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Plants are a good source of biological forensic evidence; this is due to their ubiquity, their ability to collect
reference material, and their sensitivity to environmental changes. However, in many countries, botanical evi-
dence is recognised as being scientifically. Botanical evidence is not mostly used for perpertration, instead it
tends to serve as circumstantial evidence. Plant materials constitute the basis, among others, for linking a suspect
or object to a crime scene or a victim, confirming or not confirming an alibi, determining the post-mortem in-
terval, and determining the origin of food/object. Forensic botany entails field work, knowledge of plants, un-
derstanding ecosystem processes, and a basis understaning of geoscience. In this study, experiments with
mammal cadavers were conducted to determine the occurence of an event. The simplest criterion characterising
botanical evidence is its size. Therefore, macroremains include whole plants or their larger fragments (e.g. tree
bark, leaves, seeds, prickles, and thorns), whereas microscopic evidence includes palynomorphs (spores and
pollen grains), diatoms, and tissues. Botanical methods allow for an analysis to be repeated multiple times and
the test material is easy to collect in the field. Forensic botany can be supplemented with molecular analyses,
which, although specific and sensitive, still require validation.

1. Introduction

Plant material is an excellent source of forensic biological evidence
in the justice system [1,2]. This can be attributed to the fact that indi-
vidual plants tend to be fixed to one point. Furthermore, plants are
ubiquitous, enable the collection of various reference material (e.g.
herbarium, seed bank), and exhibit physiological responses that are
reflective of the environmental conditions they inhabit. Modern tech-
nology offer more possibilities with regards to the analysis of an array of
biological material, including taxonomic classification based on various
characteristics, from macroscopic ones to those that are microscopic,
and molecular detection. The identification of biological material,
which has become a key aspect of court proceedings, currently depends
equally on an expert witness’s experience and competence and the
continued development of forensic examination techniques [1-11].

This article highlights the possibility of using botanical materials in
forensics with certain court cases used as examples. Literature that forms
the basis of this study was selected through a traditional library query
(books) and a literature search via online databases, mainly PubMed and
Scopus. Literature items were searched based on appropriately selected
phrases in the title, abstract, or keywords, in accordance with the dia-
gram shown in Fig. 1.

E-mail address: ikasprzyk@ur.edu.pl.

https://doi.org/10.1016/j.scijus.2023.01.002

1.1. Scientific evidence in a court

Attempts to use scientific evidence in courts, including botanical
material, had already been undertaken by the end of the 19th century.
These early efforts are captured by an Austrian criminologist, Hans
Gross, the author of the textbook Handbuch fiir untersuchungsrichter als
system der kriminalistik, which was written in 1893 [12]. Locard also
described several criminal cases using botanical evidence [1]. In 1908,
by comparing the botanical material from a victim’s body, mud from the
shoes, and vegetation from the crime scene (i.e., hawthorn and myrtle
leaves, grass glumes, birch buds, and a bryophyte thallus), he linked the
victim to the suspect. In another case, based on microscopic analysis, he
confirmed that on the knife of a person suspected of cutting a large
number of hops in one plantation, there were cells of this plant. One of
the first highly publicised cases in which botanical material was used in
an investigation was the case of the disappearance and murder of a child
of the famous American pilot, Charles Lindberg [13]. Nonetheless, the
way to recognise botanical material as fully admissible evidence in a
case was long. Evidence, including botanical evidence, can be admitted
as scientific evidence after it has met the relevant criteria, otherwise,
just as in the case of Frye in 1923, such material cannot be admitted by
the court (Frye v. United States, No. 3968, (D.C. Cir. 1923) [14]. The
standards for the scientific nature of evidence/theory developed by the
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Fig. 1. Scheme of literature query in available databases.

Table 1

The criteria for recognizing scientific material or method as evidence in the court [6,15-17].

Daubert criteria

detailed description in the
world literature

common use in scientific
research

verifiability

Other criteria

application standards and a
known error must be defined

indication of factors that may have
an impact on erroneous judgments

experience of the expert

method has already been used
in court in countries with an
outstanding level of science
and technology

U.S. Supreme Court in 1993 (Daubert vs Merrell Dow Pharmaceuticals
Inc.), as well as an additional requirement, are presented in Table 1. It
should be emphasised that it is the court, not an expert witness from a
particular field, that must make an independent assessment of the value
of the evidence or examination technique and assess its suitability for
specific court proceedings.

1.2. Forensic botany and botanical evidence
Forensic botany is an interdisciplinary science that combines an

array of disciplines concerned with plant and fungal materials [2,13].
The application of this field within forensic science is rooted an in-depth
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understanding of flora (i.e., anatomy and physiology), as well as a broad
knowledge of, among others, environmental biology, ecology, physi-
ology, geobotany, geography, and geomorphology; but, above all, pro-
fessional experience [5,18]. The potential of a more frequent application
of botanical evidence (i.e., as scientific evidence), within the context of
court proceedings, is high [4]. Botanical evidence can provide the basis
for linking a suspect to a crime scene. It can do this by allowing for a
linking objects found at an incident scene to a victim or suspect, deter-
mining the place and time of an incident, confirming or disconfirming an
alibi (i.e., reducing a list of suspected persons), the “travel histories” of
objects or people, the place of stay before death, determining the origin
of food/drugs, etc. Throughout these applications, the analysis of



I. Kasprayk

Table 2
The procedure with botanical evidences at the crime scene [3,5,6,19-21].

Science & Justice 63 (2023) 258-275

+the date and time, geografical coordinates,

*a type of soil/ soil distrurbance,
*a type of habitat,

Report from the . L .
«the detailed description of vegetation,

crime scene

(also documented

+a description of the landscape, dominant land use, land topography,

sany transient physical characteristics of plants (smell, color, degree of wilting).

J

by photos)

body (e.g. stomach, upper airways, fecal matter),

Collection of the
evidences

*should be sought in all possible places at a crime scene (e.g. soil, water), on objects, human

«control samples should be collected from the surroundings.

~

(cross)contamination,
* each sample should be described in detail,

Transport to the

bottom as well as disturbed water should be sampled.
laboratory

*appropriately packed (paper packaging; sterile conditions are often required) to minimize

*when collecting material from water, samples should be taken from its surface and from the

Fig. 2. Plant materials used in forensic (mentioned, among others, in [2,3,5,10,13,18,23,28-40].

botanical evidence can be performed via a classical analysis of
morphology and anatomy, or in some cases, via chemical and molecular
screening techniques [5,10,17].

A detailed and clear expert report (i.e., regarding botanical evidence)
is the main basis of its use in court proceedings. Specifically, the expert
report should be detailed and supported by photographic documenta-
tion, especially when colour is a diagnostic feature relevant to a
particular case. Additionally, evidence material should be sought in all
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possible places at the scene of an incident, as well as on objects and a
body [5,19,20]. The plant material should not be contaminated; there-
fore, special caution should be exercised during its collection. Subse-
quently, the material should be appropriately packed, described, and
transported [3,6,21] (Table. 2).

Despite botanical materials and methods described in this paper
having diagnostic value, in many countries they are not considered
scientifically rigorous enough to be frequently applied (i.e., as a
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standard approach) in court trials [17,22]. Their value is usually
determined individually for a specific case and a decision concerning the
admissibility of such evidence lies with the respective judicial body.
Most frequently, botanical evidence is not the evidence of perpetration
but serves as circumstantial evidence [22].

The simplest criterion for characterising botanical evidence is its
size. Macroremains include whole plants and large fragments [4],
whereas microscopic evidence includes palynomorphs, protists, di-
atoms, and plant tissues (Fig. 2) [5,18,23-25]. An excellent complement
to traditional botanical methods is the combination of several analytical
methods rooted in science (e.g., DNA analysis, toxicology, isotope
analysis, spectroscopic methods, and machine learning) [10,17,23].
Scientific knowledge within the context of plant physiology, ecology,
and geoscience suggests that it is worth applying to a greater extent and
frequency in court cases [26,27].

2. Plant identification

The basis of a court botanist’s work is the ability to identify plants
[4]. Aquila et al. [51] described a case in which a victim was linked to a
crime scene based on the occurrence of the species Xanthium orientalis
subsp. italicum on the victim’s clothing. The botanist’s efforts are
particularly useful for identifying plants suspected to cause serious or
fatal poisoning [2]. For example, confirmation that a plant is poisonous
allows for the implementation of a range of medical procedures neces-
sary for an affected human to survive. This knowledge can also be
applied towards detecting illegal plant imports and properly identifying
psychogenic or narcotic species [52,53]. It is worth mentioning that not
all Cannabis sativa subspecies contain strong psychoactive substances
and are narcotic. A good florist will identify plants that are not native to
a given region’s flora, ornamental plants, and those planted in urban
green areas or home gardens. This skill was used in Taiwan to establish
that a woman who had been found lying in a gutter had not been hit by a
vehicle, but actually committed suicide. Fruit and stem fragments of a
plant belonging to the genus Solanaceae, alien to the flora of the region,
were found in her hair. Owing to a detailed study of the surrounding
area, it was discovered that this plant was growing in one balcony of a
high-rise building and that it was Solanum nigrum L. Therefore, the
woman most likely fell from the building, with her body coming into
contact with the plants as she fell [54].

