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Abstract: Complementary methodologies in air quality monitoring, such as magnetic biomonitoring,
are currently implemented since atmospheric particle pollution is a relevant problem for human
health and ecosystems. We carried out magnetic biomonitoring using transplanted species of Tillandsia
recurvata and T. usneoides to study their retention capacity of airborne magnetic particles AMP, the
influence of precipitation, and magnetic properties. Plants of both epiphytic species were exposed
for two, three and twelve months under uncovered and covered rain exposure conditions. The
mass-specific magnetic susceptibility x increases for both species over time, mean (s.d.) values of
X = 6.1 (6.4)-47.9 (37.6) x 1078 m> kg~!. The comparison of x between exposure conditions suggests
an insignificant rainfall influence on the accumulation/loss of magnetic particles in the studied plants.
Magnetic parameters, scanning electron microscopy, and X-ray energy dispersive spectroscopy
indicate the presence of magnetite and Fe-rich particles with sizes between <0.1 and 5 um, a harmful
particle category to human health. It is concluded that both species of the genus Tillandsia are
efficient biological indicators of AMP and convenient for air particle pollution assessment in high-
precipitation environments.
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1. Introduction

Anthropogenic air pollution is a primary factor affecting ecosystems and human
health and contributes to climate change. Pollution threatens biodiversity because sources
of emission are numerous and large-scale, such as industrial activity, power-producing
stations, combustion engines, and automobiles [1]. Particulate matter (PM) is one of these
types of pollutant emissions. These particles are divided into three groups of interest:
ultrafine (diameters less than 0.1 um), fine (from 0.1 to 2.5 um), and coarse (between
2.5 and 10 pm). It is known that magnetic particles are part of the components found in
these groups [2]. Small aerodynamic sizes make these particles harmful by their greater
capacity to lodge into the deeper part of the lungs, heart, and brain, causing respiratory and
cardiovascular diseases [3], neurodegenerative diseases [4], and even cancer. In addition,
air pollution increases the cost of health and has been linked to mental health [5-7].

Air quality related to PM in cities is often evaluated using sampling stations that mea-
sure the concentration of PM;g and PM; 5. Stations are expensive and fixed to particular
sites, limiting the sampling scope range. Therefore, alternative methods have been imple-
mented to study atmospheric PM. Environmental magnetism, a relatively new science [8],
uses magnetic parameters to investigate the presence of magnetic contaminants in the envi-
ronment. One of the most valuable parameters in magnetic monitoring is the mass-specific
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magnetic susceptibility (x) used as a magnetic proxy for pollution. Magnetic biomoni-
toring [9], using lichens, bryophytes, tree barks and leaves, and other organisms [10-12],
has proven helpful in studying air particle pollution. These biomonitors act as passive
collectors and allow obtaining information about the environment quickly and at a low
cost [13,14]. In this work, epiphytic plants were used, widely known organisms in studies of
environmental magnetism [15-17]. Epiphytes are plants that germinate on other plants and
do not have parasitic roots during all stages of their life [18]. Plants with this lifestyle can
use other non-living structures as support or background to grow [18,19]. These epiphytic
plants are generally long-lived perennials, and they grow relatively slowly. They obtain
water and nutrients from the environment, for which many have developed morphological
structures such as succulent leaves, trichomes, and spongy tissues for water absorption [20].

Two epiphytic species, i.e., Tillandsia recurvata and Tillandsia usneoides, from the Tilland-
sioideae subfamily, were studied in this contribution. Members of this group are charac-
terized by their ability to obtain water and nutrients from the atmosphere, making them
noticeable as an air pollution biomonitor [21]. T. recurvata and T. usneoides are native species
from tropical and subtropical America [22] and are currently in the least concern conserva-
tion category. These species have been used as a biomonitor in pollution studies due to
their presence in urban environments, such as metropolitan and industrial areas, which are
contaminated by potentially toxic elements and other air pollutants [23-25].

The present work aims to evaluate the functionality of T. recurvata and T. usneoides in
magnetic biomonitoring, assessing aspects such as the AMP accumulation record over time,
the effect of precipitation on accumulation, and the inter-comparison between both species
for this monitoring technique. For the latter, we study whether the capacity of T. usneoides
as an AMP biomonitor is comparable to that of T. recurvata. Since the occurrence of both
species varies within the study area, it would allow us to expand the space resolution by
using both species for transplantation.

