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Abstract: Habitat fragmentation affects lichen communities by inducing edge effects, although the
dispersal of pollutants by pesticide drift from commercial crops may also provoke alterations in
community structure, due to the varying sensitivity of lichen morphotypes to pollutants. In this
context, we tested the hypothesis that lichen morphotype richness and diversity, and the percentage
area of the trunks covered by different lichen morphotypes are modified significantly at the edges
of fragments of Cerrado vegetation inserted within the agricultural matrix. We evaluated habitat
fragments representing different Cerrado formations (Cerradao, Cerrado sensu stricto, and seasonal
semi-deciduous forest) as well as the Emas National Park, a prominent Cerrado conservation unit.
We used Generalized Linear Mixed Models (GLMMs) to test the potential of the models compiled
using a mixture of phytosociological and environmental parameters, including the species, the height
of the host plant (H), the circumference of its stem at breast height (CBH), total chlorophyll (TC),
bark fissuring (BF) and pH, and illuminance (Lum), to explain the observed variation in the lichen
morphotype richness and the percentage cover of the trunks by corticolous lichen morphotypes at the
center and edge of the fragments. The central areas invariably had a greater diversity of morphotypes
in all the fragments. The morphotypes considered highly sensitive to disturbance were not observed
in edge areas, confirming a clear edge effect, as well as the influence of pesticide drift from the
adjacent farmland matrix, on the structure of the lichen community. At both the edge and center sites,
the larger trees (higher CBH) with less fissured bark tended to have the greatest diversity of lichen
morphotypes, and more acidic barks had the greatest lichen cover. The models tested indicated that
the variable tree species is an important determinant of the observed patterns of lichen morphotype
richness and cover, either on its own or in association with pH or CBH + pH. The analyses also
indicated that all the variables tested are important in some way for the definition of the percentage
cover of the host trunks. The present study contributes to the understanding of the diversity of the
corticolous lichen communities in the remaining fragments of Cerrado vegetation and the effects of
the agricultural matrix on this community. The lichen may thus play a role as indicators of impact on
other species, these organisms may provide important insights for the further investigation of the
disturbance caused by the agricultural matrix on the communities of other groups of organisms.

Keywords: diversity of lichens; lichen cover; lichen morphotype richness; Brazilian savanna;
corticolous lichen
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1. Introduction

The morphological, anatomical, and physiological characteristics of the lichens make these
organisms highly sensitive to alterations in the environment (e.g., [1-3]). Lichen are so sensitive, in fact,
that their diversity has been proposed as a tool for the monitoring of fluctuations in the atmosphere
and climate change, that is, as ecological indicators, on a global scale [4]. However, while atmospheric
pollution in urban and industrial environments has been one of the principal modifiers of the diversity
and vitality of lichens (e.g., [5-7]), in forest environments, habitat fragmentation has been identified as
the principal determinant of modifications of the lichen community (e.g., [8,9]).

Habitat fragmentation results in the loss of habitats for species that require more isolated,
stable forest conditions. For example, the foliose lichen Lobaria oregana is dependent on the microclimate
of the forest interior [10]. The fragmentation of the landscape also interrupts gene flow between
populations [11] and exposes species to edge effects. Murphy and Lovett-Doust [12] suggested that the
impacts of changes in the size and shape of fragments on lichen species abundance and distribution
may be mitigated or intensified by shifts in the structure, composition, and management of the matrix.
In this case, the quality of the matrix may influence the dispersal, availability of resources, and the
characteristics of the abiotic environment [13] in such a way that the loss of species may be exacerbated
by the contrast between the structure of the matrix and that of the vegetation of the fragment [14].

The effects of the forest edge on epiphytic lichens are well studied (e.g., [15-17]), although little is
known of these effects in fragments of Neotropical savanna, in particular, those inserted in agricultural
matrices. Located on the great plateau of Central Brazil, the Brazilian Cerrado biome covers an area of
2 million km?, representing 23% of the country. This biome is characterized by xeromorphic vegetation
that develops under a mean annual precipitation of 800-2000 mm (in more than 90% of the area),
with an intense dry season during the southern winter (generally between April and September).
Annual temperatures range from 18 °C to 28 °C, and the soils are mainly dystrophic, with a low pH and
high aluminum and iron content [18,19]. Agriculture exerts a profound pressure on the savannas of
the Cerrado biome, not only by fragmenting natural environments, but also dispersing large quantities
of pollutants into the remaining fragments [20,21]. Large quantities of pesticides, heavy metals from
fertilizers, and particulate material from crop burn-off are carried from areas of intensive agriculture
by winds [22] in a process known as pesticide drift, which is facilitated further by the application of
fertilizers and pesticides by aircraft. This pesticide drift reaches adjacent Cerrado fragments, where it
can affect all the resident organisms [23-27]. As the lichen community is known to be the most sensitive
component of this biota, our hypothesis is that the diversity of lichen morphotypes and their coverage
of tree trunks in Cerrado fragments inserted in a farmland matrix will be affected significantly by
pesticide drift, in particular at the edges of these fragments. Given this, we evaluated the diversity
of lichen morphotypes in Cerrado fragments of three different formations, the Cerradao (savanna
woodland), Cerrado sensu stricto, and Seasonal Semi-deciduous Forest, given that habitat diversity
appears to be an important determinant of the diversity of lichen communities [28].

