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Vanesa Serrudo Gonzáles a,b, Teresa Ortuño Limarino c, Pablo Duchen d,* 

a Carrera de Biología, Facultad de Ciencias Puras y Naturales, Universidad Mayor de San Andrés, Cota Cota 27 St, Campus Universitario, Bolivia 
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A B S T R A C T   

Forensic palynology is a tool in criminalistics that uses spores and pollen grains to link a certain geographical 
location with a crime scene. The comparison of the pollen assemblage of a crime-scene soil and that of footwear 
of suspects and victims proved to be very useful as judicial evidence in multiple environments with marked 
seasonality. However, its usefulness in non-seasonal high-altitude soils has not been experimentally evaluated to 
the same extent. For this reason, the present study addressed this information gap by undertaking a palynological 
study in areas with high crime rates in the city of La Paz, Bolivia. To do this, we carried out multiple experi
mental samplings in three locations with different types of soil and different degrees of urbanization. Specifically, 
we compared whether the vegetation present at the time of taking the reference samples, was reflected in the 
pollen rain. Results showed that the vast majority of the species present in the vegetation were found in the 
pollen rain, with the exception of some plant species with entomophilous pollination syndrome. We also show 
that the transfer between assemblages from pollen rain to footwear happened effectively, which helped identify 
their geographical origin, and unveiled a great number of useful indicator species.   

1. Introduction 

Palynology is the study of pollen, spores, and dinoflagellate cysts, 
together known as “palynomorphs” [1]. Such palynomorphs are often 
covered by an exine composed of sporopollenin, leaving a visible mark 
and allowing them to last for thousands of years [1]. Because of this, 
palynology has become a useful forensic tool since the late 1950s [2]. In 
forensic palynology, the small size of pollen (average size range between 
10 and 100 µm) is essential, making it invisible to the naked eye, and 
preventing its concealment by perpetrators. In addition to its long- 
lasting capabilities, pollen has high production and adheres well to 
objects, characteristics that adequately coincide with the principles of 
criminalistics, namely, reconstruction of phenomena or events, proba
bility, exchange, and correspondence of characteristics [3–7]. There
fore, the study of spore and pollen assemblages can provide concrete 
information about a crime, and later be used as additional evidence or 
material objects in court [6]. 

It has been shown that pollen on the soil surface largely reflects the 
current vegetation of a specific plant community, particularly in wind- 

dispersed plants [8–10], with only some biases caused by taphonomic 
factors such as differential pollen production [11,12], mechanisms and 
means of pollen dispersal [11], and rates of pollen degradation 
depending on the soil composition [13]. For pollen to be used as evi
dence in a forensic case we need to evaluate the similarity of pollen 
diagrams between pollen samples obtained at a crime scene (reference 
samples) and pollen samples from other objects (such as footwear), in 
order to demonstrate their resemblance in species composition and 
relative abundance [6,14–17]. Moreover, the pollen assemblage found 
at a crime site must agree to a high degree with that of objects and/or 
people involved [17,18]. 

There are several examples of the use of pollen assemblages to solve 
forensic cases [18–21]. In all such cases, the soil was the final substrate 
of the pollen rain, which represented the plant community around it 
[17], so it is expected that pollen assemblages are transferred from the 
soil surface to objects such as footwear. Given that shoes are commonly 
used as forensic evidence to verify the footprints at a crime scene, it has 
become common practice to collect palynomorphs together with sedi
ments [22]. For these cases, a recovery of approximately 90 % of the 
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palynomorphs has been observed [5,9,19,23], verifying a dilution 
phenomenon. In other words, the pollen found on clothing and footwear 
can reflect: 1) the predominance of the pollen from the last site visited by 
a suspect/victim, 2) a discrimination between localities distant from 
each other by an average of 300 m [22], 3) plantations separated by 50 
m [22], and 4) localities of different plant composition, separated by less 
than a kilometer [9]. 

Given the usefulness of pollen assemblages in forensic cases the ex
istence of pre-existing databases of local palynomorphs is extremely 
helpful for a speedy identification of samples. Although pollen analyses 
can be delayed when there are no specialists on the subject, the use of 
pollen databases has proven useful in the early investigative stages [21]. 
There, the statements of suspects were evaluated, regarding the sites 
where events occurred, often leading to early confessions, and avoiding 
lengthy legal proceedings. For this reason, palynological analyses are 
becoming more frequently accepted by judicial courts in several Euro
pean [3,21,24] and Latin American countries. In Latin America, this is 
already the case in Argentina and Brazil [16,17,23,25,26], where they 
have successfully incorporated forensic palynology in the criminal 
investigation area. 

