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Abstract

Forest vegetation is key for buffering microclimatic factors and regulating atmospheric deposition. Epiphytic lichens are
sensitive to these factors and can indicate the overall health status of the ecosystem. Specifically, the analysis of morpho-
anatomical variations allows us to understand the degree of tolerance or sensitivity of these organisms exposed to agricul-
tural crops and how vegetation might buffer this response. We analyzed variations in vegetative and reproductive characters
and injuries in thalli of Parmotrema pilosum as a response to distance to crops and forest cover. The study was conducted
in forest patches of the Espinal in central Argentina, an ecosystem threatened by agricultural activity. We selected 10 sites
with different forest cover areas and two collection points differing in distance to crops: sites adjacent to (0 m) and far from
(150 m) crops. We collected five thalli from each collection point and analyzed variations in morpho-anatomical characters
at macro- and microscopic levels. We found a lower number of algae and a higher proportion of simple cilia in individuals at
points adjacent to crops. At points with low forest cover, a thinner upper cortex was observed, whereas at points with greater
forest cover, an increase of necrosis and greater presence of apothecia were detected. Bleaching was the most frequent injury
at sites adjacent to crops, decreasing with increasing forest cover. Conservation and reforestation of Espinal forest patches
would promote the propagation of lichens affected by agricultural practices.
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Introduction 8). The current industrial agriculture system, which relies

on chemical pest control, poses a serious threat to the soil,

The expansion of the agricultural frontier and urban areas is
one of the main drivers of deforestation at the global level.
In Argentina, approximately 6 million ha of native forest
has been lost in the last three decades due to the advance
of agriculture, largely driven by the “soybean boom” and
global changes in the precipitation regimes (Carranza et al.
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since it reduces its capacity to transform, filter, buffer, and
degrade the substances that reach the soil surface, as well
as its capacity to regulate the biogeochemical cycles (Apa-
ricio et al. 3). Moreover, soil erosion causes re-suspension
of dust towards the atmosphere, making particulate matter
one of the most damaging contaminants for health, as recog-
nized by the World Health Organization (http://www.who.
int/). The most affected ecoregions are seasonally dry forests
from the north and center of the country, corresponding to
the Chaco and the Espinal ecoregions (Agost 1). The con-
servation state of the Espinal forests is alarming; indeed,
deforestation for agricultural use has reduced forest cover in
the national territory to less than 0.03%, because these for-
ests develop in plains with highly productive soils (Cabido
et al. 5).

Vegetation plays an important role in the mitigation of
atmospheric pollution. Some particles can be absorbed
by trees, although most particles that are intercepted are
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retained on the plant surface. The intercepted particle is
often resuspended to the atmosphere, washed off by rain, or
dropped to the ground with leaf and twig fall (Nowak et al.
31). Fan et al. (16) demonstrated that the capacity to remove
particulate matter increases with increasing patch size and
with patches exhibiting a high conservation degree. Along
with vegetation, epiphytic lichens also intercept atmospheric
dust. These symbiotic organisms are formed by a mycobiont
(fungi) and a photobiont (green algae and/or cyanobacteria),
and unlike vegetation, lichens cannot regulate dust uptake,
since they lack of cuticle or stomata and therefore are very
sensitive to environmental changes (Will-Wolf et al. 47).

It is well known that lichen communities are structured as
a function of land uses due to the sensitivity of some species
to habitat fragmentation, and emissions from agriculture,
livestock, or urban areas (Will-Wolf et al. 47; Rocha et al.
37; Palharini et al. 34). Previous works in forests from the
Espinal in Argentina showed that the frequency of nitrophy-
lous species increases in areas with high proportion of crops
and grazing, whereas it decreases in areas with intensive
livestock production (Filippini et al. 20). However, this toler-
ance depends on the distance to emission sources, adjacent
vegetation cover, and phenotypic plasticity of each species
(Jairus et al. 22; Cardoés et al. 7).

The analysis of morpho-anatomical variations of lichen
species allows us to explore the changes that they undergo
in disturbed areas (Daimari et al. 10; Rangel-Osornio et al.
36). In lichens with thalli arranged in layers (heteromerous
lichens), variations in thickness or relative proportion of each
layer with respect to the thallus allows us to know the rela-
tionship between autotrophic/heterotrophic processes and
their ecological significance. The proportion of mycobiont
and photobiont layers in a single species can vary, depending
on physiological requirements. For example, the upper layer
(mycobiont) can become thicker and produce pigments that
protect algae from photoinhibition caused by solar radiation
(McEvoy et al. 28; Palharini et al. 33). Likewise, in nitrophy-
lous species, algal density can increase, and in less tolerant
species, the photobiont layer may be decreased, involving a
reduction of the photosynthetic activity.

In several species-rich lichen communities in uncontami-
nated areas, plenty lichenicolous fungi are parasymbiotic
and are not visibly detrimental to host populations. In con-
trast, in impoverished communities affected by air pollution,
the surviving species are highly vulnerable to attack by these
fungi (Lawrey and Diederich 24). In this way, simplifica-
tion of the natural landscape and the increasing air pollu-
tion associated with urbanization can favor colonization by
lichenicolous fungi (Lawrey and Diederich 24).

Lichenized fungi exhibit some of the greatest reproductive
diversity across Eukaryotes, through sexual spores, asexual
conidia, and specialized asexual propagules (Tripp and Len-
demer 45). The ontogenic sequence of sexual and vegetative
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reproduction structures is only known for a few species (Sand-
ers 40; Martinez et al. 27); how environmental factors may
affect those structures is even less known, due to the complex-
ity inherent to the symbiosis and the slow growth of lichens.
Some modifications in the reproduction patterns were reported
indicating an increase of vegetative reproductive structures
with respect to sexual ones along increasing environmental
stress gradients (Koch et al. 23). Opposite to this, Stofer et al.
(43) showed that species which usually produce fungal prop-
agules were more often found in open and more intensively
managed land use units, while forests or landscapes with a
high proportion of forest cover harbored more species with
vegetative symbiotic propagules.

