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Abstract

Forensic botany has emerged as a pivotal tool within the realm of forensic science, leveraging botanical
trace evidence — pollen, leaves, wood, and spores — to unravel criminal investigations. This review
synthesizes diverse studies, emphasizing the significance of botanical evidence in criminal inquiries, its
varied applications, challenges, and potential prospects. Literature highlights the broad spectrum of
botanical evidence applications in forensic investigations, showcasing disciplines like palynology, wood
analysis, leaf morphology, and plant molecular biology. Leaves, wood, and pollen play vital roles in plant
species identification, providing locational evidence, indicating seasonal aspects, and serving as crucial trace
evidence. Forensic palynology stands out as a key discipline decoding concealed insights within pollen and
spores, offering insights into crime scene locales, suspect movements, and temporal contexts. The abstract
underscores the intrinsic characteristics of pollen for identification, emphasizing their microscopic nature,
taxonomy-based identification, and durability.Despite botanical evidence's importance; challenges persist,
requiring specialized expertise for analysis and interpretation. However, disciplines like forensic palynology
and wood analysis significantly contribute to resolving criminal cases.Advocating for continued
advancements and collaborative efforts among forensic scientists, this article concludes by stressing the
integration of cutting-edge techniques to enhance the efficacy of botanical trace evidence in forensic
investigations. Its utilization holds immense promise for the future of forensic science, advancing the pursuit

of justice.

Keywords: Forensic Botany, Palynology, Crime scene investigation, Trace evidence analysis, Forensic

science advancements etc.
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1. Introduction

Forensic science, an intricate amalgamation of disciplines aimed at unraveling crimes, has undergone
significant evolution. Within this expansive realm, forensic botany has emerged as a promising tool,
harnessing plant-related evidence to unlock mysteries and provide vital insights into criminal investigations.
This exhaustive review aims to delve into the multifaceted domain of botanical trace evidence, shedding
light on its pivotal role in the forensic landscape. Plants, fundamental to our ecosystem and sustenance,
possess a dual nature within the context of crime. While the majority of plant species offer immense
benefits, specific plants have become entwined with illicit activities, spawning various negative
consequences. The misuse of plants like cannabis, opium, and coca has resulted not only in drug-related
issues but also in connections to organized crime and violence. This intricate interplay between botanical
elements and criminal activities underscores the complexities involved (National Geographic Society, 2020;
Xiong et al., 2021). The significance of plants in forensic investigations extends beyond their involvement in
criminal activities. Plant materials recovered from crime scenes—such as pollen, seeds, and fragments—
stand as silent yet compelling witnesses, providing crucial insights into the timing, location, movement of
suspects, and connections to criminal acts. However, the misuse of certain plants in criminal contexts should
not overshadow their myriad benefits. A balanced perspective should guide our understanding,
acknowledging both the positives and negatives, while advocating for measures aimed at curbing the
adverse impacts of plant misuse through education, prevention, and law enforcement (UNODC (United
Nations Office on Drugs and Crime), 2019) This review aims to explore the vast potential of plant-related
evidence in forensic science, shedding light on its applications, challenges, and prospects. By amalgamating
botanical knowledge with forensic techniques, forensic botany presents a fertile ground for advancing crime-
solving methodologies. The convergence of interdisciplinary forensic science with botanical insights fosters
a synergy that enriches investigative practices, significantly contributing to the pursuit of justice. Delving
into the role of plants in criminal investigations reveals a myriad of possibilities. From identifying plant
species at crime scenes to deducing geographic locations through leaf analysis, understanding seasonal
indicators, and utilizing pollen analysis for tracing origins or suspect movements—each avenue offers a
unique opportunity to augment forensic methodologies. Moreover, the burgeoning field of forensic
palynology, focused on the study of pollen and spores, stands as a testament to the microscopic yet robust
nature of botanical evidence, providing invaluable insights in forensics (Raje et al., 2022; Stephen, 2014).
Despite botanical evidence's historical instrumental role in solving crimes, its full potential remains
underexploited. As forensic botany continues to evolve, integrating advancements from research laboratories
and aligning with legal frameworks, it holds promise not only in criminal investigations but also in areas

such as national security and historical inquiries (Hoch, 2009; Kruglak et al., 2019).