Overall, resolution of criminal cases using pollen assemblages ob
tained from footwear were carried out in deciduous forests, pine plan
tations, oak groves [22], poplar groves, Acacia-Eucalyptus forests, dry 
and humid sclerophyll forests [9] and grasslands [27]. Furthermore, 
experimental setups have been carried out in England and Spain 
[9,10,14] in temperate latitude environments, where seasonal charac
teristics are quite distinguishable. However, to our knowledge, there are 
no reports of experimental designs nor published investigations in 
forensic palynology that emulate climatic conditions of tropical, non- 
seasonal high-altitude environments. Here, we addressed this issue by 
performing a full experimental forensic palynology study across 
different sites in a high-altitude region in Bolivia. According to Police 
data from the city of La Paz, there have been a great number of homi
cides (49 in the past 12 months) in the southern part of the city [28,29]. 
For this reason, we carried out an experimental analysis of pollen as
semblages in three sites located along this area, including an urban site 
with introduced flora, an urban site with native flora, and a rural site 
with native flora. Based on this experimental information, our aim was 

to evaluate the taxonomic similarity and relative abundance of the 
pollen assemblage in footwear to determine its geographical origin 
within the city, and to demonstrate the applicability of forensic paly
nology in a non-seasonal high-altitude environment. 

2. Material and methods 

2.1. Study area 

The study sites were in the southern area of the city of La Paz, Bolivia 
(Fig. 1), a city where cases of violence have increased in recent years: 
2545 cases so far this year (post-pandemic), compared to a total of 2085 
cases in 2018 (pre-pandemic) [28–30]. The data collected here consti
tutes the beginning of a database of reference species that provide in
formation about the indicators of pollen types in each study site. To 
select study sites two criteria were chosen: 1) areas with a history of 
homicides, and 2) areas open to the population. 

The first site is called “Cañadón de Wilacota” (CW), located at 3574 
m above sea level (m.a.s.l.) (16◦31’26,4’’ S, 68◦2’26,1’’ W), a rural site 
located in the south-eastern area of La Paz, part of the ’’Valle de las 
Ánimas’’ canyon formation, and characterized by wild vegetation and 
some crop species. Among the identified wild species there are pre
dominantly: Medicago lupulina, Clinopodium bolivianum, Cortaderia ata
camensis, Baccharis latifolia, Senecio spp., Lupinus altimontanus; and 
typical crops of the high Andean ecosystem, such as broad beans and 
potatoes. The second site is the “Parque Gimnasio Achumani” (PGA), 
located at 3395 m.a.s.l. (16◦31’42,4’’S, 68◦4’27,9’’ W), an urban rec
reational park open to the public. This site has representatives of the 
native vegetation of the city of La Paz. The following plant species were 
identified: Dunalia sp., Schinus molle, Solanum spp., and Viguiera sp. 
among others. The third site is the “Espacio Sociocultural Jardín 
Japonés” (ESJJ), located at 3657 m.a.s.l. (16◦32’26,9’’S, 68◦5’ 30,8’’ 
W), an urban park characterized by introduced flora. The following 
species are present: Pennisetum clandestinum, Hebe speciosa, Polylepis 
besseri, and Ruta graveolens, among others. All the study sites belong to 
the highlands, with a moderately cold climate (4–10 ◦C), average annual 
rainfall of 500 to 600 mm/year, sandy loam soil, with typical growth of 
small shrubs, trees, and succulent plants [31]. 

Fig. 1. Map with the geographic location of the three study sites: CW, PGA, and ESJJ within the city of La Paz. The inset in the lower right corner shows Bolivia, with 
geographic coordinates, and with a small red rectangle indicating the study area. 
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2.2. Floristic survey 

For each study site we generated a complete list of plant species. To 
elaborate such a list, we collected (per site) three specimens of each 
plant morphospecies within a 30 m2 plot, as well as 10 m outside the 
plot. Plant collection took place several times throughout the year to 
ensure completeness and presence of reproductive structures. More 
precisely, we collected in the months of February to April, July to 
September, and November to December. Collection methodology fol
lowed the protocol proposed by [32]. Briefly, a terminal portion of the 
sample was collected from a branch with leaves and reproductive 
structures, which were then pressed separately. For small herbs, the 
complete individual was collected. The vegetation cover was also ob
tained using the protocol proposed in [32]. For the identification of 
plant species, we worked with the National Herbarium of Bolivia (LPB), 
as well as with virtual herbaria and tropical databases of the Missouri 
Botanical Garden [33], Kew Botanical Garden [34], International Plant 
Names Index [35], Vascular Plants Australian Plant Census (APC) [36], 
Catálogo de Plantas Vasculares del Cono Sur [37] and Herbário virtual 
REFLORA [38]. 