On the other hand, gradual accumulation of pollutants in
lichens due to atmospheric deposition can lead to ultrastructural
injuries, which become visible to the naked eye over time, such
as the appearance of necrotic zones due to fungus death or thallus
“bleaching” due to algal death (Sillett et al. 41). Necrosis is the
evidence of physiological stress processes undergone by the pho-
tobiont; indeed, chlorophyll degradation causes an increase in the
concentrations of pheophytin, which turns thalli brownish (Nimis
et al. 30). The appearance of discolored areas (or “bleachings’)
shows a different type of injury, which is characterized by the
loss of structure of the chloroplasts, leading to the disintegration
of the membranes and subsequent death of the photobiont. This
injury is macroscopically visible as completely discolored areas
that appear almost simultaneously with ultrastructural damage
(Holopainen, 21; Tarhanen et al. 44).

Previous morphological work of urban areas in central
Argentina done by Estrabou et al. (14) reported no changes
in upper cortex thickness nor cover of soredia in Parmo-
trema pilosum, but they find higher density of algae and
a reduction in the length of cilia in polluted urban zones.
In agricultural zones, woody vegetation regulates micro-
site conditions and plays a key role in atmospheric deposi-
tion. In the Espinal forest, this function is threatened by the
impact of agricultural activity and the scarce conservation
policies. In this work, we aimed at investigating how differ-
ent percentage of forest cover and distance to crops affect
vegetative and reproductive characters and the occurrence
of injuries in Parmotrema pilosum, expecting to find similar
tendencies than was reported previously.

Methods
Lichen species selection

Parmotrema pilosum (Stizenb.) Krog & Swinscow is a cor-
ticolous foliose lichen, rarely saxicolous, loosely adhered to
the substrate (Fig. 2A). Its margins have sub-irregular lobes,
rounded at the apex and densely ciliated. The cilia can be sim-
ple or branched, and between 0.2 and 1.5 mm in length (Elix
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and Hale, 12; Estrabou, 13). Its upper cortex is smooth, the
medulla is white and has no secondary metabolites, and its
lower cortex is black and densely rhizinate (Spielmann and
Marcelli 42). Its reproductive structures include orbicular
soralia at the beginning of development that become dispersed
or coalescing at maturity, and rare, short-stipitate apothecia
with spores 11.5-14.5 pm long and 6.8 um wide (Estrabou,
13). No pycnidia have been reported. This species is common
in the seasonally dry forests of the Chaco (Canton et al. 6; Qui-
roga et al. 35), even in forests degraded by fire (Rodriguez et al.
38), and fragmentation (Estrabou et al. 15; Filippini et al. 19).
In addition, this lichen species shows a degree of tolerance to
pollution in urban ecosystems and can accumulate atmospheric
pollutants for a long time. This characteristic allows its use as a
biomonitor for environmental mapping (Chaparro et al. 2013;
Estrabou et al. 18).

Study area

The study was conducted in the Espinal ecoregion, province
of Cérdoba, central Argentina (32°21' S—63°25" W), during
spring—summer 2019. Mean temperature in the study area is
23 °C in summer and 8 °C in winter; annual precipitation
was 558 mm in 2019 according to the CLIMA weather data-
base (https://magya.omixom.com). The Espinal ecoregion is
a matrix of small forest patches surrounded by fields used
for transgenic crops (forage, oilseed, and cereal) and domes-
tic livestock production (goats, sheep, horses, and cattle),
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covering about 70% of Cérdoba province (Agost 1; Zeballos
et al. 48). The dominant vegetation is a xerophytic mosaic of
deciduous to semideciduous forests of Prosopis spp., Celtis
ehrenbergiana, and shrublands intermingled with grasslands
(Zeballos et al. 48). The remaining small forest patches are
in a poor state of conservation (Fig. 1), with a high density of
adult individuals and scarce regeneration, as has been reported
for other Espinal fragments (Lewis et al. 25); patches are
currently used for domestic livestock grazing and firewood
extraction (Peirone-Cappri et al. 26).

Sampling design and field work

Ten sampling sites were selected from Google Earth (2019)
satellite images; the sites had a homogeneous floristic com-
position and physiognomy, and were far from the river (more
than 400 m) to avoid the influence of humidity. Sites were
located in patches with plant cover typical of the Espinal and
that were also close to crops in an area of approximately 60
km? (Fig. 1). In each site, we established a 150-m distance
from the edge of the patch adjacent to the transgenic crop
towards the interior of the patch.

We determined the 150-m distance based on forest patch
area and shape; thus, the greatest distance to crops that could
be assessed in all the selected patches was 150 m. In each
sampling site, two lichen collection points were determined:
one at the edge of the crop (0 m) and the other 150 m away

[ Forest cover

Buffer (300 m radius)
Adjacent to crop
e Far from crop
/\ Study area

-63°21'36"

Fig. 1 Study area in southeast of Cérdoba, central Argentina (right). Spatial distribution of the 10 sampling sites with their corresponding forest

covers and the two lichen collection points (left)
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from the crop, hereafter referred to as adjacent to and far
from the crop, respectively. We established a circular area
around the collection points adjacent to the crop (300-m
radius buffer) of 0.28 km?, where we estimated and digitized
forest cover using Google Earth (2019) and Qgis 3.16; we
then visually corroborated the forest cover in the field. The
data were expressed as percentage of forest cover.