The structure of the substrate, such as its humidity, texture, pH, host species and tree age,
bark fissuring (BF), circumference of the stem at breast height (CBH) [29-33] (Table 1), and characteristics
of the environment (illuminance, conservation, disturbance, and alterations), may also affect the
occurrence of corticolous lichen [34,35]. The influence of these factors on the morphotype richness,
diversity, or abundance of lichen is typically evaluated through the application of an Analysis of
Variance (ANOVA) or Generalized Linear Models (GLMs). These approaches are prone to certain errors,
however, given that they ignore random deviations in the variables (e.g., pH, CBH, BF) and treat all the
different variables as fixed factors that may be affected by pseudo-replication [36]. Given this, a more
appropriate approach for the analysis of these data are Generalized Linear Mixed Models (GLMMs),
which combine the desirable properties of two different approaches, that is, mixed linear models that
incorporate random effects and GLMs, which are appropriate for non-normal data [37]. As the GLMMs
are able to better represent the lichen morphotype richness and trunk cover, we constructed models
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that mix the different variables and evaluated the explanatory power of these variables both on their
own and in combination with other variables, as factors that select for lichen richness and cover.

Table 1. List of abbreviations.

Abbreviation Definition
AIC Akaike Information Criterion
AAIC Delta Akaike Information Criterion
wAIC Weight Akaike Information Criterion
ANOVA Analysis of Variance
APGIV Angiosperm Phylogeny Group
BF Bark fissuring
C Center
CBH Circumference of the stem at breast height
CER Cerradao
E Edge
ENP Emas National Park
FCI Falker Chlorophyll Index
GLMs Generalized Linear Models
GLMMs Generalized Linear Mixed Models
H height of the host plant
H’ Shannon-Wiener diversity index
Lum Illuminance
r Pearson correlation coefficient
SSC Cerrado sensu stricto
SSE Seasonal Semi-deciduous Forest
TC Total chlorophyll
UPGMA Unweighted Pair Group Method using Arithmetic averages

Understanding the effects of substrate and environmental variables on lichen communities should
contribute to the development of environmental monitoring strategies and effective measures for
the management of the biodiversity of forest fragments. In addition, a better understanding of the
ecological and evolutionary dynamics of the forest edge will be fundamental to the comprehension of
the biological phenomena associated with the more intense environmental impacts that occur in more
marginal areas [38]. In this context, the present study compares the response of the different lichen
morphotypes, in terms of their diversity, richness, and percentage cover, at the edge and in the center
of three fragments of Cerrado inserted within an agricultural matrix, and also in the Emas National
Park (ENP), an important Cerrado conservation unit, with the principal objective of understanding
how the agricultural matrix affects the different lichen morphotypes, in particular, at the edges of
fragments of natural vegetation in this biome.

2. Materials and Methods

2.1. Study Area

Sampling was conducted at the edge (E) and in the center (C) of three fragments of Cerrado
vegetation located in the rural zone of the municipality of Rio Verde, in Southwestern Goias state,
central Brazil (Figure 1). The fourth site was the ENP, also in Southwestern Goias. Each fragment
represented a different Cerrado formation, that is, the Cerradao (CER: E = 17°1927.5” S, 51°33/25.3” W;
C=17°20'01.6" S, 51°33’36.58” W), Seasonal Semi-deciduous Forest (SSF: E =17°35"18.46" S,
50°47'56.60” W; C = 17°35’23.31” S, 50°47’51.44” W), and Cerrado sensu stricto (SSC: E = 17°31’21.10” S,
50°49’31.20” W; C =17°31’30.1” S, 50°49'29.20” W). In the END, the edge site is located at 18°20'38.22"” S,
52°45’44.03” W, and the central site, at 18°14'28.7” S, 52°52’55.7” W (Figure 1).

The Cerradao is a woodland formation with xeromorphic features, which includes species found
typically in Cerrado sensu stricto, in addition to species found in the forest. While the physiognomy



Sustainability 2020, 12, 7149 40f19

of the Cerradao is that of a forest, then, its composition is more similar to that of the Cerrado [39].
The Cerrado sensu stricto is a savanna formation composed of short trees, with characteristically
contorted trunks, often presenting signs of fire damage. The Seasonal Semi-deciduous Forest is a
typical dry forest formation, in which the plants tend to lose their leaves during the dry season, with a
20-50% loss of foliage in the canopy during the dry season [40]. The fragments were selected based on
the type of Cerrado formation and the history of being adjacent to areas of intensive agriculture for more
than 10 consecutive years, where the margin of farmland extends for at least 500 m, perpendicularly,
from the edge of the fragment. The study area in the ENP was located within an area of Cerrado sensu
stricto.
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Figure 1. Location of the center (C) and edge (E) sites in the three Cerrado fragments (Cerradao,
Seasonal Semideciduous Forest, and Cerrado sensu stricto) and the Emas National Park, in Southwestern
Goias, central Brazil, visited for the collection of data on the phytosociology of the habitats and the
local lichen community. DF = Federal District.

2.2. Collection of the Phytosociological Data

For control and identification, a total of 200 trees were marked with aluminum tags within each
study area (100 trees at the edge site and 100 at the center site). The trees were marked randomly
during walks along four parallel trails, spaced at 5-m intervals (Figure 2). To be included in the sample,
the trees had to have a stem circumference of over 10 cm at a height of 30 cm above the ground.