2. Materials and Methods

The experiments were carried out in Medellin, a tropical city with annual precipi-
tation of around 1600 mm and an annual mean temperature of 22 °C, during the period
June—October 2017 and February 2018-February 2019 at the EAFIT University campus
(6°12'01.6" N; 75°34/42.4” W). The campus is located between two main avenues east of
the Medellin river: Las Vegas Ave., with an average vehicle traffic of 439 veh h™!, and
Regional Ave., with an average vehicle traffic of 510 veh h-! during this study [26]. This
area, mainly residential, is influenced by industrial centers on the western side of the river
and the metropolitan Metro train that moves along Regional Avenue (Figure 1).

The air exposure stations (AES, Figure 1a) were designed for this study using T. recurvata
and T. usneoides species, as shown in Figure 1b,c. Nine AESs were located within the campus
(Figure 1d). These stations correspond to wooden pillars of 1.60 m with plastic grids on
both sides at the upper part, each measuring 40 x 50 cm. An acrylic plastic roof protected
one of the sides (Figure 1a). The plants were harvested in a clean rural area located north of
the city, 20 km from the study site, at an altitude of 1900 m.a.s.1. For T. recurvata, specimens
of approximately 7 cm in length were taken; for T. usneoides, specimens of around 20 cm
were taken to maintain their usual pendular growth. The exposure of the samples took
place in three periods. Period 1 (P1) comprised 54 days of exposure for 36 plants (25 June
to 18 August 2017). Period 2 (P2) consisted of 104 days of exposure for 36 plants (25 June
to 7 October 2017). Period 3 (P3) comprised 358 days for 48 plants (13 February 2018, to
7 February 2019). In each AES, eight plants were exposed: 4 specimens of T. recurvata and
4 of T. usneoides. For each species, two specimens were installed in a covered condition
(under an acrylic plastic roof, Figure 1a) and two in an uncovered condition (without a
roof). Four of the eight plants were collected for P1 and four for P2 (2 per species). For
Period 3, six AES (AES4 to AES9) were used, and only T. recurvata specimens were exposed,
eight in each AES in both conditions: C and UC. The total sample size was n = 118 (only
two were lost).
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Figure 1. Experimental design: (a) air exposure station (AES); (b) Tillandsia recurvata; (c) Tillandsia
usneoides. (d) Study area.

All samples were collected in paper bags and dried in an oven at 38 °C. Specimens
of T. recurvata remained during four days of drying, while those of T. usneoides remained
dry for five days due to their larger size. Each sample was crushed and firmly placed into
8 cm? plastic containers to avoid spatial reconfigurations that could cause changes in the
remanent magnetization measurements.

A kappabridge MFK1 (AGICO Inc., Brno, Czech Republic) was used for magnetic
susceptibility measurements, applying a field of ~200 A/m. The mass-specific magnetic
susceptibility (x) was measured in the Paleomagnetism and Environmental Magnetism
Laboratory (EAFIT, Medellin, Colombia). At the Laboratory of Environmental Magnetism
(UNCPBA, Tandil, Argentina), remanent magnetization measurements were carried out.
The anhysteretic remanent magnetization (ARM) was imparted to all samples using a
partial ARM (pARM) device coupled with an alternating field (AF) demagnetizer (Molspin
Ltd., Newcastle upon Tyne, Tyne and Wear, England), superposing a DC bias field of 10,
50 and 90 puT to a peak AF of 100 mT and at an AF decay rate of 17 uT per cycle. The
specific anhysteretic susceptibility (xarm) was calculated from these ARM measurements,
the anhysteretic ratio xarM /X, and King’s plot was constructed [27]. The isothermal re-
manent magnetization (IRM) was determined using an ASC Scientific Pulse Magnetizer
(Narragansett, RI, USA) model IM-10-30. Samples were magnetized in 27 steps by exposing
each sample to increasing fields from 1.7 mT to 2470 mT. The IRM saturation (SIRM) was
determined at a field of 2470 mT. The acquisition coercivity (Hj /), remanent coercivity
(Her), and S-ratio (=—IRM_309 ;m1/SIRM) were obtained by applying a reverse field once
the SIRM was reached. The ARM and IRM were measured using a JR-6 spinner magne-
tometer (AGICO Inc., Brno, Czech Republic). Parameter X is roughly proportional to the
concentration of paramagnetic and ferrimagnetic minerals, but ARM, x arm and SIRM are
only sensitive to ferromagnetic (s.l.) minerals. Other parameters and ratios are indicative
of magnetic mineralogy (H;,,, Her and S-ratio) and magnetic grain size (xarm/x and
ARM/SIRM) [15].
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The micrographs of plants and particles were observed by scanning electron mi-
croscopy (SEM) using a PHENOM brand microscope (model G2 Pro) with 5 kV, 10 kV and
15 kV illumination at the Materials Research Laboratory EAFIT. The elemental composition
of particles was determined by X-ray energy dispersive spectroscopy (EDS), carried out
with a Zeiss SmartEDX coupled to the PHENOM SEM.

