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Understanding how soil biogeochemical processes develop from microscale heterogeneity remains a central
challenge in soil science. Many key transformations, including microbial respiration, nutrient cycling, and
greenhouse gas production, occur in spatially structured microenvironments that are difficult to capture with
conventional bulk measurements. Planar optodes have emerged as a powerful tool to address this challenge by
enabling two-dimensional imaging of chemical parameters such as oxygen (O5), pH, ammonia (NH3), and carbon
dioxide (CO3) across soil profiles with high spatial and temporal resolution.

In this Perspective, we critically examine what planar optodes can reveal about soil biogeochemistry and what
they cannot. We discuss the sensing principles underlying optode measurements and review recent applications
that use optode imaging to visualize redox heterogeneity, rhizosphere processes, and biogeochemical hotspots
that remain invisible to conventional approaches. These observations provide a dynamic view of soil chemistry
and open new opportunities to generate mechanistic hypotheses about the controls of microbial activity and
nutrient transformations. Particular emphasis is placed on the strengths of optodes for identifying microsites and
guiding targeted sampling strategies.

At the same time, we highlight key limitations, including challenges related to calibration, optical artefacts,
and the interpretation of two-dimensional concentration fields in inherently three-dimensional soil systems. We
also discuss how optode imaging can be integrated with complementary techniques such as microsensors, mo-
lecular analyses, gas flux measurements, and structural imaging to better resolve links between soil structure and
biogeochemical processes.

Finally, we outline emerging directions that could expand the role of optodes in soil research, including their
integration with data-driven and process-based models. Used thoughtfully and in combination with other ap-
proaches, planar optodes can become a central tool for investigating soil biogeochemistry at the microscale.

1. Introduction

Soils are a complex mixture of mineral particles, organic matter,
water, and gases, combining three stages of matter (solid, liquid, gas). In
addition to physical soil structure, biochemical parameters such as soil
organic matter (SOM), nutrient availability, and pH deviate strongly
over small distances. Furthermore, biological factors like plant roots and
soil (micro-) organisms add to the small-scale complexity of soils. Due to
its impact on soil processes, elucidating spatial heterogeneity of soil
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parameters on small-to micro-scales is becoming increasingly important.
Yet, many methods to analyze soil physical and biochemical parameters
are limited to destructive one-point measurements that cannot capture
temporal and spatial heterogeneity.

Both chemical and biological processes in soil vary along with these
small-scale gradients of physical and biochemical parameters. The dis-
tribution of soil microorganisms largely depends on the availability of
their main substrates, leading to distinct communities driving nutrient
turnover processes in soil (Franklin and Mills, 2009). For instance, SOM
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distribution and C turnover processes depend on soil texture, moisture,
and O, availability, affecting C losses as well as C sequestration (Angst
et al., 2021; Schliiter et al., 2022). Favorable conditions initiate the
formation of microbial hotspots with up to 20-times higher microbial
activity and respiration, leading to increased O, consumption and CO4
production (Kuzyakov and Blagodatskaya, 2015). Small-scale Oy dis-
tribution is thus a crucial parameter determining where aerobic or
anaerobic processes dominate. Soil pH is another main factor controlling
bacterial communities and their functions (Wang et al., 2019). Within a
soil profile, pH can vary substantially throughout the soil profile
depending on SOM and carbonate distribution, root exudation, and soil
management, such as liming and fertilization. Spatial heterogeneity of N
turnover processes depends strongly on the aforementioned parameters
(02, SOM/C, pH). For instance, while nitrification is mostly carried out
by autotrophic aerobic bacteria and archaea, denitrifying microorgan-
isms require a C source and anoxic conditions (Butterbach-Bahl et al.,
2013).

A multitude of analytical methods and techniques have been devel-
oped to analyze soil physical, chemical, and biological parameters.
Mostly, bulk soil parameters are analyzed, often requiring large amounts
of soil to be accurate and representative. Normally, samples are
collected from the field or experiment and taken to the lab, where they
need to be processed before the desired parameters can be analyzed,
including steps like drying, sieving, and/or extractions with water or salt
solutions. For other parameters, such as bulk density, soil pore space
(distribution), water holding properties, etc., undisturbed samples are
needed. All these sampling and analysis techniques have in common that
they're destructive and do not allow for repeated measurements or time
series. In contrast to destructive soil sampling, some parameters can be
directly non-destructively measured in the field, including soil moisture,
temperature, electric conductivity, pH, and some nutrients (i.e., NO3, P,
K) allowing for continuous monitoring (Thomson et al., 2012; Susha
Lekshmi et al., 2014; Potdar et al., 2021; Ameer et al., 2024). Howev-
er, these measurements are normally restricted to single points or small
soil volumes, not reflecting the spatial heterogeneity.

To capture two-dimensional (2D) spatial heterogeneity, different
methods have been developed, including Diffusive Gradients in Thin
Films (DGT, (Liu et al., 2024), zymography (Spohn et al., 2013;
Heitkotter and Marschner, 2018), and planar optodes (Li et al., 2019).
DGT gels are available for a multitude of parameters, including cationic
metals, nitrate, phosphate, and other oxyanions, antibiotics, bisphenols,
and nanoparticles (Santner et al., 2015). Zymography can be utilized to
analyze the distribution of enzyme activities in soil, including, for
example, p-glucosidase, phosphatase, and chitinase (Spohn et al., 2013;
Razavi et al., 2019). Both these methods are single-use only. Thus, for
each point in a time series, a new DGT or zymography gel must be
applied to the desired soil surface, causing interference and disturbance
of the soil profile. The only 3D method currently available to determine
soil spatial heterogeneity is X-ray pCT. It allows for capturing the
three-dimensional distribution of soil matrix, water, air, and (to a
certain extent) particulate organic matter (POM) or plant roots
(Helliwell et al., 2013).

Planar optodes are the only method that facilitates the determination
and monitoring of in-situ spatial heterogeneity of soil chemical param-
eters (i.e., Oz, CO2, pH) over time. Planar optodes are 2D sensor foils that
normally consist of an indicator dye embedded in a polymer, which
reversibly interacts with the desired parameter (see details in Chapter
2). Relevant applications in soils include the determination of Oy, pH,
CO9, NH3, and temperature. This perspective article aims to present a
critical assessment of planar optodes for soils, highlighting applications,
limitations, and future directions.
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2. What are planar optodes?
2.1. Operating principle: imaging, dyes, calibration

Planar optodes are a 2D imaging technique that can be applied to
investigate biogeochemical processes at a high spatial and temporal
resolution in heterogeneous sediments and soils (Li et al., 2019). A
planar optode consists of sensing chemistry (an analyte-responsive
luminophore or dye), which is immobilized in a thin polymer matrix
and usually coated onto a flexible plastic or glass substrate. When the
target analyte (e.g., Oo, H' for pH, NH3, CO,; ionic species such as NHJ,
K", Na™, Ca?*, etc.) interacts with the sensor dye, it induces a change in
the optical properties of the dye, typically a change in fluorescence in-
tensity or lifetime, or a color shift. This change can then be quantita-
tively related to the analyte concentration via calibration. In practice,
the planar optode is placed in contact with the soil sample, and a camera
equipped with appropriate excitation light sources (for a luminescence
mode) and filters is used to capture images of the optode's luminescence
or color (Fig. 1). By capturing the optical signal across the entire optode,
a 2D map of analyte concentration is obtained over the area of interest.
Advanced imaging setups may employ ratiometric techniques
(comparing two wavelengths), lifetime imaging, or hyperspectral im-
aging to achieve more robust, reference-calibrated results. The result is a
pseudocolor image where each pixel corresponds to the local level (i.e.,
concentration) of the measured parameter (chemical species, i.e., Oy,
HY, etc.), at spatial resolutions down to several pm in optimized systems.

