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Abstract

Microscope enabled Fourier Transformed Infrared Spectroscopy (LFTIR) provides absorbance and reflectance information on
the chemical composition (bonds and functional groups) of microscopic particles. The pFTIR spectra extracted from
individual particles, such as pollen grains or charcoal fragments, can provide both taxonomic and environmental insights.
For example, the spectra obtained from grass pollen grains have been shown to be relatable to different subfamilies, while
spectra obtained from charcoal fragments reflect the temperature under which the charcoal was formed. Thus pFTIR analysis
of material extracted from Quaternary sediments can reveal novel insights into past vegetation composition and environ-
mental processes.

Keywords

Charcoal; Chemical bonds; Fire; Fourier Transformed Infrared Spectrometer; Functional groups; Microfossils; Pollen;
Sediments; Spectra; Taxonomy; UV; Vegetation

Key points

o Individual microscopic particles can be characterized using a microscope enabled Fourier Transformed Infrared Spectrom-
eter (LFTIR).

® The FTIR spectra obtained from the microscopic particles reflect chemical bonds and functional groups.

® The FTIR spectra can be used to extract taxonomic and environmental information from particles.

® Pollen/spores and charcoal particles extracted from Quaternary sediments have been successfully characterized using uFTIR
to extract both taxonomic and environmental (UV exposure and fire temperature) information.

o Further research is required to expand reference libraries to improve the range and robustness of insights that can be
obtained from pFTIR.

Introduction

The extraction of particles and chemicals from Quaternary sedimentary records for the purpose of reconstructing past ecological and
environmental change was established in the first half of the 20th Century (Godwin, 1956; Hays et al., 1976; Hooghiemstra and
Richards, 2022; Paramasivan, 1944; Von Post, 1946). However, technological constraints largely meant that chemical analysis was
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restricted to samples of bulk sediment, while individual particles were identified microscopically on the basis of their morphological
configuration. The advent of the microscopically enabled Fourier Transformed Infrared Spectrometer (LFTIR) provided an opportunity
to extract chemical information from particles down to a few microns; for further information on the technical development and
operation of FTIR see: Dutta (2017). This technological development, driven by a necessity to identify chemical contaminants in food
packaging and consumer goods (Mauricio-Iglesias et al., 2009), allowed for the first time these two branches of reconstructing
Quaternary environments to be brought together. The cost of a pFTIR is around €100,000 today, but running costs are relatively low
(costs of chemically inert windows to mount samples on, nitrogen purge, and electricity, plus maintenance fee), and once mounted,
analysis of an individual partial can be quite quick (just a few minutes to run detailed scans) and is non-destructive. Other
spectroscopic approaches, such as Raman and Attenuated Total Reflectance (ATR) FTIR, have also been successfully applied in
complementary studies but are not the focus of this paper for reasons of brevity; for further information on these approaches see:
Depciuch et al. (2018) and Muthreich et al. (2020).

The spectra generated by pFTIR analysis of a particle does not provide a direct measure of the chemical compounds contained
within that particle. However, the spectra can be related to different chemical bonds and structures to infer the different aspects of
the particle’s chemical composition (Fig. 1, see also Dutta, 2017). Therefore, through the examination of the pFTIR spectral profile,
or portion thereof, differences or characteristics of the chemical composition of the particle can be inferred and related to spectra
that are characteristic of a particular taxonomic group or environmental characteristic (Zimmermann and Kohler, 2014). Conse-
quently, the first step with applying pFTIR to extracting any signal from the record of past ecological, or environmental, change is
parameterizing the potential variability within a known reference data set. To date, this approach has been mainly applied to the
analysis of pollen/spores and charcoal fragments and, in both cases, has been used to try and derive both taxonomic and
environmental information. However, there is no reason why a similar approach should not be applied to the analysis of other
particles extracted from Quaternary sedimentary deposits, such as non-pollen palynomorphs (Lee et al., 2022; van Geel, 2001) or
chironomids (Walker, 1995).