We collected samples from the dominant tree species of
this forest, Prosopis spp. and Celtis ehrenbergiana; lichen
communities were not found to show preference for the
bark of either species (Filippini et al. 19). Lichens were col-
lected only from branches; we did not collect lichens from
the bark of trunks because bark is more influenced by wet
deposition through stemflow from the canopy to the trunk
than branches. Five (5) thalli per point were collected from
branches of five trees located both adjacent to and far from
crops. Branches were more than 2 cm in diameter, at between
0.5 and 2 m from the ground; this distance to the ground was
selected considering the airborne particle dynamics. In addi-
tion, to reduce the influence of thallus age—which can be
estimated from thallus size—on morpho-anatomical char-
acters, we removed young thalli from analysis and selected
only thalli of 3 to 8 cm in diameter. Four thalli from two
collection points were excluded because their size slightly
exceeded the studied range. Of each collected thallus, we
randomly selected three independent lobes that werel.5 cm
away from the thallus end for permanent histological slides
and further microscopic analysis of the mycobiont and pho-
tobiont layers. In turn, other three lobes of each thallus were
randomly selected to analyze variations in cilia, whereas the
remaining thalli were frozen for stereoscopic observations.

Sample preparation for microscopic analyses

The selected lobes were fixed in FAA (formaldehyde, etha-
nol, acetic acid), dehydrated with an increasing series of
alcohol-xylene, and then embedded in Paraplast®. The
resulting blocks were transversally sectioned (10-15 um
thick) with rotary microtome, and stained using triple stain-
ing (active hematoxylin, safranin and fast green). Perma-
nent slides were observed under stereoscopic microscope
Olympus BX61 equipped with a camera and light micro-
scope Zeiss Primo Star with Nikon Coolpix S630 camera;
30 fields (10 per lobe) were photographed per collection
point. Measurements on images were taken using the soft-
ware Image]J 1.50 version.

Observation of specimens and data collection
From each image, total thallus thickness was measured, and
two measurements of the upper cortex (one from the widest

part and the other from the narrowest part). The latter were
averaged and divided by thallus thickness to obtain relative
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thickness of the upper cortex. The number of algae was
obtained by counting the cells of the photobiont within four
fields of 62 x 62 um (3844 um?) per image. Four measure-
ments per image were made, and then calculated the average.
All the algal that were completely included in the field of
view were considered. To determine the proportion of short/
long cilia and simple/branched cilia, images of the youngest
lobes of thalli were taken using stereoscopic microscope,
and the length and branching of all cilia that did not exhibit
curvatures were recorded for an easier measurement. Based
on measurements, we grouped length data into “long cilia,”
those exceeding 0.4 mm, and “short cilia,” those below that
value. Both length and branching of cilia were calculated
as a proportion based on the total number of cilia observed.
Proportion of soredia was visually estimated as the percent-
age of each thallus that is sorediate. Finally, the presence of
apothecia and pycnidia and the number of necrotic spots,
bleached spots, and infections by lichenicolous fungi in the
five thalli per collection point were recorded. The morpho-
anatomical variations analyzed are characterized in Fig. 2
and the variables obtained are detailed in Table 1.

Statistical analysis

To understand the effects of forest cover and proximity to
crops, we used linear mixed models (LMM) and general-
ized linear mixed models (GLMM) after check ANOVA
assumptions and found non-normal distributions of the
data using Shapiro-Wilks tests and QQ-plot. We ran LMM
for the upper cortex thickness and number of algae, since
the residuals are normally distributed, and GLMM for the
rest of morpho-anatomical variables. We used Poisson
(P) and binomial (B) error family, or negative binomial
(NB) when overdispersion was detected. Using diagnostics
plots, we checked that all models met the assumptions.

Forest cover proportion in each site and distance to crop
(2 levels: far and adjacent) were the explanatory variables,
and we included the interaction between both terms. Sam-
pling sites were included as a random factor to model the
dependence of the data.

All the models, from the null model without independ-
ent variables to the full model that included the interac-
tion, were compared and selected using the Akaike infor-
mation criterion (AIC). Analyses were performed using
the software Infostat, and a connection to an R interpreter.

Results

Of the 10 characters analyzed in P. pilosum, six showed a
significant response to the explanatory variables. Upper cor-
tex thickness, number of necrotic spots, and the presence
of apothecia varied according to forest cover percentage,
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Fig.2 Morpho-anatomical
characters analyzed in Parmo-
trema pilosum. A Thallus of P.
pilosum on branch. B Trans-
verse section of thallus showing
the upper cortex (UC), algal
layer (A), medulla (M), and
lower cortex (LC), and branched
cilia (above) and simple cilia
(below). C Soralia, apothecia,
and pycnidia (left to right). D
Injuries in the thalli: necrosis
(left), bleaching (center), and

infections by lichenicolous
fungi (right)

Table 1 Description of the morpho-anatomical variables analyzed in Parmotrema pilosum

Morpho- Anatomical character Unit N Description
anatomical
variations
Vegetative Upper cortex thickness Proportion (0-1) 590 images Upper cortex thickness (um) divided by
(1180 meas- total thallus thickness (um)
urements)
Number of algae Number of algae/3844 (um?) 590 images Number of algal cells within a 62 X 62 pm
field (four fields per image)
Proportion of long cilia 0-1 288 images Number of long cilia divided by total num-
ber of cilia
Proportion of branched cilia ~ 0-1 288 images Number of branched cilia divided by total
number of cilia
Reproductive  Proportion of soralia 0-1 96 observations  Thallus proportion with soredia (visual
estimation)
Presence of apothecia 0-1 96 observations  Record of the presence of apothecia in each
thallus
Presence of pycnidia 0-1 96 observations  Record of the presence of pycnidia in each
thallus
Injuries Number of necrotic spots Number of necrotic spots 96 observations  Number of necrotic spots in each thallus

Number of bleached spots

Number of bleached spots

96 observations

Number of lichenicolous fungi Number of lichenicolous fungi 96 observations

Number of bleached spots in each thallus

Number of lichenicolous fungi in each
thallus

whereas the number of algae and the proportion of branched
cilia varied with respect to distance to crops (Tables 2 and 3).