2.3. Generating pollen reference collections 

Given the lack of pollen databases in this area, we started a pollen 
reference collection (Supplementary Information, Fig. SI-1). For this, we 
extracted flowers from the specimens collected in the floristic survey 
and obtained reference pollen slides based on the protocol described in 
[39]. The photographs of the slides were taken at 400x and 1000x with 
the Motic BA210 light microscope and included in the World Virtual 
Catalog of the Pollen Catalog Network (RCPol) [40]. The pollen refer
ence slides were deposited at the Palynotheca of the Universidad Policial 
Mcal. Antonio José de Sucre (UNIPOL). The pollen types obtained were 
characterized according to the criteria of the Pollen Catalog Network 
(RCPol) catalog, namely: pollen dispersal unit, symmetry, polarity, 
scope, type of opening, characteristic of the colpus, characteristic of the 
pore, number of openings, ornamentation of the exine, pollen grain size, 
pollen shape (P:E ratio), size of the polar and equatorial axis, size of the 
diameter (major and minor), and thickness of the exine. 

2.4. Analysis of the pollen rain 

To obtain samples of pollen rain within each 30 m2 plot, the Wilt
shire (2016) protocol [41] was used. Briefly, ten random subsamples of 
0.1 m of soil surface at each site were taken (Table 1), and subsequently 
homogenized inside a Ziploc bag. To generate pollen slides, a modified 
protocol of Erdtman (1960) [42] was used. Briefly, Lycopodium pellets 
were added as positive controls, then centrifuged with 1 ml of 10 % HCl, 
washed with distilled water, added 3 ml of 10 % KOH 10 % to obtain a 
sediment, added HF (twice the amount of the sediment obtained), 
centrifuged with water, acetolyzed with a mixture of anhydrous acetic 
acid and sulfuric acid 9:1, heated in a water bath for 5 min and centri
fuged, and finally washed with distilled water and placed in tubes with 
50 % glycerin. This mix was then mounted on slides, where photographs 
of the palynomorphs were taken at 1000x, to be then identified with the 
reference pollen slides, the Roubik guide (1991)[43], the NOA Pollen 

Atlas [44], and the PalDat database [45]. By following this procedure, 
we obtained a total count of 200 palynomorphs per site. Palynomorphs 
not identified up to the species or genus level were reported up to the 
family level. 

2.5. Analysis of samples from footwear 

Sampling of palynomorphs. To obtain samples adhered to the soles of 
footwear, we asked four male volunteers of average weight and height 
for La Paz (ca. 70 kg and 1.7 m) [46] to walk for half an hour inside each 
plot, wearing OXDANS sports shoes. Volunteers used a unique pair of 
shoes each and carried out this scheme once per day and per site, for a 
total of four consecutive days, under the same meteorological condi
tions. Each pair of shoes was washed between each day, and the same 
pair of shoes was used until the end of the experiment (Table 1). At the 
end of the fourth day, the shoes were stored in a dark place at room 
temperature for one week (to simulate the time it takes for the local 
judicial body to request the analysis of the crime scene). For this same 
reason, the sampling of pollen rain and vegetation cover was also carried 
out a week after the pollen sampling from footwear. 

Sample preparation. The soles of the footwear were rinsed with a 1:1 
ethanol:distilled-water solution using a new and sterile toothbrush, until 
a volume equal to 62,5 ml was obtained. We performed this only on one 
shoe per pair, because the corresponding pair was considered as a 
forensic countersample (L. Povilauskas 2022, pers. commun.). Then, to 
obtain pollen slides in the same way as the surface soil samples, the 
rinsed substrate was centrifuged until almost dry samples were ob
tained, which were then processed with the same modified protocol of 
Erdtman (1960) [42]. We obtained a total of 200 palynomorphs per site 
per shoe, making a total of 800 palynomorphs per site (recall the 
experiment was repeated during four consecutive days). Additionally, 
the soil type was recorded and analyzed, using the classification made by 
the United States Department of Agriculture [47]. 

