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Abstract. Foliicolous lichens grow on the surface of alive leaves of vascular plants and are highly diverse
in tropical habitats. Their taxonomy and ecology are relatively well known; however, there are no studies
on the within-individual variation in the diversity and composition of the communities growing on single
leaves. We describe the diversity of foliicolous lichens associated with leaves of Stenanona flagelliflora
(Annonaceae) of different sizes and within-canopy position at Los Tuxtlas, Veracruz, Mexico. Species
composition, richness, cover, and the Shannon-Wiener diversity index of the lichen communities growing
on each leaf were determined. The community of foliicolous lichens associated with S. flagelliflora is
highly diverse: 94 foliicolous lichen species from 12 families were recorded. Porina karnatakensis
(Porinaceae) was the dominant species across leaves at different positions. Species richness, lichen cover,
and diversity index were not significantly affected by leaf area nor by leaf position, but both of these
factors influenced community composition. We discuss the importance of within-phorophyte
microclimate variation, competitive interactions, and environmental requirements of each lichen species
as the main drivers of the differences found in the assemblage of lichens. More studies on the factors that
determine the diversity of the communities of organisms within the phylloplane are needed.

Keywords: phylloplane, phyllosphere, Shannon-Wiener diversity index, Sorensen similarity index,
species composition, species richness — area relationship

Introduction

Plant leaves are a harsh habitat exposed to diverse sources of environmental stress
(Lindow and Brandl, 2003). Leaves are an ephemeral habitat exposed to UV radiation,
desiccation, rainfall, nutrient limitation, and frequent fluctuations in temperature and
relative humidity (Gomes et al., 2018; Hirano and Upper, 2000; Lindow and Brandl,
2003; Thapa and Prasanna, 2018). In spite of this, numerous epiphyte microorganisms
such as bacteria, fungi, protozoa, yeasts, algae, and nematodes (Lindow and Brandl,
2003; Thapa and Prasanna, 2018), as well as foliicolous lichens (Licking, 2001;
Licking and Céceres, 2002) colonize and establish successfully on the phylloplane.

Diverse studies have documented the existence of spatial variation in the communities of
phylloplane organisms within the phorophyte and the factors that might explain such
variation. These studies have shown that the diversity, abundance, and composition of
phylloplane bacteria, fungi, and yeast communities vary within a single host according to
canopy position (Andrews et al., 1980; Carroll, 1979; Harrison et al., 2016; Hermann et al.,
2021; 1zuno et al., 2016; Laforest-Lapointe et al., 2016; Leff et al., 2015; Nguyen, 2017;
Stone and Jackson, 2019), leaf age, leaf region (Carroll, 1979) tissue and organ type (Leff et
al., 2015), leaf orientation (Andrews et al., 1980; Nguyen, 2017), and microclimate
(temperature, vapor pressure deficit, humidity and precipitation; Al-Ashhab et al., 2021).
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In contrast, only one study has documented the existence of within-individual variation
in the diversity of the communities of foliicolous lichens (Sipman, 1997). This study
shows that lichen diversity decreases from the top to the bottom part of the phorophyte,
such that the lowest lichen diversity is found in the most shaded region of the phorophyte.
This pattern of vertical variation on the diversity of foliicolous lichens was explained by
the differential incidence of light along the phorophyte (Sipman, 1997).

In this study, we describe the intra-individual variation in the diversity and
composition of the communities of foliicolous lichens associated with the phorophyte
Stenanona flagelliflora T. Wendt & G. E. Schatz (Annonaceae). Particularly, we were
interested in finding out if the communities of lichens vary as a function of leaf area and
leaf position within the phorophyte. We hypothesized that: i) the diversity of lichens will
increase with leaf area, as it has been demonstrated for numerous groups of organisms
(Brunet and Medellin, 2001; Feinstein and Blackwood, 2012; Flores-Palacios and Garcia-
Franco, 2006; Kohn and Walsh, 1994; L6fgren and Jerling, 2002; Lyons et al., 2010), and
i) the composition, abundance and diversity of the communities of lichens will vary
across leaves with different positions within an individual phorophyte as it has been
documented for different groups of organisms within the phylloplane (Andrews et al.,
1980; Carroll, 1979; Harrison et al., 2016; Hermann et al., 2021; lzuno et al., 2016;
Laforest-Lapointe et al., 2016; Leff et al., 2015; Nguyen, 2017; Sipman, 1997).