Each sampled tree was measured to determine its height (H) in meters and the circumference
of its stem at breast height (CBH) in centimeters. The total chlorophyll (TC) of the leaves was also
determined, as described below. The height was estimated visually, using a pole of a known length for
comparison. The CBH was measured using a surveyor’s tape. The total leaf pigment was determined
by the sum of the chlorophyll a and b indices using a portable ClorofiLOG1030® reader (Falker®,
Porto Alegre, RS, Brazil), with the data being expressed as a Falker Chlorophyll Index (FCI) [41].
The plant species were identified in the field, whenever possible, and whenever this was not possible,
samples were collected using a tree trimmer and pressed for later identification using taxonomic
keys [42—44] and consultations with botanists, when necessary. The taxa were classified using the
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APG IV [45] system and the scientific names were conferred according to the Flora do Brasil database
(http://tloradobrasil.jbrj.gov.br; Supplementary Table S1).

Marking and sampling

Figure 2. Experimental design for the sampling of 100 trees in the center and 100 trees at the edge of
three fragments of Cerrado and the Emas National Park.

The pH of the bark was also determined, as was the degree of bark fissuring (BF) of each tree.
To determine the pH of each tree, a sample of approximately 5 cm x 2.5 cm of the outermost layer of the
bark was obtained (see [46]). These bark samples were broken manually into pieces of approximately
0.5 cm % 0.5 cm, from which any residue of lichen or sap was removed. A 0.5 g aliquot of each bark
sample was then treated with 5 mL of deionized water and covered to ensure that no atmospheric
CO, was dissolved in the water. These samples were left for 24 h and then filtered, with the pH of the
filtered liquid being measured using a bench-top pH-meter (Gehaka®, Sao Paulo, Brazil).

The degree of bark fissuring (BF) was estimated using the method proposed by McDonald et al. [47],
which involves pressing a sheet of white paper against the bark and rubbing charcoal overa5 cm X 7 cm
section of the paper. This was done on the tree stem, in areas with a minimum possible amount of
lichen or sap. Each sheet was processed using the Image] image treatment software (National Institutes
of Health, Bethesda, MD, USA) [48] to estimate the percentage of the area of the bark corresponding to
the fissures (paper unmarked by the charcoal). For this, a standard area of 5 cm X 5 cm (25 cm?) was
digitized, focusing on the central portion of the rub, as standard. This area was transformed to binary
black, and the percentage of white pixels was calculated, based on their area, in cm?. This percentage
corresponds to the degree of bark fissuring.

At each center and edge site, the illuminance (Lum) was verified in lux, using a digital MLM-1011
luxmeter (Minipa®, Brazil). The data were obtained at five points selected randomly within each study
area (for mean values see Supplementary Table S2).

2.3. Collection of the Data on the Lichen Community

The frequency of the different lichen morphotypes and the percentage of lichen cover were
evaluated on the trunk of each marked tree. Five macrolichen morphotypes were recognized: crustose
(flat, tightly adhered, crust-like lichen), foliose (leafy lichen), fruticose (shrubby lichen), dimorphic
(combination of crustose and fruticose), and filamentous lichen. The percentage of lichen cover was
estimated visually in three 10 cm X 15 cm panels on the trunk at heights of 0-50 cm, 51-150 cm,
and 151-200 cm above the ground, always on the side of the tree facing the nearest fragment edge
(method adapted from Benitez et al. [49]). The lichen cover of the trunks was estimated as a percentage
of the panels covered by lichen, with the mean of the three panels providing the value for each tree.
The data on the frequency of lichen morphotypes were used to estimate the abundance, richness,
and Shannon-Wiener [50] diversity of the lichen in the different study areas. This index was chosen
because of its sensitivity to rare species [51], given that filamentous and dimorphic lichen were rare in
our samples.
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The Shannon-Wiener diversity index was calculated using the formula:

S
H' = - Y pilnpi )
i=1

where: pi = the relative abundance of the ith lichen morphotype, calculated by dividing the frequency
of morphotype i by the total number of individuals in the community and S = the number de
morphotypes (richness).

2.4. Statistical Analyses

The data on the lichen morphotype richness and cover, obtained at the center and edge sites were
compared within each fragment, and the total dataset for the fragments was compared with that of
the ENP, which was considered the control area for the analyses, given that this protected area has
been preserved for almost 60 years since its establishment in 1961, through federal decree number
49,874. For this, a one-way ANOVA was applied and pairwise comparisons were based on the standard
Student ¢ criterion, with a p = 0.05 significance level.

The mean values for the phytosociological structure variables (H, CBH, pH, BE, TC, and Lum) and
the lichen richness and cover obtained in the center and edge sites were evaluated using Pearson’s
correlation coefficient (1), with a significance of p = 0.05. All these analyses were run in the R
environment, version 3.6.1 [52].

The effects of the phytosociological structure and the plant species on the lichen richness and
cover were evaluated using GLMMs. For this, the explanatory variables were Species, H, CBH, pH, BE,
and TC. A range of models were compiled with a different combination of these variables, as well as a
null model to determine whether random effects could account for the response variables. The variables
of the phytosociological structure were adjusted as random factors and the species were considered to
be fixed factors. The analyses were run in the MCMCglmm package [53,54] implemented in R. We used
the Akaike Information Criterion (AIC) and the Delta AICci (AAICci, in which i represents each model)
to select the model that best explained the variation observed in the lichen parameters in the different
fragments. The value of AAICci is calculated by the difference between the AICc (the AIC corrected by
sample size and the number of parameters) for the ith model and the lowest AICc observed overall,
where the model with the lowest AICc was considered to be the most plausible explanation of the
observed patterns [55]. We also determined the Akaike (WAICc) weight, which represents the relative
contribution of the ith model to the explanation of the observed pattern, given a set of competing
models. All the models with AAICc < 2 were considered to be equally plausible as an explanation for
the observed pattern [55].