2.6. Data analysis 

Comparison between pollen rain and vegetation. We tabulated the list of 
species present in the pollen rain and the surrounding vegetation per 
plot as follows: 1) Pollen and/or spores, corresponding to the presence 
or absence of the species found in the pollen rain, and 2) Vegetation, 
corresponding to the presence or absence of the plant species present in 
the plot, collected on the same day the soil samples were taken. With this 
table it was possible to identify those species that are not represented in 
the pollen rain but present in the current vegetation and vice versa 
(Table 2). 

Comparison between pollen rain and footwear. To evaluate the transfer 
of pollen grains from the pollen rain to the soles of the shoes we built a 
matrix (Table S3) following the protocol of Uitdehaag (2021) [48], and 
analyzed it using Detrended Correspondence Analysis (DCA). DCA is a 
type of multivariate analysis, in which communities of species repre
sented in a sparse matrix are evaluated for different factors or gradients. 
Specifically, columns and rows are ordered simultaneously on comple
mentary axes, the “trend” technique eliminates the arc effect, by 
dividing the first axis into a number of equal segments, within which the 
segments fit the order scores to a mean of zero, causing the data plots to 
stretch and straighten [49]. We applied this analysis to the combined 
dataset of palynomorphs and study sites, for which we used the decorana 
function of the Vegan package (R version 4.2.2). 

In addition to DCA, we also used the Morisita-Horn similarity index 
(abdiv package in R: https://search.r-project.org/CRAN/refmans/ 
abdiv/html/morisita.html) to statistically confirm the resemblance of 
the pollen assemblages between the pollen rain and the footwear. The 
abdiv package actually implements the dissimilarity index d(x,y), so here 
we report the similarity index as 1-d(x,y), using the counts of paly
nomorphs by collection site and by footwear and the combined average 
of footwear by collection site as input. Finally, using the same input data 

Table 1 
Summary of experiments undertaken to sample palynomorphs from the pollen 
rain and footwear.  

Experiment Sampling procedure Number of 
palynomorphs retrieved 

Pollen rain 10 homogenized samples from each 
site (CW, PGA, and ESJJ). 

200 for each site. 

Footwear 4x 30-minute walks inside each plot 
(CW, PGA, and ESJJ). 

800 for each site.  
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matrix for the DCA analysis, we generated pollen diagrams using the 
software TILIA (version 2.6). Here, only the indicator species of each site 
(including both pollen rain and footwear) were plotted. 

3. Results 

3.1. Floristic survey and pollen reference collection 

A total of 53 plant species were collected: 19 at site CW, 17 at site 
PGA, and 17 at site ESJJ (Table 2). For all collected specimens identified 
to species level (17 at CW, 9 at PGA, and 14 at ESJJ) we took photo
graphs of their plant habit and flower or inflorescence and built a 
database with photographic records. Additionally, with these specimens 
we generated reference pollen slides (see Methods, section 2.3 for de
tails, and Supplementary Information, Fig. SI-1) and deposited them at 

the UNIPOL Palynotheca. 

3.2. Analysis of pollen rain and samples from footwear 

Pollen rain and floristic survey. The number of common species be
tween the pollen rain and the vegetation (floristic survey) within each 
site was high. For instance, there were 17 such common species at the 
CW site, 15 at the PGA site, and 14 at the ESJJ site (Table 2). Other 
species not present in the vegetation but present in the pollen rain 
corresponded to palynomorphs of the families Amaranthaceae and 
Poaceae. 

Pollen rain and footwear. We found 18 species with good represen
tation and exclusivity at each study site, as well as high percentages in 
the pollen rain (Fig. 2). These species are considered “indicator” species 
for each site. Their percentages in the pollen rain (1) and the average 

Table 2 
Presence/absence matrix of plant species and palynomorphs in the floristic survey, pollen rain and footwear for each study site. Presence is recorded with a “+”, and 
absence with a “-”. Geographic correspondence according to the DCA analysis is also shown.  