This comprehensive review seeks to encapsulate the breadth and depth of botanical trace evidence in
forensic investigations, scrutinizing its botanical and forensic aspects. From plant anatomy to the validation
of botanical evidence in the judicial system, this exploration aims to delineate the nuances, challenges, and
prospects within the domain of forensic botany.
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2. Literature Studies

Wiedenhoeft et al., 2019 shed light on challenges related to fraud and misrepresentation in the retail forest
products industry. Emphasized the inadequacy of current forensic wood science resources and technologies
in detecting fraudulent practices. Urged for increased investment in advanced forensic analysis methods for

sustainable forest management.

Reis et al., 2019 explored the potential of palynology in forensic investigations, studying soil samples from
various locations in Portugal. Demonstrated the utility of palynological analysis in providing information
about crime locations, time periods, and potentially identifying suspects or victims.

Sharma, 2020 explored leaf morphology and anatomy's role in forensic investigations. Emphasized botanical
evidence's significance in forensic science, focusing on plant species identification methods and their

application in crime scene analysis.

Chen & Shi, 2020 provided an informative review of forensic palynology's progress and its diverse
applications in forensic science. Summarized techniques used for analyzing pollen and spores from crime

scenes, highlighting their potential contributions to criminal investigations.

Alotaibi, 2020 offered an exhaustive overview of the potential applications of pollen molecular biology in
forensic palynology. Explored pollen identification methods, such as microscopy, pollen DNA barcoding,
and metabarcoding, and discussed their advantages and limitations.

Ishak et al., 2021 offered a comprehensive overview of microbiome utilization in forensic botany. Explored
various microbiome analysis techniques and their applications in identifying plant materials, linking them to

crime scenes or suspects, and detecting plant-based toxins.

Shugar et al., 2021 presented studies utilizing X-ray fluorescence (XRF) and neural network machine
learning for rapid wood species identification. Demonstrated the effectiveness of XRF analysis in

identifying wood elemental compositions and its potential in forestry and wood processing industries.

Kitin et al., 2021 explored the application of direct analysis in real-time mass spectrometry for analyzing
chemical signatures of Afzelia wood species. Highlighted the method's potential in identifying and

managing rare or endangered tree species.

Jadhav et al., 2022 provided a comprehensive review on the collection and analysis of botanical evidence in
forensic investigations. Explored various botanical evidence types, techniques for their

collection/preservation, and their role in real-life criminal investigations.

Siegel &Mirakovits, 2021 offered a comprehensive overview of pollen and spore analysis, along with
entomology, in forensic science. Discussed their roles in identifying crime scenes, determining time of

death, and tracing the origin of drugs and poisons.
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Kasprzyk, 2023 explored the emerging field of forensic botany, focusing on the various ways plant material

serves as crucial evidence in criminal investigations. Addressed developmental areas and knowledge gaps

within forensic botany research.

Roncato et al., 2023 explored forensic reconstructive hematology's applications in Brazil, emphasizing its

role in identifying human remains, determining the cause of death, and reconstructing crime scenes.

GONCALVES et al., 2023 detailed a protocol for recovering pollen grains from body surfaces and materials
in natural environments. Demonstrated the importance of pollen analysis in forensic investigations,

particularly in cases involving suffocation, drowning, or burial.

Table: Summarizes various research article in the field of forensic botanical science and their respective

profiles, objectives, and conclusions.

forensic investigations

Author's Profile Objective of the Paper Conclusion
Wiedenhoeftet.al., | Challenges in forensic wood | Insufficient technology to counter fraud,
2019 science and retail forest product | investment in advanced methods needed for
industry sustainable practices.
Reis et. al., 2019 | Potential of palynology in | Palynology helps in crime-related location,

time, suspect/victim identification.

Alotaibi et al., 2020

Applications of pollen molecular

biology in forensic palynology

Different DNA

barcoding) complement each other in pollen

methods  (microscopy,

identification.

Chen et. al., 2020

Progress in forensic palynology

Forensic palynology assists in determining

investigations

and its applications time/location of death and  suspect

identification.
Sharmaet.al., 2020 | Explore leaf morphology & | Botanical evidence,  specifically  leaf
anatomy in forensic | morphology & anatomy, is valuable in crime

scene analysis.

Ishak et. al., 2021

Overview of microbiomes in

forensic botany

Microbiome analysis aids in identifying plant
materials, their origins, and detecting plant-

based toxins.