The “standard” planar optode is fabricated from a “sensor cocktail”
containing the indicator dye for the reversible detection of the analyte
and a reference dye to enable ratiometric measurement, both dissolved
in an appropriate polymer solution. This cocktail is thinly applied to a
flat, transparent surface made of sturdy plastics like PET foils or glass
using techniques such as knife coating, drop casting, or spin coating
(Mofhammer et al., 2019). After evaporation of the solvent, the optode
can be stored in a sealed bag either at room temperature or cold until
use, with storage times measured in months with minimal changes to
their sensitivity (Santner et al., 2015). Reference dyes are chosen
depending on the indicator dye and generally emit light in different
wavelengths to avoid overlapping with the emission from the indicator
dye. The polymer depends on the desired analyte, since the analyte
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Fig. 1. Schematic overview of the general working principle of optodes and the
required technical setup. Left: Drawing of the MARTINIS setup developed for
in-situ imaging (Rasmussen et al., 2025) with the optode (1) in orange outside
and the camera (2) and excitation light (3) source inside the transparent tube.
Right: Sketch of a typical rhizobox setup, consisting of a glass container, soil
with the investigated plant and an optode (1) in orange facing towards the
inside. Both setups contain an optode (1), a camera (2), excitation light (3), and
optical filters (4), together with the respective electronics to control acquisition
(5). While both systems have a very different footprint, the essential compo-
nents are the same. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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needs to permeate through the polymer network to interact with the
indicator dye for a change in the analytical signal. Polystyrene has a high
gas permeability and is usually the preferred polymer for gaseous ana-
lytes. For ionic species, hydrogels with hydrophobic regions are used to
allow access of the analytes to the more lipophilic indicator dye (Santner
et al., 2015). Alternatively, poly (vinyl chloride) (PVC) with an appro-
priate plasticizer and ionophore can also be used. Additionally, fine
particles (~2 pm) made of aluminum oxide, titanium oxide, or diamond
powder can be added to the cocktail to increase homogeneity of the
planar optode and the signal/noise ratio.

As mentioned above, planar optodes are imaged using a setup
including a camera (Fig. 1) as the detector, an excitation light source,
and an optional synchronizer (sometimes called trigger box) to coordi-
nate the light source and the camera shutter. The light source excites the
indicator dye in the optode while the camera records the intensity of the
emission (or the lifetime change or the color change). It is important to
note that when the sensor is based on luminescence intensity or color
variations, the position, distance, and power of the light source need to
be fixed for a repeatable and representative result. To perform the
calibration for the correlation between signal change and analyte con-
centration, the optode is placed in a container with the sensor side facing
inwards. The container is then filled with water to first determine the
appropriate exposure and equilibration time for the optodes. Deter-
mining the correct exposure time prevents loss of data when too much
light is entering the camera. Appropriate equilibration time is needed to
allow the image to be taken at steady state of the interaction between the
optode and the analyte. The calibration is then carried out by choosing
five to eight concentration levels within the range of interest of the
analyte and recording the corresponding emission or ratio. An in-depth
discussion about calibration can be found in other articles and will not
be further elaborated here (Rasmussen et al., 2026).

Optodes have been widely used in marine environments and sedi-
ments for more than three decades, whereas their application in soils
emerged somewhat later (Glud et al., 1996; Blossfeld and Gansert, 2007;
Askaer et al., 2010). Especially, the Oy optode has advanced the un-
derstanding of biogeochemistry in marine water/sediment systems by
characterizing the steep O concentration gradient. Very similarly, DGT
and DET (Diffusive equilibration in thin films) were used to obtain in-
formation about ion gradients. One reason why this transition into soil
systems remained slow is that soils present a more complex physical
environment for optode measurements. In waterlogged systems such as
sediments, the sensor surface is typically in contact with a continuous
water phase that allows relatively uniform diffusion of analytes to the
sensing layer. In contrast, soils often contain both water- and air-filled
pores, creating a heterogeneous transport environment. As ions
(including protons) cannot diffuse through air-filled pores, the chemical
conditions experienced by the optode may differ from those in the sur-
rounding soil matrix. These features make optode deployment and
interpretation more challenging in soils and partly explain why their
broader adoption in terrestrial systems occurred later than in aquatic
environments.

2.2. Methodological advantages of planar optodes

While point probes, such as microsensors or fiber-based sensors, are
available for more analytes than the planar optode, the latter offers
distinct advantages, such as the possibility of measuring two-
dimensional maps within a single measurement. Point probes, howev-
er, need to be physically moved within the analyzed environment to
achieve spatial measurements with a time delay between each point.
Both point probes and planar optodes disturb the soil when introduced
to the soil sample since they physically intrude into an undisturbed
system. Planar optodes also introduce the so-called “wall effect” since
the optode itself imposes a physical boundary on the sample and can
alter local transport-reaction geometry (see section 5.2) (Polerecky
et al., 2006). However, the information density obtained by the planar
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optode (which can reach the size of an A4 paper or larger) is much
higher than that of a point probe. The resolution of the optode is mainly
limited by the camera detector (pixel density) and optics used (lenses,
optical pathways), allowing for the measurement of the analyte at the
pm scale. Moreover, the maximum resolution further depends on the
camera type, the picture format, and the chosen field of view. Santner
et al. (2015) discussed this in greater detail in their review. Other ad-
vantages of planar optodes are their ability to be measured continuously
and create a 2D distribution of the analyte over time (Koren and Zieger,
2021).

Aside from planar optodes, DGT and soil zymography have also been
used to gain a 2D perspective into soil dynamics. DGT is based on the
diffusion of an analyte through a gel into a captive layer, where the
desired analyte is accumulated (Davison et al., 2007; Davison, 2016).
Soil zymography follows similar strategies by trapping the products of
the target enzyme in a membrane or providing substrates that are
digested into fluorescent molecules (Bilyera and Kuzyakov, 2024).
While DGT can be counted as a fully quantitative method, since all ions
entering the gel are trapped, zymography does not bind its enzymatic
products in a quantitative way and is thus a more qualitative method.
However, both methods are irreversible, and the result represents an
average over the time deployed in the soil. Planar optodes, on the other
hand, are reversible and can be used for real-time determination of the
analyte concentration for extended periods.

3. Optode applications in soil research
3.1. Oxygen: mapping of oxic/anoxic zones

Oxygen is one of the main “gatekeepers” of soil biogeochemistry. It
sets the redox frame in which carbon mineralization proceeds (Keiluweit
et al., 2016) and controls whether key element cycles run through aer-
obic pathways or switch to anaerobic transformations involving N, Fe,
and S (Findlay et al., 2021). In particular, microscale O, gradients play a
key role in the complex spatial variability of aerobic and anaerobic
microbial respiration in soil, such as denitrification occurring within
anoxic centers of mm-sized soil aggregates (Sexstone et al., 1985). These
microscale redox interfaces can be quantified with the application of Oy
planar optodes that directly measure 2D spatial and temporal O,
availability over cm®-scale areas with a temporal resolution high enough
to follow transitions and “hot moments” in redox state (Glud et al.,
1996).