Palynomorph Floristic survey Pollen rain Footwear Assemblage 

CW PGA ESJJ CW PGA ESJJ CW PGA ESJJ (DCA) 

Adesmia spp. þ – – þ – – þ – – CW 
Clinopodium bolivianum þ – – þ – – þ – – CW 
Cortaderia atacamensis þ – – þ – – þ – – CW 
Lepidium bipinnatifidum þ – – þ – – þ – – CW 
Oenothera sp. þ – – þ – – þ – – CW 
Salvinia sp. – – – þ – – þ – – CW 
Senecio spp. þ – – þ – – þ – – CW 
Solanum nitidum þ – – þ – – þ – – CW 
Berberis commutata þ – – þ – – – – – CW 
Gnaphalium sp. þ – – þ – – – – – CW 
Lupinus altimontanus þ – – þ – – – – – CW 
Calceolaria buchtieniana þ – – – – – – – – x 
Baccharis latifolia þ – – þ þ – þ þ – CW 
Medicago sp. þ þ – þ þ – þ þ – CW 
Paraserianthes lophantha þ þ – þ þ – þ þ – CW 
Gamochaeta americana þ þ – þ þ – þ – – CW 
Hieracium sp. + – – – þ – þ – – CW 
Poaceaewil1ach – – – þ – – þ þ – CW 
Poaceaewil2ach – – – þ þ – þ þ – CW 
Lycianthes lycioides – – – – þ – þ þ – PGA 
Deyeuxia sp. þ þ – þ þ – þ þ – PGA 
Dunalia brachyacantha – þ – – þ – – þ – PGA 
Sedum sp. – þ – – þ – – þ – PGA 
Teucrium fruticans – þ – – þ – – þ – PGA 
Verbena litoralis – þ – – þ – – þ – PGA 
Solanaceae 1a – – – – þ – – þ – PGA 
Opuntia sp. – þ – – – – – þ – PGA 
Schinus molle – þ – – – – – – – x 
Rapistrum rugosum – þ – – þ þ – þ þ PGA 
Ipomoea pubescens – þ þ – þ þ – þ – PGA 
Viguiera procumbens – þ – – þ þ – þ – PGA 
Antirrhinum majus – – þ – – þ – – þ ESJJ 
Hebe speciosa – – þ – – þ – – þ ESJJ 
Ligustrum sp. – – þ – – þ – – þ ESJJ 
Melaleuca citrinus – – þ – – þ – – þ ESJJ 
Petunia sp. – – þ – – þ – – þ ESJJ 
Pyracantha coccinea – – þ – – þ – – þ ESJJ 
Asteraceae 1j – – – – – þ – – þ ESJJ 
Poaceae j – – – – – þ – – þ ESJJ 
Dianthus caryophyllus – – þ – – þ – – – x 
Inga sp – – – – – þ – – – ESJJ 
Iris pseudacorus – – þ – – þ – – – ESJJ 
Juniperus virginiana – – þ – – þ – – – ESJJ 
Malvaceae spp. – – – – – þ – – – ESJJ 
Argyranthemum sp. – – þ – – – – – – x 
Jasminum spp. – – þ – – – – – þ ESJJ 
Ruta graveolens – – þ – – – – – þ ESJJ 
Polylepis besseri – – þ þ – þ þ – þ x 
Sonchus oleraceus – þ – þ þ þ þ – þ CW 
Amaranthaceae – – – þ þ þ þ þ – ESJJ 
Cyperaceae þ þ þ þ þ þ þ þ þ CW 
Pennisetum clandestinum þ þ þ þ þ þ þ þ þ ESJJ 
Gymnosperm 1 – þ þ þ þ þ þ þ þ PGA  
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among all four shoes (2) are described as follows: For site CW there were 
8: Cortaderia atacamensis (Poa): (1) 3,4%, (2) 8,1%; Lepidium bipinnati
fidum (Fab): (1) 1,5%, (2) 3,3%; Salvinia sp. (Salv): (1) 4,4%, (2) 0,7%, 
Clinopodium bolivianum (Lam): (1) 7,8%, (2) 0,7%; Oenothera sp. (Onag): 
(1) 1 %, (2) 0,3%; Senecio spp. (Aste): (1) 0,5%, (2) 1,6%, Adesmia spp. 
(Fab): (1) 1,5%, (2) 1,6% and Solanum nitidum (Solan): (1) 4,9% (2) 
0,9%. For site PGA there were 4: Dunalia brachyacantha (Solan): (1) 
1,2% (2) 0,6%; Verbena litoralis (Verb): (1) 6,1% (2) 9,2%; Teucrium 
fruticans (Lam): (1) 2 % (2) 4,2% and Sedum sp. (Crass): (1) 1,2% (2) 3 %. 
Finally, for site ESJJ there were 6: Ligustrum sp. (Oleac): (1) 9,1% (2) 
1,9%; Antirrhinum majus (Plant): (1) 12,1% (2) 10 %; Petunia sp. (Solan): 
(1) 5,1% (2) 13,9%; Hebe speciosa (Plant): (1) 2 % (2) 0,4%; Melaleuca 
citrinus (Myr): (1) 0,5% (2) 0,8% and Pyracantha coccinea (Rosa): (1) 2 % 
(2) 1,9%. 