Here we review the progress that has been made in the application of pFTIR approaches to the analysis of pollen and charcoal to
reveal new taxonomic and environmental information. We then assess various challenges and approaches to handling and
analyzing spectral data in this context. Finally, we identify limitations and future research directions for the application of this
approach.

Taxonomic signals from . FTIR spectra
Pollen

Our understanding of past vegetation change across the globe is largely based upon the reconstructions based on pollen grains
extracted from sedimentary records (Izumi and Lézine, 2016; Nolan et al., 2018; Prentice and Webb III, 1998) that have been
morphologically identified (Faegri and Iversen, 1989; Moore et al., 1991). However, the taxonomic level of information that can be
extracted from the pollen morphology is limited by the degree to which taxa have evolved different pollen forms, and how easily
any variations can be observed.

A classic example of the taxonomic challenge in pollen identification is the highly diverse grass (Poaceae) family which contains
¢. 700 genera and c. 10,000 species which grow in a wide variety of environments (Watson, 1990). Under light microscope analysis,
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Fig. 1 FTIR spectrum for an unoxidized Lycopodium spore, showing interpretation of spectral absorbance peaks. Reproduced under CC-By 3.0 license from
Jardine PE, Fraser WT, Lomax BH and Gosling WD (2015) The impact of oxidation on spore and pollen chemistry. Journal of Micropalaeontology 34: 139—149.
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at either x400 or x1000 magnification, grass pollen is morphologically similar (spherical, psilate, monoporate, with an annulus)
regardless of whether the grass is a bamboo growing 40 m tall, or a short aquatic grass (Salgado-Labouriau and Rinaldi, 1990). The
size and configuration of the morphological features of grass have been explored to try and identify further taxonomic groups (Beug,
2004; Wei et al., 2023); however, it appears that the range of variance within species and/or genera is greater than the variance
between species and/or genera (Beug, 2004). Thus, this approach remains intrinsically taxonomically limited and consequently
much potentially useful ecological and environmental information is unobservable. Scanning Electron Microscopy (SEM) has been
shown to be able to reveal distinctive surface features of grasses at higher taxonomic levels (Mander and Punyasena, 2016), but
applying this to the analysis of significant numbers of samples remains both time consuming and expensive. The potential for uFTIR
to open up a new window on currently ‘cryptic’ diversity is appealing for expanding our knowledge of Quaternary environments.

The potential for the FTIR approach to pollen identification was set out by Pappas et al. (2003) who were able to determine
differences between closely related species through the characterization of the spectra obtained from bulk (2 mg) samples of dried
pollen. The approach was further refined through: (i) the development of reference libraries to help identification (Gottardini et al.,
2007), (ii) the comparison of spectra obtained from individual grains and bulked samples of grains (Dell’Anna et al., 2009),
(iii) the comparison of FTIR spectral characterizations with other approaches (Raman) (Zimmermann, 2010), and (iv) the
establishment of linkages between certain spectral characteristics and chemical compounds and functional groups within the
pollen (Bagcioglu et al., 2015). Importantly, it was also demonstrated that the spectral features obtained from FTIR analysis of
pollen (sporopollenin) that reflected the chemical characteristics survived maturation, and through geological time, indicating that
this spectral approach could be applied to investigating change in microfossils extracted from the sedimentary record (Fraser et al.,
2012; Fraser et al., 2014; Jardine et al., 2021; Lomax et al., 2012).

