and using new, innovative modeling
techniques, we can democratize soil spectroscopy, making it a practical tool
for soil management globally. As we move toward a decentralized global
data-sharing network, we will learn more about the condition and capacity of
the world's soils.

DEVELOPING AFFORDABLE AND PORTABLE INSTRUMENTS

Recent advancements in physics and instrumentation have led to the develop-
ment of portable and miniaturized spectrometers, which are significantly more
affordable than traditional benchtop laboratory systems. Technologies such as
Fourier transform IR (FT-IR) methods, solid-state detectors, and micro-electro-
mechanical system (MEMS) spectrometers have been pivotal in this progress.
These innovations enable the precise analysis of soil properties in a wide range
of applications, reducing the need for extensive sample preparation and making
soil spectroscopy more accessible, particularly in resource-limited settings.
Nonetheless, the varying quality of these lower-cost sensors presents a signifi-
cant challenge to their adoption, although research that assesses their perfor-
mance is emerging. Validating the accuracy and long-term stability of these in-
struments requires soil science knowledge and expertise.” Collaboration
between land managers, soil scientists, engineers, spectrometer researchers,
and developers is crucial to enhance the robustness and development of these
tools. Soil scientists provide knowledge about soil properties and the required
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accuracy for specific applications, while engineers and developers innovate spec-
trometer design and researchers refine the technology. Additionally, combining
spectroscopy with other sensors, such as those measuring plant-available nutri-
ents, can offer a more comprehensive analysis of soil conditions. This multi-
sensor approach improves soil management by providing accurate and detailed
information about soil conditions.

ADVANCING FIELD SPECTROSCOPY

Ultimately, we aim to bring spectroscopy directly to the field, enabling the in
situ measurement of soil spectra in their natural state and applying SSLs to these
field-measured spectra for estimating soil properties. This approach offers the
advantage of removing the need to transport samples to a laboratory for further
processing before recording the spectra. Despite its considerable promise, the
practical deployment of field spectroscopy still faces challenges. Soil horizontal
and vertical surfaces present challenges due to sealing and residues and varia-
tions in soil moisture, aggregation, and other factors.® This variability requires
appropriate sampling strategies in the field to ensure representative measure-
ments. A prerequisite for the successful application of field spectroscopy is to
physically and mathematically filter out as much systematic and random noise
as possible from the spectral data originating in the field before proceeding with
modeling.” Managing soil moisture and other environmental effects on spectra
will be even more crucial if laboratory-based SSLs are used for calibration and
prediction using field spectra.'® Transfer learning techniques can address the
challenge of accurately capturing the local characteristics of soil properties at
specific sites when applying a large SSL to a local application (e.g., at the farm
scale).”
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