The Kruskal-Wallis test [28], a non-parametric one-way analysis of variance, was im-
plemented to compare the medians of samples and determine differences at the significance
level of 0.05, using Origin 8 software.

3. Results

Magnetic measurements of transplanted T. recurvata and T. usneoides exposed over the
three periods and under covered and uncovered conditions are summarized in Table 1.

Table 1. Descriptive statistics of magnetic parameters for transplanted Tillandsia spp. over periods P1,
P2 and P3.

Il,\;[ raag;ii; n Mean Standard Deviation Minimum Median Maximum
x (1078 m3 kg~1) 118 24.6 31.2 -25 13.7 164.2
xarm (1078 m3 kg™1) 118 47.3 47.3 6.0 31.4 285.0
ARM (107 Am? kg™ 1) 118 33.8 33.9 41 21.7 202.2
SIRM (1073 A m? kg~1) 117 24 2.6 0.3 1.6 14.2
Her (mT) 117 36.5 3.1 27.7 37.1 53.4

S-ratio (a.u.) 117 - - 0.68 - 1

XARM/X (a.u.) 114 3.8 8.4 0.1 2.0 85.6
ARM/SIRM (a.u.) 117 0.015 0.008 0.006 0.014 0.093

3.1. Magnetic Properties

The acquisition IRM measurements reach between 95% and 97% of SIRM at fields of
300 mT (Figure 2a), and most of the S-ratio values range between 0.96 and 0.98, indicating
the predominance of ferrimagnetic minerals. The H; /, ranges between 53.4 and 67.5 mT,
indicative of magnetite-like minerals [29]. In addition, the mean (s.d.) values of Her = 36.5
(3.1) mT (Table 1) confirm the presence of magnetite-like minerals.

The magnetic particle size distribution is based on anhysteretic ratios such as xarm/X
(3.8 (8.4)), ARM/SIRM (0.015 (0.008), Table 1) and King’s plot. Magnetic particles of
<0.1-5 um in size are determined for both T. recurvata and T. usneoides (Figure 2b). For P3,
the sample sizes are between 1 and 5 um. Sizes < 1 um are only observed for periods P1
and P2.

Particle morphologies and sizes were observed by SEM, showing particles with dif-
ferent morphologies, from spherules to irregular particles of ~1 and 2 um in diameter
(Figure 3), which agree with estimations based on King’s plot. The compositional anal-
ysis (EDS) evidences the presence of iron-rich particles; Figure 3a,b shows spherules in
T. recurvata with variable Fe contents (37.8 to 69.9 wt%). Additionally, T. usneoides sam-
ples present particles with variable morphology and Fe contents from 23.7 to 47.9 wt%
(Figure 3c).
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Figure 2. (a) Measurements of acquisition isothermal remanent magnetization for T. recurvata and
T. usneoides. The IRM reaches saturation at 300 mT. The acquisition coercivity values are detailed.
(b) Estimation of magnetic particle size for samples from every exposure period is based on the
calibration lines of King’s plot [27].