Methods
Phorophyte species

Stenanona flagelliflora (Annonaceae) is a tree of 1-4.5 m in height, that produces
inflorescences on specialized branches (i.e., flagelliflorous) with up to 3 m in length on
the surface of the ground. Leaves are membranaceous, bright medium glossy green
above and paler beneath when fresh, elliptic, 9-18 cm in length and 2.6-6.5 cm width,
getting narrower towards the tip (Schatz and Wendt, 2004). Stenanona flagelliflora has
been recorded in the southern part of the Uxpanapa region of extreme southern
Veracruz and the adjacent part of the Chimalapa region on eastern Oaxaca (Schatz and
Wendt, 2004). A population at Los Tuxtlas, Veracruz, where the present study took
place, has also been recorded (Xicohténcatl-Lara et al., 2016).

Study site

The study took place at the Los Tuxtlas Biosphere Reserve, in the Lic. Adolfo Lépez
Mateos locality (18°26°19.60”N, 94°57°53.16”; 219 m a.s.l.; Morteo, 2011), in the State
of Veracruz, Mexico (Fig. 1). Vegetation at the locality is an evergreen rainforest
(Miranda and Hernandez, 1963). Climate is hot and humid, with an average annual
temperature of 22-26 °C (Cruz, 2009) and a mean annual precipitation of 2000-
2500 mm (Cruz, 2009; Guevara et al., 1999).

The community of foliicolous lichens associated with Stenanona flagelliflora

In March 2013, we collected 63 leaves from 12 individuals of Stenanona flagelliflora
[Annonaceae; 1-7 leaves per individual plant, depending upon the availability of leaves
without (or very low) damage by herbivores]. Although leaves were collected on a
specific time of the year, community patterns of foliicolous lichens might be similar at
other times because: (i) the lifespan of leaves in tropical forests is between 1-3 years;
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(it) within few months after their establishment, foliicolous lichens reproduce assuring
their prevalence in the habitat (Licking 2008a); (iii) Stenanona flagelliflora is a
perennial plant, its leaves are available for colonization throughout the year. We chose
S. flagelliflora to conduct the study because most of the foliar surface is covered by
foliicolous lichens and because it has a relatively short height [1-4.5 m according with
Schatz and Wendt (2004); but a maximum of 2.2 m in the sampled population), which
facilitates the collection of leaves at different heights within each individual. At the
locality of study, the species is distributed close to the edge of the forest, but where a
canopy layer is well developed. Leaves were collected from individual phorophytes
selected randomly but at a distance of 1.5-2 m from each other. In order to have
represented foliicolous species from different positions within the phorophyte, leaves
were collected from the top (>150 cm in height; N =21), base (<70 cm in height;
N =21) and middle (70 — 150 cm in height; N = 21) regions of each individual plant.
Collected leaves were pressed and dried using standard herbarization procedures.
Specimens were deposited in the Lichen collection of the Biological Sciences
Department at Autonomous University of Puebla. Identification of the foliicolous lichen
species growing on the adaxial surface of each leaf was conducted under a NIKON
SMZ645 stereoscopic microscope. Species identification at the lowest taxonomic level
was conducted using Lucking and Céceres (2002) guide and Lucking (2008b).
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Figure 1. Location of the area of study