Applying a pFTIR spectral approach to improving the taxonomic identification of grass pollen was tested for western Africa by
Julier et al. (2016). In this study, pollen grains were obtained from herbarium reference material of 12 different grass subfamilies
(Fig. 2). The pFTIR used in this analysis required a large aperture to obtain a reliable reading therefore the spectra generated were
determined for groups of pollen grains from the same taxa, i.e. one spectrum was obtained for multiple grains. Various approaches
to data processing were explored (including base line correction of spectra, z-score standardization, truncation and Savitzky-Golay
spectral smoothing) to improve signal detection. The grass pollen grains could be correctly assigned to sub-family level with 80%
accuracy; however, the study design was not extensive enough to confirm if higher level taxonomic identification could be possible
with this approach. Regardless, there was an improvement in the identification level compared to visual inspection of the pollen
morphology. The same approach was then applied by Jardine et al. (2019a, 2019b) to investigate if pFTIR could be used to reveal
new insights into the domestication of grasses. Jardine et al. demonstrated a high level of success in assigning taxa to the correct
classification in the training datasets, suggesting that comparison of spectra analyses of ancient pollen grains with the training
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Fig. 2 Averaged standardized spectra obtained from different grass sub-families using Fourier Transformed Infrared (FTIR) absorption spectra. Peaks in

the spectra correspond to the abundance of specific chemical bonds or functional groups. Spectra are offset for ease of comparison. Aru. = Arundinoideae,
Bam. = Bambusoideae, Chl. = Chloridoideae, Ehr. = Ehrhartoideae, Pan. = Panicoideae, Pha. = Pharoideae, Poo. = Pooideae, Pue. = Puelioideae. Reproduced
under CC-By 4.0 license from Julier ACM, Jardine PE, Coe AL, Gosling WD, Lomax BH and Fraser WT (2016) Chemotaxonomy as a tool for interpreting the cryptic
diversity of Poaceae pollen. Review of Palaeobotany and Palynology 235: 140-147.
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dataset could lead to the identification of currently undetectable crop types, and thus provide new insights into the origins of
domestication. These successes in differentiating groups within the grass family were further supported by a study by Diehn et al.
(2020) who explored variance at the species level. Diehn et al. analyzed multiple individual grass pollen grains from multiple
individuals of five different grass species. They demonstrated that, despite limitations related to within species variance, scattering
effects and mounting medium (see further discussion below), species could be differentiated on the basis of their FTIR spectra.

The FTIR spectra of other taxonomic groups have also been characterized to explore the possibility of improving taxonomic
differentiation relative to light microscopy; including Pinaceae, the family of pine trees (Zimmermann, 2018) and nitre bushes
(Nitraria sp. (Woutersen et al., 2018)). Zimmerman characterized the FTIR spectra of two genera within the pine family with
morphologically different pollen grains (Tsuga and Pinus), and two morphologically identical species within the genus Pinus (Pinus
mugo and P. sylvestris). Based on the average spectra derived from between 5 and 10 grains, these genera and species could be
successfully separated on the basis of their FTIR spectra. In contrast examination of c. 20 grains from each of six species of Nitraria by
Woutersen et al. found that although Nitraria could be differentiated from a sister genus (Peganum) on the basis of the FTIR spectra,
the differentiation of species within the genus was not possible.

The PFTIR based studies conducted to date suggest that a sub-genus identification of pollen grains should be possible for many,
but not all, species on the basis of spectral characterization. These findings are supported by other studies conducted using the
closely related ATR-FTIR approach. The ATR-FTIR approach differs from pFTIR in that it cannot be used to characterize individual
grains, but instead collects a bulk reading from a collection of grains that are positioned under the ATR tip. Analysis of birch (Betula
sp.) and oak (Quercus sp.) using ATR-FTIR also suggest that sub-genus level identification of pollen can be achieved on the basis of
the spectra obtained (Muthreich et al., 2020).