A matrix of similarity was compiled to determine the similarities or differences among the study
areas, based on the abundance and richness of lichen morphotypes, illuminance, and the host tree
species found in each fragment. The similarity index was obtained using the Pearson correlation
coefficient, with the r values being transformed by d = (1 — r) X 100, to estimate the distance (d) values.
The dendrogram was then generated using the Unweighted Pair Group Method using Arithmetic
averages (UPGMA), with the adjustment between the distance matrix and the dendrogram being
estimated using a cophenetic correlation coefficient [56]. This analysis was run in the DendroUPGMA
software [57].

3. Results

A total of 1918 lichens were recorded at the central sites during the present study period
(Figure 3a). The greatest total frequency of lichen at the central sites was observed in the SSC
fragment (592 specimens), followed by the CER (514 specimens), SSF (426 specimens), and the ENP
(386 specimens). At the edge sites, a total of 1182 lichens were recorded (Figure 3b). The greatest
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frequency of lichen at the edge sites was also recorded in the SSC fragment (390 specimens), followed by
the ENP (298 specimens), SSF (268 specimens), and CER (226 specimens).

Center Edge

a)
| i
u |

b)

u Crustose
SSF I Foliose
o Fruticose

Filamentous

-
= Dimorphic

0 50 100 150 200 250 300 350 400 450 500 550 600 650 0 50 100 150 200 250 300 350 400 450

Frequency of morphotypes Frequency of morphotypes

Figure 3. Frequency of lichen morphotypes observed no center (a) and edge (b) of three fragments of
Cerrado and the Emas National Park (ENP).

The foliose morphotype was the most frequent at both the center and the edge sites in all the
study areas, with the greatest frequency of this morphotype (344 specimens) being recorded at the edge
site of the SSR fragment. The second most common morphotype was the crustose type, which was
most frequent at the edge site in the CER fragment (217 specimens). The fruticose morphotype,
by contrast, was more frequent at the center of the fragments and was most frequent, overall, in the ENP
(64 specimens). The dimorphic morphotype was recorded only in the center of the ENP (8 specimens),
while the filamentous morphotype was not observed in any of the study areas (Figure 3a,b).

The overall Shannon-Wiener diversity index for all the study sites combined was H" = 0.889,
although the index was higher for the center sites (H" = 0.943) in comparison with the edge sites
(H’ = 0.775). The highest index per area was recorded for the CER fragment (H" = 0.924), followed by
the ENP (H’ = 0.915), SSC (H’ = 0.815), and SSF (H" = 0.723).

The mean richness (number) of lichen morphotypes was invariably higher at the center sites of
each fragment in comparison with the edge sites (Figure 4a). However, the mean richness recorded at
the edge sites of all the fragments combined (2.95) was similar to that of the Edge site in the ENP (2.98).
The mean morphotype richness recorded in the center of the ENP (3.86) was lower than that recorded
in the central areas of the fragments (5.11) (Figure 4b). The lichen cover of the trunks was also greater in
the central areas of the fragments, except in the SSC, where the means recorded for the center (26.61%)
and edge (26.13%) were similar (Figure 4c). A similar pattern was also observed when we compared
the mean cover recorded in the fragments with that observed in the ENP, where the means recorded at
the edges were similar (24.1% in the fragments and 17.8% in the ENP), but the mean value recorded in
the central area of the fragments (48.3%) was greater than that found in the ENP (32.9%) (Figure 4d).

A positive correlation was observed between the CBH and the lichen morphotype richness at
both the center (r = 0.142; p = 0.012 *) and the edge (r = 0.175; p = 0.003 **) of the fragments (Table 2).
The variable BF was also important for the definition of the lichen richness at both the center (r = —0.152,
p = 0.007 **) and edge sites (r = —0.170, p = 0.004 **), albeit negatively in both cases. When we analyzed
the center and edge together, however, we found only negative correlations with lichen richness, for TC
(r=-0.179, p = 0.003 **) and Lum (r = —=0.171, p = 0.004 **). In the centers of the fragments, we also
observed a tendency for a greater lichen richness on taller trunks (r = 0.171, p = 0.002 **) and in areas
with lower illuminance (r = —0.476, p = 0.034 *), whereas at the edge, barks with more acidic trunks,
that is, a lower pH, had a greater morphotype richness (r = —0.115, p = 0.043 *).
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Figure 4. Lichen morphotype richness (a,b) and percentage cover (c,d) of the trunk per morphotype
observed in the center (C) and edge (E) of three fragments of Cerrado and the Emas National Park (ENP).
The black lines in the boxes are the medians and the red lines, the means. The points located outside
the boxes are outliers. The bars indicate the interval between the maximum and minimum values.

Table 2. Correlation between phytosociological variables (H, CBH, pH, BF, TC, and Lum), the richness
of lichen morphotypes, and the percentage of lichen cover on the trunks at the center and edge sites of
fragments of Cerradao (CER), Seasonal Semi-deciduous Forest (SSF), and Cerrado sensu stricto (S5C),
and the Emas National Park (ENP). CBH = Circumference at breast height; H = height; pH = pH of the
bark; TC = Total Chlorophyll; BF = Bark fissures, and Lum = Illuminance.