The number of bleached spots responded significantly to both
predictors, whereas the proportion of long cilia, the presence
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Table 2 Results of statistical tests for each morpho-anatomical variable. The superscript letters indicate LMM, linear mixed models and GLMM, generalized linear mixed models, and the error

family used for estimation VB, negative binomial; B, binomial; P, Poisson. Significance level: *=p <0.05

&

Std. error (fixed effects)

Intercept+SD

Interaction

Adjacent/far to

crops

Proportion of forest cover

Anatomical character

Thallus part

Springer

Adjacent/far to crops

Proportion of for-

est cover

Slope +SD p value p value

p value

8.590e-03 1.870e-05

0.13+4.6E-03

0.0552 0.0595

0.0442* 0.02+0.01

Relative thickness of upper

Vegetative

COI'teXLMM

0.0011
1.10
0.29

0.5478
3.

-5.00+1.83
—-1.75+0.42

1895.22+134.82

0.8314
0.7569
0.6775

0.0001*
0.1367

1.81+£1.19
3.90+3.83
0.63+0.89

0.1667
0.3102
0.4808

Number of algae"™™

Proportion of long cilia®

0.0449* 0.89

Proportion of branched

cilia®

0.11
0.58
1.18
0.14
0.24
0.33

0.34
3.02

4.09+0.16
—-4.48+1.50
—-8.22+4.44

0.3057
0.1327
0.9951
0.7120

0.1540
0.7069
0.9771
0.2266

—-0.31+£0.34

Proportion of soralia™® 0.3581

Reproductive

6.07+£3.02
10.75 £8.63

0.0474*
0.2159

Presence of apothecia®

17.23
0.46
0.64
1.07

Presence of pycnidia®

1.36 £0.21
2.13+£0.26
—0.53+0.50

1.24+0.46
—-2.55+0.64

0.0081*

Number of necrotic spots\®

Injuries

0.0008*
0.4388

0.0019*
0.9396

0.0123*
0.0737

Number of bleached spots®

1.94+1.07

Number of lichenicolous

fungiN®

of pycnidia, and the number of lichenicolous fungi were not
related to these variables (Table 2).

Among vegetative characters, upper cortex was thinner
at sites with scarce vegetation than at sites with higher
cover, where cortexes were slightly thicker. The highest
cortex thickness values were observed under intermediate
forest covers only at points far from crops. However, we
found that this vegetative trait does not show variation to
proximity to crop, according to our significance level of
analysis (Fig. 3). Algae were less abundant at points close
to crops (Table 3), regardless of tree cover; the same trend
was observed in proportion of simple cilia.

Regarding sexual reproduction of P. pilosum, we found
that apothecia (scarce seen in this species) were present
at points with great forest cover, regardless of distance to
crops (Fig. 3). Vegetative reproduction by soredia did not
show differences with forest cover nor distance to crops.

Bleaching, a frequent type of injury in all the sites, was
abundant at points with scarce forest cover, even at points
adjacent to crops, gradually decreasing at points with
increasing forest cover. However, we detected a significant
interaction between both predictor variables; therefore,
this effect of forest cover on both collection points (higher
number of bleached spots at the point adjacent to crops and
lower number far from crops) was clearly observed up to
points with 35% of cover (approximately 0.1 km?) (Fig. 3).
Necrosis increased with increasing forest cover, regardless
of distance to crops.

Discussion

Our results showed that the analysis of morpho-anatomical
variations of the lichen P. pilosum, both in vegetative and
reproductive characters and in some injuries at the thallus
level, allows us to have an insight into how tolerant this species
can be to exposure to crops and how vegetation might buffer
this response by regulating atmospheric deposition, high tem-
peratures, lack of moisture, solar radiation, and winds, among
other factors. These aspects are discussed in detail below.

Variations of vegetative characters

In edge areas or areas of canopy openness, upper cortex
thickening has been reported as a response of the myco-
biont to protect the phycobiont from high solar radiation,
increasing the water retention capacity of the thallus; on the
other hand, lichens growing in shady areas have a thinner
cortex, including the medulla (mycobiont) (Jairus et al. 22;
Palharini et al. 33). In contrast to this and previous findings
in P. pilosum, our results reveal that the cortex was slightly
thinner in open sites, where climatic conditions can be more
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Table 3 Descriptiv.e statist.ics Morpho-anatomical character Units N  Distance to crops Mean S.D Min Max
of morpho-anatomical variables
ar}alyzed in Parmotrema Relative thickness of upper cortex 0-1 300 Adjacent 0.14 0.04 0.05 0.29
pilosum 290 Far 0.15 0.03 008 0.28
Number of algae Cells/3844 (um®) 300 Adjacent 8.04 212 1.75 16.25
290 Far 9.07 226 450 16.75
Proportion of long cilia 0-1 143 Adjacent 0.18 0.15 0.00 0.83
141 Far 0.19 0.14 0.00 0.57
Proportion of branched cilia 0-1 143 Adjacent 0.30 0.23 0.00 0.90
141 Far 0.38 0.22 0.00 0.83
Proportion of soralia 0-1 49  Adjacent 0.53 0.23 0.05 0.90
46  Far 046 021 0.10 0.85
Presence of apothecia 0-1 49  Adjacent 0.14 035 0 1
47  Far 0.17 038 0 1
Presence of pycnidia 0-1 49  Adjacent 004 020 0 1
47  Far 0.04 020 O 1
Number of necrotic spots Number 49  Adjacent 649 573 0 27
47  Far 547 344 1 13
Number of bleached spots Number 49  Adjacent 396 512 0 11
47  Far 336 258 0 10
Number of lichenicolous fungi Number 49  Adjacent 131 186 0 9
47  Far 132 213 0 9

stressful for these lichens and the scarce vegetation cannot
retain the atmospheric dust. These conditions do not affect
the establishment of this species but might affect thallus
growth (Fernidndez-Salegui et al. 17); hence, future studies
should analyze a wider range of thallus size.