Charcoal

Empirical evidence of past fire regimes comes from the recovery and identification of charcoal particles from sedimentary records
(Whitlock and Larsen, 2001). The abundance of charcoal is generally assumed to relate to the severity of past fires (amount of
biomass consumed) (Brown et al., 2023, Whitlock and Larsen, 2001); however, the quantity of charcoal produced from a given
amount of plant biomass is, in part, contingent on the nature of that biomass, e.g. woody vs. grassy material. Therefore, being able
to identify the plant type from which any charcoal found in the sedimentary record was produced is highly desirable when
reconstructing past fire regimes. This is particularly advantageous in records in which switches between grass and tree dominated
vegetation occur, such as at savanna-forest boundaries. Morphometric approaches (length vs. with ratios (Scheel-Ybert, 2004,
Wheeler, 2011)) and identification of particular features (such as stomata (Jensen et al., 2007)) have been used to visually identify
the plant types consumed. However, in many cases, and particularly for smaller (<125 pum) charcoal particles, dimensions and
features are insufficient to be visually diagnostic. Furthermore, small charcoal particles can also be difficult to identify because
characteristics, such as breakage patterns, cannot be easily observed; for example, if counts are being made in tandem with pollen
counts on sealed slides. Consequently, the potential for misidentification (for example confusion with angular black mineral
material) remains a possibility in some sedimentary settings. The potential for pFTIR to confirm charcoal identification, and to offer
a new window on the nature of the biomass consumed in past fires, is therefore an exciting one.

Different plants build their organic parts using different chemical structures and components. FTIR analysis of charcoal derived
from leaf and wood material from the same plants revealed a similar spread of spectral ranges regardless of the part of the plant that
was burnt (Fig. 3) (Heinecke, 2018). Therefore, it is possible that some of that taxonomic chemical distinctiveness is preserved
within the charcoal produced and that this chemical signature can, in turn, be characterized with the FTIR spectra. A study of modern
material by Gosling et al. (2019) indicated that FTIR spectra could differentiate charcoal derived from woody and grassy material;
however, the reference dataset used in this initial analysis was limited to only one species from each classification. Expansion of the
reference database to include nine different taxa including woody taxa, fynbos taxa, reeds and grasses by Maezumi et al. (2021)
supported the suggestion that broad plant groups could be identified on the basis of the FTIR spectra of the charcoal they produced,
but that separation at higher taxonomic levels would be challenging on the basis of the whole spectral range. However, the absence
of reference material from a wide range of plant taxonomic groups likely limits determination of taxonomic information from
charcoal that is extracted from sedimentary records. Consequently, further expansion of the reference database for charcoal material
is required to determine the robustness of the diagnostic value of these spectral signals.

Environmental signals from pFTIR spectra
Pollen

Taxonomic information such as the niche space of a particular plant type, or assemblage, are used to infer the past climate
conditions based on pollen (Bush et al., 2004; Chevalier et al., 2021). However, this does not provide direct evidence of the past
environmental conditions and could be subject to uncertainty if the niche space a taxon occupies changed through time.
Alternatively, plant responses to environmental conditions that affect the chemical composition of the pollen it produces can
provide a more direct measure of past conditions, which has the potential to be characterized through examining spectra produced
by pFTIR (Watson et al., 2007).

Pollen grains are designed to transport genetic material from one plant to another. One of the biggest dangers to the successful
transport of that genetic material is degradation from exposure to ultra-violet B (UV-B) radiation. Consequently, within the
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Fig. 3 Spectra generated from laboratory produced charcoal from the pyrolysis of woody material, non-woody (herbaceous) stem material, and leaf material.
Spectra were obtained through pFTIR analysis of individual charcoal fragments. Multi-variate analysis (Principal Components Analysis) of these spectra revealed an
overlapping spread of spectra regardless of: (a) the part of the plant from which material was obtained, and (b) the temperature to which the material was heated.
Data collated from Heinecke T (2018) Inferring Fire Temperature via FTIR Measurements of Charcoal From Different Plant Materials and Combustion Methods. MSc
Ecology Thesis, VU Amsterdam.; Gosling WD, Cornelissen H and McMichael CNH (2019) Reconstructing past fire temperatures from ancient charcoal material.
Palaeogeography, Palaeoclimatology, Palacoecology 520: 128—137.; Maezumi SY, Gosling WD, Kirschner J, Chevalier M, Cornelissen HL, Heinecke T and
McMichael CNH (2021) A modern analogue matching approach to characterize fire temperatures and plant species from charcoal. Palaeogeography,
Palaeoclimatology, Palaeoecology 578: 110580.