Model Center Edge Total
r P r P r y

CBH vs. Richness 0.142 0.012 * 0.175 0.003 ** 0.068 0.097

H vs. Richness 0.171 0.002 ** 0.037 0.537 0.077 0.061

pH vs. Richness 0.093 0.100 -0.179 0.003 ** —-0.029 0.488
TC vs. Richness —0.183 0.001 ** —0.030 0.621 -0.128 0.002 **

BF vs. Richness -0.152 0.007 ** -0.170 0.004 ** —0.055 0.178
Lum vs. Richness -0.476 0.034 * —0.380 0.098 -0.598 0.005 **

CBH vs. Cover —-0.013 0.821 0.127 0.033 * —-0.009 0.825

H vs. Cover —-0.012 0.838 0.060 0.318 -0.010 0.809
pH vs. Cover -0.115 0.043 * —0.158 0.008 ** —0.140 0.001 **
TC vs. Cover -0.187 0.001 ** —0.078 0.192 -0.148 0.001 **

BF vs. Cover —0.062 0.278 —-0.025 0.670 0.038 0.361
Lum vs. Cover -0.291 0.214 -0.414 0.069 -0.519 0.001 **

* Significant at 5%; ** Significant at 1%. Significant correlations are shown in bold.

In edge areas, the CBH was also correlated positively with the lichen trunk cover (r = 0.127,
p = 0.033 *), that is, trees with a greater girth tend to host more lichen morphotypes and have trunks
more covered with lichen (Table 2). The pH of the bark was also correlated negatively with the
lichen cover at both the center (r = —0.115, p = 0.043 *) and edge (r = —0.158, p = 0.008 **) of the
fragments. When the center and edge are analyzed together, the variables pH (r = —0.140, p = 0.001 **),
TC (r = -0.148, p = 0.001 **), and Lum (r = —0.519, p = 0.001 **) all had a negative effect on lichen
trunk cover.



Sustainability 2020, 12, 7149 9 of 19

The GLMM identified a number of different plausible models to explain the variation observed
in the total lichen morphotype richness: Species, Species + BE, Species + pH, Species + pH + BF,
Species + TC, Species + H + BE, Species + TC + BF, Species + CBH + BF, and Species + TC + pH
(Table 3), although the highest wAIC was observed in the model that considered only the species.
When the lichen richness of the center sites was considered alone, the most plausible models were:
Species + pH, Species + TC + pH, Species, Species + TC, Species + H + pH, and Species + CBH + pH,
with the greatest wAIC value being recorded for the Species + pH model. For the edge sites, the best
models were: Species + CBH + pH, Species + CBH, Species + CBH + BF, and Species + TC + CBH.
In addition to the variable Species, then, pH and CBH were also present in the majority of the models
that best explain the observed patterns of the lichen richness.

Table 3. Selection of the models generated for the competing hypotheses for the explanation of the
variation in the total lichen morphotype richness, the richness at the center and edge of three fragments
of Cerrado and the Emas National Park (ENP). CBH = Circumference at breast height; H = height;
pH = pH of the bark; TC = Total Chlorophyll; BF = Bark fissures, and Lum = Illuminance. The models
with AAICc < 2 are highlighted in bold type. k = the function dimension and § = fixed effects.

Model AAICc wAIC k B p
Richness Total

Species 0 0.1517 4 0.1061 -
Species + BF 0.2 0.1352 5 0.1185 0.0550
Species + pH 0.7 0.1072 5 0.1060 0.8900
Species + pH + BF 0.9 0.0954 6 0.1185 0.1574
Species + TC 1.2 0.0845 5 0.0927 0.2818
Species + H + BF 1.6 0.0691 6 0.0988 0.0548
Species + TC + BF 1.8 0.0629 6 0.1070 0.1068
Species + CBH + BF 1.8 0.0622 6 0.0816 0.0531
Species + TC + pH 1.9 0.0595 6 0.0927 0.5564
Species + H 2.3 0.0484 5 0.0903 0.2713
Species + H + pH 29 0.0351 6 0.0899 0.5300
Species + CBH 3.1 0.0319 5 0.0844 0.4011
Species + CBH + pH 3.8 0.0225 6 0.0844 0.6982
Species + TC + CBH 42 0.0184 6 0.0696 0.3805
Species + CBH + H 5.5 0.0099 6 0.0877 0.5425
Species + TC + CBH + H + pH + BF 6.4 0.0062 9 0.0728 0.2121
Species + TC + H 3679.1 <0.001 6 —4.6210 1.0000

Center

Species + pH 0 0.1934 5 0.3165 0.3194
Species + TC + pH 0.7 0.1350 6 0.2984 0.4002

Species 0.8 0.1272 4 0.3349 -
Species + TC 1.6 0.0882 5 0.3172 0.3656
Species + H + pH 1.6 0.0865 6 0.3418 0.3232
Species + CBH + pH 1.9 0.0737 6 0.3274 0.3501
Species + H 22 0.0651 5 0.3599 0.2120
Species + CBH 2.8 0.0475 5 0.3458 0.3022
Species + pH + BF 29 0.0444 6 0.3131 0.6019
Species + TC + CBH 3.5 0.0332 6 0.3284 0.3869
Species + BF 3.8 0.0293 5 0.3310 0.8638
Species + CBH + H 45 0.0208 6 0.3586 0.4497
Species + TC + BF 45 0.0205 6 0.3121 0.6476
Species + H + BF 5.0 0.0162 6 0.3524 0.4235
Species + CBH + F 5.4 0.0131 6 0.3354 0.5080
Species + TC + CBH + H + pH + BF 7.0 0.0059 9 0.3097 0.6081
Species + TC + H 1874.6 <0.001 6 4.0750 1.0000
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Model AAICc wAIC k B p
Edge
Species + CBH + pH 0.0 0.3218 6 —0.3532 <0.001 ***
Species + CBH 0.2 0.2928 5 —-0.3514 <0.001 ***
Species + CBH + BF 1.8 0.1293 6 —-0.3218 <0.001 ***
Species + TC + CBH 1.9 0.1237 6 —0.3599 <0.001 ***
Species + CBH + H 2.5 0.0930 6 —-0.3516 <0.001 ***
Species + TC + CBH + H + pH + BF 5.7 0.0189 9 -0.3217 0.0049 **
Species + H + pH 7.7 0.0069 6 —0.2886 0.0338 *
Species + H 8.7 0.0042 5 —0.2878 0.0176 *
Species + H + BF 9.2 0.0033 6 -0.2513 0.0143 *
Species + pH 10.9 0.0014 5 —-0.3799 0.4000
Species + pH + BF 11.0 0.0013 6 —-0.3363 0.1000
Species 11.5 0.0010 4 -0.3767 -
Species + BF 11.6 <0.001 5 —-0.3331 0.0683
Species + TC + PH 12.6 <0.001 6 —-0.3887 0.6000
Species + TC 13.2 <0.001 5 —-0.3849 0.7000
Species + TC + BF 13.4 <0.001 6 —0.3343 0.2000
Species + TC + H 1792.1 <0.001 6 2.1170 1.0000