Atmosphere 2023, 14,213

6 of 14

T. recurvata P3

+

Scale: 10 pm 5 Au
Particle size: ~1 um s A A Au Au
I

9.1 104 17 130

T. recurvata P3

w».‘y-w*

Scale: 10 um
Particle size: ~2 um : ; =

Au
Au Au

9.1 104 "7 130

T. usneoides P2

+

Scale: 10 pm . Au
Particle size: ~2um v v 2 } cu  Au Au Au
9.1 104 17 130

Figure 3. SEM-EDS analysis. (a,b) Spherical particles of ~1 and 2 um in T. recurvata from P3.
(c) Spherule of ~2 um in T. usneoides from P2. The elemental composition of analyzed particles (cross)
is shown.

3.2. Magnetic Measurements over Time

A diamagnetic signal (x < 0) was presented by control samples (Table 2) and 4 out of
118 exposed plants, as observed in Figure 4, which corresponds to specimens of T. recurvata
from P1. The other exposed samples show positive values of x, in agreement with ferro-
magnetic particles determined in Section 3.1.

Table 2. Measurements of magnetic susceptibility x of Tillandsia recurvata and Tillandsia usneoides for
exposure periods and cover (C) and uncover (UC) exposure conditions.

x (1078 m3 kg1)

Exposure T. recurvata T. usneoides
Condition Increase Increase
n  Median Mean (s.d.) Min-Max n  Median Mean (s.d.) Min-Max
(of Mean) (of Mean)
Control - 21 =51 —5.8(3.9) —13.3-0.0 0

P1 C 9 1.2 4.8 (6.2) —-0.7-15.9 1.8 9 45 59(5.1) 0.4-14.8 2.0

ucC 9 49 6.9 (8.7) —2.5-25.9 22 9 6.3 7.0 (6.2) 1.2-17.7 22

P C 9 8.7 13.0 (15.8) 1.3-51.8 3.2 9 8.5 12.7 (9.5) 3.8-34.2 3.2

ucC 9 12.7 15.0 (19.6) 1.2-65.4 3.6 9 9.3 12.8 (10.5) 3.4-31.6 3.2

3 C 22 459 48.5 (33.5) 10.6-126.9 94 B - - - -

ucC 24 329 47.4 (41.8) 8.0-164.2 9.2 B - - - -
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Figure 4. Mass-specific magnetic susceptibility for transplants of T. recurvata and T. usneoides. P1
(54 days of exposure); P2 (104 days of exposure); P3 (358 days of exposure).

During the three exposure periods, an increase in time for magnetic susceptibility
is observed for all samples along the experiment (Figure 4). In particular, the mean
(s.d.) values of x for periods increase from x = —5.8 (3.9), 6.1 (6.4) to 13.4 (13.9) and
47.9 (37.6) x 1078 m3 kg~! for unexposed samples (control), P1, P2, and P3, respectively,
evidencing the accumulation of AMP over time for both biomonitors (Table S1, Supple-
mentary Material). The eight highest values of x (>90 x 1078 m3 kg’l, Figure 4) were
measured in P3 and correspond to the same exposure site, AES9 (see Figure 1d). Moreover,
the highest values observed for P2 belong to the same site.

The covered and uncovered exposure conditions show that both species in P1 and
P2 have similar x values, i.e., x values for uncovered are equal to or higher than the
values for the covered condition (Table 2). In P3, there is a partial decrease of x for
plants exposed in the uncovered (x = 47.4 (41.8) x 1078 m3 kg’l) compared to the cov-
ered condition (x =48.5 (33.5) x 1078 m® kg~!, Table 2). However, the highest values
(x>90 x 1078 m° kg_l) were recorded in samples under both conditions (Figure 4, P3).
Generally, there is a minimal difference between the two exposure conditions, which is
notable in the mean values for each treatment or condition.

Figure S1 (Supplementary Material) shows rainfall recorded for Medellin [30] during
the experimental periods. A characteristic bimodal rainfall annual pattern is observed.
Even with rainfall events, plants increase their magnetic susceptibility. P3 covered the
annual rainfall cycle of 2018 (annual rainfall is 2030 mm for 2018), where both transplanted
species showed the highest x values.

Both studied species, T. recurvata and T. usneoides, present an increase of x over time,
which was higher in T. usneoides (mean (s.d.) values of x = 6.4 (5.5) x 1078 m3 kg~ !) than
in T. recurvata (x = 5.8 (7.4) x 1078 m3 kg_l) for P1, but for P2, the opposite was observed
(Table S2, Supplementary Material).