sporopollenin structure which surrounds the genetic material, there are numerous UV-B absorbing compounds (UACs). A field
experiment by Fraser et al. (2011) demonstrated that with greater exposure to UV-B radiation club moss (Lycopodium annotinum)
produced more UV-B absorbing compounds within its sporopollenin. Fraser et al. suggested that changes in FTIR spectra peak
values at wavenumber c. 1740 cm™ and c. 1520 cm™" were likely to represent changes in the abundance of carbonyl groups and
phenolic (aromatic) ring structures, which are known to absorb UV-B radiation. A similar gradient in increasing UACs with
increasing exposure to UV-B was also observed in relation to environmental and latitudinal gradients (Bell et al., 2018; Jardine
et al.,, 2016). This relationship between the chemical composition of sporopollenin and exposure to UV-B, coupled with the
preservation of sporopollenin through time (Jardine et al., 2019a, 2019b; Jardine et al., 2016; Liu et al., 2023), opened up the
possibility to detect exposure of plants to UV-B in the past.

The UV-B levels that a plant is exposed to during its production of pollen, and consequently the amount of energy it puts into
producing UACs, is dependent on multiple factors, including: total solar irradiance, cloud cover, and shading. The degree to which
changes in total solar irradiance could be tracked from changes in pollen chemistry was tested over 140,000 years at Lake Bosumtwi
(Ghana) (Jardine et al., 2016). In this study, an independently dated sedimentary core contained processional (c. 21,000 year)
cycles in the pollen chemistry related to the abundance of UACs (inferred from the pFTIR spectra). Further analysis of the pollen
chemistry over the last c. 500,000 years from the Lake Bosumtwi core suggested that longer term cycles could also be detected
(Jardine et al., 20193, 2019b). On shorter timescales fluctuations in inferred UAC abundance from Lake Naar (Turkey) showed
changes coincident with changes in Sun spot cycles (Jardine et al., 2019a, 2019b). These results suggest that both over short
(10-100 years) and long (100,000 years) timescales, fluctuations in the exposure of plants to UV-B can be detected through pFTIR.
These findings open up the possibility to: (i) track environmental impacts on plants, if there is a change in solar irradiance (UV-B),
e.g. how quickly does a plant assemblage change, and (ii) provide independent chronological information from cycles detected,
i.e. records be tuned directly to changes in solar irradiance.

It is likely that other environmental factors also impact the chemistry of pollen grains, e.g. exposure to pollution (Depciuch et al.,
2017; Ribeiro et al., 2017). Further work is required to detect and determine what these are likely to be, and if they might be detected
via pFTIR.

Charcoal

Charcoal formation occurs when plant material is fully or partially combusted or pyrolyzed. The process of charcoalification occurs
at a range of different temperatures, over different time periods, and with varying degrees of completeness. As plant material is
pyrolyzed various chemical changes occur. Critically among these is the oxygen chemisorption which sees the fracturing of chemical
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bonds that occurs at c. 450 °C (Antal and Grenli, 2003; Cao et al., 2013). This reaction is temperature-dependent so charcoal
fragments formed below this temperature should retain chemical bonds which are lost progressively in charcoals formed at higher
temperatures. The applicability of using charcoal derived PFTIR spectra for studying past fires was established by Guo and Bustin
(1998). They found that spectra derived from laboratory produced charcoals was comparable with spectra derived from Cretaceous
age coals from Western Canada, and that pyrolysis temperature and heating time were important factors in determining the nature
of the spectra.