Kitinet.al., 2021

Use of DART TOFMS for

chemical analysis of wood

DART TOFMS effectively distinguishes wood
types, potential for managing rare/endangered

species.

Shugaret.al., 2021

XRF & machine learning for
rapid wood species identification

Effective wood species classification using
XRF coupled with neural network machine

learning.

Jadhavet.al., 2022

Comprehensive  review  on

Various botanical evidence types (leaves,
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collection & analysis of

botanical evidence

flowers, etc.) can provide critical insights in

investigations.

Siegel et.al., 2021

Application of pollen, spore

analysis, and entomology in

forensic science

Pollen/spore analysis aids in crime scene
identification and entomology in estimating

time of death.

Goncalveset. al.,
2023

Protocol for recovering pollen

grains in forensic investigations

Pollen analysis from bodies aids in

suffocation/drowning cases; valuable forensic

tool.

Roncatoet.al., 2023

Forensic reconstructive

hematology and its applications

Forensic hematology assists in identification,

cause of death, and crime scene reconstruction.

Kasprzyk’set.al., | Emerging field of forensic | Plant material utilization in solving crimes
2023 botany and its applications requires  further research  for optimal
application.

3. Plants as Trace Evidence

Forensic botany is a sub discipline of forensics that is still, perhaps, in its infancy. It is, however, becoming a
more common tool as law enforcement agencies, forensic scientists, and attorneys become more familiar
with the applications of plant material to casework (Hoch, 2009). Also, as plant research continues in
academic and private research laboratories, new tools are being developed that can be eventually applied to
forensic botanical evidence to aid in criminal and civil cases (Kruglak et al., 2019). In addition, these new
tools can be important for national security and historical issues. Plant evidence is commonly associated
with crime scenes and victims; typically, stems, leaves, seeds, flowers, and other identifiable parts of plants
are useful as trace botanicals (D. W. ,& B. J. Hall, 2012; D. W. Hall & Byrd, 2012). One might imagine that
the chemical composition of herbs, spices, condiments, beverages, fibres, medicines, plant resins, and oils,
for example, may be useful for forensically relevant plant “signature” programs just as those used in drug
chemistry (e.g., cocaine, heroin) if appropriate databases can be constructed (D. W. ,& B. J. Hall, 2012; D.
W. Hall & Byrd, 2012).

4. Pollens as trace evidence

Forensic botany collective application of many disciplines and results ultimately in their application to
matters of law. The botanical aspects of forensic botany include plant anatomy, plant growth and behaviour,
plant reproductive cycles and population dynamics, and plant classification schemes (morphological and
genetic) for species identification (Coyle et al., 2012). The forensic aspects require an understanding of what
is necessary for botanical evidence to be accepted as evidence in our judicial system. Forensics requires
recognition of pertinent evidence at a crime scene, appropriate collection and preservation of evidentiary
material, maintenance of a chain of custody, an understanding of scientific testing methods, validation of

new forensic techniques, and admissibility criteria for court (D’ Anna et al., 2023).
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5. Evidentiary value of Leaves

Table: Provides a concise breakdown of the various roles and significance of leaves in forensic

investigations across different aspects (Kasprzyk, 2023).

Aspect Description

Plant Analysis of leaf morphology, venation patterns, and other characteristics by botanists or
Identification | forensic experts aids in determining the specific plant species present at a crime scene or

associated with evidence.

Locational Presence of specific plant leaves in a geographic area provides insights into potential

Evidence crime locations or origins of evidence, aiding investigators in inferring movement or item
origins.

Seasonal Examination of leaf condition, growth stage, color, shape, size, presence of buds, or

Indicators flowers helps forensic experts estimate the approximate timing of a crime incident.

Pollen Analysis | Investigation of pollen grains on leaves reveals information about geographic origin,
suspect or victim presence, movement patterns, or locations where the leaves were

collected.

Trace Evidence | Leaves may harbor trace materials like fibers, hairs, or DNA samples from perpetrators,
victims, or the environment. Analysis of these elements offers potential leads in

investigations.