From a sensing perspective, O, optodes are among the most robust
sensors in optical chemical sensing, relying on the reversible dynamic
quenching of luminescent indicator dyes by O2. Common indicator dyes
include metal-ligand complexes Pt (II), PA(II), Ir(Ill) porphyrins, and Ru
(ID) polypyridyl complexes, which combine high sensitivity with pho-
tostability (Wang and Wolfbeis, 2014). The Oy optode response is
traditionally described by variations of the Stern-Volmer equation
(Schmidt-Bocking et al., 2016; Klimant et al., 1995) or by empirically
fitted functions that better represent the full dynamic range (Rasmussen
et al., 2026). These well-established methods for probing O, are a
practical reason why O, is often the “entry point” for 2D chemical im-
aging in soils.

However, the luminescence response of O, optodes depends on
temperature, which means that quantitative imaging requires
temperature-aware calibration (or externally measured temperature)
within the relevant range of the experiment, especially for long in-
cubations or field deployments (Rickelt et al., 2013b; Rasmussen et al.,
2025). In practice, this can be handled either by calibrating at multiple
temperatures or by pairing O, imaging with temperature measurements
(including temperature optodes) to support correction and interpreta-
tion (Koren and Kiihl, 2015; Schwendt et al., 2024).

Although 2D sensing in soil science is still relatively young compared
to sediment research, recent studies already illustrate why it matters. In
upland soils at moderate moisture contents (~60% water-filled pore
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space, WEPS), O, optode imaging showed a partial decoupling between
controls on bulk O5 and the abundance of anoxic microenvironments
(Keiluweit et al., 2018). A similar observation has been made from
decomposition experiments in aerobic conditions (~50% WFPS), where
localized microbial respiration induced anoxia and nitrous oxide (N3O)
production via denitrification (Lussich et al., 2024), despite the classical
expectation that O, limitation (and thus denitrification) becomes
dominant only at higher WFPS (>70%) (Bateman and Baggs, 2005;
Wang et al., 2023). Together, these results highlight the importance of
measuring O, directly at the spatial scales to estimate microbial activity,
rather than assuming that bulk O, or WFPS alone can predict greenhouse
gas (GHG) formation or carbon mineralization (Keiluweit et al., 2017;
Song et al., 2019; Lacroix et al., 2023).

Optode imaging has thus been used to visualize how organic
amendments and fertilizer practices shape spatiotemporal oxygen dis-
tributions, and how these redox patterns relate to soil emission and
nutrient turnover. Examples include studies on organic manure distri-
bution and incorporation (Zhu et al., 2014), manure application com-
bined with nitrification inhibitors (Nguyen et al., 2017), and localized
incorporation of straw or biochar patches that create strong local shifts
in oxygen availability (Zhu et al., 2014). These applications highlight
the use of 2D oxygen mapping to reveal mechanistic links for potential
anaerobic microbial respiration in otherwise bulk oxygenated soil.

Finally, oxygen imaging is particularly powerful in systems where
soil biology actively reshapes redox structure. In waterlogged soils,
optodes have been widely used to quantify rhizosphere oxygen dy-
namics and radial oxygen loss from roots (Koop-Jakobsen and
Wenzhofer, 2015; Larsen et al., 2015), linking root physiology to mi-
crobial habitat structure and redox-driven reactions at the root/soil
interface (Blossfeld et al., 2011; Lenzewski et al., 2018). In
non-waterlogged soils, macrofauna can also cause equally drastic redox
restructuring: dung beetle activity, for example, redistributes organic
matter and generates pronounced anoxic zones (Natta et al., 2025)
(Fig. 2).

Looking forward, the main near-term value of O3 optodes in soils is to
make mechanistic experiments more diagnostic and more comparable
across systems. Continued progress will likely come from tighter inte-
gration of Oy maps with complementary measurements (e.g., gas fluxes,
microsensors, targeted microsite sampling; see Section 4) to better un-
derstand the physiology and environmental impact of plants, fauna, and
microbial activity in soils. To support this progress, implementation of
calibration practices that enable quantitative cross-study interpretation
are highly needed (Rasmussen et al., 2026).

3.2. Carbon dioxide: respiration patterns and C-cycling hotspot

CO; is a key analyte as it is the product of plant and microbial
respiration processes in soil. Planar optodes for CO5 are often based on
fluorescent pH-sensitive indicators (Ind) combined with a lipophilic
base (often a tertiary amine like tetraoctylammonium, TOA) and sub-
sequently embedded in a polymer support (often ethyl cellulose), the so-
called Mills type sensor (Mills and Chang, 1993; Schutting et al., 2014).
The acidic gas CO, can diffuse into the sensor and react with the base,
forming an ion pair and protonating the indicator (Eq (2)).

Ind”TOA* 4+ CO, + H,0 < IndH + TOA*HCOj3 (2)

This protonation of the indicator dye leads to a change in either the
emission spectra or intensity of the indicator, which can be detected and
related to the COy concentration via calibration. Obviously, this
approach makes the sensor vulnerable to other acid gases that can react
with the indicator base pair, such as HyS. Furthermore, this sensing
principle requires water within the sensing layer to facilitate the acid-
base reaction, limiting it to moist and wet soil conditions. Long-term
stability of COy optodes is inferior compared to O, optodes, for
example (Table 1).
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Fig. 2. Examples of using O, optodes in soil research. A: Spatial oxygen het-
erogeneity generated by organic matter hotspots (e.g., straw, manure, biochar),
creating localized zones of rapid O, depletion in soil (Zhu et al., 2022). B: Soil
oxygen heterogeneity generated by dung beetle activity, forming oxic and
anoxic microsites through bioturbation and organic matter redistribution
(Natta et al., 2025). C: Rhizosphere oxygen heterogeneity generated by root
activity, forming localized oxic zones and steep O, gradients between root
surfaces and surrounding bulk soil (Koop-Jakobsen et al., 2021).

With respect to soil imaging with CO2 optodes, there exist only a
handful of examples. CO5 optodes were applied to visualize root respi-
ration of Viminaria juncea (Blossfeld et al., 2013), Spartina anglica
(Koop-Jakobsen et al., 2018), Lupinus albus (Bereswill et al., 2024)
(Fig. 3), and Zea mays (Holz et al., 2020). Under dry conditions, elevated
CO4, levels were only detected in the direct vicinity of roots (Holz et al.,
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Table 1
Overview of analytes measurable with planar optodes and typical characteristics.
Analyte Working range Response time Imaging Key caveats/Cross- Adoption in soil research References
modes” sensitivities”
0, 0-210 (up to 1000) hPa pO, Seconds-tens of CR; WR, Contact loss in dry soils; Routine in soils; commercial (Blossfeld et al., 2011;
(0-100% (up to 500%) air  seconds (foil- lifetime (RLD, illumination gradients foils & imaging systems exist Koop-Jakobsen and Wenzhofer,
saturation) dependent) t-DLR) 2015; Wolfbeis, 2015; Rummel
et al., 2026)
pH (H") pH 5-9 ~5 min or faster CR; WR, t-DLR Requires hydration; ionic =~ Common in soils; commercial (Rudolph et al., 2013; Buss et al.,
typically narrow (~pKa + (setup-dependent) strength sensitivity for foils; chemistry must match ~ 2018; Merl and Koren, 2020)
1-1.5) some dyes; range-limited  the pH range of the soil
CO,/pCO,  0-41 hPa pCO, (0-40 matm) Several minutes WR or FD H,S interference in some  Strong in sediments; emerging (Blossfeld et al., 2013;
(design- designs; slow equilibration in soils; some commercial Koop-Jakobsen et al., 2018;
dependent) in soils systems Lenzewski et al., 2018; Bereswill
et al., 2024)
NHj (gas)  0-1.82hPa pNHj Minutes-scale; Color/WR Headspace & humidity Emerging in soils; requires (Stromberg and Hakonen, 2011;
(0-1800 ppm) configuration- intensity effects; drift; open-system careful calibration and Merl and Koren, 2020; Merl et al.,
dependent imaging losses validation 2023)
NH# 10 pmol L 1-100mmolL~!  Several minutes CR, WR K" and ionic strength Demonstrated in soils/ (Stromberg, 2008; Delin and
(system-dependent) interference; calibration rhizosphere; niche use Stromberg, 2011)
matrix dependence
NO3 1-50 mmol L ! Seconds-minutes Intensity, CR  Strong NOz, Cl~, SCN™ Proof-of-concept; not shown in Pedersen et al. (2015)
interference soils research
Temperature 0-60 °C Several seconds CR, Lifetime Often used to correct/ Useful companion layer; some (Rickelt et al., 2013a; Rasmussen
(RLD) support other analytes commercial options et al., 2025)