In their examination efforts, botanists primarily focused on seed
plants, but the lack of qualified specialists limits the possibility of using
other plant groups in forensic science, such as hepatics, bryophytes, li-
chens, lycophytes, ferns, and horsetails. Although fungi are not phylo-
genetically related to plants, they are the subject of their study [4].

Some plants or fungi are characterised by specific habitat re-
quirements; therefore, their presence in evidence can be an important
clue regarding the location of a specific incident [5]. Mosses are good
scientific evidence [4]. They easily attach to footwear and can remain
there even after several hours of walking on dry and hard surfaces [55].
They can be useful in determining the time an act was committed or the
time that would have passed between death and the body being found.
Mosses with monopodial growth, where the apex of the stem continues
to grow each year, are applicable in such cases because this they allow
for an analysis of the number of annual growth rings of the roots [28].
Not only Bryum kapilarna Hedw. and Hypnum cupressiforme Hedw. are
characterised by this type of growth, but they are also ubiquitous,
making them particularly useful in estimating the post-mortem interval
(PMI). Lancia et al. [56] described a case in which the PMI of human
skeletal remains was determined based on the growth rate of Lep-
todyctium riparium as well the growth of monopodial moss. This botan-
ical evidence supports the morphological and anthropological results of
the forensic investigations. The authors underline that the analysis of
bryophyte growth allows the determination of only the minimum time
of death and not the correct time because mosses do not inhabit soft
tissues, and that the qualitative spectrum of lichens occurring at the
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scene of an incident can answer similar questions.

Garcia et al. [29] indicated the potential of lichens as botanical
materials in forensic science. Specifically, lichens can colonise bones (e.
g. Psiloparmelia distincta and Parmelis sativa), with many of them growing
annually if they have access of light and thus they can help forensic
experts in answering the question ‘when?’. According to Olech [57], the
growth of lichens on bones is associated with microclimatic conditions
and the retention of nutrients in the pores of the bone surface. Thelenella
antarctica, Lecanora antartica, and the genus Caloplaca sp. occur most
frequently on the bones of cetaceans. Examples of lichen species that can
be found on bones have mainly been recorded in environments such as
the Arctic and Antarctica [57,58]. Lichens living in such environments
are dependent on the substrate to a small extent, which allows them to
colonise a bone substrate using strategies similar to those employed in
colonising rocks.

Botanical evidence does not necessarily have to be physical. It can
also be a visible, unambiguous reaction of a human or animal which is
induced by previous contact with a plant or fungus, and many plants
produce secondary metabolites that irritate the skin or eyes, inducing
visible changes [3,6]. An example is a nettle that causes characteristic
changes in the skin. Contact with Sosnowsky’s hogweed is dangerous.
Cases of phototoxic activity of many plants are known, including those
of the families Asteraceae (chrysanthemum, dahlia), Apiaceae (celery,
angelica), Liliaceae (garlic), Hypericaceae (St. John’s wort), Moraceae
(fig), and Rutaceae (citrus fruits). A reaction to contact with allergenic
plants or plants with prickles or thorns is usually easy to notice [59].

The identification of a plant based on morphology is an efficient
method of when performed by an experienced botanist. It is also inex-
pensive because it does not require expensive equipment or reagents,
and samples identified in such a manner are less prone to contamination
[4,6]. However, in many cases, the assessment of morphological features
is not sufficient to determine the species or subspecies of a plant with
certainty, and such information is often crucial in court proceedings. The
accuracy of botanist identification can be confirmed by DNA analysis
[10].

The method of collecting plant material from a crime scene for
further DNA analysis is different from that used for generally collecting
plant material. Within the context of DNA analysis, not a lot of material
is required, but it must be well-protected against contamination with
foreign genetic material. The approach to storage is also different.
Samples can be placed in liquid nitrogen, a freezer, or silica gel. In this
form, the material can be stored for a long time without being degraded,
and plants stored in the herbarium are exposed to degradation by
moulds, bacteria, and insects [30,60].

The development of DNA sequencing technology has created op-
portunities for a rapid and accurate identification of botanical evidence
at the species level; a level of precision that is needed by forensic experts
[60]. There is no ideal region for DNA barcoding. For plants, the four
regions of plastid DNA for barcoding were used: ITS2, matK, rbcL, and
trnL, as well as nuclear NDA, ITS, and ITS2 regions. The rbcL + trnH-
psbA and matK regions are recommended for global plant databases, and
matK, ITS2, trnL-F and rrnl8 as alternative or complementary regions
[30,60,61]. It should be emphasized that still more research is needed to
validate and apply DNA bardocing in practice. Trace evidences from the
crime scene are very often degraded or contaminated, hence the
detection and identification of DNA may not give sufficiently reliable
results, so in such cases, microRNA sequencing may be an alternative. It
should be emphasized there is a need to elaborate validations of DNA
barcoding techniques, in particular to ensure that protocols are robust
enough for court procedures [10,60].

3. Plant remains
Forensic experts process plant fragments much more frequently than

whole specimens [1,18,31,53,62-64]. With regards to the fragments,
determining their parent plant is is difficult depending on the size of the
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material and the degree to which it is degraded [53]. Hall [32] provides
examples when leaf fragments are scientific evidence in court cases,
providing the basis for linking the perpetrator to the crime scene or the
victim. In one of these cases, sticky Petunia leaves and flowers that had
been found on the victim’s hair and clothing were sufficient to link the
perpetrator to this particular crime. A highly experienced botanist can
identify plant material in vomit, stomach, intestines, or faeces
[33,53,65].

3.1. Bark

Tree bark, since it does not degrade easily (i.e., bark can be easily
stored without degrading), increasing its potential within the context of
forensic evidence. Many of its morphological and anatomical features
can be easily observed; and these features can be analysed multiple
times [66]. Caccianiga et al. [34] described the bark of 16 tree species
characteristic of Italy’s dendroflora. Through these research efforts, they
proved that the bark can be used as scientific evidence that enables a
victim to be linked to a crime scene. In 2010, bark fragments recovered
from the body of a man found in a forest in Italy were examined and the
forensic experts, using a key prepared by themselves and reference
material, identified it as Robinia pseudoacaccia based on the phloem
structure. This case confirmed that bark has a lot of potential within the
context of species classification; however, bark reference collections
remain scarce, whereas for forensic purposes, it would be important to
have access to large collections of reference material that would include
both native and exotic taxa [34].

3.2. Seeds and fruits

Research findings in the field of carpology have also found applica-
tion in forensics. Experts in this field can match seeds/fruits to the
parent plant species based on many characteristics. The diagnostic fea-
tures that are used include morphological, anatomical, and organoleptic
characteristics. Visual identification is based on the analysis of shape,
colour, sheen, sculpture, and size [4]. Owing to optical tools, diagnostic
features can be observed at a fine-scale, and these features include: walls
of the fruit and seed coat, presence of oil cavities, and structure of the
endosperm or cotyledons [67]. Seeds of plants of the family Fabaceae
have a scar after the funiculus attaches a seed to the pod [13]. Fruits and
seeds can also be distinguished by their flavour or smell (e.g. Apiaceae
fruits).

Anemochorous seeds/fruits have structures that allow them to float
in the air (seed fluff in Taraxacum sp., Populus sp.). Zoochorous species
have structures that enable their attachment to the body of an animal
[67]. Some seeds cling to a fabric so strongly that they remain on it even
after washing; this allowed for the perpetrator of the murder of two
children in 1997 to be identified [63]. Their bodies were found buried in
a shaded wooded area near a cemetery, not long after they had been
reported missing by their stepfather. When he became a suspect, bio-
logical material was retrieved from his clothing, including the seeds of
Geum canadense Jacq. and Galium aparine. Both species were found at the
gravesite, but they did not grow near his house, contrary to the suspect’s
explanation. The seeds were part of the evidence pointing to him being
the perpetrator of the murder.

The footwear and wheels of a vehicle are good seed-dispersing vec-
tors because seeds effectively attach to them, which provides the pos-
sibility of using seeds to determine the place where people or objects
travelled [63,67]. This possibility was confirmed by a case conducted by
Lipscomb and Diggs [13]. In 1995, they were requested to identify plant
material in the case of abduction and sexual abuse of a two-year-old
child. Owing to their expertise and experience, they identified the
seeds recovered from the shoelaces of the suspect and linked them to the
place where the child had been found. They established during the first
examination that the seeds belonged to the family Apiaceae, whereas
further examinations, including comparison with herbarium material,
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allowed them to identify the species as Torilis arvensis, species native to
southern Europe, and invasive to central and western Europe, and North
America. Seeds of this plant, which exhibit ectozoochorous seed
dispersal, are densely covered with hooked bristles that cling perfectly
to the body of animals (fur, feathers), as well as to human clothing and
footwear. Despite this precise identification, this was not the decisive
evidence in this case, but was important enough to provide the basis, in
conjunction with other evidence, for convicting the suspect. The authors
of this paper indicate that many other plants can be similarly used as
scientific evidence in court proceedings. For example, they provided
grass species common in North Central Texas, USA, such as Cenchrus,
Nassella leucotrkha, and Stipa leucotrkha.