6. Evidentiary value of wood

Wood serves a pivotal yet confined role in forensic investigations, primarily employed in three domains: the
physical alignment of fractured fragments, as a foundation for toolmarks, and as minute trace evidence.
Profound knowledge of wood anatomy proves invaluable in analysis, exemplified in the Lindbergh
kidnapping case where Arthur Koehler meticulously tracked the wooden ladder, leveraging his expertise in
wood technology (Tishman, 2017). Forensic wood examinations commonly entail discerning small wood
remnants or sawdust, hinging on precise identification of questioned and known samples. Microscopic
identification necessitates precise sectioning of specimens along transverse, radial, and tangential
orientations, unveiling distinct attributes indispensable for identification (Wang et al., 2013).

The correct orientation of wood particles is pivotal since cross-sections unveil distinct morphological traits,
differentiating woods based on their anatomical characteristics (Desch, 2016). Microscopical examination
requires meticulous preparation involving sectioning under a stereomicroscope, mounting sections on slides
using glycerin-alcohol, and subsequent air removal through boiling (Mon Arx et al., 2016). In cases where
particles like sawdust are too diminutive to section, direct microscopic observation might yield crucial
identification clues (Houck, 2014).
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Ensuring the availability of well-documented known samples is paramount for the comparative analysis of

wood particles recovered from crime scenes. A dearth of reliable known samples might lead to erroneous
associations of questioned wood particles with specific incidents (Ladd, 2015). The identification of woods
from minute fragments demands specialized expertise, and the absence of certain diagnostic traits may
impede straightforward identifications (Vospernik, 2019). Contemporary computer programs and
standardized terminology endorsed by the International Association of Wood Anatomists have supplanted
conventional punch cards, assisting microscopists in identifying uncommon or unfamiliar woods (Beaudry,
2006; Cullinan, 2001).

7. Forensic Palynology

Palynology, the study of pollen, spores, and other acid-resistant microscopic plant bodies collectively known
as palynomorphs, is an interdisciplinary field with applications in many areas of science, including
forensics, geology, geography, botany, zoology, archaeology, and immunology (Stephen, 2014). Many of
these areas impact on and overlap with each other and, when combined, form the study of forensic
palynology. Like many forensic disciplines today, palynology involves the study of microscopic evidence
that is resistant to damage or removal from crime scenes. The value of forensic palynology lies in four

important attributes of pollen and spores (Raje et al., 2022).
* They are microscopic in size.

* Pollen and spores are produced in vast numbers.

* Pollen and spores can be identified to a plant taxon.

* They are highly resistant to decay

Therefore, someone who commits a crime may unknowingly take away or leave at a crime scene critical
pollen and spore evidence in large numbers and they are too small to be seen. Pollen and spores are so
resistant to decay that they will be preserved for many years without specialized storage, and so
morphologically complex that they can be identified to a specific plant type, site, region, or country (Murray,
2011). All plants produce either pollen or spores as part of their reproductive cycle. Pollen, the fine yellow
dust produced by flowers, is best known for causing hay fever and contributing to asthma (Milne, 2004).
These misery-producing microscopic particles are the plant world’s equivalent of sperm they carry the male
sex cells of the higher vascular plants (flowering and cone-bearing plants). Spores, although similar in size
and distribution to pollen, are the asexual reproductive bodies of lower vascular plants (e.g., ferns) and
nonvascular plants (e.g., mosses and fungi), and develop into a new organism without the need for joining
with another reproductive cell (Pinna, 2017). To effect fertilization, pollen grains generally reach the female
parts of a f lower of the same species with the assistance of wind or animal vectors (typically insects) (Dar et
al., 2017). As this is a random affair, plants must produce enormous amounts of pollen to ensure that some
pollen grains reach their intended destination (the receptive stigma of a flower) (Manetas and Manetas
2012). Most pollen grains are unlucky and end up as components of soil and dust, falling onto any surface

exposed to the air (Bryant Jr et al., 1990). The type of pollen present at any one location, or on any object,
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can often be related to a particular vegetation type, site, or region. It is this aspect that enables the

comparison of pollen samples to prove or disprove a relationship between a suspect, victim, and people
(such as witnesses), objects, or localities (Mildenhall et al., 2006).