@ Abbrev.: CR = color ratiometric (intensity-based); WR = wavelength ratiometric (intensity-based); RLD/t-DLR/FD = lifetime-based approaches (rapid lifetime

determination, time-domain luminescence ratio, frequency domain).
b All optodes are temperature cross-sensitive.

2020), while elevated CO; levels reach millimeters away from the root
in wet and waterlogged conditions (Blossfeld et al., 2013;
Koop-Jakobsen et al., 2018; Bereswill et al., 2024). Combining CO5 and
O, optodes, Oy release and CO; uptake from roots were observed from
Lobelia dortmanna during photosynthesis, resulting in a CO» depletion
around the roots and a zone of increased respiration further away from
the roots (Lenzewski et al., 2018) (Fig. 3). Despite its key role in soils,
studies visualizing CO dynamics with optodes are scarce. Lack of sta-
bility and more difficult calibration procedures limit their applicability.
Nevertheless, even qualitative imaging can be very useful to identify
hotspots that could be further analyzed with destructive sampling.

3.3. pH: rhizosphere and decomposition chemistry

Measurement of pH involves the exchange of protons between water
in the soil and the fluorescent pH indicator (Ind, Eq (3)). Protonated and
deprotonated indicator dyes usually have different emission intensity or
spectra, providing the analytical signal. The measurable pH range can be
estimated by adding and subtracting 1.5 pH units from the pK, value of
the indicator dye. The pK, is formally defined as the negative logarithm
of the acid dissociation constant of the indicator-water pair. It denotes
the pH at which both protonated and deprotonated forms of the indi-
cator dye are present at equal concentration and therefore marks the
point at which the greatest change in the analytical signal occurs.

Ind~ + H;0" < IndH + H,0 3

Changes in pH within a soil sample can be related to various in-
fluences, such as bacterial community composition, erosion history,
mineralogy or changes thereof, and release of gases such as nitrous acid
(HONO), ammonia (NH3), or nitrous oxide (N5O) (Kim and Or, 2019;
Merl et al., 2022). Particularly changes with diurnal patterns, near rhi-
zospheres or at decomposition sites, are interesting as they offer insights
into soil fertility, biogeochemical cycling, and bioprocesses of roots. For
example, diurnal pH changes are closely linked to CO5 cycles and soil
respiration (Harper et al., 1983; Dawson et al., 2001; Nishimura et al.,
2015; Russenes et al., 2016). In the rhizosphere, pH variations are
linked to the uptake of nutrients through the root system. The roots
release H' ions to establish a positive electropotential between the
cytosol and the rhizosphere, which provides the necessary energy for the
co-transport of the H-anion pair and for cation uptake via H' release.

Depending on the anion/cation uptake balance, the H" uptake or release
can lead to an overall pH increase or decrease in the rhizosphere,
respectively (El-Shatnawi and Makhadmeh, 2001; Neumann and
Rombheld, 2012; Dotaniya and Meena, 2015). Moreover, the conse-
quences of soil acidification or neutralization on the microbial com-
munity, as well as their adaptation to the pH change, can also be studied
(Baath, 1996; Fierer and Jackson, 2006; Bartram et al., 2014). Fertil-
ization is another aspect where soil pH plays an important role as
common N fertilizer sources include ammonium, urea and nitrate, which
induce changes in soil pH upon addition and subsequent nitrification or
denitrification reactions (Recous et al.,, 1992; Kissel et al., 2008;
Rochette et al., 2013; Wang et al., 2020).

Soil pH also reflects its use or recent major events that happened. For
example, regularly fertilized soil used as agricultural land may have
lower pH values than non-fertilized soil, which underlines the impor-
tance of the application of lime or other acid-neutralizing materials to
maintain neutral pH values (Goulding, 2016). When a major event, such
as wildfire, influences the soil sample, the pH change is visible for a long
time. Immediately after the fire, soil pH increases drastically over 2 to 3
units and is buffered by the soil itself on the first day after the fire
(Honeyman et al., 2023). This increase is due to the formation of alka-
line carbonates and metal oxides. Ashes from the vegetation continue to
keep a high pH until leaching, erosion, and the formation of a new
humus layer removes the excess of these basic (cat)ions, a process which
can vary between a few months to several years (Gomez-Rey et al., 2013;
Munoz-Rojas et al., 2016; Fernandez-Garcia et al., 2019).

Planar optodes for pH measurements have been successfully used to
understand processes in the rhizosphere (Blossfeld and Gansert, 2012;
Blossfeld et al., 2013), after applying manure (Merl and Koren, 2020)
(Fig. 4), and visualizing soil fauna contribution to fertilizer distribution
(Natta et al., 2025). Additionally, interfaces between soil and other
substances can be visualized (Buss et al., 2018), and seasonal changes in
marine sediment studied (Fan et al., 2011; Han et al., 2016).

3.4. Ammonia: emission hotspots and mitigation

Ammonia (NH3) gas emissions from soil processes impact not only
the soil itself but also the formation of atmospheric particulate matter.
Agriculture and, particularly, fertilizer and manure management are the
largest sources of NHg in the atmosphere globally (Behera et al., 2013).
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Fig. 3. Examples of CO, optodes in soil research. A: CO, distribution in soil showing localized CO; enrichment linked to microbial respiration and soil structure
heterogeneity (Bereswill et al., 2024). B: Diurnal variation of soil CO, concentration measured by planar optodes, illustrating higher CO levels during daytime and
lower levels at night due to root and microbial respiration dynamics (Lenzewski et al., 2018).

This has led to the development of several methods to measure NH3
fluxes into the atmosphere (Scotto di Perta et al., 2020). While it is
evident that NH3 emission is a large-scale problem, the process that
leads to the volatilization is found at the microscale (Sommer et al.,
2003). Ammonia exists in a pH-dependent equilibrium with ammo-
nium (NHY). The pKj of this system is approximately 9.2, depending on
temperature. Consequently, at acidic and neutral pH, the fraction of free
NHj3 is negligible, and NH; dominates.

Ammonia optodes have been around for decades with a clear focus
on detecting very low (ppb) levels of dissolved NHgs in aquatic systems
(Waich et al., 2007; Abel et al., 2012; Strobl et al., 2017). The reasoning

behind this focus is that NHj3 is toxic to aquatic organisms even at those
low concentrations (Randall and Tsui, 2002). From a soil standpoint and
with respect to NH3 volatilizations, much higher (up to 200 ppm) levels
can be expected (Timmer et al., 2005). With this in mind, Merl and
Koren developed the first dedicated NHg optode for soil studies (Merl
and Koren, 2020).