Soil is an environmental element that is often collected by forensic
teams. Samples were examined for seed bank content. Knowing the soil
seed bank composition can help determine the scene of an incident,
because there is a relationship between vegetation composition and soil
seed bank composition. Nonetheless, this is not an ideal relationship
because not all seeds are included in the seed bank, but the seed
assemblage is also dependent on the seasonality, weather conditions,
and animal activity [68]. However, the presence of seeds of rare, pro-
tected, or invasive plants is an important indicator of a given location
and has great value for forensics [34,67,69]. The ability to discriminate
between seeds is important when the stomach content is examined
because some seeds remain intact in the alimentary tract for a long time.
In 2001, an analysis of the stomach content of a dead child for the
occurrence of biological material revealed the presence of seeds of the
strongly toxic Calabar bean (Physostigma venenosum Balf.), whose seed
coats have a characteristic appearance. The seed walls of this plant are
thick and resistant to digestion, and they pointed to the possibility of the
child having been poisoned [35].

In recent years, laboratories have begun to use specific DNA markers
to identify seeds to species level. For example, within the context of seed
identification, q-PCR has been shown to be an effective technique. One
difficulty, however, is the extraction of DNA from seeds; it is often
labourious and involves many steps that can also result in the loss of
DNA as well as the introduction of impurities [70].

3.3. Litter

Plant litter has attributes that highlight its potential usefulness
within the context of court proceedings. For example, it consists of a
diverse range of biological material such as leaves, fungi, bark, plant
pollen, and animals [36]. Leaves are identified based on their venation,
shape, petiole, and leaf edge [4]; however, those found in plant litter are
at varying stages of decomposition, which hinders their identification.
Therefore, it is necessary that an expert witness not only has an exten-
sive experience in plant identification, but also has access to a good
reference herbarium. The analysis of leaf litter provided an important
clue in searching for a missing person in the Sierra Nevada Mountains in
2002. Based on the qualitative and quantitative spectrum of identified
leaves, the colour of the leaf litter, knowledge of t environmental re-
quirements and the area of occurence of the identified species, the leaf
litter found in the murder suspect’s car were linked to the altitude and
slope at which the murder occurred [71].

3.4. Timber - dendrochronology and dendrochemistry

Forensic dendrology is a rapidly developing field of research. The
ability to distinguish species based on analysis of wood alone is difficult,
and hence, a full array of methods is used, from conventional macro-
scopic evaluation through microscopic methods (e.g., wood anatomical
structure), and chemical or molecular methods. These methods differ
significantly in terms of their required time investment and accuracy of
the analyses [7,37,72-75]. Experts are assisted by modern automated
sample identification techniques based on state-of-the-art IT solutions,
that is, deep learning and, more specifically, Convolutional Neural



L. Kasprzyk

Networks (CNNs) [9]. Hermanson and Wiedenhoft [76] applied auto-
mated analysis (“machine vision”), and owing to the application of
advanced image capture and processing algorithms, they were able to
identify plants to species level using wood samples.

Wood was used as scientific evidence in criminal cases at the
beginning of the 19th century. Arthur Koehler, an outstanding wood
expert, proved that a wooden box in which a bomb had been found was
made by analysing elm wood chips from the suspect’s carpenter work-
shop. His expertise and experience were used in one of the most famous
cases concerning the kidnapping and murder of a child, the Lindbergh
case of 1932. His task was to examine the wood from a ladder that had
been used during kidnapping. By comparing the arrangement of the
annual growth rings in the ladder, he showed that the ladder had been
made using, among others, a flood board from the attic in the house of
the person suspected of having committed kidnapping. Moreover, based
on the anatomical structure of the wood, he demonstrated that the
ladder was made of wood of gymnosperms, that is, North Carolina pine,
ponderosa pine, Douglas fir, and birch [12,77].

Many tree species are included in the list of protected species that are
prohibited from trade under the provisions of national and international
treaties (CITES). The identification of species, particularly trunks devoid
of leaves, frequently poses a difficulty in stopping illegal timber trade
[72]. In forensics, conventional trees are identified based on their
physical characteristics, such as colour or hardness, the anatomical
structure of wood (sapwood and heartwood), pores, medullary rays, as
well as an analysis of annual growth rings [78]. For proper species-level
identifications using wood, it is necessary to refer to the reference ma-
terial. Wood is a collection of heartwoods that are curated in xylaria, and
their list (the Index Xylariorum) is kept by the Kew Gardens [37]. Ac-
cording to the forensic recommendations of the United Nations Office on
Drugs and Crime (UNODC), it is recommended that the analysis of wood
is used as a primary method, and only after such an analysis has been
performed can one decide to use other methods [73,74]. Knowledge of
wood anatomy can be useful for the forensic identification of charcoal
originating from illegal logging. An experimental study carried out by
Braga et al. [79] revealed that numerous elements of the wood
anatomical structure are well-preserved in charcoal. In species identi-
fication, wood-linked diagnostic features include vessel groupings,
vessel-ray pitting, perforation plates, axial parenchyma, ray cellular
composition, storied structure, and secretory elements. The creation of a
database with charcoal anatomy images for specific tree species could be
a useful tool for institutions that supervise trade in valuable tree species
[79,80].

Dendrochronology is a field that can help forensic science answer the
question ‘when’, among other questions, including PMI determination
[16,75]. In climatic regions with distinct seasons, the trunk and roots of
woody plants are characterised by annual growth rings. Spring and
autumn wood, produced in the second half of the growing season, can be
distinguished in each growth ring. In spring, wood growth is more
intense, and vessels transport water intensely owing to their large
diameter. Vessels formed later predominantly perform mechanical
functions. The width of the growth rings is also a reflection of prevailing
environmental conditions, including deviations from these conditions
[5,75]. The basic analysis of root and trunk growth in trees does not
require complicated equipment and is not costly. To correctly determine
the results based on the number of growth rings, a large piece of wood is
necessary, preferably-one containing a sequence of growth rings from
the bark to the heartwood. Obtaining such a large sample can often be
destructive to evidence materials. The precise determination of wood
age depends on tree species [18]. Some tree species are characterised by
inconsistencies in the sequential formation of growth rings; therefore, an
appropriate database of specific wood samples of the same or related
species from the same region or habitat must exist for comparison. These
samples formed a reference chronology. Dendrochronology is also used
in the case of roots that may grow above a buried body or change the
growth direction, and each disturbance is visible in the growth rings; in
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this way, it can be helpful in determining PMI. Pokines [81] noted that it
is worth analysing the annual rings of not only the main root. However,
even small roots can provide further evidence. Root dendrochronology
is particularly useful when other biological methods such as forensic
entomology cannot be applied. Trunk dendrochronology can also be
useful in the case of illegal trade of valuable and critically endangered
trees and illegal tree cutting, as it allows for a determination of the
provenance of a tree [37]. An example of the use of this method to prove
illegal cutting of Pinus nigra and P. sylvestris in Turkey was provided by
Yaman and Akkemik [82]. The most frequently smuggled timber is of
tropical origin, where there are no distinct seasons and therefore no
distinct growth rings, greatly limiting the application of dendrochro-
nology within the context of forensics [37].

The literature on the subject provides numerous examples of the
application of dendrochronology to identify many wooden objects of
historical value, among others violin artwork. Some of the world’s best
violins are antiquities worth millions of dollars, and the theft of violin
artworks or their forgery are offences, resulting in losses estimated at
billions of dollars. The value of an instrument is determined not only by
the skills of the instrument maker that has made it, but also by the
quality of the wood used [83]. Dendrochronology finds good application
in determining the age of the wood used to make an instrument, but
unlike wood dating by the commonly used radiocarbon method,
dendrochronology does not require taking wood samples from an in-
strument. Age can be estimated based on a comparison of the growth
ring patterns with the patterns of other previously well-dated objects or
trees growing in a particular area if we are certain where the trees used
to make an instrument grew in a given region [84]. In Italy, spruce
forests, commonly found in this country, were the main source of wood
for workshops of well-known 17" and 18" century violin makers.
Therefore, Tophan and McCornic [84] prepared a long reference
sequence of growth rings and determined the age of 33 instruments with
more than 60 % accuracy, including those manufactured in Stradivari’s
workshops. However, it should be emphasised that one cannot deter-
mine unambiguously when an instrument is made because instrument
makers could have used wood stored for many years or the outer rings
could have been removed during wood treatment [83,84].