* Significant at 5%; ** Significant at 1%; *** Significant at 0.1%.

The model which includes all the variables tested (Species + TC + CBH + H + pH + BF) was
the most plausible to explain the variation observed in the total percentage lichen cover of the tree
trunks (Table 4). This means that all the variables were important, in some way, for the definition of
the total cover, although, when the center and edge were analyzed separately, this model was only the
most plausible for the patterns recorded at the edge sites, whereas the model with the lowest AAICc
for the center sites was that which included only the variable Species, indicating that some of the
plant species found in this type of vegetation have a greater propensity for colonization by lichen than
others. The Species + TC + CBH + H + pH + BF model was the second most plausible for the center

sites, however.

Table 4. Selection of the models generated for the competing hypotheses used to explain the variation

in the total lichen cover on the trunks of the host trees at the center and edge of three fragments
of Cerrado and the Emas National Park (ENP). CBH = Circumference at breast height; H = height;
pH = pH of the bark; TC = Total Chlorophyll; BF = Bark fissures, and Lum = Illuminance. The models
with AAICc < 2 are highlighted in bold type.

Model AAICc wAIC k B p
Total Cover
Species + TC + CBH + H + pH + BF 0.0 1.0 9.0 0.1727 <0.001 ***
Species + TC + BF 12.1 0.0 6.0 0.1000 <0.001 ***
Species + CBH + BF 14.6 <0.001 6.0 0.1014 <0.001 ***
Species + pH + BF 15.1 <0.001 6.0 -0.0166 <0.001 ***
Species + H + BF 17.6 <0.001 6.0 0.0257 <0.001 ***
Species + BF 19.4 <0.001 50  -0.0264  <0.001 ***
Species + TC + CBH 45.6 <0.001 6.0 -0.0632  <0.001 ***
Species + CBH + pH 51.2 <0.001 6.0 -02577  <0.001 ***
Species + CBH + H 51.9 <0.001 6.0 -03173  <0.001 ***
Species + CBH 55.5 <0.001 50  -0.2529 <0.001***
Species + TC + H 56.3 <0.001 6.0 —0.2043 0.0044 **
Species + TC + pH 56.4 <0.001 6.0 —-0.3756 0.0197 *
Species + TC 60.8 <0.001 50  -0.3798 0.0051 **
Species + H + pH 62.1 <0.001 6.0 03817 0.1889
Species + H 66.5 <0.001 5.0 0.0903 0.0692
Species + pH 66.9 <0.001 50  -0.5812 0.9855
Species 71.3 <0.001 40  -0.5831 -
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Table 4. Cont.

Model AAICc wAIC k B p
Center
Species 0.0 1.0 4.0 0.9667 <0.007***
Species + TC + CBH + H + pH + BF 268.7 <0.001 9.0 —6.675 <0.001***
Species + TC + BF 281.8 <0.001 6.0 —6.552 <0.001***
Species + pH + BF 284.1 <0.001 6.0 —6.243 <0.001***
Species + CBH + BF 285.7 <0.001 6.0 —-6.077 <0.001***
Species + H + BF 287.2 <0.001 6.0 —-5.865 <0.001***
Species + BF 290.1 <0.001 5.0 —-6.153 0.0018 **
Species + TC + CBH 294.4 <0.001 6.0 —-6.319 0.0087 **
Species + CBH + pH 296.1 <0.001 6.0 -5.999 0.0677
Species + TC + pH 298.7 <0.001 6.0 —-6.511 0.0126 *
Species + CBH + H 298.9 <0.001 6.0 -6.127 0.0320 *
Species + TC + H 299.9 <0.001 6.0 -5.892 0.0994
Species + H + pH 300.7 <0.001 6.0 —-5.537 0.0036 **
Species + CBH 301.9 <0.001 5.0 -5.909 0.0384 *
Species + TC 304.6 <0.001 5.0 1.015 0.2902
Species + pH 306.3 <0.001 5.0 -6.1 0.0819
Species + H 307.2 <0.001 5.0 —-5.468 -
Edge
Species + TC + CBH + H + pH + BF 0.0 0.9845 9.0 0.1119 0.1161
Species + pH + BF 10.8 0.0045 6.0 0.2575 0.0529
Species + H + BF 11.1 0.0038 6.0 0.07919 0.0161*
Species + TC + BF 12.5 0.0019 6.0 0.3047 0.0536
Species + CBH + BF 13.0 0.0015 6.0 0.2503 0.0343 *
Species + H + pH 13.7 0.0011 6.0 0.8233 0.2949
Species + TC + pH 14.2 <0.001 6.0 1.014 0.6127
Species + TC + H 15.1 <0.001 6.0 0.8754 0.2484
Species + CBH + pH 15.9 <0.001 6.0 0.9873 0.7215
Species + BF 16.0 <0.001 5.0 0.2565 0.0177*
Species + CBH + H 16.6 <0.001 6.0 0.7969 0.3417
Species + TC + CBH 17.1 <0.001 6.0 1.036 0.5359
Species + pH 18.2 <0.001 5.0 0.967 0.6318
Species + H 19.0 <0.001 5.0 0.8278 0.1503
Species + TC 19.4 <0.001 5.0 1.015 0.3770
Species + CBH 21.0 <0.001 5.0 0.9874 0.4951
Species 23.3 <0.001 4.0 0.9667 -