Similar to the CO; sensor, the NHj3 sensor is based on a gas-
permeable membrane to prevent ionic species from entering the
sensor. Behind this membrane, a pH-sensitive dye (Oxazine 170) is
immobilized in a hydrogel matrix together with a reference dye. Upon
deprotonation, NH3 acting as the base in this case, Oxazine 170 changes
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its emission characteristics (Eq. (4)). This can be detected using an RGB
camera and, upon calibration, translated into a local NH3 concentration.

NH; +IndH" + Ref < NH, + Ind + Ref 4

In the first soil study, NHjz volatilization after addition of manure was
visualized in combination with pH and Oy optodes (Merl and Koren,
2020) (Fig. 5). Intense peaks directly after the manure application
were observed. This can largely be explained by the free NH3 within the
manure being volatilized as the surface increases enabling a better gas
exchange. Following this, the NH3 optode was further evaluated and
tested with respect to the placement of the fertilizer on the soil surface
compared to deep in the soil. The optode revealed that placing the fer-
tilizer, in this case dairy processing sludge, in the soil reduced the
emission of NHj significantly (up to 87% compared to surface applica-
tion) (Merl et al., 2023). Furthermore, this study showed that NHj
optodes are cross-sensitive to humidity and, as such, require a simulta-
neous humidity measurement to get quantitative data. Correcting this
cross-sensitivity is possible, but often even uncorrected qualitative in-
formation can be helpful to locate hotspots of NH3 emission (Hu et al.,
2024). Such hotspots were observed in the surroundings of mineral
fertilizers; it was possible to combine pH and NH3 optodes to track those
parameters in the “fertosphere” (Lombi et al., 2025) over an extended
period (up to 65h) (Merl et al., 2024) (Fig. 6). The chemical images
obtained by the optodes then informed localized sampling for both
chemical (different nitrogen species) and molecular (transcription)
analysis showcasing how chemical imaging with optodes can be used to
inform other types of analysis and can be a “chemical GPS” in complex
environments like soils.

Ammonia optodes are still new to soil analysis but have already
shown promising results. One of the positive aspects of this optode is the
commercial availability of all the materials needed. While preparing the
membrane-covered optode requires some practice, this makes them
accessible and easily integrable.

3.5. Ionic species

Ion-selective optodes have been developed for several important ions
in agriculture and biogeochemistry, including ammonium (NHY), po-
tassium (K"), and nitrate (NO3). However, their application in intact
soils remains very limited compared to planar optodes designed for
gases and pH measurement. This limitation arises from fundamental
challenges related to membrane stability and ion selectivity, including
the inherent pH cross-sensitivity of conventional ion-selective optodes.
Additionally, strong matrix effects, caused by heterogeneous soil pore-
water environments, variable moisture conditions, and fluctuating ionic
strength, further restrict the widespread use of ion-selective optodes.

Among these ions, NH; has received the most attention at the
application level, including several pioneering demonstrations in soil
and rhizosphere systems. Early optode designs based on the ionophore
nonactin used as a selective complexation agent demonstrated strong
cross-sensitivity between NH4 and K* due to their similar ionic radii and
hydration energies (Seiler et al., 1989). Despite this limitation, planar
ammonium optodes were successfully adapted for soil-relevant
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applications. Stromberg et al. demonstrated imaging of ammonium
turnover close to intact tomato roots using planar optodes, resolving
depletion zones, uptake heterogeneity along root structures, and tem-
poral dynamics over diel cycles (Stromberg, 2008; Delin and Stromberg,
2011). However, ammonium optode measurements require careful
control of ionic strength, pH, and interfering ions, and typically rely on
sophisticated calibration schemes to compensate for signal drift and
short-term stability.

Optode-based sensing of NO3 and K" faces similar, if not greater,
limitations.  Nitrate-selective (Pedersen et al., 2015) and
valinomycin-based K" -selective optodes (Kassal et al., 2019) have been
demonstrated in aqueous systems, but typically suffer from pronounced
interference by NH4, NO3 (nitrite), and other oxyanions, severely
limiting their applicability in chemically complex soil environments
(Damala et al., 2023). Consequently, NO3 and Kt measurements in soils
continue to rely on extraction-based analyses, DGT techniques, or
electrochemical sensors rather than optical imaging approaches (Ameer
et al., 2024).

Overall, ion-selective optodes are a promising but underutilized
frontier in the field of soil chemical imaging. Their limited use in soil
research is mainly due to ongoing challenges related to ion interference
and the difficulty of achieving reliable calibration in varied porewater
environments. Future advancements will depend on significant im-
provements in membrane chemistry, strategies to suppress interference,
and the development of calibration methods, which are specific to soil
applications. Only then can ion-selective optodes have a meaningful
impact on spatially resolved soil biogeochemistry.

4. Linking co-occurring chemical processes in soils —
multiparameter imaging

One of the central advantages of planar optode approaches is their
ability to support multianalyte imaging, enabling simultaneous obser-
vation of multiple chemical parameters within the same soil system.
Because soil biogeochemical processes are inherently coupled, multi-
parameter measurements provide a more holistic representation of soil
microenvironments and allow mechanistic interpretation of spatial and
temporal co-occurrence patterns. In contrast to single-analyte imaging,
which may capture only one facet of a process, multianalyte optode
approaches reveal how gradients in O3, pH, NHg, and COs interact to
shape biogeochemical hotspots.

4.1. Multiparameter optode strategies and technical implementations

Multiparameter optode imaging generally follows two conceptual
strategies. In the first, multiple indicator dyes are incorporated into a
single sensing layer or stacked multilayer films, and individual analytes
are resolved through separate optical channels or spectral unmixing. In
the second, distinct optode foils, or optodes combined with comple-
mentary planar techniques such as DGT, are co-deployed within a
shared experimental geometry. The principles, limitations, and analyt-
ical considerations underlying these approaches have been compre-
hensively reviewed elsewhere (Kalinichev et al., 2023).

7 mL Manure 10 mL Manure 10 mL Manure
1h 5h 25h

Fig. 5. Example of using NH3 optodes in soil research. Distribution of gaseous NHj levels above soil, following manure application at different time points,
demonstrating the rapid temporal dynamics at the soil/air interface (Merl and Koren, 2020).
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Fig. 6. Examples of multiparameter mapping of soil using planar optodes. A:
Combined imaging of NH3 and pH dynamics in soil surrounding a urea granule,
illustrating the spatial coupling between ammonia formation and alkalization
during fertilizer hydrolysis (Merl et al., 2024). B: Simultaneous mapping of O,
pH, and CO, around roots in the rhizosphere, revealing strong spatial gradients
driven by root activity and microbial respiration (Koop-Jakobsen et al., 2018).
C: Time-series imaging of pH and O, distributions around lateral roots,
demonstrating dynamic changes in rhizosphere chemistry over time (Blossfeld
et al., 2011).
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The majority of state-of-the-art approaches are still focused on dual-
parameter imaging, reflecting a practical compromise between experi-
mental complexity and interpretability. Technically, dual imaging has
been implemented using camera systems equipped with multiple emis-
sion filters or channels (Mophammer et al.,, 2016), phase- or
frequency-resolved detection for lifetime-based sensing (Borisov et al.,
2006), hyperspectral imaging that enables spectral separation of over-
lapping dyes (Bognar et al., 2024; Schwendt et al., 2024), or spatially
distributed grid optodes in which different sensing chemistries are
patterned across defined regions of a single substrate (Kalinichev et al.,
2025). These approaches have enabled robust acquisition of paired
chemical maps at mm-to pm-resolution, suitable for capturing soil
microscale heterogeneity.