Analysis of charcoal formed under laboratory-controlled conditions has revealed that the pFTIR spectra could be grouped into
categories related predominantly to high (>500 °C) and low (<500 °C) formation temperatures (Fig. 4) (Gosling et al., 2019;
Maezumi et al., 2021). In a field experiment study, using a charcoal kiln (15 m long, 3 m high, and heated for up to 12 days), ATR
derived FTIR spectra were successfully used by Tintner et al. (2020) to characterize the formation temperature of charcoals ranging
from c. 200 to 700 °C in different parts of the kiln. Tintner et al. demonstrated that regardless of the time of residence in the kiln, the
FTIR spectra obtained from charcoals reflected the temperature to which they had been heated as indicated from electronic
recorders. Together this work suggests that FTIR spectra obtained from charcoals in Quaternary sedimentary, or archeological
contexts, can be used to extract broad information about the temperature of the fire in which they were formed. However, it is
important to remember that charcoals produced by any one fire could have been formed at a range of temperatures depending on
where they were located in the fire.

Complementary work by Constantine IV et al. (2021) showed a similar division of temperature formation groups based on
spectra derived from ATR-FTIR. However, Constantine et al. went on to extract further information from the charcoal FTIR spectra by
also including a time element in their analysis to estimate energy release (termed SI index). It is interesting to try and extract
information on energy release because this is a more accurate characterization of past fire intensity (Keeley, 2009); however, the
degree to which this can be meaningfully translated beyond a laboratory experiment to charcoal records extracted from sedimentary
records remains ambiguous. This is principally because any sample of charcoals recovered from a sedimentary record contains only
a fraction of the charcoal produced by any given fire (or fires).

Given that the recovery of charcoal from any past fire will always be partial it therefore seems doubtful that it is a realistic goal to
ever reconstruct past energy release of a fire event. Conversely, identifying if charcoals found within a sample were formed
predominantly at a high or low temperature seems to be possible and could provide useful new insights into past fire regimes
and human activity. For example, FTIR analysis can likely determine whether a fire was used for slash and burn agriculture (low to
mid temperatures), for forest clearance (high temperature), or in maintaining an open understory (low temperature ground fires)
(Gosling et al., 2019).

Handling and analysis of spectral data

WFTIR analysis of both pollen and charcoal occurs at an individual particle level (i.e. a single pollen grain or single charcoal
fragment). In the modern reference material, replicate samples of a given taxa or given burn temperature have been used to reflect
the variability of the spectra (Gosling et al., 2019; Jardine et al., 2019a, 2019b; Julier et al., 2016; Maezumi et al., 2021).
In sedimentary sequences, pollen and charcoal are typically extracted from individual samples that correspond with a given
depth or associated age. To prepare these samples for uFTIR analysis, a further step is required to isolate individual pollen grains
or charcoal fragments. Replication, however, is still required to capture the variability of different events (e.g., fires) that occur within
a single sample of a sedimentary sequence. In a study focused on Cedrus pollen, Bell et al. (2018) extracted 50 mg of pollen from
each sample within a sedimentary sequence, and performed multiple scans per sample. For charcoal, individual charcoal fragments
are typically isolated from the sediment, and multiple fragments are scanned. Under ideal circumstances >10 fragments per sample
would be scanned (Kirschner, 2020), though as charcoal can be rare in some ecosystems, sometimes fewer fragments are available
for analysis.