Lichen abundance was estimated as the area covered by each lichen species within
each leaf (L6hmus and L6hmus, 2001). To do this, dry leaves were scanned in a HP
Scanjet G2410 at 300 pixels per inch. Then, using the free software ImageJ (Rasband,
1997-2018), we determined the total area covered by each lichen species within each
leaf as well as the total area of each collected leaf. Shannon-Wiener (H”) diversity index
was estimated as H> =-2 pi In pi, where pi is the relative cover of each foliicolous
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species in relation to the total cover of foliicolous lichens growing on each leaf
(Léhmus and Ldhmus, 2001). The importance of leaf position (i.e., top, middle, and
base) on species richness and relative lichen cover were analyzed with one-way
ANOVA tests. Species richness was transformed logarithmically, whereas relative
lichen cover was transformed as arcsine (p)” (Zar, 2010). The effect of leaf position on
the diversity index was tested with a non-parametric Kruskal-Wallis analysis. Finally,
Spearman correlation analyses were used to test the relationship between leaf area and
the community parameters estimated (species richness, relative lichen cover, and
diversity index). Analyses were conducted in PAST v. 2.17 (Hammer et al., 2001).

Rank-abundance curves (James and Rathbun, 1981) were constructed to compare the
dominant foliicolous lichen species among leaves with different positions. Relative
abundance was estimated as ni/N, where n; = relative cover of the ith foliicolous lichen
species, and N = relative cover from all the lichen species including all leaf positions.
Relative abundance was plotted on a logio scale against the rank from the most to the
least common species.

Differences in species composition among leaves of different size and position were
analyzed with two ordination methods. Using a matrix of species relative cover on each
collected leaf, we first conducted a non-metric multidimensional scale (NMDS) analysis
to determine if the communities of foliicolous lichens grouped together according with
leaf position. The NMDS analysis is widely used in community studies (Arcos-Pulido
and Gémez-Prieto, 2006; Ruiz-Pineda et al., 2016). The stress value obtained in the
analysis is a measure of fit of the similarity among samples in the two-dimensional
space (Clarke et al., 2014). In addition, an analysis of similarities (ANOSIM) was
conducted. The ANOSIM test shows the existence of differences among groups
according to the value of the statistic R. If R =1 there is low similarity among groups,
whereas if R = 0, the groups are rather similar (Clarke et al., 2014). The NMDS analysis
was conducted using the Bray-Curtis similarity index and the foliicolous lichen species
collected in at least five sampled leaves. The analysis was performed in the program
PAST v. 4.03 (Hammer et al., 2001). In addition, we conducted two canonical
correspondence analyses (CCA) to evaluate the effects of both leaf area and leaf
position on the composition of the communities of foliicolous lichens. Leaves collected
in different positions were classified as 1 for those collected on the base, 2 on the
middle, and 3 when they were collected from the top part of the tree. A first CCA
analysis was conducted at the species level (using relative cover data of the lichen
species found in at least five sampled leaves), whereas the second one was conducted at
the family level (using relative cover data pooled across all lichen species within each
family). CCA analyses were conducted in the software MVSP v. 3.21 (Kovach, 2004).

Results
The community of foliicolous lichens

A total of 94 foliicolous lichen taxa were identified growing on the adaxial surface of
the leaves of Stenanona flagelliflora (Table 1; Fig. 2). Most taxa (90, 95.7%) were
identified to the genus (51 species, 54.3%) or the species level (39 species, 41.5%). The
remaining 4 taxa (4.3%) were distinguished only as morphospecies, determination at
family level was not even possible for them. Porinaceae was the richest family (41
species, 43.6%; Table 1). The other 11 families were represented by 1-8 foliicolous
lichen species: Gomphillaceae (8), Arthoniaceae, Pilocarpaceae, Roccellaceae (7
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species each), Strigulaceae (6), Microthelipsidaceae (4), Coenogoniaceae,
Lyrommataceae (3 species each), Monoblastiaceae (2), Ramalinaceae, and
Thelotremataceae (1 species each; Table 1; Fig. 2). Three species, Coenogonium luteum
(Dicks.) Kalb & Lucking, Trichotelium pauciseptatum Vézda, and Strigula obducta
(Mull. Arg.) R.C. Harris represent new records for Mexico.