4. Discussion
4.1. Magnetic Particle Accumulation on Tillandsia spp.

Biological tissues of epiphytic plants present a diamagnetic signal where the x value
is negative. Although only four transplants of T. recurvata have a negative x value be-
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cause they trapped insignificant AMP over P1; the magnetic signal of exposed plants
(e.g., X =24.6 (31.2) x 1078 m> kg~ !; Table 1) shows variable contents of accumulated AMP
in these organic tissues.

Particle size estimations (<0.1-5 um) and SEM-EDS confirm that accumulated Fe-rich
particles are typically related to anthropogenic sources (Figures 2b and 3). It is noticed that
the shiny particles have a spherical morphology, commonly reported as the anthropogenic
origin from vehicular and industrial sources [21,31,32]. These particle sizes, especially
those smaller than 2.5 um, are the most harmful to human health because they can reach
deeper into the lungs and vital human organs [4].

Studied transplants of Tillandsia spp. were able to trap this type of harmful AMP. More-
over, these results agree with particle sizes (2-5 um) reported by [33], who carried out extensive
magnetic biomonitoring using native individuals of T. recurvata in the Aburra Valley.

The magnetic mineralogy (IRM, H¢, and Hj/; coercivity parameters) reveals the
predominance of magnetite. Figure 5 shows similarities between Hc; values for this study
and reported values for industrial, residential, and vehicular areas from Aburra Valley [33].
The statistical comparison between x medians for transplants (EAFIT University campus,
this study) and native species of the industrial and vehicular areas from Aburrd Valley
gives no significant differences at the 0.05 level (Table S3, Supplementary Material). This
fact proves that accumulated AMP by transplants in a specific location (EAFIT University
campus) have a common origin with extensive areas affected by industries and vehicular
traffic. Although both pollutant types are present in Medellin, the primary source appears
to have a characteristic magnetic signature associated with traffic emissions [14,34,35].

T T T T
= [ Transplanted Tillandsia spp. (this study)
[ Native Tillandsia sp. (Mejia-Echeverry et al., 2018)
50 - .
.
= 40F 4 .
E
—
(&)
T
¢
30} - J
W .
‘0
.
*
1 1 1 1
Campus Industrial area Residential area Vehicular area
(Transplants) (Native) (Native) (Native)

Figure 5. Comparison of He between transplanted (Campus, this study) and native Tillandsia
spp. [33]. The box delineates the interquartile range of 25-75% (Q1-Q3), and horizontal lines in the
box indicate the mean (dash) and median (solid). The minimum and maximum values are shown
using whiskers.

4.2. Exposure Periods, Rainfall Influence and Comparison between Species

It is evident that the longer the exposure time, the higher the x acquired by trans-
planted species. The median values of X, i.e., AMP accumulation, are significantly different
at the 0.05 level between periods (Table S4, Supplementary Material). After about two
months, both species reach mean (s.d.) values of x = 6.1 (6.4) x 1078 m3 kg’l. Moreover, x
values increase about two, three, and nine-fold over two, three, and twelve months from
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unexposed samples, P1, P2, to P3, respectively (Figure 4, Table S1, Supplementary Material).
Outlier values represent the highest x recorded for some transplants related to site AES9, lo-
cated 30 m from Regional Avenue. The contribution of AMP in this site seems to be the most
important because it has high traffic flow (average vehicular intensity of 493 veh h~! for P1-
P2 and 422 veh h~! for P3 [26]) with regular freight truck transit, including the metropolitan
metro train at a distance of 50 m (Figure 1). Other stations associated with Regional Ave.
(e.g., x=256(16,2) x 1078 m?3 kg’l, AES6), Las Vegas Ave. (e.g., x =23.6 (17.3) x 1078 m3 kg’l,
AES?) and a parking site (e.g., x = 24.7 (22.3) x 1078 m?® kg~!, AES8) show a higher x
in contrast to the stations located in the internal campus gardens (x = 3.6 (4.2), AES2;
x =10.0 (8.2) x 1078 m3 kg~!, AES5; Table S5, Supplementary Material). This fact indicates
that the locations of this transplanted species effectively offer AMP pollution information
about a specific site, allowing it to carry out a comparative framework with other sampling
sites to provide a pollution assessment of a selected area.