3.3. Geographical origin and transfer of palynomorphs to footwear 

Pollen assemblages from the surface soil were effectively transferred 
to the footwear at all sites. The results of the DCA analysis, which in
cludes species from both the pollen rain and the footwear experiment, 
show a clear separation of the assemblages by geographic origin (Fig. 3). 
This separation can be seen both at the level of pollen rain and footwear 
(Fig. 3A) and by palynomorph assemblage (Fig. 3B). In both cases, as
semblages aligned nicely with their corresponding sampling sites along 
the first DCA axis (DCA1). 

Site PGA has the pollen assemblage with the largest number of 
shared species with other sites. Unique to PGA are Verbena litoralis, 
Teucrium fruticans, Dunalia sp. and Sedum sp. This site also shares species 
with ESJJ, such as Viguiera procumbens, Ipomoea pubescens, Rapistrum 
rugosum, as well as with site CW: Polylepis besserii, and Sonchus oleraceus 

Fig. 2. Pollen diagram that shows the percentages of each indicator species for the pollen rain (PR) and for the footwear (shoe). Each site is represented with 
different colors: CW (green), PGA (orange), and ESJJ (blue). 

Fig. 3. (A) DCA results I: Pollen assemblages based on pollen rain (PR) and footwear (Shoe). The first DCA axis (DCA1) groups each repetition of the footwear 
experiment with the corresponding pollen assemblage of the pollen rain. (B) DCA results II: Distribution of palynomorphs. Colors of circles correspond to CW (green), 
PGA (orange), and ESJJ (blue). Abbreviations can be found on Table S1. 
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(Fig. 3B). At site ESJJ, several exclusive species could be observed, such 
as Iris pseudacorus, Juniperus virginiana, Inga sp., Ligustrum sp., Jasminum 
spp., Hebe speciosa, Antirrhinum majus, Melaleuca citrina, and Petunia sp., 
all cultivated species. Shared with PGA and CW were Pennisetum clan
destinum and Sonchus oleraceus. The site whose assemblage showed the 
least similarity with that of other sites was CW (rural natural site), which 
presents the following indicator species: Cortaderia atacamensis, Lepi
dium bipinnatifidum, Salvinia sp., Clinopodium bolivianum, Oenothera sp., 
Senecio spp., Adesmia spp. and Solanum nitidum. 

The results of the DCA analysis and the degree of shared pollen as
semblages among sites and footwear was corroborated by the similarity 
analysis (as depicted by the Morisita-Horn similarity index). Here, the 
shared presence of palynomorphs in the pollen rain and footwear 
showed that PGA was the site where the similarity between the indicator 
species from pollen rain and footwear was the greatest (0.98), followed 
by ESJJ (0.75) and CW (0.49) (Table 3 for the combined average over all 
footwear repetitions per site, and Table S2 for each individual 
repetition). 

4. Discussion 

4.1. Protocols for evidence processing 

For taking palynomorph samples out of footwear, we initially used 
Wiltshire’s protocol [21] which is based on scraping the sediment off the 
sole. However, a combination of the techniques developed by Povi
lauskas (2020) [50] and Laurence & Bryant (2019) [51] proved much 
more efficient for our case. These techniques are based on immersing the 
footwear for a period of time of at least 24 h in a 1:1 solution of distilled 
water and 95 % ethanol, which shows the importance of diluting the 
substrate, instead of scraping it. Like this, the water containing the 
submerged footwear will provide a representative sample with all the 
palynomorphs present. It is important to keep in mind that counting 200 
palynomorphs in just one shoe (as was our case for the CW sample) 
represents a significant effort. This should be considered when collecting 
evidence, for the timely delivery of results without incurring in any 
delay of justice. 