4.2. Oxygen, pH, and COgz: coupled redox and acid-base dynamics

Among the most established combinations in soil research are O5 and
pH, highlighting their central roles in redox regulation and acid-base
buffering. Dual O2/pH optodes, in which an Oz-sensitive luminophore
and a pH-sensitive dye are co-embedded within the same film, allow
direct visualization of oxic-anoxic transitions alongside associated H*
dynamics. Alternatively, O and pH optodes have been deployed in
parallel to examine spatial correlations in the rhizosphere and organic
matter hotspots. Early rhizosphere studies demonstrated that O
depletion due to root respiration and pH modification through H' fluxes
are often spatially coupled but not necessarily co-localized, with
oxidized, high-pH zones near certain root segments and adjacent anoxic,
more acidic microsites further away (Blossfeld et al., 2011;
Koop-Jakobsen et al., 2018).

More recent work has extended combined Oy and pH imaging to
structurally complex soil-fauna systems. In a dung beetle experiment,
concurrent Oy and pH mapping revealed sharp chemical contrasts be-
tween beetle tunnels and dung-rich microsites, with pronounced redox
gradients and pH shifts across mm-scales (Natta et al., 2025). These
multiparameter observations were essential for mechanistically linking
bioturbation-induced changes in soil structure to enhanced oxic/anoxic
interface area.

Integration of pH and CO; sensing further enriches mechanistic
interpretation by directly linking respiration-driven CO, production to
acid-base dynamics. An integrated pH/COy planar sensor has been
applied in rhizosphere studies to show that localized pH decreases
coincide with CO accumulation arising from root and microbial respi-
ration (Blossfeld et al., 2013). Such observations help disentangle
whether pH shifts are primarily driven by biological CO» production,
carbonate buffering reactions, or nutrient uptake processes, which are
often difficult to separate using bulk measurements.

4.3. Ammonia, pH, and oxygen: investigation of nitrogen hotspots

Multiparameter imaging has proven particularly informative for
investigating ammonia dynamics, where NH3 availability, pH, and Os
status are tightly interlinked. Recent ammonia optode studies employed
coordinated combinations of NH3, pH, and O, optodes within the same
soil sandwich framework to investigate NH3 hotspots under contrasting
moisture and aeration regimes (Merl and Koren, 2020; Merl et al., 2023,
2024). By integrating multiple parameters across experiments, these
studies demonstrated that NH3 emission, microsite alkalization, and O,
availability cannot be interpreted independently. For instance, under
dry, well-aerated conditions, rapid NHj release coincided with strong
local pH elevation, whereas under wetter, Os-limited conditions, NH3
diffusion was slower.

4.4. Integration of optodes with tracers and complementary planar
techniques

Beyond combinations of different optodes, chemical imaging has
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been successfully integrated with physical tracers and complementary
analytical techniques. In the dung beetle study, fluorescent tracers were
incorporated into dung to visualize its physical redistribution under
fully anoxic conditions, where oxygen optodes alone provided no
contrast. Combining tracer-based visualization with optode-derived
chemical maps enabled spatial alignment of organic matter placement
with persistent anoxic zones, strengthening causal interpretation of
observed biogeochemical patterns (Natta et al., 2025).

Furthermore, co-deployment of planar optodes with DGT has
enabled spatially resolved linkage between soil chemical conditions and
nutrient availability. While optodes provide two-dimensional, time-
resolved maps of parameters such as pH or Oy, DGT gels integrate solute
fluxes over time and thus reflect the labile nutrient pool accessible for
diffusion and uptake. Combining these approaches allows direct
assessment of how microscale chemical gradients regulate nutrient
mobilization in heterogeneous soils. In a biochar-amended soil, Chen
et al. used a pH optode in conjunction with a phosphate-binding DGT
layer to demonstrate that localized pH increases around biochar parti-
cles coincided with enhanced phosphorus fluxes, revealing strong mm-
scale heterogeneity not captured by bulk measurements (Chen et al.,
2024). Similar optode-DGT configurations have been applied to rhizo-
sphere systems, where root-induced pH gradients were shown to exert
strong control over the spatial distribution of labile phosphorus and
micronutrients (Borng et al., 2023). More generally, combined chemical
imaging and DGT approaches provide a mechanistic framework for
identifying microsites where soil chemistry promotes nutrient mobili-
zation or immobilization (Lehto et al., 2017). Although optodes and
DGT operate on different temporal principles (instantaneous vs
time-integrated), their co-deployment enables complementary insight
into the coupling between soil chemical dynamics and nutrient supply at
the microscale (Fig. 7).

4.5. Multimodal integration

An emerging form of multimodal integration involves using optode
maps to guide targeted biological or geochemical sampling. Honeyman
et al. introduced the concept of a “chemical navigator” (Fig. 7) in which
O, and pH optode images were used to inform spatially resolved RNA
sampling in fire-affected soils, enabling direct correlation between
chemical microenvironments and gene expression patterns (Honeyman
et al., 2023) (Fig. 8). Such approaches highlight how planar optodes
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Fig. 7. Conceptual figure illustrating how optodes (in orange) can be combined
with complementary techniques and how they can guide the finding of regions
of interest (ROI) in complex systems. Those ROIs can then be further analyzed
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can function not only as diagnostic tools but also as strategic frameworks
for integrating chemical imaging with molecular and mineralogical
analyses.

A similar “chemical GPS” logic was used in a recently published
rhizobox study, where planar O, optode imaging and root imaging were
not only used to visualize heterogeneity, but to define regions of interest
for additional measurements (Rummel et al., 2026) (Fig. 8). Based on
root presence/age and local redox state (e.g., anoxic patches at the
optode/soil interface), these regions were subsequently targeted for
complementary, higher-specificity measurements that cannot be ob-
tained from optodes alone: direct in-situ N2O concentration profiles with
Clark-type N2O microsensors, microsite nutrient status (NO3, NH7,
DOCQ), and functional gene abundances (nirK/nirS and nosZ clades) from
small-volume soil sampling. This workflow reduced “blind” sampling
and enabled mechanistic links between O, microenvironments, sub-
strate availability, microbial function, and the emergence of N,O hot-
spots in the rhizosphere, guided by the obtained O, maps.

Another promising direction for multimodal integration is the com-
bination of planar optode imaging with three-dimensional structural
characterization, particularly X-ray micro-computed tomography (uCT).
While pCT cannot directly quantify chemical species such as Oz, pH, or
nutrients, it provides high-resolution information on soil pore archi-
tecture, air- and water-filled porosity, and aggregate structure, all of
which strongly control gas diffusion and microbial habitat connectivity.
A concrete example of such integration was provided by Keiluweit et al.
who combined planar O, optode imaging with pCT characterization of
the same upland soils (Keiluweit et al., 2018). By jointly interpreting
these datasets, they demonstrated that the persistence of anoxic
microsites was not governed by bulk O availability but by diffusion
limitations imposed by clay-rich, poorly connected pore networks. In
addition, Rohe et al. demonstrated that pCT-derived metrics of air
connectivity and diffusion distance can be used to estimate anaerobic
soil volume fractions as structural proxies for Oz supply, especially when
interpreted together with O, demand (e.g., respiration) (Rohe et al.,
2021).