The algal layer did not seem to be modified by the condi-
tions generated by the different forest covers; however, in
collection points adjacent to crops, we found a lower number
of cells. This finding might be due to the direct application
of herbicides, since they affect especially algal growth in
lichens (Anupam et al. 2). Carrera and Carreras (9) showed
that field applications of different glyphosate formulations
on Usnea amblyoclada causes degradation of chlorophylls to
pheophytins, even at doses lower than those usually applied.
By contrast, other authors found an increase in algal density
in P. pilosum in large urban centers compared to less pol-
luted areas (Estrabou et al. 14). These authors interpreted
the increase of algae as a tolerance response in P. pilosum,
which would use the nitrogen inputs typical of these environ-
ments for a better photosynthetic and growth activity. How-
ever, the oxidative capacity of glyphosate is much higher
than that of the atmospheric pollutants commonly occurring
in urban areas (Carrera and Carreras 9); therefore, the pol-
lution tolerance of a species may vary among ecosystems
within their distribution range or in the presence of different
pollutants.

While the specific role of cilia is still unknown, they have
been shown to increase the area of contact with air, allow-
ing thalli to rehydrate and rapidly lose water, as occurs in

other lichen genera present in regions with scarce moisture
(Heterodermia, Parmelia, Trichoramalina, Tornabenia)
(Rundel 39). Likewise occurs in other species with hairy
thalli, where the presence of this structures protects the
thallus from light irradiance, oxidative stresses and the lipid
peroxidation, and could offer passive and selective water
control (Bianchi et al. 4). Estrabou et al. (14) observed a
drastic decrease in the length of these structures in urban
and industrial areas as an adaptive strategy to contaminated
environments. Similarly, we consider the decrease in the
degree of branching as a reduction in structural complex-
ity of cilia, which means a reduction in the contact area of
thalli. This phenomenon might be interpreted as a response
to the application of agrochemicals and/or atmospheric
dust, since these structures tend to be simple in highly
exposed sites.

Variations in reproductive characters

Our results evidence a major presence of apothecia at sites
with increasing forest cover, while the proportion of soredia
and presence of pycnidia did not show variation to our pre-
dictors, according to previous results in urban zones. Sexual
reproduction is not the main reproductive trait in P. pilo-
sum. However, we found that zones with higher forest cover
offer a more favorable habitat for development of sexual
structures, which is a key factor for the maintenance of the
genetic variability of population. In addition, it is important
to note that, under different habitat conditions, some species
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Fig.3 Variation of morpho-ana-
tomical characters in Parmo-
trema pilosum as a function of
forest cover (proportion within
a 300-m radius buffer) and
distance to crops (adjacent: 0 m,
far: 150 m). Boxplots and scat-
ter plots show the significant
response of characters to the
explanatory variables: A num-
ber of bleached spots, B number
of necrotic spots, C upper
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may grow more slowly and initiate reproduction at a smaller
size (Merinero et al. 29). This idea leads us to think that
our results on reproductive strategies in P. pilosum could be
clearer if we consider all thallus sizes in future work.

Injuries in thalli

Our results show that both bleaching and necrosis are com-
mon injuries in the thalli of P. pilosum in agricultural environ-
ments. These two injuries did not show any pattern in size or
distribution along thalli; they appeared randomly all along the
analyzed thalli and were variable in size.

@ Springer

Distance to crop

Previous works reported an increase in necrosis related to
different disturbances, such as forest fires (Rodriguez et al.
38), thermal power stations (Fernandez-Salegui et al. 17), and
high levels of particulate matter (Estrabou et al. 14). In turn,
increased bleached spots were associated with atmospheric pol-
lution in urban areas (Wakefield and Bhattacharjee 46), emis-
sions from industrial facilities producing agricultural fertilizers,
and field application of pesticides (Anupam et al. 2). Our results
show that bleaching in P. pilosum might be caused by agro-
chemical applications, since this injury was most frequently
observed at collection points adjacent to crops, where lichens
are exposed to pesticide drift. This influence of agricultural
practices on the extent of bleaching is evident at reduced forest
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covers like 0.01% and could be attenuated by increased forest
covers of up to 35% (0.1 km?). At these sites with greater cover,
bleaching decreases, regardless of the distance to crops. Forest
cover, mainly canopy cover, plays an important role in miti-
gating the impact of atmospheric dust on ecosystems (Nowak
et al. 32); therefore, conservation and even expansion of these
Espinal forest patches might reduce injuries in P. pilosum.
Future works should explore the variations of the photobiont
of P. pilosum exposed to crops, incorporating physiological and
histological analyses, since the frequency of bleaching (easily
observed in the field) might be an indicator of damage by agro-
chemicals, especially considering our results on the decrease
of algal cells.

The increased necrosis associated with a greater forest cover
might be due to colonization of thalli by lichenicolous fungi,
which had a marginally significant p value (p <0.07). Many
of the observed small areas or dark spots may have been at
early stages of infection by lichen fungi. The lack of conserva-
tion present in Espinal and the effect of direct application of
agrochemicals and air pollution may make this species highly
vulnerable to attack by these fungi (Lawrey and Diederich
24). Therefore, future work that considers monitoring of the
occurrence of small dark areas associated with the initial stages
of infection process by lichenicolous fungi could shed light
on the role of these fungi in different situations. Such study
should be conducted using confocal laser scanning microscopy
or transmission electron microscopy, since the hyphae of the
host and the lichenicolous fungi can be easily confused using
only transmission light microscopy (De los Rios et al. 11).

Conclusions

The Espinal forest remnants that are found isolated in cen-
tral Argentina provide substrate for the permanence of P.
pilosum. However, the conditions for growth and develop-
ment of these lichens are increasingly stressful, as shown
by the high frequency of injuries observed in their thalli.
This phenomenon is especially evident in the increase of
bleaching in lichens adjacent to crops, which decreased with
increasing forest cover. Regarding vegetative and reproduc-
tive characters, our results show that at collection points
adjacent to crops, thalli have a lower number of algal and a
higher number of simple cilia. We found thinner upper cor-
tex in response to decreasing forest cover, and an increase in
necrosis and greater presence of apothecia with increasing
forest cover.