At the time of sample collection, in site AES9, dark dust was visible on the leaves. It is
known that plants suffer morphological and physiological damage from various pollutants.
Specifically, it has been reported that the deposition of particulate matter on the leaf surface
generates a shading effect and can obstruct the stomata, which results in a decrease in
chlorophyll concentration affecting photosynthetic processes and protein synthesis, making
the plant more vulnerable to pathogens [36-38]. In addition, transplanted individuals are
more susceptible to damage due to stress caused by handling and relocation.

The highest magnetic susceptibility value recorded in transplants is 164.0 x 1078 m3 kg~!
for about one-year exposure time (358 days), which is lower than values reported for native
T. recurvata in Aburrd Valley (x = 372.9 x 1078 m3 kg~! for a vehicular zone [33]. Present
data suggest that transplanted species do not reach AMP saturation over a long exposure
period of one year. It is difficult to standardize the accumulation time of native epiphytic
plants because their growth rate is not precise and varies depending on the availability
of water, COy, and handy nutrients [39]. The size of each plant is determined by its age
and phenotypic plasticity, the ability of organisms to change their observable characters ac-
cording to environmental variables under which they develop. Variables such as humidity,
radiation, temperature, and water availability can frequently change in an urban habitat
such as the one colonized by the Tillandsia spp., and even in vascular epiphytes, which
could have a more pronounced impact on their size [40,41]. For these reasons, transplants
appear essential for AMP biomonitoring since the exposition time is known.

Rainfall events are a notable meteorological factor for magnetic biomonitoring; hence,
it is essential to evaluate this issue in one of the rainiest countries in the world. For Aburra
Valley, a rainfall of 2381 mm was recorded during the three exposition periods, i.e., 200 mm,
411 mm, and 1970 mm for P1, P2, and P3, respectively. This indicates that even with rainfall
events, transplanted Tillandsia spp. increase their magnetic susceptibility significantly.
Precipitation is a factor that can influence biomonitor function. It has been reported that
climatic aspects, such as precipitation and wind, can remove, wash or leach particulate
matter accumulated by plant leaves used as biomonitors [42,43]. During the present
study, different exposure conditions (i.e., covered and uncovered) were implemented to
investigate the precipitation effect on transplanted individuals. The comparison between x
medians for each period, exposure conditions, and species give no significant differences at
the 0.05 level (Table S6, Supplementary Material).

Uncovered plants were expected to report lower magnetic susceptibility values than
covered ones because rain could fall directly over uncovered leaves and wash out the
accumulated particles. Although the x values for uncovered plants are slightly higher than
the covered plants (Table 2), such differences are insignificant (Table S6, Supplementary
Material). These results provide evidence that exposition to rain generates insignificant
differences between the x values for both conditions and species T. recurvata and T. usneoides.
Moreover, such minor differences are observed over monthly and annual periods where
rainfall varied from 200 mm to 1970 mm. It is found that precipitation seems to have a
minimal effect on the accumulation and loss of AMP in these Tillandsia species.
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In biomonitoring, the morphology and surface properties of tree leaves are used to
determine the capacity for particle retention [44,45]. In addition, the surface of the sheets
with high roughness and wettability has a strong retention ability; more roughness results
in a stronger retention capacity, which is related to the amount of retained particles [46,47].
However, it is worth mentioning that leaves from these epiphytic species have distinctive
characteristics from tree leaves. They have a unique foliar trichome system, where trichome
wings are elevated or folded and stuck to the leaf surface during low- or high-moisture
conditions, respectively. This flattening of the trichomes on the leaves of Tillandsia caused a
marked reduction in the contact angles resulting in liquid spreading over the surface of
Tillandsia leaves [48]. Thus, the low influence of precipitation for T. recurvata and T. usneoides
may be caused by the particular characteristics of these leaves.

SEM images (Figure 6) show that trichomes cover the leaves entirely in both plants.
Trichomes for T. usneoides (with a smooth edge) are around 600 um in length, which is
longer than for T. recurvata (about 150 pm). It is possible that the water droplets displace the
coarser particles between the trichomes but do not remove them altogether; hence, particles
remain on the plant. It is even possible that the water droplets do not enter between the
trichomes due to the pivot mechanism of trichome wings.

340um

TU EAFIT

Figure 6. SEM images of Tillandsia recurvata (a) and Tillandsia usneoides (b).