Together, these studies motivate future workflows that more tightly
couple (and ideally co-register) 2D optode maps with pCT-derived pore
networks to resolve the physical drivers of soil biogeochemical hotspots
across scales.

4.6. Future directions

Overall, multianalyte planar optode imaging provides uniquely
powerful insights into soil biogeochemical coupling. By capturing
interacting gradients of the combination of key soil parameters, these
approaches move soil research closer to a system-level understanding of
microscale heterogeneity. By capturing more than one parameter,
planar sensors can directly show cause-and-effect relationships: e.g., an
optode image might show pH drops exactly where O, is low, confirming
acidification is linked to anaerobic respiration. This type of insight
moves us closer to a 2D process visualization. As new dyes and methods
continue to advance (for NO3, redox potential, enzyme activity, etc.),
multiparameter optode systems are likely to become in situ “micro
laboratories” for studying the complex biogeochemistry of soil micro-
sites in real time.

5. Critical perspective: what optodes can and cannot tell us

In 1966, Abraham Maslow wrote, “... it is tempting, if the only tool
you have is a hammer, to treat everything as if it were a nail.” (Maslow,
1966) Optodes are one of the authors’ favorite tools. That is not a
problem, until we start using them as the default answer to every
question. This section is about finding the right nails (problems) for the
optode hammer (as a method): when are optodes helpful, when are they
not, and how can they be combined with other methods to address
mechanistic questions in soil biogeochemistry?
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Fig. 8. Examples of multimodal approaches combining optode imaging with
complementary techniques. A: Integration of planar optode imaging with DGT
measurements to relate spatial patterns of pH with the distribution and fluxes of
dissolved metals in the rhizosphere (Hoefer et al., 2017). B: Combined mapping
of enzyme activities (acid and alkaline phosphatase) together with pH around
plant roots, highlighting how biochemical processes and chemical gradients
co-occur in the rhizosphere (Ma et al., 2021). C: Use of O, and pH optode maps
to guide spatially resolved biological sampling and link soil chemical micro-
environments with gene expression patterns (Honeyman et al., 2023). D:
Application of O, optode imaging as a “chemical navigator” to identify
microsites for targeted measurements of nitrogen transformations and associ-
ited microbial processes (Rummel et al., 2026).

5.1. What optodes can do well: showcase heterogeneity and reveal
dynamics

The core strength of planar optodes is that they turn a bulk average
into a spatially resolved story. A soil can appear “well oxygenated” by
bulk measurements and still contain anoxic microsites that sustain
fundamentally different metabolisms and reaction pathways. Optodes
make such microsites visible, and they can do so continuously over time,
enabling a dynamic perspective that is hard to obtain with other
methods. This spatiotemporal capability is especially powerful for
mechanistic investigations: optodes can reveal co-occurrence patterns
(e.g., Oz depletion co-localizing with pH shifts or CO, accumulation),
identify hotspots and boundaries (oxic/anoxic interfaces, rhizosphere
gradients), and generate hypotheses about controls and feedbacks
occurring in soils. In multiparameter configurations, optodes also pro-
vide the kind of coupled observations that are needed to move just from
“maps” to “process narratives.” For example, it can help distinguish
whether a pH change is associated with respiration-driven CO5 accu-
mulation, nitrification-driven acidification, or alkalization linked to
NHj generation. In this sense, optodes are not only visualization tools;
they can provide information for further microsite-aware modeling.

A second practical strength is that optodes are largely (every mea-
surement technique alters the sample even if only slightly) non-
destructive and can be used over extended periods (days to weeks,
sometimes longer depending on the sensor chemistry and conditions).
That makes them ideal for experiments where disturbance would erase
the very heterogeneity of interest, such as rhizosphere development,
bioturbation, wetting-drying transitions, or amendment-induced hot-
spot formation. Compared to endpoint sampling or time-integrating
methods (e.g., DGT, zymography), optodes provide a continuous
“movie” of chemical microenvironments.

5.2. What optodes cannot do (yet): fluxes, 3D imaging, and calibration-
free modes

At the same time, optodes have limits that must be built into the
experimental logic. First, optodes generally do not provide absolute
fluxes in a straightforward way. They measure concentrations (or
proxies) at an interface, and converting 2D concentration fields into
fluxes requires strong assumptions about geometry, diffusion, and
boundary conditions. In soils, these assumptions are often violated by
structural complexity and dynamic water distribution. A related limi-
tation is that optodes provide a 2D plane through a 3D system. This is
still a major gain over point sensing, but it is not the full spatial truth:
processes can be driven by connectivity and gradients extending out of
the imaged plane. Furthermore, the presence of an optode foil changes
the physical boundary conditions at the interface by so-called “wall ef-
fects”, creating a diffusion barrier and potentially altering local trans-
port and reaction patterns (Glud et al., 1999). As a result, optodes are
best at identifying where distinct regimes exist and how they evolve, but
they must be used cautiously when the goal is to quantify absolute ex-
change rates or to reconstruct 3D processes.

At the same time, imaging every soil sample in a large treatment
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experiment is not always necessary or practical. The strength of optodes
lies in resolving spatial heterogeneity and revealing mechanisms,
whereas many experiments are primarily designed to compare treat-
ment effects across large numbers of samples. Optode imaging produces
large datasets by default, and the practical bottleneck quickly shifts from
measurement to data handling, particularly in long-term or high-
replication studies (Kalinichev et al., 2026). Automated pipelines and
machine learning can help with data processing, but they do not remove
the need for careful validation: without strong quality control, auto-
mated approaches can simply amplify optical artefacts or calibration
drift (Zieger and Koren, 2023).

Several soil-specific challenges are also easy to overlook, especially
when just starting to integrate optodes into soil experiments. The most
fundamental is contact between the optode film and the soil. In dry or
structurally unstable soils, air gaps can form. When contact is lost, the
sensor starts reporting the changes of the trapped air layer and not the
soil itself. This is far less problematic in sediments and waterlogged soils,
which helps explain why the transition struggles from aquatic systems,
for which optodes were developed, to terrestrial systems. Low moisture
content also affects the sensors themselves: many optode chemistries
require a hydrated microenvironment, and response times can become
slow when the sensing layer dehydrates.

Beyond the soil/sensor interface, optodes are vulnerable to optical
artefacts and low-signal scenarios. Dark, organic-rich soils can absorb
excitation/emission light and show autofluorescence; illumination gra-
dients, camera drift, material degradation, and photobleaching can
generate apparent “chemical patterns” that are purely optical. There-
fore, validation, referencing, post-experiment checks, calibration, and
(re)calibration should play a crucial role in managing these risks and in
separating true soil chemistry from measurement artefacts. A practical
overview of the most common technical limitations encountered in soil
optode imaging and possible mitigation strategies is summarized in Box
A.

More generally, proper calibration and a constant awareness of po-
tential artefacts are essential in optode-based imaging. Simple questions
often catch the biggest problems early: Is the image saturated? Is the
signal-to-noise ratio still acceptable? Did the optical setup change over
time (illumination geometry, lamp intensity, ambient light leaks, focus,
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camera settings)? Does the optode still behave as expected in reference
conditions? Any of these factors can create strong artefacts and produce
fake “chemical information” that has little to do with reality. Of course,
careful calibration and handling are important for all methods, but
optode imaging is unusual in how much experimental freedom it offers
(something we consider positive) with respect to the used equipment
and samples, while giving limited help (built-in quality controls) for
inexperienced users. This is where clearer protocols and better stan-
dardization can make a real difference, and why recent work has started
to push more explicitly toward calibration- (Rasmussen et al., 2026) and
resolution- (Zieger et al., 2022) aware best practices.