In forensic science, not only the number of growth rings can be used
as evidence, but also their chemical composition, which is why den-
drochemistry is not only a supplementary method, but also provides the
possibility of answering more detailed questions [16]. It uses instru-
mental analysis, that is, mass spectrometry, near-infrared spectroscopy,
stable isotopes, and radio-carbon, to address this issue [7,72]. The
content and ratio of stable isotopes in a plant are correlated with its
place of origin or cultivation, which is important from a forensic point of
view for detecting the smuggling of protected plants [72]. Most often in
plants and their products, secondary metabolites and isotopes of
hydrogen, oxygen, carbon, and nitrogen are studied using continuous-
flow isotope ratio mass spectrometry (CF-IRMS), which is considered
highly accurate and sensitive [7]. An important application of forensic
dendrochemistry is to solve problems associated with anthropogenic
contamination, in particular, to determine the source of contamination,
as well as the time and place of its emission [16]. Balouet et al. [75]
described an example of the application of dendrochronology and den-
drochemistry in courts to determine the time of occurrence of contam-
ination of a property by trichloroethylene. The land in question was
owned by two owners in succession and either of them claimed that the
contamination had not occurred during his tenure. The analysis revealed
asynchronous increases in the chlorine content of the tree rings which
had occurred during both the first and second ownership. Based on the
dating of the atypical increases and the determination of the chlorine
concentration levels, it was possible to appropriately allocate the
respective owners’ contributions to the cost of remediation of this land.
Such methods can be used as independent scientific evidence or to
supplement other evidence [16].
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3.5. Plant anatomy

Dilcher [38] described cases in which the police used their knowl-
edge of plant anatomy and morphology. In one case, the police asked for
an expert report on the plant material retrieved from the trachea of a boy
who, as his parents claimed, had fallen into a large stack of hay and
suffocated. If this had happened, fragments of hay should have been in
his airways — stems and leaves. The researcher did not find any frag-
ments originating from grass but discovered the presence of corn starch
grains. Corn bags were found at the scene of the incident, and hence, a
presumption was made that the boy had them on his head right before
his death. In another case, an expert witness was provided with crushed
plant material and requested to confirm whether it was marijuana. The
examiner selected the leaf fragments from the plant material. They are
thin and contain numerous trichomes. He examined the cuticule in
detail and compared the obtained results with the reference material,
that is, Cannabis leaves kept in a herbarium. In effect, he rejected the
thesis that marijuana was the plant material presented for analysis. Leaf
epidermal features can be considered taxonomic for many plant species.
In species of the family Piperales, some can be discriminated based on
trichome structure as well as the types of pores and their arrangement.
On this basis, it can be confirmed that a species with medicinal prop-
erties is sold [85]. Woodberg et al. [8] confirmed that knowledge of leaf
micromorphology could be useful in the fight against illegal trade in
plant species threatened with extinction. They demonstrated that pro-
tected cycad species can be identified based on the structure of the tri-
chomes and stomata (density and dimensions of the stomatal band).

Trichomes are epidermal outgrowths [4] characterised by diversity
of shape (e.g. glandular, peltate, hooked), structure (uni- or multicel-
lular), and function (e.g. secretory, transpiration reduction), and
sometimes they can have taxonomic value, for example, in the case of
species of the genus Ficus. Bates et al. [86] describe a study analysed the
botanical material found in the wreckage of an aircraft. The material
was examined for the presence of trichomes. Hairs of plants from the
families Solanaceae and Malvaceae were shown to be present in the en-
gine, but a detailed analysis negated the premise that the penetration of
plant material into the engines was the cause of the crash.

Cells of some plant species contain inclusions. Due to excessive
mineral uptake by plants, mineral deposits called phytoliths are depos-
ited in cells or intercellular spaces. These are calcium oxalate or silica
(opal) crystals. In grasses and sedges, they are primarily deposited in
epidermal cells, and in the palms and orchids in cells surrounding
vascular bundles. Their size is several tens of micrometres. In many
cases, phytoliths have diverse shapes with taxonomic values. They can
be roundish, elliptical, longitudinal, rectangular, or saddle- or dumbbell-
shaped. Due to the above reasons, investigation of soil and plant tissue
content for the presence of phytoliths has application potential in
forensic science [62,70,87].

Jakoby et al. [10] (2021) indicate the possibility of identifying plant
genera based on the anatomical structure of the root, at the same time
stressing that the procedure of sample preparation for analysis is time-
consuming and identification itself requires experience. In their
research, they focused only on unique morpho-anatomical features for a
particular genus, i.e. root color, periderm structure and xylem location.
On this basis, it was possible to identified root samples of Pinus, Pistacia,
Cupressus genera. Analysis of fiber structure and secretory cavities,
together with molecular marker analysis, requiring less botanical
experience, enabled the identification of forensic samples to the species
level.

In forensic procedures, remains of food found in vomit, faeces, and
the digestive tract are often collected during autopsies [65,88,89]. In
some cases, the food can also be found in the respiratory system (e.g.,
choking) [90]. Forensic scientists are interested in qualititative (i.e.,
what the victim ate) and quantitative aspects of a victim’s food intake
[65]. Larger fragments of plant tissues (e.g., parenchyma) are most often
found in vomit and stomach contents, whereas in the gut (ileum and
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colon), microremains with thick cell walls, such as fungal spores, plant
pollen, fibres, and protoxylem elements, are preserved. These can be
easily identified using a light microscope [53,89]. In a case described by
Azzalini et al.[91], an autopsy showed the presence of toxic oleandrin
and oleander leaf tissue in stomach. Since an accidental ingestion of an
oleander leaves is unlikely; the presence of leaves in the digestive tract
was indicative of self-poisoning. In another case, the presence of old
grains was detected during an autopsy of the lung bronchi. Microscopic
observations revealed that they originated from legumes [90].

As mentioned earlier, the quick identification of the factors causing
serious poisoning is crucial for saving lives. In many cases in which it is
not possible to identify a plant by its morphology or anatomy, poisoning
is confirmed by the examination of toxins using chromatographic
methods, such as liquid and gas chromatography [91]. For samples with
different compositions, the use of these methods would require tedious
purification procedures to remove interfering compounds and improve
detection sensitivity. For such samples, QPCR can be used; the effec-
tiveness of this method has been confirmed for the Nerium oleander
plant, which is highly poisonous to humans and animals. Specifically,
qPCR can facilitate the detection of this toxin in feed and food mixtures,
even at low DNA concentrations. The suitability of the method for
etched samples was confirmed, and the detection limit was 0.1 % for
oleander in mixed samples [39]. This method was also used to distin-
guish between edible and poisonous plants by examining DNA from
leaves and from samples digested in artificial gastric juice [92].
Research by Kim’ [92] and Bai’ [39] recognises q-PCR as a highly sen-
sitive and rapid method which may be applied in forensic botany to
prove poisoning.

4. Plant physiology

Plant fragments torn from their natural habitat undergo a series of
morphological and physiological changes. Even if destroyed, these
fragments can still be valuable in allows us to address questions relevant
to forensics. However, the use of plant fragments tends to require a set of
experiments; for example, to check how much time it takes for a broken
branch of a specific species to wither or how quickly leaves of a
particular species change their color if buried [32,51]. Palermo et al.
[93] conducted a simulation of the changes of a leaf in a victim’s hand.
The experiment was conducted using leaves of several species, and half
of the leaves were covered with aluminum paper, whereas the other half
were adequately illuminated by sunlight. Each species was characterised
by a different rate of chlorophyll reduction in the leaves, and the
experiment demonstrated that, on this basis, it can be determined what
time has elapsed from the detachment of a leaf from its parent plant or
how many days it was in the dark. A similar experiment was described
by Hall [32], who proved that lawn yellows and severe chlorosis
occurred after a week of complete absence of light. Lichens can also
change their colour under adverse conditions. Hawksworth and Wilt-
shire [41] performed an experiment using the cosmopolitan lichen,
Xanthoria parietina. A well-illuminated thallus is yellow/orange with
deeper orange sporophores; however, if buried, it changes its colour to
green.

5. Forensic plant ecology

Knowledge of vegetation, plant community ecology, plant pop-
ulations, and mechanisms affecting its changes has been used many
times in forensic proceedings [94,95]. Easily noticeable changes depend
on the growth cycle, which depends on the annual cycle [88]. The
achievements in phenology (autophytophenology and synphytophe-
nology) and knowledge of individual phytophenophases have been
applied here [94,95]. Knowledge of the timing of some phenological
phases and their sequence can help determine the date of an incident
[88] and an example of application of knowledge regarding the emer-
gence of seedling cotyledons and leafing is described by Hall [32].
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Fig. 3. Succession of vegetation growing on body decomposition insland (based on [5,11,21,41-50].

Phenology can also be used to prepare against bioterrorist attacks, which
involve the purposeful introduction of crop pathogens and useful or
forest-forming plants. Therefore, it is of key importance to determine the
critical time in the growth cycle of plants when they are particularly
exposed to pathogens, and to develop a model simulating infection
spread time [96].