* Significant at 5%; ** Significant at 1%; *** Significant at 0.1%.

11 0f 19

The dendrogram of the phytosociological variables, lichen, and host plant species revealed a
major cluster formed primarily by the edge sites, that is, the edge of the CER, SSF, and ENP, as well as
the center of the ENP (Figure 5). Clearly, the edge and center of the ENP were much more similar to
one another than to any of the other sites, while the presence of the CER in this cluster was determined
by the similarity of this formation with the vegetation of the ENP. The other cluster was formed by the
center sites of the SSC, CER, and SSF fragments, associated with the edge of the SSC.



Sustainability 2020, 12, 7149 12 of 19

ENP (C)

ENP (E)

SSC (E)

SSF (C)

Figure 5. Dendrogram of the mean distance (UPGMA) of the phytosociological variables
(CBH = Circumference at breast height; H = height; pH = pH of the bark; TC = Total Chlorophyll;
BF = Bark fissures, and Lum = [lluminance), lichen (abundance of the different lichen morphotypes
and percentage trunk cover) and host plant species sampled at the center (C) and edge (E) sites of three
fragments of Cerrado and the Emas National Park (ENP).

4. Discussion

In the present study, dimorphic lichen was observed only in the center of the ENP, and the fruticose
lichen was also more frequent in this area, which is consistent with the general patterns that show
that the protection of habitat within conservation units benefits an ample range of species [58,59].
Gray et al. [60] demonstrated that lichen species richness is 10.6% higher and abundance 14.5%
greater in samples from protected areas, in comparison with those collected outside these areas.
Even so, a number of doubts persist with regard to the long-term success of protected areas [61].
Brown et al. [62] demonstrated that, even with protected status, small forest fragments may be unable
to provide adequate protection, and that the annual composition of forest lichen species is highly
dynamic. In fact, in the present study, we observed the greatest total frequency of lichen morphotypes in
the center and edge of the SSC fragment, an area not under any type of protection. Similarly, the highest
diversity (H’) was verified in the CER fragment, which is also not a protected area. This emphasizes
the importance of the diversity found outside conservation units, as well as the establishment of new
protected areas within the state of Goias to better preserve the biodiversity of the Cerrado biome.

Although the whole of Goias is located within the Cerrado domain, which has been designated a
global conservation hotspot [63], 42.5% of the state is now covered in cattle pasture, and only 4.89% of
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the total area of the state is located within conservation units [64]. The ongoing expansion of intensive
agriculture in the state exerts intense pressure on the remnants of Cerrado vegetation [65,66] and
threatens the survival of both species and ecosystem services (see [67]). The ENP, for example, has come
under constant pressure from the adjacent areas of farmland, which surround the whole of the park.
The occurrence of bushfires is also common around the edge of the park, and human activities have
altered radically the natural fire patterns in the park, principally during the dry season, and in the areas
that border the farmland, pastures, and roads [68]. These fires do not impact the species composition
of the woody flora (see [69,70]), and in fact, the edge site of the park is more similar to the center sites
of the fragments than their edges, as shown in the dendrogram (Figure 5). However, fires destroy the
herbaceous vegetation and affect the corticolous lichen community, which colonizes the twisted trunks
of the trees of the Cerrado sensu stricto. Mistry et al. [71,72] and also Mistry and Berardi [73] showed
that fire is one of the principal determinants of the abundance and distribution of epiphytic lichen
communities in the Cerrado. This would account for the fact that the edge site of the park has a lower
mean lichen richness and percentage trunk cover than the center site. The mean cover at the edge of
the ENP was also less than that of the edge sites in the other fragments combined. The high degree of
impact observed at the edge of the park also reduced its diversity (H’) to levels similar to those found
in the unprotected areas.

The greater frequency of lichen morphotypes in the center of the fragments, as well as the absence
of morphotypes that are highly sensitive to disturbance from the edge areas, confirms our hypothesis
of the existence of edge effects provoked by pesticide drift from the adjacent farmland matrix, that is,
the edge areas are more affected than those more toward the center of the fragments. Edge effects have
already been confirmed in an ample range of animal and plant species (e.g., [74-76]) and in lichen
(e.g., [17,77]), although the present study is the first to provide evidence of edge effects in the lichen
morphotypes found in natural remnants of Cerrado vegetation.