The most important actions to promote the propagation of
lichens threatened by agricultural practices will be conserva-
tion and reforestation of Espinal forest patches. Moreover,
maintaining healthy epiphytic lichens in the managed forests
will not only increase biodiversity but also benefit a wide
variety of other organisms using these lichens.

Acknowledgements We thank Cecilia Estrabou, Natalia Delbdn, and
Juan Manuel Rodriguez for their contribution at the initial stages of this
work. We also thank the administration of Estancia Yucat for their kind
hospitality and interest in our research. We appreciate the anonymous
reviewers for their valuable comments and suggestions to improve the
quality of the manuscript.

Author contribution All authors contributed to the study concep-
tion and design. Material preparation, data collection, and analysis
were performed by Gonzalez Argiiello and Filippini. The first draft
of the manuscript was written by Gonzalez Argiiello, and Filippini
and Machado commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding This work was funded by the Programa GRFT of the Minis-
terio de Ciencia y Técnica of Cérdoba province and was supported by
Secyt-UNC and CONICET.

Data availability The datasets used and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent to publish Not applicable.

Competing interests The authors declare no competing interests.

References

Agost L (2015) Cambio de la cobertura arbérea de la provincia de
Cordoba: analisis a nivel departamental y de localidad (periodo
2000-2012). Rev Fac CIENCIAS EXACTAS, FISICAS Y Nat
2:111-123

Anupam A, George S, Sarat C, Abin S (2020) Lichens as a source and
indicator of agrochemicals. LTD

Aparicio V, Gerénimo E De, Guijarro KH, et al (2015) Los plaguicidas
agregados al suelo y su destino en el ambiente.

Bianchi E, Benesperi R, Colzi I et al (2019) The multi-purpose role
of hairiness in the lichens of coastal environments: insights
from Seirophora villosa (Ach.) Frodén. Plant Physiol Biochem
141:398-406. https://doi.org/10.1016/j.plaphy.2019.06.022

Cabido M, Zeballos SR, Zak M et al (2018) Native woody vegetation
in central Argentina: classification of Chaco and Espinal forests.
Appl Veg Sci 21:298-311. https://doi.org/10.1111/avsc.12369

Canton N, Rodriguez JM, Estrabou C (2020) La familia Parmeliaceae
(Ascomycota liquenizados) de La Rioja en la Provincia de la Rioja,
Argentina. 195-214. https:/doi.org/10.31055/1851.2372.v55.n2.26451

Cardés JLH, Martinez I, Calvo V, Aragén G (2016) Epiphyte com-
munities in Mediterranean fragmented forests: importance of
the fragment size and the surrounding matrix. Landsc Ecol
31:1975-1995. https://doi.org/10.1007/s10980-016-0375-9

Carranza ML, Hoyos L, Frate L et al (2015) Measuring forest frag-
mentation using multitemporal forest cover maps: forest loss
and spatial pattern analysis in the Gran Chaco, central Argen-
tina. Landsc Urban Plan 143:238-247. https://doi.org/10.1016/j.
landurbplan.2015.08.006

@ Springer


https://doi.org/10.1016/j.plaphy.2019.06.022
https://doi.org/10.1111/avsc.12369
https://doi.org/10.31055/1851.2372.v55.n2.26451
https://doi.org/10.1007/s10980-016-0375-9
https://doi.org/10.1016/j.landurbplan.2015.08.006
https://doi.org/10.1016/j.landurbplan.2015.08.006

1804

Environmental Science and Pollution Research (2023) 30:1795-1805

Carrera M, Carreras H (2011) Efectos de la aplicacién de glifosato
sobre parametros quimico-fisiol6gicos en Usnea amblyoclada
(Miill. Arg.) Zahlbr. Ecol austral 353-361

Chaparro MAE, Lavornia JM, Chaparro MAE, Sinito AM (2013)
Biomonitors of urban air pollution: Magnetic studies and SEM
observations of corticolous foliose and microfoliose lichens
and their suitability for magnetic monitoring. Environ Pollut
172:61-69. https://doi.org/10.1016/j.envpol.2012.08.006

Daimari R, Bhuyan P, Hussain S, et al (2021) Anatomical, physi-
ological, and chemical alterations in lichen (Parmotrema tincto-
rum (Nyl.) Hale) transplants due to air pollution in two cities of
Brahmaputra Valley, India. Environ Monit Assess 193:. https://
doi.org/10.1007/s10661-021-08897-3

De los Rios A, Ascaso C, Grube M (2002) Infection mechanisms of
lichenicolous fungi studied by various microscopic techniques.
Bibli Lichenol 82:153-161

Elix JA, Hale ME (1987) Canomaculina, Myelochroa, Parmelinella,
Parmelinopsis and Parmotremopsis, five new genera in the Par-
meliaceae (lichenized Ascomycotina). Mycotaxon 29:233-244

Estrabou C (1999) La familia Parmeliaceae (Ascomycetes liq-
uenizados) sensu stricto de la provincia de Cérdoba: estudio
sisteméatico-biogeografico, Ph. D. Thesis, Facultad de Ciencias
Exactas, Fisicas y Naturales, Universidad Nacional de Cérdoba,
Argentina. 185 p.