4.2. Study region 

Bolivia is a tropical country located close to the equator in the Tropic 
of Capricorn, with multiple ecoregions distributed throughout the 
country. Around the area of La Paz, we find several ecoregions including 
dry inter-Andean forest and pre-Puna. Each of these ecoregions have 
temperatures and mean annual precipitation that vary throughout the 
year depending on the geographical location, which is why we collected 
samples at various time points throughout the year (see Methods). The 
method used here is optimized in and around La Paz but it could also be 
used elsewhere in the country. For instance, in [52], a similar sampling 
strategy as the one used here has been successfully applied across all 

ecoregions in Bolivia. Thus, for this method to be applied throughout the 
country, the only aspect needing optimization would be the sampling 
process of pollen from footwear. The method used here does not only 
improve the reference database for palynological forensic studies, but it 
also helps reconstruct past vegetation and past ecosystem types through 
fossil pollen records. 

4.3. Pollen rain and vegetation survey 

Our results show that in all three study sites, most of the species 
listed in the vegetation survey were also recorded in the soil samples 
from pollen rain, with only a few exceptions. These exceptions constitute 
species with limited flower numbers (e.g. Hieracium sp. in CW), or spe
cies pollinated by animals (insects, birds, etc.), which likely consumed 
most of the pollen resource [53–55], such as bee-pollinated Calceolaria 
buchtieniana (Calceolariaceae) in CW and Opuntia sp. in PGA. During 
pollination, bees profit from the presence of oil-secreting glands in the 
flowers, which are used as an additive to the food of their larvae and as 
nest lining material [53], which in turn causes pollen to adhere to their 
bodies and not fall to the ground. Similarly, at ESJJ the species absent in 
the pollen rain were Ruta graveolens (Rutaceae) and Jasminum spp. 
(Oleaceae), both pollinated by insects [51]. Concerning anemophilous 
plants (wind pollinated), soil samples of pollen rain showed a high 
percentage of Poaceae (Fig. 2), a family which generally produces a lot 
of pollen [56]. Similarly, other families that were found in all the sites 
with anemophilous pollination are species within Amaranthaceae and 
Gymnospermae. The long distances traveled by this pollen make them 
likely to come from places outside our study area [13,56,57], explaining 
their absence in the vegetation survey. It is worth mentioning that moss 
cushions can be better pollen catchers than surface soils [58], although 
in our study sites moss cushions were mostly absent. 

Pollen rain is an accumulation of sedimented pollen at different 
points in time [56], which is why we also found a high abundance of 
pollen from species that were not in flower at the time of sampling. An 
example of this was observed at PGA, where Rapistrum rugosum (Bras
sicaceae), a naturalized herb [31] and indicator species of this site, was 
the species with the highest relative abundance in the pollen rain (17 %) 
(Table 2) but was not flowering at the time of sampling. This species 
flowers in summer and spring (September to December in Bolivia) [59]. 

The greatest diversity of species recorded in the pollen rain (N = 16) 
and the greatest number of palynomorphs absent in the vegetation 
survey (N = 8) was obtained at CW (Table 2), which could be because 
this place does not have cultivated ornamental species. Aside from some 
bean crops around the Ovejuyo river the vegetation is mostly native. 
Moreover, the presence of the river makes the dragging of palynomorphs 
from other sites likely [57,60]. At site ESJJ, the species with the highest 
abundance, Pennisetum clandestinum (Poaceae), was considered an in
dicator, because it had the highest percentage of coverage on that site 
(45 %). However, since it was present in the other two sites as well 
(although with less relative abundance), it cannot be used as the only 
indicator species, hence the importance of working with assemblages, 
rather than merely indicator species. At PGA, species of Gymnospermae 
(28 %) could be considered as indicators, as they are more abundant 
compared to the other sites (7 % at ESJJ, and 3 % at CW). However, 
other works such as that of Uitdehaag (2021) [48], propose to exclude 
overrepresented palynomorphs with high pollen production, as is the 
case of pine trees. 

4.4. Pollen transfer from pollen rain to footwear 

The site with the highest number of shared species was PGA 
(Fig. 3B). This could be because this site presents both native and ruderal 
species, including Polylepis besserii (Rosaceae), Gamochaeta americana 
(Asteraceae), Lycianthes lycioides (Solanaceae) and Sonchus oleraceus 
(Asteraceae) which were shared with CW. According to García (1987) 
[61], ruderal species appear in various places within the city of La Paz, 

Table 3 
Morisita-Horn similarity index using the average count (across repetitions) of 
palynomorphs of indicator species for the pollen rain (PR) and footwear for each 
study site.   