The response of lichen to edge effects is clear from the local extinction of some morphotypes,
which become more restricted to habitats with low levels of disturbance [78]. Other morphotypes may
become less diverse and dominated by species that are more resistant to disturbed environments [79,80].
The lichen morphotypes most resistant to impacted environments are, in decreasing order, crustose >
foliose > fruticose > dimorphic > filamentous [81], which means that the presence and greater diversity
of fruticose and dimorphic lichen in the central area of the ENP indicate that this was the least impacted
of the study areas. In fact, this site is further from the edge than the central sites surveyed in the other
fragments, and would thus be less likely to be affected by pesticide drift from the farmland matrix.
However, we found a greater number of foliose than crustose morphotypes in two of the edge areas,
a similar result to Benitez et al. [49], who observed a greater number of foliose lichen in disturbed areas.

The foliose morphotype was the most frequent lichen in all the fragments surveyed. A similar
predominance of this morphotype has been recorded in other areas of Cerrado sensu stricto and in the
forests of southern Brazil (e.g., [82-85]). A pattern of competition between the foliose and crustose
morphotypes was observed in the edge areas of the fragments, with the foliose morphotypes being
more common where the crustose types were rarer, and vice versa. It thus seems likely that, when one
of these lichen morphotypes is established first, it spreads rapidly and hampers the colonization of the
other morphotype. Armstrong and Welch [86] showed that lichen species may be excluded from a
substrate through competition and that competitive interactions in diverse lichen communities can
lead to the establishment of stable species groups. Competition may also account for the fact that the
greater number of lichen morphotypes observed in the center of the ENP did not result in greater
richness or cover. In fact, lichens produce allelopathic compounds [87], primarily phenols, that inhibit
the establishment or development of other lichens (e.g., [88,89]), mosses (e.g., [90-92]), and even higher
plants (e.g., [93,94]).

In addition to environmental disturbance and allelopathic interactions, the structure of the
substrate may also influence the presence of corticolous lichen. For example, trees of a larger girth,
at both the edge and the center of the fragments, were richer in lichen morphotypes, and more acidic
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bark tended to have greater lichen cover. Similarly, more fissured bark appears to be less adequate
for the establishment and propagation of lichen morphotypes. Degtjarenko et al. [95] showed that
foliose lichen, in particular, prefer more acidic substrates, and a number of other studies have shown
a correlation between CBH and BF and the composition of the lichen found on the trunks [47,96,97].
However, Spier et al. [98] elucidated that, when analyzed alone, bark characteristics may not present a
significant effect on the composition of the lichen found on the trunk, and that the tree species may be
a more important factor.

In fact, when we evaluated the explanatory models for the patterns of total lichen morphotype
richness, the model that included only the tree species was the most plausible, but when the center
and edge were evaluated separately, this variable was associated with the pH in the center and CBH
+ pH at the edge. The model based on the variable Species was also the most appropriate model
for the lichen cover in the center of the fragments. Uliczka and Angelstam [99] demonstrated that
different lichen morphotypes presented a preference for different tree species in a study of 17 lichen
species in a boreal forest ecosystem, with six of these species occurring exclusively on the trunks of
Populus tremula. Variation in the frequency and abundance of lichens among different tree species
is probably at least partly due to characteristics such as the texture and chemical constitution of the
bark or environmental variables, such as illuminance, which may be influenced differentially by tree
species [100]. However, the model that included all the study variables best explained the variation
found in the total lichen cover at the edge sites, which implies that all these variables are important,
to some degree, as determinants of the percentage cover of the trunks.

Despite the selective pressures known to be exerted by environmental and substrate variables on
the lichen community, the present study is the first to confirm the role of edge effects on the occurrence
of the different lichen morphotypes found in the remnants of the natural vegetation of the Cerrado
biome. The study has also shown how this edge effect reflects the impacts of pesticide drift from the
farmland matrix on the lichen found in these fragments. We believe that the high sensitivity of lichens
to pollutants determines that they respond differently to edge effects, even in very small fragments of
vegetation. The present study has thus provided important insights for future research that tests how
lichens respond to edge effects in fragments of different sizes.

5. Conclusions

Dimorphic lichen and a greater frequency of fruticose lichen were found at the center of the ENP,
which indicates that protected areas are important for the preservation of the lichen communities
that are more sensitive to the impacts resulting from pesticide drift in areas of edge habitat. In the
fragments, the central areas were richer in corticolous lichen morphotypes and the trunks had greater
lichen cover, which indicates that these areas are more stable. We also confirmed that the lichen
richness and cover may be influenced by phytosociological factors, such as the tree girth, the fissuring
of the bark, and its pH. We also confirmed that the intrinsic characteristics of the tree species may
influence lichen colonization patterns and the distribution of the morphotypes on the stem of the host.
We confirmed our hypothesis that the agricultural matrix affects the characteristics of the corticolous
lichen community through pesticide drift, which modifies both the composition and diversity of the
lichen in areas of edge habitat. However, given the importance of the lichen for the monitoring of
ecosystems and the evaluation of impacts on other species, further studies are needed to determine the
effects of the agricultural matrix on groups such as the microbial communities or the higher plants,
which may also be impacted directly by agricultural pollutants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/17/7149/s1,
Table S1: Frequency of plant species sampled in the center and edge (E) sites in the three Cerrado fragments
(Cerradao—CER, Seasonal Semideciduous Forest—SSF, and Cerrado sensu stricto—SSC) and the Emas National
Park—ENP, in Southwestern Goias, central Brazil. Table S2. Mean values of the CBH = Circumference at breast
height; H = height; pH = pH of the bark; TC = Total Chlorophyll; BF = Bark fissures, and Lum = Illuminance,
recorded in the center and edge of three fragments, Cerradao (CER), Seasonal Semi-deciduous Forest (SSF),
and Cerrado sensu stricto (SSC), and the Emas National Park (ENP).
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