The scanning of each pollen grain or assemblage, or of each charcoal fragment, produces an individual spectrum of wavenum-
bers (Fig. 1). Turning these individual spectral profiles into something meaningful for an individual sedimentary sample can be
achieved by several statistical approaches, including multivariate ordinations such as Principal Component Analysis (PCA), partial
least squares regressions, hierarchical clustering techniques, or modern analog matching approaches. Multivariate ordinations (such
as PCA analyses) can be used to assess the spectral characteristics of a single pollen grain, or charcoal fragment, in a sample in
comparison with the multivariate spectral characteristics of a reference dataset, e.g. a laboratory created reference dataset of known
pollen taxonomy or charcoal pyrolysis temperatures (Bell et al., 2018; Castiglioni et al., 2019; Diehn et al., 2020; Gosling et al.,
2019; Kendel and Zimmermann, 2020; Maezumi et al., 2021). These ordinations can be performed within the ‘chemospec’ R
package, which was developed to analyze the spectral data in a multivariate fashion when there are thousands of variables,
i.e. measurements at a specific wavenumber of the spectrum (Hanson, 2014). Ordination approaches can then be used in
conjunction with discriminatory or categorization approaches, including hierarchical model-based clustering (Gosling et al.,
2019) or analog matching (Maezumi et al., 2021) that will predict a taxonomy or burn temperature of a pollen grain or charcoal
fragment with unknown origin from a sedimentary sequence. Discriminatory or categorization of pollen grains or charcoal
fragments of unknown origin have also been performed without using the multivariate ordination scores, by using Partial Least
squares discriminant function analysis or Random Forest approaches (Diehn et al., 2020; Zimmerman et al., 2016). While each of
these methods are functional, the exact approach taken depends on the research question being examined.
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Fig. 4 Fourier Transformed Infrared Spectroscopy (FTIR) absorbance spectra obtained from modern reference charcoal material and color-coded by temperature
category. Data replotted from Gosling WD, Cornelissen H and McMichael CNH (2019) Reconstructing past fire temperatures from ancient charcoal material.
Palaeogeography, Palaeoclimatology, Palaeoecology 520: 128—137.

Limitations and future directions
Processing techniques

The extraction of particles from sedimentary deposits has been developed primarily for the purpose of visual inspection and
identification. Most of these techniques use chemicals to clean samples for visual inspection. However, it is possible that these
techniques also alter the chemical properties of the particles and thus inhibit the signal that can be obtained under pFTIR.

With regard to pollen, Jardine et al. (2015) examined the impact a commonly used oxidation technique (acetolysis and nitric
acid treatments; following Moore et al. (1991)) in the preparation of samples for visual pollen analysis on the FTIR spectra
produced. They found that so long as the exposure of pollen to the chemical treatments was limited in time, then the impact on the
sporopollenin chemistry was not sufficient to compromise the possibility of extracting taxonomic, or environmental, information.
Thus, indicating that pFTIR of pollen processed using standard pollen preparation techniques was valid.

In relation to charcoal Gosling et al. (2019) demonstrated that differences were detectable in the FTIR spectra extracted from
charcoals treated with hydrogen peroxide (H,0O,) when compared with those extracted with just water (H,O); however, the spectra
differences were less significant than those caused by the differences in pyrolysis temperature and taxonomy. Further, Constantine
and Mooney (2021) demonstrated that the use of 4% sodium hypochlorite (bleach, NaOCI; following Mooney and Tinner (2011))
in the processing of charcoals reduced the recovery of low temperature (<400 °C) formed charcoals. Suggesting that a potential bias
could be incorporated into results if this processing approach were used.

The development of techniques that can extract pollen, and charcoal, from sedimentary archives without the chemical
modification of particles is now key to unlocking the full potential of this type of analysis to reveal new insights about past plant
types and environmental conditions. It is not always necessary, for example, to process charcoal with chemicals, as the fragments can
often be isolated just with rinsing with water, e.g. Akesson et al. (2020). Therefore, we recommend that studies aiming to reconstruct
taxonomic and environmental information from microfossils using FTIR spectra use chemical processing only when absolutely
necessary to minimize any possible degradation of the signal.