Despite their different characteristics, both species showed AMP accumulation over
time, thus demonstrating their functionality as an AMP biomonitor. This result has been re-
ported for T. recurvata in [15,21,33] and is here reported for other species (T. usneoides), which
have been widely used as a biomonitor to evaluate other different pollutants [24,25,49-55].
The AMP accumulation capacity of T. usneoides is comparable to the previously studied
T. recurvata, which is concluded in this study through magnetic susceptibility measurements.
The x median values between both species at P1 and P2 are not significantly different at the
0.05 level (Table S6, Supplementary Material).

This similar AMP accumulation capacity of Tillandsia species is an essential attribute
for the extrapolation of this work to other areas with high rainfall regimes, where the
distribution of these species is not uniform throughout the study area. Moreover, the
sampling ranges for magnetic biomonitoring using native individuals could be extended
using the availability of one species in the absence of the other.

5. Conclusions

Precipitation does not significantly influence the accumulation of airborne magnetic par-
ticles in the studied Tillandsia species. It is possible that water only moves particulate material
between the trichomes but does not wash it off entirely due to the unique trichome system
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on the leaves. The exposition time can be chosen for magnetic biomonitoring experiments
using transplants of Tillandsia species; therefore, it is an operational methodology for assessing
AMP over time in high-rainfall areas. Both Tillandsia species trapped incremental contents
of AMP for exposure periods of two (mean (s.d.) values of x = 6.1 (6.4) x 1078 m3 kg™1),
three (13.4 (13.9) x 1078 m3 kg’l) and twelve (47.9 (37.6) x 1078 m3 kg’l) months. These
efficient biomonitors increased their x values about two, three, and nine-fold over two,
three and twelve months, respectively.

Accumulated airborne particles comprise magnetite of <0.1-5 um in size. Such harmful
Fe-rich particles are related to sources of anthropogenic origin in Aburra Valley, such as
vehicular and industrial emissions. Magnetic results confirm that Tillandsia usneoides can
accumulate these AMP in its tissues, as has been demonstrated for Tillandsia recurvata. The
evaluation of the Tillandsia usneoides as a magnetic biomonitor represents the possibility of
expanding the sampling range for magnetic biomonitoring in the Aburra Valley and other
heavily rainy cities, where the predominance of T. recurvata and T. usneoides varies due
to environmental conditions, even in rural areas where traditional air quality monitoring
systems do not exist. Thus, T. usneoides sp. has to be considered as another biomonitor of
air particle quality for areas with high rainfall regimes.

It is necessary to emphasize the questions raised in this work regarding more extensive
sampling and extended exposition periods. Furthermore, investigating some biological
aspects of the studied species would provide valuable information for AMP biomonitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14020213/s1, Figure S1: Monthly rainfall during exposure
periods. Data were provided by IDEAM [30]. Rainfalls of 200 mm, 411 mm, and 1970 mm were
recorded for periods P1, P2, and P3, respectively. Annual rainfall was 1864 and 2030 mm for 2017
and 2018, respectively; Table S1: Measurements of magnetic susceptibility x of Tillandsia recurvata
and Tillandsia usneoides for the exposure periods. Cover (C) and uncover (UC) exposure conditions;
Table S2: Magnetic susceptibility x for species Tillandsia recurvata and Tillandsia usneoides. Cover
(C) and uncover (UC) exposure conditions; Table S3: Descriptive statistics and Kruskal-Wallis test
for transplanted samples (Campus, this study) and native samples (Industrial, Residential and
Vehicular, [33]). Statistical differences in median values of H, are indicated. YES indicates that
differences are significant at the 0.05 level; Table S4: Kruskal-Wallis test for transplanted samples
exposed over periods P1, P2, and P3. Statistical differences in median values of x are indicated. YES
indicates that differences are significant at the 0.05 level; Table S5: Description of the study zones
and magnetic susceptibility x of transplants for each Air Exposure Station; Table S6: Kruskal-Wallis
test for transplanted species exposed over periods P1, P2, and P3. Statistical differences in median
values of x are indicated. YES indicates that differences are significant at the 0.05 level. Cover (C) and
uncover (UC) exposure conditions; T.r: Tillandsia recurvata; T.u: Tillandsia usneoides.
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