In summary, optodes are a powerful hammer in soil science, but only
for certain tough nails. They shine when the question is about where and
when microenvironments form, and when we want to study mechanistic
interactions at a small scale. They provide data in time and space, which
is rare. At the same time, they are less suited when the primary goal is
absolute flux quantification or high-throughput screening of many
treatments. Used thoughtfully and combined with complementary
methods, as discussed in Sections 4.4 — 4.5, optodes can be more than a
visualization tool: they can become a central component of mechanistic
soil biogeochemistry. The next step is to translate these strengths into
workflows that work beyond controlled lab setups.

6. Prospects: from lab to in-situ monitoring to modeling

If Section 5 was about choosing the right nails for the optode
hammer, this section is about building the workshop: what needs to
happen so optodes can move from controlled lab demonstrations to
routine, in-situ soil monitoring and, ultimately, to mechanistic models
and decision support.

Despite the clear scientific value of field studies on plant-soil in-
teractions and soil biogeochemistry, published work that directly de-
ploys planar optodes in the field remains extremely limited (Bilyera
et al., 2022; Siegwart et al., 2026). The main reason is not a lack of
interesting questions, but practical barriers: gaining optical access to the
soil profile, installing equipment designed for laboratories, and keeping
it stable under real-world weather, variable moisture, changing tem-
peratures, and in the presence of fauna.

Box A

Technical limitations and mitigation strategies for planar optodes in soils

Technical limitation

Wall effect/boundary disturbance:
foil changes the transport of analytes;
diffusion biases

Optical heterogeneity and soil color:
absorption, autofluorescence, uneven
illumination

Moisture dependence (pH, CO,, NH;):
slow/invalid response in dry or patchy
hydration

Volatile analytes (NH;, CO,) and
leakages in open systems:
losses, solubility, “stickiness”

Field constraints:
drift, changing light/temperature, long
deployments

What to do

Validate with orthogonal probes
(microsensors) at selected points; interpret
gradients near the foil cautiously.

Dual-dye referencing, dark frames,
shielding from stray light; optional optical
insulation/scattering layer when compatible.

Ensure hydration/contact, monitor moisture
state, and treat very dry-soil data as
qualitative unless validated

Use micro-enclosures/controlled
headspace, close proximity placement, and
defined time-window interpretation

Controlled imaging (dark chamber),
reference patches, and periodic
(re)calibration
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In aquatic and marine sediments, specialized in-situ equipment for
chemical imaging has been used for decades (Glud et al., 2001). For
soils, comparable capabilities have only started to emerge recently. A
key step forward is the development of standalone, field-deployable
imaging systems such as MARTINIS (Multi Analyte Real-Time IN-situ
Imaging System) (Rasmussen et al., 2025); see Fig. 1 for a conceptual
drawing. These systems make it realistic to monitor soil chemistry over
long periods, capturing conditions that are hard (or impossible) to
replicate in the lab: diurnal temperature cycles, wetting/drying se-
quences, freezing/thawing dynamics, and seasonal transitions that often
dominate soil biogeochemical function (Wagner-Riddle et al., 2017;
Harris et al., 2021). In other words, field-deployable imaging does not
just “repeat lab experiments outdoors”; it opens a different class of
questions, for example, about timing or recovery of microenvironments.

Going into the field also creates a new set of challenges that can
influence the next generation of experiments. A single installation rarely
represents a whole landscape: land topography and local hydrology can
lead to very different Oy and moisture regimes over short distances
(Elberling et al., 2023). One obvious answer is sensor networks, multiple
imaging units that capture heterogeneity and provide replication, but
this only becomes feasible if systems remain affordable and easy to
maintain. Here, the recent push toward low-cost hardware is encour-
aging: systems like MARTINIS are reported to be in the range of ~500 —
600 € per unit, which makes replication and network-based designs
realistic for many groups (Rasmussen et al., 2025). Still, long-term field
deployment quickly turns into an operations problem: power supply,
data storage, sensor drift, and maintenance schedules can become as
important as the sensor chemistry itself.

Internet-of-Things (IoT) approaches can reduce manual workload by
enabling remote monitoring, automated data transfer, cloud-based
processing, and early detection of drift or failures, especially when
multiple units run in parallel (Capella et al., 2020; Hurst et al., 2026). In
parallel, further innovation in multiparameter sensing is likely to in-
crease the scientific value of each deployment. Recent developments,
such as grid optodes (Kalinichev et al., 2025) (discussed in Section 4.1)
point towards multiparameter imaging becoming more conventional,
allowing several parameters to be measured together within the same
field workflow.
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One of the long-term payoffs of this transition is better models and
better decisions. Field-ready optode datasets can provide mechanistic
constraints on how microscale spatiotemporal processes scale up to
ecosystem behavior, and thereby strengthen process-based modeling
frameworks (Groffman et al., 2009; Butterbach-Bahl et al., 2013; Wang
et al., 2021). The most powerful designs will likely combine multipa-
rameter optode imaging with measurements of greenhouse gas emis-
sions and nutrient losses, directly connecting “what happens in the soil”
to “what leaves the soil.” If done well, this can support agricultural
management strategies that maintain yield while reducing N losses and
greenhouse gas emissions. This is what can move optodes from a
mechanistic research tool toward a contributor to decision support.

In short, the future of planar optodes in soils will be shaped by a co-
evolution of three things: (I) field deployable imaging systems, (II) more
robust and multiparameter sensing approaches, and (III) data workflows
that make long-term deployment and model integration practical.
Turning these developments into routine tools for soil science will
require coordinated methodological progress; key priorities are sum-
marized in Box B.

7. Conclusion

Optodes are powerful and intriguing tools in soil science, and it is
evident that we have only begun to explore their full potential. Future
developments are likely to expand their impact even further. Improved
integration with complementary techniques, the development of new
optodes targeting additional analytes, and advances in multianalyte
imaging represent particularly promising directions. Another exciting
frontier lies in moving optode applications beyond controlled laboratory
environments and into field settings, where they can capture soil pro-
cesses under more realistic conditions.

The aim of this perspective was to provide a clear and honest over-
view of what optodes can — and cannot — currently achieve. While
optodes cannot, in isolation, answer all the complex questions we face in
soil science, they can be remarkably powerful when applied thought-
fully and in combination with other approaches. Used wisely, optodes
have the potential to become invaluable tools for advancing our un-
derstanding of soil processes.

Box B
Wish-list for soil optode imaging routine

Tier 3 | THEN | Adoption
O Practical SOPs:

workflows

Tier 1 | NOW | Reproducibility

O Open protocols: soil-specific workflows for contact checks,
hydration, calibration, drift control, reporting.

O Shared calibration datasets: raw images, metadata, scripts.

Tier 2 | NEXT | Comparability

O Benchmark soils: agreed test soils that stress the method
(dark organic soils, low moisture, variable ionic strength, strong
heterogeneity) with reference measurements

O Cross-lab intercomparisons: identical foils and benchmark
soils to quantify between-lab variability and identify its sources
(optics, calibration, processing, soil handling)

robust,

low-friction
specialists can run without “expert tuning”
O Standards and uptake: guidelines aligned with monitoring
needs, longer-term standardization frameworks

O Impact: integration into management and decision-support

routines that non-
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