One of the easily noticeable changes that occur in the environment is
the quantitative and qualitative change in a species assemblage. This can
be noticed much more easily in plants and fungi because it is more
difficult for them to avoid environmental stress. Bioindicators of envi-
ronmental quality (soil and air), including contamination with heavy
metals or radioactive contamination, are excellent examples of this.
Lichens are the best bioindicators of air pollution [97,98]. For forensic
experts, the analysis of the lichen biodiversity in crime scene can be used
to confirm environmental pollution. A serious drawback of this method,
however, is that the results of such tests are largely non-specific and
cannot be attributed to a single pollutant with certainty [97]. The lichen
transplantation method can also be employed to confirm pollution.
Purvis et al. [40] used Hypogymnia psyhodes as a bioindicator. After 3
months of lichen exposure experiments, using inductively coupled
plasma optical emission spectrometry (ICP-OES) and mass spectrometry,
they detected the contamination of lichens by Cu. This method is
discrete and relatively cheap, enabling the determination of pollutant
deposition over short periods. Provided that there is sufficient back-
ground research and field and laboratory research procedures strictly
adhered to, this can be a valuable qualitative tool in environmental
forensics.

In cases of murder, war crimes, or mass murders, it is of key
importance to find bodies. Hiding a corpse interferes with the environ-
ment and leaves traces. These traces can be manifested in the form of soil
disturbances, root destruction, changes in plant growth orientation, etc.
Fig. 3. During the decomposition of a human body, a specific ecosystem
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forms, called a cadaver decomposition island. Anomalies in vegetation
may include differences in species composition, which can also be seen
in comparison with the surrounding undisturbed vegetation
[5,21,42,43,99,100]. Changes in colour, density, and phenology can
also be observed. Heat production and moisture release are short-term
factors, whereas the release of nutrients from decomposing bodies, as
well as better soil aeration and soil loosening during digging, have long-
lasting effects [43]. The response of plants to serious environmental
changes is conceptually well described; however, in practice, different
plant responses are difficult to interpret. Plant growth is affected by the
depth at which a body is buried, soil properties, and climate charac-
teristics [21,42-44]. The timing of body deposition may also play an
important role, especially in regions with distinct climatic differences
[5,21]. Experiments have shown that the rate of decomposition of a
human body is different and more variable than in the case of model
animals; therefore, distinguishing human cadaver decomposition
islands from cadaver decomposition islands of animals remains a chal-
lenge in practice [21,42,45].

During cadaver decomposition, an excessive outflow of biogenic el-
ements (C,0,N,H,S, and P) into the soil results in increased chlorophyll
production in plants, which causes a change in the spectrum recorded by
a satellite. Vegetation, which has been considered an obstacle in finding
corpses outdoors, can now become an advantage owing to remote
sensing methods. Brabazon et al. [46] recommend the use of Unmanned
Aerial Vehicles (UAVs). Technologies are becoming increasingly
cheaper and more versatile owing to the effective use of biochemical,
thermal vision, and hyperspectral sensors that allow the mapping of
anomalies on the soil surface as well as in green vegetation and tree
crowns. Using drones with modern technologies is particularly useful
when graves are suspected to be located in difficult-to-access places,
when search areas are vast, or where there are military conflicts
[46,99,100].
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Forensic ecology is still a developing field of knowledge, and there
are doubts regarding its potential. Such expert reports have been used in
the British court system; however, unlike many areas of court medicine,
the procedures and protocols are not standardised [5].

6. Forensic mycology
6.1. Fungi

Mycological achievements are used more frequently in forensics.
Fungal forensic evidence, similar to other botanical evidence, can help
estimate the time and cause of an incident, link a suspect to a crime
scene or a victim, determine their travel history, establish the causes of
hallucination or poisoning, locate a buried corpse, establish that a bio-
logical weapon has been used, or provide evidence for smuggling or
poaching [41,47,48,101-103]. Knowledge of fungi is important in the
case of illegal trade in narcotic or hallucinogenic species, such as those
of the genus Psilocybe, which have a wide geographic distribution [104].

Fungi occur almost everywhere, and they are often invisible to per-
petrators who are frequently unaware that they have had contact with
fungi. Fungi have very different environmental and nutritional re-
quirements, and because of this, they are a good location indicator and
tell much about the soil in which they live, such as in the previously
described cadaver decomposition island [41,49,101,105].

6.1.1. Fungi as indicators of burial sites and the time of death

Fungi are very good indicators of burial sites [49]. Two closely
related chemoecological groups of fungi, ammonia fungi and post-
putrefaction fungi, are indicators. Sporocarps have been observed in
different forests worldwide and frequently mark grave sites. These
groups of fungi provide visible markers for sites of cadaver decompo-
sition and follow a repeated pattern of successional change as cadaver
decomposition progresses: Deuteromycetes, Ascomycetes and Basidio-
mycetes. Ectomycorrhizal fungi occur in the final stages of cadaver
decomposition. Species occurring in a specific phenophase also indicate
burial sites, for example, common on many continents, Hebeloma dan-
icum and Laccaria bicolor. They sporulate-1-4 years after the burial. At
places where a corpse has been buried, other Basidiomycetes appear,
including Agaricales of the genus Hebeloma: H. vinosophyllum, H. spo-
liatum and H. radicosoide. Fungi are generally geotrophic, but if their
stalks are crooked or fruiting bodies are tilted, this indicates their me-
chanical disturbance or disturbance of the soil structure. We suggest that
these phenomena can become useful tools for investigating crime scene
[41,50,106].

Many studies have been conducted on the colonisation of livestock
carcasses by fungi [50]. The most frequent model is the pig, but wild
animals have also been selected for experiments, for example, the red-
tailed hawk, mute swan, North American river otter, and bobcat. In
the early stages of decomposition, Filobasidium magnum, Trichoderma
trimmonsii, and T. atroviride, Marasmium sp. were observed, whereas
T. atroviride and T. simmonsii were found on the skeleton of these wild
animals. Rhodotorula dairenensis and R. mucilaginosa have only been
isolated from bird skeletons. The author of an experiment [107]
concluded that some fungal genera (Filobasidium, Rhodotorula, Tricho-
derma, Umbelopsis) could be considered important decomposers of wild
animals. In the future, these discoveries may help establish living sites
for illegally killed wild species populations.

It is also worth using forensic mycology when the time of death or
deposition of a corpse is uncertain and fungal colonies are visible on
human remains [108]. As proven by Hitosugi et al. [48], it is particularly
important when entomological analysis cannot be applied and fungi can
be treated as an independent line of evidence. In a case described by
them , the presence of Aspergillus terrous and Penicilium sp. on the body of
a deceased person allowed for a determination of the minimum interval
since death. This is because it is known that after coming into contact
with a deceased body, fungi of this genus develop colonies after 3-7
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days. In their experiment on a mouse model, Metcalf et al. [109] also
proved that microbial communities colonising a cadaver and their suc-
cession on decomposing remains can be successfully used to determine
the PMI, and this method produces a smaller error than in the case of
forensic entomology.

6.1.2. Other applications of forensic mycology

Wet buildings and poor ventilation create specific ecological niches
that promote the growth of fungi that are harmful to human health and
life. These produce allergens, mycotoxins, and volatile compounds. This
group of species includes, among others, Apergillus (A. fumigatus, A.
parasiticus, A. niger, A. clavatus), Penicilium, Cladosporium, Mucor, Tri-
choderma, Fusarium, Alternaria (A. alternata), Candida, and Serpula
lacrymans. The presence of Stachybotrys chartarum is evidence of the
poor quality of buildings, and this fungus causes biodeterioration [110].
Analysis of fungal content in indoor environments can help to confirm
the justification for health loss claims or claims for damage caused by a
flood in a house or by a river flood [108,111].

Fungi can be dangerous tools for terrorists. Used as a weapon, they
can be directed against people, livestock, or crops and can act directly
through infection or indirectly through mycotoxins [112]. The use of
plant pathogens as biological weapons can disrupt the economy of a
given country. Among others, Tilletia indica and Phakopsora pachyrhizi,
which cause diseases of the karnal bunt of wheat and Asian soybean rust,
respectively, have potential in this respect [96,113]. Many fungi can
produce toxins, and although most of them act over the long term, some
can be mass-produced more quickly [114].

6.1.3. Fungi DNA sequencing technologies in forensic

Fungal trace evidence is often small and degraded; hence, unam-
biguous taxonomic identification of fungal fragments based on
morphological or biochemical features may often not be possible. Mo-
lecular methods, especially barcoding of the internal transcribed spacer
(ITS) region, are often useful in circumventing such issues, as demon-
strated by Lee et al. [115] in the identification of hallucinogenic
mushrooms. The unknown sequence was compared with existing DNA
databases, but very few fungi (<1%) have been sequenced for the ITS
region. There are several selected databases dedicated to identifying ITS
as well as other ribosome and protein coding sequences, but not a small
percentage of all fungal sequences deposited in GenBank are based on
misidentified material ITS [116]. Particularly valuable in forensics, are
DNA sequencing technologies that allow for the identification of fungi
obtained from environmental samples such as soil, litter, and house dust.
For this purpose, environmental DNA (eDNA) metabarcoding is used,
which allows criminologists to geolocate the tested sample based on the
spectrum of fungi present in it. Attempts have also been made to identify
humans without analysing their DNA, but based on their unique
microbiome detected using metabarcoding [117].