Table 1. List of foliicolous lichens growing on the adaxial surface of the leaves of Stenanona
flagelliflora (Annonaceae) at Los Tuxtlas, Veracruz, Mexico. Relative cover (mean + s.e.)
across the 63 sampled leaves of Stenanona flagelliflora and number of leaves with different
position on which each lichen species was registered are shown

Fam!ly Lichen cover (%) | Top | Middle | Base
Species
Arthoniaceae
Arthonia accolens Stirt. 0.46 +0.3 1 3 3
Arthonia lecythidicola (Bat. & H. Maia) Liicking & Sérus 1.75+0.88 1 3 3
Arthonia sp. 1 2.15+£091 8 9 10
Arthonia sp. 2 0.05+£0.04 1 1 0
Arthonia sp. 3 0.098 + 0.098 1 0 0
Arthonia sp. 4 0.012 £ 0.012 1 0 0
Arthonia sp. 5 0.25+£0.2 0 3 0
Coenogoniaceae
Coenogonium luteum (Dicks.) Kalb & Liicking 0.92£0.92 1 0 0
Coenogonium sp. 1 2.63+1.6 3 2 5
Coenogonium sp. 2 0.73+0.73 0 1
Gomphillaceae
Aulaxina microphana (Vain.) R. Sant. 0.024 + 0.017 0 0 2
Aulaxina sp. 1 0.31+0.16 6 6 4
Aulaxina sp. 2 0.001 + 0.001 1 0 0
Gyalectidium filicinum Mull. Arg. 0.04 +0.03 1 1 0
Gyalectidium sp. 1 0.003 £ 0.002 0 0 2
Gyalectidium sp. 2 0.009 £ 0.009 1 0 0
Tricharia sp. 1 0.002 + 0.001 0 2 0
Tricharia sp. 2 0.001 + 0.001 1 0 0
Lyrommataceae
Lyromma nectandrae Bat. & H. Maia 0.01+£0.01 0 1 0
Lyromma sp. 1 0.22+0.15 0 1 3
Lyromma sp. 2 0.22+0.22 0 0 1
Microthelipsidaceae
Microtheliopsis sp. 1 0.41+0.25 1 1 3
Microtheliopsis sp. 2 02+0.2 0 0 1
Microtheliopsis uleana Mill. Arg. 0.24+0.14 0 3 1
Microtheliopsis uniseptata Herrera-Campos & Liicking 1.18+1.18 0 0 1
Monoblastiaceae
Anisomeridium foliicola R. Sant. &Tibell 0.065 * 0.065 1 0 0
Anisomeridium sp. 1 0.89+0.89 0 0 1
Not determined family
Sp. 1 8.53+2.66 13 12 13
Sp. 2 0.64 + 0.64 1 0 0
Sp. 3 1.79+124 2 3 5
Sp. 4 0.69 +0.63 1 0 2
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Table 1. Continued