Estrabou C, Stiefkens L, Hadid M et al (2004) Effects of air pollut-
ants on morphology and reproduction in four lichen species in
Cordoba, Argentina. Ecol En Boliv 39:33-45

Estrabou C, Quiroga C, Rodriguez JM (2014) Lichen community
diversity on a remnant forest in south of Chaco region (Cor-
doba, Argentina). Bosque (valdivia) 35:49-55. https://doi.org/
10.4067/S0717-92002014000100005

Fan S, Li X, Dong L (2019) Field assessment of the effects of land-
cover type and pattern on PM 10 and PM 2.5 concentrations in a
microscale environment. Environ Sci Pollut Res 26:2314-2327.
https://doi.org/10.1007/s11356-018-3697-0

Fernandez-Salegui AB, Terrén A, Fos S, Barreno E (2002) Sintomas
de dafios por contaminantes atmosféricos en Parmelia sulcata
Tayl . en la zona de La Robla ( Le6n , Espafia ). Lazaroa 7-16

Estrabou C, Filippini E, Soria JP et al (2011) Air quality monitor-
ing system using lichens as bioindicators in Central Argentina.
Environ Monit Assess 182:375-383

Filippini ER, Rodriguez JM, Estrabou C (2014) Lichen community
from an endangered forest under different management practices
in central Argentina. Lazaroa 35:55-63. https://doi.org/10.5209/
rev-LAZA.2014.v35.45637

Filippini E, Rodriguez JM, Quiroga G, Estrabou C (2020) Differen-
tial response of epiphytic lichen taxa to agricultural land use in
a fragmented forest in central Argentina. Cerne 26:272-278.
https://doi.org/10.1590/01047760202026022733

Holopainen TH (1984) Cellular injuries in epiphytic lichens trans-
planted to air polluted areas. Nord J Bot 4(3):393-408. https://
doi.org/10.1111/.1756-1051.1984.tb01512.x

Jairus K, Lohmus A, Lohmus P (2009) Lichen acclimatization on
retention trees: a conservation physiology lesson. J Appl Ecol
46:930-936. https://doi.org/10.1111/j.1365-2664.2009.01672.x

Koch NM, Matos P, Branquinho C et al (2019) Selecting lichen
functional traits as ecological indicators of the effects of urban
environment. Sci Total Environ 654:705-713. https://doi.org/
10.1016/j.scitotenv.2018.11.107

Lawrey JD, Diederich P (2003) Lichenicolous fungi: interactions,
evolution, and biodiversity. Bryologist 106:80-120. https://doi.
org/10.1639/0007-2745(2003)106[0080:1fieab]2.0.co;2

Lewis JP, Noetinger S, Prado DE, Barberis IM (2009) Woody veg-
etation structure and composition of the last relicts of Espi-
nal vegetation in subtropical Argentina. Biodivers Conserv
18:3615-3628. https://doi.org/10.1007/s10531-009-9665-8

@ Springer

Peirone-Cappri L, Torres RC, Estrabou C, Torres RC (2020) Refor-
estation in agricultural-livestock areas: a case study evaluat-
ing the performance of two native espinal species. Bol la Soc
Argentina Bot 55:605-617. https://doi.org/10.31055/1851.2372.
V55.N4.29183

Martinez I, Flores T, Otalora M, Belinchén R, Prieto M, Aragén G,
Escudero A (2012) Multiple-scale environmental modulation of
lichen reproduction. Fungal Biol 116:1192-1201

McEvoy M, Gauslaa Y, Solhaug KA (2007) Changes in pools of
depsidones and melanins, and their function, during growth
and acclimation under contrasting natural light in the lichen
Lobaria pulmonaria. New Phytol 175:271-282. https://doi.org/
10.1111/5.1469-8137.2007.02096.x

Merinero S, Aragén G, Martinez I (2017) Intraspecific life history
variation in contrasting habitats: insights from an obligate sym-
biotic organism. Am J Bot 104(7):1099-1107

Nimis PL, Scheidegger C, Wolseley PA (2002) Monitoring with
lichens. NATO Science Series. https://doi.org/10.1017/
CB09781107415324.004

Nowak DJ, Crane DE, Stevens JC (2006) Air pollution removal by
urban trees and shrubs in the United States. Urban for Urban
Green 4:115-123. https://doi.org/10.1016/j.ufug.2006.01.007

Nowak DJ, Hirabayashi S, Doyle M et al (2018) Air pollution
removal by urban forests in Canada and its effect on air quality
and human health. Urban for Urban Green 29:40-48. https://
doi.org/10.1016/j.ufug.2017.10.019

Palharini KMZ, Vitorino LC, Bessa LA et al (2021) Parmotrema
tinctorum as an indicator of edge effect and air quality in for-
ested areas bordered by intensive agriculture. Environ Sci Pollut
Res. https://doi.org/10.1007/s11356-021-15411-2

Palharini KMZ, Vitorino LC, de Oliveira Menino GC, Bessa LA
(2020) Edge effects reflect the impact of the agricultural
matrix on the corticolous lichens found in fragments of cer-
rado savanna in central Brazil. Sustain 12:7149. https://doi.org/
10.3390/sul12177149

Quiroga G, Estrabou C, Rodriguez JM (2008) Lichen community
response to different management situations in Cerro Colorado
protected forest (Cordoba, Argentina). Lazaroa 29:131-138

Rangel-Osornio V, Fernandez-Salegui AB, Goémez-Reyes VM et al
(2021) Effects of air pollution on chlorophyll content and
morphology of lichens transplanted around a paper industry
(Morelia, Mexico). The Bryologist 124:52—-67. https://doi.org/
10.1639/0007-2745-124.1.052

Rocha B, Pinho P, Branquinho C et al (2019) Bringing the concept
of ammonia critical levels into managing cork-oak woodland for
conservation. For Ecol Manage 453:117566. https://doi.org/10.
1016/j.foreco.2019.117566

Rodriguez JM, Estrabou C, Fenoglio R et al (2009) Recuperacién post-
fuego de la comunidad de liquenes epifitos en la provincia de
Coérdoba, Argentina. Acta Bot Brasilica 23:854-859. https://doi.
org/10.1590/S0102-33062009000300026

Rundel P (1978) Ecological Relationships of Desert Fog Zone
Lichens. The Bryologist, Vol. 81, No. 2, pp. 277-293. http://
www.jstor.org/stable/3242189