6.2. Fungal spores

Fungal spores show great potential within the context of forensic
evidence. This is because they are produced in large quantities, are very
small (even several microns), are easily dispersed by wind, and often
attach to a body, clothing, vegetation, and objects. Moreover, spores do
not lose their taxonomic characters with the passage of time. The spores
can also be easily observed and identified using an ordinary light mi-
croscope [49]. Their characteristic features include colour, size, di-
mensions, presence of septa, presence of a point of attachment, and
branches.

Hawksworth and Wiltshire, and Hawksworth et al. [41,101] present
many examples of how knowledge of mycology is used in forensic sci-
ence. A frequently described case demonstrating the potential of court
mycology is linking a suspect to the place where a dead body was hid-
den, based on the presence of spores of Torula herbarum and Periconia,
characteristic only of nettle, in the clumps where the victim lay and in
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the suspect’s car. In another case, an assailant takes part in a shooting
hid behind a tree next to which there was a hedge. In this drug-related
shooting, the assailant killed his partner and hid himself behind the
trunk of an oak growing close to the cypresses, forming a hedge. The
cypress shrubs were infected with a fungus (Pestalotiopsis funerea) which
sporulated abundantly at that time; hence, a substantial number of
spores were found on the plant litter and on the suspect’s body, clothes,
and items belonging to him. Fungal spores provide information that is
important during court proceedings.

Hawskworth et al. [101] provided a list of rare fungi species asso-
ciated with a specific environment or host on which they parasitise.
Finding spores as part of evidence is a valuable clue that allows forensic
scientists to answer the question ‘where?’. Spores of Caryospora calli-
carpa have been found as evidence; it is a very rare species in Great
Britain because no specimen of this fungus has been collected in Great
Britain since 1865. This fungus should be considered rare because it was
present in only seven out of 1100 samples examined over a period of 2
years [118]. The presence of spores of Thecaphora frezzi, a fungus that
causes huge losses in peanut crops in South America, allowed for a
confirmation that the imported peanut syrup originated from Argentina
or Brazil. If the evidence includes Curvularia inaegualis spores, it would
be indicative of the sample originating from North America, where it is a
well-known parasite of Triticum and grasses [101].

Knowledge of the growth cycles of different fungal species and the
types of spores produced by them can also help determine the time of an
incident [108]. Sarcoscypha sp. with scarlet cups occur on fallen
branches in early spring. When they are trodden on, spores can attach to
shoes. Another potentially useful fungus is Flammulina velutipes, which
only appears after the first ground frost. Both species are common in the
Northern Hemisphere (NH). As Hawksworth and Wiltshire cited [41]
knowledge of the growth cycle of Phragmidium violaceum was useful in
determining the burial time of a young woman. Leaves of Rubus fruti-
cosus with visible dark teliospores, produced in late summer and
autumn, were found in the grave. The presence of an ergot in the
gathered evidence can also help determine the time of an incident.
Claviceps purpurea growing on cereals and other grasses is produced in
autumn ergots that can attach to different surfaces because of their
hooks. Knowledge of the rate of fungal colony growth is useful in
determining the time of an incident [101]. For example, colonies of
Mucorales fungi grow much faster than Ascomycetes [41].

A perfect knowledge of the fungal spore structure is of key impor-
tance to avoid the death of a patient with suspected fungal poisoning
[41]. Mushroom poisoning can lead to organ damage after several dozen
hours. Identification of fungal micro- and macroremains, including
spores, found in vomit, gastric washing, or faeces assists in confirming
such poisoning [89,101]. For an experienced diagnostician, spores of
Amanita phalloides and A. muscaria differ in shape, colour, and size.
Analysis of spores is an auxiliary examination that may confirm the
consumption of fungi causing death cap syndrome, but the absence of
fungal spores in material taken from a patient does not exclude
poisoning [119-121].

Although it has been demonstrated that mycology provides useful
forensic evidence in different ways, it is not frequently used. The most
reliable method for fungal identification is a direct comparison with a
correctly named reference material.

6.3. Other spores

Spores of bryophytes, lycophytes, or ferns belong to palynomorphs
that have also found their application in forensics, and their presence in
evidence allows the question ‘where’ to be answered [122]. They are
produced in a much smaller amount than pollen grains or fungal spores
and are heavier than the latter; hence, the phenomenon of long-distance
dispersion is much less frequent. They occur in the air at low or very low
concentrations [123,124], and their presence in evidence indicates close
contact with the parent plants [22,122]. These are identified as species,
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genera, or artificial taxa. Taxonomic characteristics include shape,
dimension, colour, and morphology [125,126].

The fern spores have radial or bilateral symmetry. Another taxo-
nomic characteristic is the aperture. Spores have a three-layered cell
wall of varying thicknesses and chemical compositions. Elements of the
middle layer and the exine (e.g. papillae, spines, reticulum, or clubs) are
diagnostic features [125]. The ability to identify fern spores was
invaluable in solving the murder of Joanne Nelson (the ‘Valentine Girl’).
Numerous pollen grains and fern spores, including Polypodium, rarely
found in the area in question, were found in the soil collected from the
car of a person suspected of having this murder. A comparison of the
assemblage of palynomorphs with the vegetation assemblage indicated
the potential place of burial [20]. The presence of Lycopodium spores in a
sample of cocaine was very useful to estimate its origin, considering the
time when sporangia were mature [127].

The presence of bryophyte and lycophyte spores in soil indicates that
its layers belong to a particular area searched or can be an indicator for a
specific habitat, as demonstrated by Bruce and Dettmann [128], as well
as by Khokh and Shalaboda [129]. They also stressed that the presence
of spores of lower plants (ferns, lycophytes, and bryophytes) in the soil is
a reflection of their contribution to local vegetation. This was confirmed
by conducting research on various types of forest communities in
different climatic zones, in Australia and Belarus.

7. Forensic palynology
7.1. Pollen grains as objects of forensic investigations

Among the many types of palynomorphs, pollen grains have been
used most frequently in forensic science [23,130-133]. They are pro-
duced in large numbers and can be identified as a genus/species based
on their characteristic morphological structure. Their diagnostic fea-
tures are primarily the number and type of apertures (pores and fur-
rows), their arrangement, grain size and shape [131]. The cell wall is
multi-layered, composed of sporopollenin, a substance very resistant
to the effects of external factors, due to which pollen grains are pre-
served even in the most difficult environmental conditions. The outer
layer, the exine, has a species-specific sculpture in the form of spines,
papillae, reticulum, and striae. A small sample taken from the incident
scene was sufficient to isolate a sufficient number of pollen grains. Such
materials can be analysed repeatedly and sent for consultation or veri-
fication. The presence of pollen grains in the evidence allowed us to
answer all the questions asked in the title of this article. In the forensic
interpretation of palynological material, knowledge of pollination type,
height of pollen release, and pollen dispersal capacity is important
[23,131,134-136].

Many palynological studies underline that the qualitative and
quantitative spectra of aeroplankton or pollen deposition largely reflect
vegetation, and plant communities are characterized by specific paly-
noflora named ‘pollen fingerprint’ [137]. The spetrum of tree pollen re-
flects a region’s vegetation. Pine pollen tends to be overrepresented,
while the proportion of beech pollen is lower than the percentage of
beech in a region’s vegetation. Because pollen grains of herbaceous
plants are released at much lower altitudes than those of trees, many of
them are less likely to reach the upper atmosphere and spread far. These
relationships should be considered when preparing an expert report for a
court [23].

7.2. ‘Pollen fingerprint’ and the time and place of the crime

When an expert attempts to link an object or a person to a crime
scene, a specific geobotanical region, or a plant community, he or she
must have rich reference material, that is, a collection of reference
microscopic slides and microscopic images [133,136]. The lack of a
sufficient reference database will prevent an expert from providing a
reliable opinion, as in the case of illegal imports of Persian rugs to the
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USA. It was suspected that the rugs originated from Iran, where the
import of goods was prohibited. A palynological analysis of samples
taken from the rugs showed the presence of pollen grains from plants
characteristic of both Egypt and Iran, with a predominance in the latter
country; however, because of the lack of rich comparative material from
the Near East, the experts did not have sufficient certainty to recom-
mend banning these imports [130]. The lack of reference material from
distant or war-affected regions, which are threatened with terrorism, is
particularly acute. Warny et al. [138] proposed an innovative method to
create a worldwide palynological database based on which geolocation
could be carried out. They performed palynological analysis of pollen
vacuumed from pelts of species characteristic of tens of mammals in
different regions of Mexico. They showed that each region has a char-
acteristic ’pollen fingerprint’ and thus indicated the potential of this
method in creating a metabase of reference material necessary for
geolocation.

During the investigation of war crimes committed in Yugoslavia in
1995 in Srebrenica (Bosnia), the International Criminal Tribunal
investigated mass graves of the massacred civilian population. Intelli-
gence reported that war criminals, in order to hide the scale of execu-
tions, transported their bodies from their original graves to smaller ones
in unknown locations. The purpose of this forensic examination was to
link the secondary graves with the primary sites by comparing samples
collected from the soil, bodies, and clothing, among others, in terms of
their palynomorph content. Based on pollen analysis, in many cases,
secondary sites were linked to execution sites. This case is thought to be
the first in which such environmental evidence was used systematically
in an investigation of serious war crimes [139].