PR 
CW 

PR 
PGA 

PR 
ESJJ 

Shoes 
CW 

Shoes 
PGA 

Shoes 
ESJJ 

PR CW 1 – – – – – 
PR PGA 0 1 – – – – 
PR ESJJ 0 0 1 – – – 
Shoes 

CW 
0.49 0 0 1 – – 

Shoes 
PGA 

0 0.98 0 0 1 – 

Shoes 
ESJJ 

0 0 0.75 0 0 1  
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such as Rapistrum rugosum, Viguiera procumbens and Sonchus oleraceus 
(the latter found in all three sites, Fig. 3B). These species could be used 
as indicators only after evaluating their relative abundances, since the 
abundance must be similar between the pollen rain samples and the 
samples from the footwear. Overall, the pollen assemblage of the natural 
site showed a greater number of indicator species and pollen biodiver
sity than the sites located in urban parks. This could be explained by the 
contribution of “non-indicator” species from urban surroundings, which 
does not occur in natural sites. 

In cases where footwear is processed, it is very important to know the 
indicator species of the area and to recover the largest amount of pollen 
retained on the footwear (adherence). Adherence does not only depend 
on the material of the shoe sole, it also improves when the substrate is 
humid or wet, and the opposite is true when the substrate is dry [10]. In 
La Paz, the number of months in the dry season is greater than the 
number of months in the wet season (seven vs. five). For this reason, the 
present study was carried out during the wet season, with precipitation 
events days before the experiments, to which we attribute the good re
sults obtained here. Thus, it is recommended to know the meteorological 
conditions that occurred in a real forensic case, to interpret the results 
found. 

4.5. Relative abundance of pollen from pollen rain and footwear 

At CW and PGA the total count of 200 palynomorphs was reached in 
every repetition. However, at ESJJ, the total count of 200 palynomorphs 
was reached only in one of the repetitions, the possible reason being the 
mechanical effect generated by Pennisetum clandestinum creating a layer 
of leaves, which makes it difficult for pollen to settle on the site. In 
addition, according to Povilauskas (2022, pers. commun.), the smooth 
sole of sports shoes hinders the accumulation of sediment, contrary to 
the findings of [7]. 

Regarding the indicator species, although taxonomic similarity was 
achieved (finding the same palynomorphs between the pollen rain and 
the footwear in the three evaluated sites (Fig. 2), the similarity in terms 
of relative abundance (Table 3) was not greater than 0.5 in CW, which 
could be interpreted as a low similarity. Such a value might not be 
enough evidence before the courts, for which it might be necessary to 
rely on other indications such as garments or objects where pollen could 
have been attached, or even rely on geological [19,62] and geographical 
indicators [51]. In our case, as previously discussed, CW showed con
ditions that possibly degraded the palynomorphs, generating the lowest 
similarity value (0.49). Alternatively, the lower similarity index at CW 
could also be attributed to the intrinsic variation of each type of walk 
made by each volunteer in terms of their speed and frequency of steps 
[63]. In any case, the DCA analysis was able to correctly identify the 
correspondence of each shoe with its geographical origin (Fig. 3A and 
Fig. 3B), which demonstrates its forensic utility, as confirmed in 
[16,17,20,21]. For this reason, a combination of similarity indices (such 
as Morrisita-Horn) and DCA has proven here to be an excellent method 
to correlate palynological samples and geographic locations that 
generate quantitative information for the forensic field. 

4.6. Conclusions and future directions 

A DCA analysis using pollen assemblages, such as the one presented 
here, made it possible to correctly identify the geographic origin of 
footwear, showcasing the forensic utility of this method in various non- 
seasonal high-altitude soils such as the ones studied here. Our results 
demonstrated the usefulness of the protocol used to obtain substrate 
samples from footwear [50], meaning that this method can be applied to 
real cases and similar environments. After successfully applying this 
method in all the sites here studied, the next steps include: 1) continue 
with the development of a pollen database of the high-crime zones, and 
2) use the information of these databases to develop a pollen atlas, 
which will accelerate and improve police investigations in criminal 

cases. 
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ed., Sigma, Bogotá, 2015, p. 175. 

[7] M. Boi, Pollen attachment in different materials, Aerobiología 31 (2015) 261–270. 
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