Table: Characteristics of Pollen for Identification(Agashe, 2019; Bozi¢&Siber, 2020; Brown, 2017; Cantat
etal., 2013; Judd et al., 1999; Maruthi& Ramakrishna, 2022; Pacini, 2017; Pullaiah et al., 2019; Saraswati&
Srinivasan, 2015; Sauliené et al., 2019; Smith, 2021; Wiltshire, 2009)

Characteristics Description Author’s Profile

Size Ranges from 5 to 200 pum in diameter, with most falling | Brown 2017; Pacini et
within 20 to 70 um. Useful for categorization but | al. 2017; Judd et al.
unreliable for precise species identification due to size | 2016; Sauliené¢ et al.

variations. 2019

Shape Diverse shapes - spherical, triangular, elliptical, etc. | Cantat et al. 2013; Bozi¢
Variations in ratios of polar and equatorial diameters. | and Siber 2020
Valuable for general categorization but insufficient for

species identification.

Aperture Type Most grains have openings (apertures) for male gametes. | Pullaiah et al. 2019;
Types include pores, colpi, or rupturing walls. Useful for | Smith 2021

distinguishing between genera and species.

Sculpture Surface ornamentation - simple to ornate patterns. | Agashe 2019
Consistent within a species. Patterns include granulate,

echinate, verrucate, baculate, or reticulate.

Wall Composition | Walls consist of cellulose, protein, sporopollenin. Best | Maruthi et al. 2022;
& Preservation preserved in anaerobic, acidic conditions. Resistance to | Saraswati et al. 2015;

degradation aids in forensic evidence retention. Wiltshire 2009

Assingle palynology sample derived from diverse sources typically encompasses a rich array of pollen, spore
types, and an assortment of microscopic plant materials. This collective identification of pollen and spores
within a sample is termed a "pollen assemblage™ or palynomorph assemblage. In terrestrial environments,
samples can comprise not only pollen and spores but also fern and moss spores, fungal spores, plant cuticles,
wood fragments, fibers, tracheids, phytoliths (silica crystals produced by most plants), occasional fragments
of charcoal, and remnants of insect remains. The amalgamation of these microscopic particles holds
substantial significance for the comparative analysis of forensic pollen assemblages (Mildenhall et al.,
2006).

Samples obtained from or in proximity to aquatic sources often harbor characteristic pollen and spores
associated with that specific environment. Remarkably, even tap water may contain traces of pollen and
spores. Water samples might additionally contain indicators indicative of localities or environmental

settings. Non-pollen and spore indicators encompass microorganism cysts from dinoflagellates, as well as
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diatoms, minute single-celled algae producing a siliceous skeleton (Zolitschka, 2015). Within marine

environments, the calcareous remnants of microscopic protozoans known as foraminifera can be present in
untreated samples. While the chitinous organic lining of these small creatures can endure chemical pollen

preparation, their presence in a processed sample serves as exceptional environmental markers (Pye, 2007).
8. Conclusion

Botanical evidence stands as a cornerstone in forensic science, furnishing crucial insights to investigators
and aiding in the resolution of crimes. The applications of forensic palynology and forensic wood analysis
emerge as particularly invaluable, each method offering distinctive advantages in unraveling the origins of
evidence and the circumstances surrounding criminal acts.Forensic palynology emerges as a pivotal tool
enabling the identification of pollen and spores discovered on individuals or objects, offering pivotal clues
regarding crime scene locations or suspect movements. Through meticulous examination of pollen and
spores, forensic palynologists decipher the seasonality and environmental context of the evidence, furnishing
investigators with pivotal contextual information. Moreover, this discipline serves to link suspects to specific
areas, proving instrumental in investigating crimes such as arson, drug trafficking, and smuggling.On the
other hand, forensic wood analysis provides a unique perspective on evidence origins, disclosing insights
into the wood's type, age, and geographical provenance. This information acts as a crucial link between
suspects and specific locations, aiding in identifying the source of evidence, including weapons or tools used
in crimes.However, the utilization of botanical evidence in forensic inquiries presents challenges. The
complex and time-consuming analysis of pollen and spores demands specialized expertise for result
interpretation. Similarly, the meticulous preparation and analysis of wood samples necessitate trained
experts for accurate interpretation.Notwithstanding these challenges, the significance of botanical evidence
in forensic inquiries cannot be overstated. The utilization of forensic palynology and forensic wood analysis
has significantly contributed to resolving numerous criminal cases. Their relevance in forensic science is
poised to expand further in the future. Consequently, ongoing advancements and improvements in these
methodologies, coupled with increased collaborations among forensic scientists, law enforcement agencies,

and relevant stakeholders, are imperative for their sustained success in the future.
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