Zavada et al. [140] showed that clothing is an excellent pollen trap.
The thicker the fabric is, or if it has structural patterns, and the more
frequently a piece of clothing is worn, the more pollen grains it contains.
The pollen spectrum is representative of the vegetation of a particular
region and season, which can help an expert determine the location of a
human and the period when he or she is in a specific area. Interpretation
of results can be difficult if a person visits many different places on the
same day. Washing with water and detergent eliminates pollen from the
fabrics. Webb et al. [141] verified existing assumptions. They showed
that the qualitative and quantitative spectrum of pollen collected from
clothing quickly changes over time because approximately 60 % of
pollen is lost; therefore, material for analysis should be collected as
quickly as possible. The type of fabric is also important because the
pollen of wind-pollinated grasses attaches to cotton to a small degree.
The experiments confirmed that washing clothes is not a method for the
full removal of pollen, but the efficiency of this forensic method is
greater than previously assumed, standing between 21 % and 95 %. The
fact that plant pollen was preserved on clothing made it possible to link
burglars to the crime scene in a court case conducted in New Zealand.
Relatively large amounts of fresh Hypericum pollen were found on sus-
pects’ clothing, and the plant was present at the crime scene. In this case,
plant pollen showed excellent trace evidence [134].

Some parts of the plants can act as natural traps for pollen grains. For
instance, this is true in the case of fluff from infructescences of poplar or
in the below-described example of tobacco leaves. Owing to the char-
acteristic epidermis of the tobacco leaf, palynomorphs freely floating in
the air easily attach to it. Cigarettes of a well-known American brand
were examined for the presence of pollen grains, and it was demon-
strated that the original cigarettes contained pollen of Ambrosia species,
native to North America. None of the counterfeit cigarettes contained
pollen of this genus or its percentage was minimal. Chan et al. [142]
concluded that the lack of Ambrosia pollen is a strong premise that a
given product does not originate in the United States.

The COVID-19 pandemic has drawn the attention of the general
public to the need to maintain special hand hygiene. Guidelines
designed to minimise the risk of viral infections have been developed.
This inspired Hunt and Morawska [143] to undertake a study on the
degree of pollen retention on the skin depending on the frequency of
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hand washing and the observance of the relevant procedure. This study
demonstrated that the number of pollen grains on hands was very small
only if the WHO’s recommendations in this respect were strictly adhered
to. The authors concluded that when conventional hygiene is used, it is
highly likely that pollen will remain in the hands of a suspected person
for several days, which may help in court proceedings.

Mindelhall [144] described how palynology was employed to iden-
tify the origin of falsified (i.e. counterfeit) life-saving pharmaceuticals,
particularly antimalarial ones. Under the auspices of the WHO and
INTERPOL, in 2015, a team was appointed to gather evidence doc-
umenting this illegal activity. Palynological analysis was used to
determine where the components were sourced from or where the
counterfeit tablets were located. Cereal pollen was isolated from some
samples, suggesting that the sources of some components were located
near the agricultural areas. The pollen of Artemisia may have originated
from A. annua, which is widespread in China. Other identified pollen
grains originated from plants within a limited area in Southeast Asia.
Spores of rarely found ferns and isoetopsida, such as Stenochlaena and
Isoetes, were also identified; their range is limited to the coastal areas of
Vietnam and southern China. A reliable analysis could be presented to
the authorities, together with other environmental evidence, and it was
possible to indicate the probable location for the production of illegal
drugs.

The ability to isolate pollen from evidence material, high compe-
tence in pollen identification, and knowledge of pollen production
phenology allows one to determine the period in which a sample comes.
Palynological analysis of the material collected from a mass grave
discovered in Magdeburg in 1994 revealed the presence of ribwort
plantain and rye pollen, which corroborated one of the hypotheses that
the victims had been Russian soldiers murdered by the KGB in the
summer of 1953, the presence of pollen grains of alder and birch (Alnus
sp. and Betula sp.), and flowering in early spring, that is, during the
period when a shooting took place, on a suspect’s weapon undermined
the credibility of this suspect who claimed that he had not used this
weapon for months [145].

7.3. Molecular palynology in forensics

Thus far, palynology largely entails time-consuming light micro-
scopy, which requires a high level of expertise. To circumvent this issue,
forensic laboratories are increasingly using non-microscopic techniques.
Numerous studies indicate great potential for the identification of pollen
grains using nondestructive spectroscopic methods (Raman, FTIR)
[23,146,147]; however, there is no sufficient library of reference spectra
to be successfully used in forensic science. After years of attempts,
effective procedures for the isolation of pure genetic material from
pollen grains have been developed; for many taxa, there is a good
reference base; therefore, pollen grains can be identified based on both
chloroplast and nuclear DNA [148-150]. However, one should
remember the high genetic variability of plants between individuals
depending on environmental conditions; therefore, it is currently
impossible to distinguish plants based on variability in one locus. To
date, only five different markers have been used to encode pollen DNA:
rbcL, matK, trnL, trnH-psbA, and ITS2. The routine use of this method in
forensic palynology is hindered by a few obstacles, the biggest of which
is the impossibility of using this material for repeated analyses. Bell et al.
[151] suggested methods that would allow for the subsampling of pollen
samples . Although the stable isotope method is used in forensic botany,
the determination of isotope content in pollen remains a challenge,
especially in the context of pollen sampling, method validation, and
time reduction [23].
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8. Forensic limnology
8.1. Diatoms as objects of forensic investigations

The aquatic environment is difficult to investigate by forensic sci-
entists because of its complex physical and chemical dynamics [152]. It
is a place where diverse organisms live, including plankton, which have
been most frequently examined by forensic scientists. Forensic
limnology most often deals with diatoms [153]. These are photo-
synthesising algae with a silicate shell composed of structural, longitu-
dinal (apical), and transverse (transapical) structures, the distribution of
which is specific to individual taxa. Their ornamentation and size form
the basis of diatom identification, which can often be performed using a
light microscope. Owing to the specific silicate structure of the shell
surrounding the cells, diatoms are resistant to the effects of physico-
chemical factors and preserve their diagnostic features even after death.
Thanks to this, it is possible to identify them both in modern materials
and in materials preserved many years ago. Populations of algae,
although variable, persist throughout the year. Owing to their micro-
scopic size, they are more difficult to remove from places, clothing, or
tools, and dirt or even wetting is sufficient to isolate them [154]. Scott
et al. [155,156], Sharma et al. [157], and Levin et al. [158] experi-
mentally confirmed that even short-term contact of clothing or footwear
with water or soil is sufficient to transfer diatoms from their original
environment. Diatoms persist on footwear even up to 168 h after contact
with water, and on fabrics even for many weeks. Scott et al. [159]
showed that diatoms are preserved even on clothing that has been
substantially destroyed, for example, by fire.

Diatoms occur in large numbers in many habitats, and each has its
own characteristic diatom biota. For instance, the presence of mainly
benthic species in evidence suggests contact with the bed of a river, lake,
or pond [153,159,160] In their experiments, Bogusz et al. [154]
demonstrated that objects submerged in aquatic habitats of different
types are fully colonized after 4-6 weeks by the species living in the
submerged environments. Limnological analysis should consider both
the qualitative spectrum and analysis of the number of all species, as
well as the community structure. Such analyses were undertaken in the
case of a brutal battery of teenagers during fishing. Comparison of the
evidence in terms of the presence of diatoms allowed the victims, sus-
pects, and scene of the incident to be linked [160].

8.2. Microscopy techniques in diatoms identifications

Light microscopy is still the standard method used in limnological
laboratories, but electron microscopy is increasingly used to identify
diatoms, the advantage of which is high identification accuracy; how-
ever, from the point of view of a forensic laboratory, the equipment is
expensive [161]. When evidence is scarce or fragmented, ultrasensitive,
high-resolution tools are required. These tools include nanoscale and
ultramicroscopic imaging methods such asatomic force microscopy
ATM. The lack of preparatory stages and the possibility of quick and
non-destructive measurements in environments close to physiological
conditions are advantageous for forensics [162]. Yadavalli and Ehrhardt
[163] indicated the great potential of this method in forensic diatom
imaging and identification; however, as in the case described above, the
disadvantage is the cost of the equipment. The advantages of SEM and
ATM techniques are the possibility of identifying an object at the genus
level [164].