Taphonomic processes

The degree to which the chemical properties of a particle post deposition can change must also be carefully considered. Under
certain environmental circumstances, different aspects of the chemical properties could break down. With regard to pollen Fraser
et al. (2014) demonstrated that the thermal maturation of pollen, to simulate the passing of geological time, did not significantly
degrade the FTIR signal that was extractable from the pollen. Furthermore, they also demonstrated that the spectra obtained from
the artificially matured grains resembled the signal from material recovered from sediments of Carboniferous age. This suggests that
pollen chemistry could be preserved in the sedimentary record even over timescales of hundreds of millions of years. However,
analysis of grass pollen extracted from Miocene sediments demonstrated that certain components of the sporopollenin FTIR signal
seemed to be more muted than in younger samples (Jardine et al., 2021). Although it remains unclear if this difference was due to
the nature of the samples themselves, or a product of the more aggressive processing techniques required to extract them (Jardine
et al., 2021). This demonstrates that over some timescales, and/or dependent on the extraction procedures required, it may not be
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possible to recover information on the basis of spectra generated through PFTIR. Consequently, the application of pFTIR to sample
analysis may not be appropriate or possible for samples extracted from some sedimentary records. However, as we build our
understanding of differences in pollen make up from PFTIR, we may gain new insights into why certain pollen grains are less well
preserved than others, e.g. Juniperus vs. Alnus.

Gapturing uncertainty

WFTIR analysis generates large amounts of data relatively quickly in comparison to classic morphological counting. Detecting the
signal from the noise is therefore important. Zimmermann (2018) discovered that the FTIR spectra generated from morphologically
different pollen types could be influenced, not only by the chemical composition of the grain, but also by the Mei scattering effect
related to the shape, or orientation, of an individual grain. Furthermore, variance within the uFTIR spectra obtained from multiple
individuals of single species within the Betulaceae and Fagaceae families was shown to be wide (Verbeek, 2018). The practice of
using an average PFTIR spectra to determine difference could therefore be questioned as the degree of within taxa variance could be
greater than, or overlap with, the between taxa variance. Consequently, robustly capturing and reporting the variance is critical for
future pPFTIR studies to ensure that inferences are being made on the basis of genuinely measurable differences, and not just noise.

Reference datasets

UFTIR was designed to detect spectra (indicative of chemicals) in packaging and compare them to a reference dataset of the spectra of
known chemical substances. To successfully apply this approach to detecting past environmental change from particles recovered
from sedimentary deposits, extensive reference datasets need to be developed and made available. These datasets are, ideally,
comprised of taxa from the region in which the study of past environmental change is taking place. Having regionally specific
reference data should improve the possibility of accurate identification, particularly with relation to taxonomy. To date, reference
datasets for charcoal from nine species and six different temperatures have been made available online data from Gosling et al.
(2019), Maezumi et al. (2021). These comprise two species with wide distribution: (i) the grass Panicum capillare and (ii) the woody
species Alnus glutinosa (Gosling et al., 2019), with seven species including various growth forms, including trees, shrubs and reeds
(Maezumi et al., 2021). Expanding these datasets for charcoal reference and adding reference datasets for pollen taxa is key to
developing this field further. In addition to taxonomic and environmental insights information on the chemical make-up of pollen
inferred from pFTIR could provide new insights into evolutionary patterns (sensu Woutersen et al., 2018). Furthermore, testing to
see if meaningful variation can be detected in the PFTIR spectra obtained from other organic particles commonly extracted from
sediments, such as non-pollen palynomorphs or chironomids, could open up further avenues for investigation.

Conclusions

The technological capability to infer chemical information from microscopic particles extracted from sedimentary deposits through
WFTIR opens up a new window for proxy development. Understanding the relationship between taxonomic and environmental
determinants of the spectral profiles is important, and spectral reference libraries must be expanded to fulfill the potential for
developing this approach. Further, in addition to understanding the nature of the reference signals, research must be conducted to
quantify the degree to which taphonomic processes and laboratory techniques, could be obscuring, confounding, or degrading
UFTIR spectral signals. Work to date has focused on the analysis of pollen/spores and charcoal material. Proxy development on this
material has provided previously unobtainable information about the past functioning of Earth systems. Notably the extraction of
information on past shifts in UV radiation from the pollen grains, and of the temperature of past fires from charcoal fragments.
As spectral reference libraries for pollen/spores and charcoal grow, and are diversified to include other biological and non-biological
material preserved in sediment cores, our ability and confidence to draw further insights into past ecosystem function and
environmental change will grow.
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