Sanders WB (2014) Complete life cycle of the lichen fungus Calopadia
puiggarii (Pilocarpaceae, Ascomycetes) documented in situ: Prop-
agule dispersal, establishment of symbiosis, thallus development,
and formation of sexual and asexual reproductive structures. Am J
Bot 101:1836-1848. https://doi.org/10.3732/ajb.1400272

Sillett SC, McCune B, Peck JE et al (2000) Dispersal limitations of epi-
phytic lichens result in species dependent on old-growth forests.
Ecol Appl 10:789-799. https://doi.org/10.1890/1051-0761(2000)
010[0789:DLOELR]2.0.CO;2

Spielmann AA, Marcelli MP (2009) Parmotrema s.1. (Parmeliaceae,
lichenized Ascomycota) from Serra Geral slopes in central Rio


https://doi.org/10.1016/j.envpol.2012.08.006
https://doi.org/10.1007/s10661-021-08897-3
https://doi.org/10.1007/s10661-021-08897-3
https://doi.org/10.4067/S0717-92002014000100005
https://doi.org/10.4067/S0717-92002014000100005
https://doi.org/10.1007/s11356-018-3697-0
https://doi.org/10.5209/rev-LAZA.2014.v35.45637
https://doi.org/10.5209/rev-LAZA.2014.v35.45637
https://doi.org/10.1590/01047760202026022733
https://doi.org/10.1111/j.1756-1051.1984.tb01512.x
https://doi.org/10.1111/j.1756-1051.1984.tb01512.x
https://doi.org/10.1111/j.1365-2664.2009.01672.x
https://doi.org/10.1016/j.scitotenv.2018.11.107
https://doi.org/10.1016/j.scitotenv.2018.11.107
https://doi.org/10.1639/0007-2745(2003)106[0080:lfieab]2.0.co;2
https://doi.org/10.1639/0007-2745(2003)106[0080:lfieab]2.0.co;2
https://doi.org/10.1007/s10531-009-9665-8
https://doi.org/10.31055/1851.2372.V55.N4.29183
https://doi.org/10.31055/1851.2372.V55.N4.29183
https://doi.org/10.1111/j.1469-8137.2007.02096.x
https://doi.org/10.1111/j.1469-8137.2007.02096.x
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.ufug.2006.01.007
https://doi.org/10.1016/j.ufug.2017.10.019
https://doi.org/10.1016/j.ufug.2017.10.019
https://doi.org/10.1007/s11356-021-15411-2
https://doi.org/10.3390/su12177149
https://doi.org/10.3390/su12177149
https://doi.org/10.1639/0007-2745-124.1.052
https://doi.org/10.1639/0007-2745-124.1.052
https://doi.org/10.1016/j.foreco.2019.117566
https://doi.org/10.1016/j.foreco.2019.117566
https://doi.org/10.1590/S0102-33062009000300026
https://doi.org/10.1590/S0102-33062009000300026
http://www.jstor.org/stable/3242189
http://www.jstor.org/stable/3242189
https://doi.org/10.3732/ajb.1400272
https://doi.org/10.1890/1051-0761(2000)010[0789:DLOELR]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0789:DLOELR]2.0.CO;2

Environmental Science and Pollution Research (2023) 30:1795-1805

1805

Grande do Sul state. Brazil Hoehnea 36:551-595. https://doi.org/
10.1590/52236-89062009000400002

Stofer S, Bergamini A, Aragén G et al (2006) Species richness of
lichen functional groups in relation to land use intensity. Lichenol
38:331. https://doi.org/10.1017/5S0024282906006207

Tarhanen S et al (2000) Severe photobiont injuries of lichens are
strongly associated with air pollution. New Phytol 147(3):579—
590. https://doi.org/10.1046/j.1469-8137.2000.00713.x

Tripp EA, Lendemer JC (2018) Twenty-seven modes of reproduc-
tion in the obligate lichen symbiosis. Brittonia 70:1-14. https://
doi.org/10.1007/s12228-017-9500-6

Wakefield JM, Bhattacharjee J (2012) Effect of air Pollution on Chloro-
phyll Content and Lichen Morphology in Northeastern Louisiana.
Evansia 29:104-114. https://doi.org/10.1639/079.029.0404

Will-Wolf S, Jovan S, Amacher MC (2017) Lichen elemental content
bioindicators for air quality in upper Midwest, USA: a model for

large-scale monitoring. Ecol Indic 78:253-263. https://doi.org/10.
1016/j.ecolind.2017.03.017

Zeballos SR, Giorgis MA, Cabido MR et al (2020) The lowland season-
ally dry subtropical forests in central Argentina: vegetation types
and a call for conservation. Veg Classif Surv 1:87-102. https://
doi.org/10.3897/vcs/2020/38013

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


https://doi.org/10.1590/s2236-89062009000400002
https://doi.org/10.1590/s2236-89062009000400002
https://doi.org/10.1017/S0024282906006207
https://doi.org/10.1046/j.1469-8137.2000.00713.x
https://doi.org/10.1007/s12228-017-9500-6
https://doi.org/10.1007/s12228-017-9500-6
https://doi.org/10.1639/079.029.0404
https://doi.org/10.1016/j.ecolind.2017.03.017
https://doi.org/10.1016/j.ecolind.2017.03.017
https://doi.org/10.3897/vcs/2020/38013
https://doi.org/10.3897/vcs/2020/38013

	Morpho-anatomical variations of Parmotrema pilosum (Parmeliaceae, Ascomycota) in fragmented forests of central Argentina: relationship between forest cover and distance to crops
	Abstract
	Introduction
	Methods
	Lichen species selection
	Study area
	Sampling design and field work
	Sample preparation for microscopic analyses
	Observation of specimens and data collection
	Statistical analysis

	Results
	Discussion
	Variations of vegetative characters
	Variations in reproductive characters
	Injuries in thalli

	Conclusions
	Acknowledgements 
	References