In addition, molecular techniques are increasingly used for diatom
identification [164]. Li [165] analysed the morphology and 18S rDNA
sequences of diatoms in one of the rivers in China. They identified q-PCR
methods with high accuracy. They pointed out that diatom DNA bar-
coding could be a useful tool in forensic studies.
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8.3. Diatoms test and drowning confirmation

Analysis of the diatom content in human tissues is helpful in deter-
mining whether a victim found died via drowning. During drowning,
diatoms enter the lungs and subsequently penetrate the alveoli-capillary
barrier and enter the organs and bone marrow. Diatoms have been
shown to be smaller in liver and kidney tissues than in lung tissues and
water samples and it has been demonstrated that pennate diatoms
penetrate through the alveoli-capillary barrier more easily [164].
Studies on the presence of diatoms in corpses in water have been con-
ducted for a long time. Sharma et al. [157] presented a historical outline
indicating people’s interest in this subject in the 17th century, whereas
the first diatom test was performed at the beginning of the 20th century.
Currently, the diatom test is conducted for all unnatural, unexpected,
and suspected deaths when a body is found in water [166]. During an
autopsy of a body found in water, the occurrence of diatoms in the lungs,
organs, and bone marrow as well as at the potential scene of the incident
is checked, which helps to establish whether drowning has taken place
and where it has occurred [167]. Magrey and Raj [168] described ex-
amples of the practical application of the diatom test in India. Ante-
mortem drowning was established based on the presence of Cymbella,
Nitzschia gracilis, and Navicula radiosa in the bones of a 23-year-old
woman found in a well. The same three diatom species were found in
the water samples collected from the well.

The presence of diatoms in the lungs itself does not prove drowning
because false-positive tests occur because diatoms can enter a corpse
transported to water as a result of passive penetration under the influ-
ence of hydrostatic pressure [81,169]. Due to the unreliability of the
diatom test, in some cases, an analysis of the presence of diatoms in
many organs should be performed, and additional auxiliary tests should
be carried out to confirm death by drowning [166,170,171]. Zhao et al.
[169] proposed that, when preparing expert reports for a court, the ratio
of the content of diatoms in a victim’s body to their content in the water
should be calculated; its value is higher in the case of drowning than in
the case of post-mortem immersion. The absence of diatoms, on the
other hand, is not the basis for excluding death due to drowning [172].
Cases of dry drowning have been reported when a violent laryngospasm
occurs and water does not reach the lungs [173].

A recent study by Du et al. [174] questioned the reliability of the
diatom test in indicating the site of drowning. They compared the results
of their experiment by employing many chemometric methods (e.g.
cluster analysis) which did not show an unambiguous linkage between
the diatom assemblage from the lung tissue and the site of drowning.

During the last decade, molecular methods have been included in the
range of techniques used in diatom tests to confirm or deney drowning
[175,176]. Yu [164] proved that SYBR Gree real-time PCR is charac-
terised by high specificity and sensitivity and can help to exclude some
false-positive results but also confirm death by drowning more quickly.
The detection range was at least 0.0001 ng. Since molecular analyses are
highly sensitive, it was expected that barcoding would be extremely
helpful in tests confirming drowning. Liu [176] experimentally
demonstrated that microscopic observations were not highly correlated
with identification using barcoding technology. The unsatisfactory ef-
ficiency of barcoding is due to the fact that the DNA reference sequence
is insufficient and contains many errors. Therefore, it is necessary to
build a reliable diatom DNA sequence database.

8.4. Diatoms and PMI estimations

The biodiversity of diatoms colonising a corpse immersed in water
changes in a certain order, suggesting that algae can be a good tool for
PMI estimation. The number of diatom species decreased during the
later stages of decomposition. Zimmerman and Wallace [177] believed
that because PMI estimation based on aquatic insects is not accurate,
applying semi-qualitative and qualitative approaches using aquatic
plant models can increase the accuracy of estimates. Ishikawa et al.
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Fig. 4. Comparison of the morphological and molecular methods in terms of application in forensic botany (based on

[3-6,10,17,20-23,30,37,39,53,60,64,65,70,115,116,130,136,147,151,161,164].

[178] proposed a method to estimate the time since death at sea. This
method combines water elemental analysis and examination of phyto-
plankton on teeth. They showed that the contents of typical elements in
teeth, that is, Ca and P, decreased with time, whereas the Si, Mg, and K
contents increased. After 30 days, a large part of the enamel was covered
with phytoplankton, predominantly diatoms, whereas after 60 days, the
entire enamel surface was covered. The PMI can also be estimated by
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tracking the succession of diatom biotas on a cadaver. Diatoms isolated
from soil are also good evidence and can be used to estimate the PMI
[179].

8.5. Other algae and protists in forensic investigations

Other organisms belonging to widely understood algae or protists are
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also objects of forensic limnological studies [180]. Diaz-Palma et al.
[181] detected phytoplankton other than diatoms in the bodies of
drowning victims, including species belonging to Chlorophyta and
Dinoflagellata. Based on their experiments, they presented convincing
arguments regarding the need to supplement the diatom test with an
analysis of the microalgae content in drowned bodies. Algae also colo-
nise bones. In the polar climatic zone, the bones of cetaceans are
colonised by Chlorophyta algae, including Muriella terrestris, or species
of the genus Chlorosarcina sp. [57].

Blue-green algae, such as cyanobacteria, produce secondary metab-
olites that are harmful or even fatal to humans and animals [183].
Detection of such organisms and their proper identification are
extremely important for the sake of life protection. Their presence in
water decreases the landscape and tourism value of an area, causing
severe economic losses. Such scientific evidence has already been used
in court proceedings regarding environmental poisoning and related
damages [182,183].

Organisms belonging to the Protista, such as amoebae (Rhizopoda),
dinoflagellates, and chrysophytes, are also objects of forensic examina-
tion. In 1994, Siver et al. [160] showed that the presence of widely
distributed Mallomonas caudata chrysophytes together with diatoms
allowed the victims, suspects, and scene of the incident to be linked.
Testate amoebae are used in PMI determination or help link a victim or
suspect to a crime scene because the time of one generation is relatively
short, usually several days under good conditions [179]. Szelecz et al.
[184] revealed that, at the initial stage of cadaver decomposition, the
number of these organisms distinctly decreases, while the process of
biota renewal begins after approximately-two months. Knowledge of
these phenomena can be helpful in determining the time of death for
bodies that have been forgotten for a long time. Swindles and Ruffell
[185] described a case of analysis of evidence (soil, water, vegetation,
and clothing samples) for their content of testate amoebae. A compari-
son of the species spectra made it possible to identify the location where
the victim had been killed. They also confirmed the high evidence po-
tential of these organisms because the researchers managed to isolate
them from clothing 10 years after the incident and preserved their
diagnostic features, which allowed the organisms to be discriminated
with great accuracy, that is, to the genus Arcella spp. and even to the
species Centropyxis cassis.

9. Summary

A botanist’s expertise in a court can be an important tool in
answering questions posed during forensic investigations. Evidence
should be read in the context of the entire investigation process. A
common standard is to evaluate the results of forensic investigations by
defining two mutually exclusive hypotheses and establishing a likeli-
hood ratio between them [186]. It serves as a quantitative measure of
the strength of evidence [187]. The higher its value, the higher is the
likelihood that the samples originate from the same environment
[135,187,188]. The expert may be asked to comment on the importance
of the evidence in the context of various competing claims: prosecution
and defence [187]. The LR value is context-independent, but the ex-
pectations of the judges are different, as are the tolerances for possible
error [188]. Sometimes it is proposed to use not only numerical LR
values, but also their verbal interpretation and scale [188]; however, the
latter is criticised as it does not express the precision of LR [189].

In the face of the continuous development of molecular biology and
the use of sophisticated technology and equipment, the question arises
as to whether traditional botany still has a future in the judiciary
[10,60]. Both methods have advantages and disadvantages, as listed in
Fig. 4. The methods differ with regards to collecting technique, material
storage, cost and time consumption, specificity, and reliability. Unlike
genetic materials, botanical materials (even microremains) can be
analysed repeatedly, and expensive equipment and reagents are not
required. Even a small amount of material was sufficient for genetic and
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biochemical analyses. Despite the high specificity, in many cases,
identifying plants based on their genetic material is not possible at
species level. This is usually due to there being no reference material.
Different techniques can and should be applied in forensic laboratories
[10,37,60,92,162,176]. Forensic experts should also consider the pos-
sibility of conducting biochemical analyses at crime scenes. Mobile
laboratories are becoming increasingly common in environmental
research. Many analyses can be successfully conducted in the field using
portable equipment such as FTIR, Raman spectroscopy, and gas chro-
matography-mass spectrometry. Small portable laboratories allow for
rapid analysis, which is a desirable advantage in many forensic cases
[190].

Although forensic botany is a recognised scientific method and
botanical material meets the criteria of scientific evidence, it is routinely
used in criminal investigations in a few countries. The reasons for this
are, among others, the lack of qualified specialists, long training of ex-
perts, and lack of awareness of the evidence potential of plant material
[17,20,64]. Introduction to modern forensic apparatuses and technolo-
gies is inevitable. Many instrumental methods are validated, but there
are also those with great potential, but their routine application is not
always possible. Undoubtedly, skills of highly qualified botanists/bi-
ologists experienced in field research involving plant morphology and
ecology will still be needed [60]. The presented literature review in-
dicates that even laboratories without highly specialised equipment can
successfully investigate botanical evidence because the range of possi-
bilities for assessing plant material is large.
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