gam!ly Lichen cover (%) | Top | Middle | Base
pecies
Pilocarpaceae
Bapalmuia sp. 1 0.24 +0.22 0 1 1
Byssolecania fumosonigricans (Mill. Arg.) R. Sant. 0.26 +0.16 1 2 0
Byssolecania sp. 1 0.87 +0.87 0 1 0
Byssoloma sp. 1 195+1.35 1 2 1
Calopadia sp. 1 1.45+1.13 0 0 2
Lasioloma sp. 1 0.04 £0.04 0 1 0
Sporopodium sp. 1 0.18£0.17 1 0 0
Porinaceae
Porina alba (R. Sant.) Liicking 444 +231 9 10 7
Porina atrocoerulea Mill. Arg. 0.11£0.07 2 0 2
Porina atropunctata Liicking & Vezda 0.61+0.61 0 0 1
Porina epiphylla (Fée) Fée 2.65+1.56 4 10 2
Porina karnatakensis Makhija, Adawadkar & Patwardhan 51.82+4.48 18 20 20
Porina limbulata (Kremp.) Vain. 0.02+£0.01 0 2 0
Porina monocarpa (Kremp.) F. Schill. 0.02 £0.02 1 0 0
Porina nitidula Mill. Arg. 0.04 £ 0.04 1 0 0
Porina octomera (Mill. Arg.) F. Schil 0.07 £0.04 3 1 1
Porina rubentior (Stirt.) Mull. Arg. 232047 14 18 13
Porina rubescens (Licking) Hafellner & Kalb 0.04 £0.03 3 0 1
Porina rufula (Kremp.) Vain. 0.04 £ 0.03 2 0 0
Porina sp. 1 1.19+1.04 2 2 1
Porina sp. 2 0.02 £0.02 0 1 0
Porina sp. 3 0.11+0.11 0 1 0
Porina sp. 4 0.19+£0.19 1 0 0
Porina sp. 5 0.05+0.05 1 0 0
Porina sp. 6 0.06 £ 0.06 1 0 0
Porina sp. 7 0.04 £0.04 1 0 0
Porina sp. 8 0.02 £ 0.02 1 0 0
Porina sp. 9 0.003 + 0.003 0 1 0
Porina sp. 10 0.002 + 0.002 1 0 0
Porina sp. 11 0.1 +0.096 0 2 1
Porina sp. 12 0.006 + 0.006 0 1 0
Porina sp. 13 0.06 + 0.06 0 1 0
Porina sp. 14 0.34+£0.22 2 0 1
Porina sp. 15 0.04 £0.04 1 0 0
Porina sp. 16 0.002 + 0.002 0 1 0
Porina sp. 17 0.03+0.03 1 0 0
Porina tetramera (Malme) R. Sant. 211+1.03 5 8 5
Trichothelium epiphyllum Mdll. Arg. 0.33+0.17 3 4 5
Trichothelium intermedium Herrera-Campos & Liicking 0.01+0.01 1 0 0
Trichothelium longisporum Liicking 0.009 + 0.009 1 0 0
Trichothelium minus Vain. 0.07+£0.04 3 2 0
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Table 1. Continued

g;g:g Lichen cover (%) | Top | Middle | Base
Trichothelium mirum Licking 0.1+0.04 7 4 2
Trichothelium pallidesetum Liicking 0.004 + 0.004 1 0 0
Trichothelium pauciseptatum Vézda 0.09+£0.04 1 4 1
Trichothelium sp. 1 0.16 £ 0.06 4 5 6
Trichothelium sp. 2 0.04 £ 0.03 0 0 2
Trichothelium sp. 3 0.01+0.01 1 0 0
Trichothelium sp. 4 0.009 + 0.009 1 0 0
Ramalinaceae
Bacidina sp. 1 0.005 £ 0.004 0 1 1
Roccellaceae
Enterographa sp. 1 0.01+0.01 1 0 0
Mazosia melanopthalma (Mill. Arg.) R. Sant. 0.29+£0.21 4 2 2
Mazosia phyllosema (Nyl.) Zahlbr. 0.02 £0.02 1 0 0
Mazosia rotula (Mont.) A. Massal. 0.14 £0.06 5 2 4
Mazosia sp. 1 0.05+£0.03 1 3 2
Mazosia sp. 2 0.03+£0.03 1 0 0
Opegrapha sp. 1 0.12£0.05 0 3 5
Strigulaceae
Phyllobathelium firmum (Stirt.) Vézda 0.02 £ 0.02 1 0 0
Phyllobathelium sp. 1 0.01+0.01 1 0 0
Strigula nitidula Mont. 0.18 +0.09 1 1 4
Strigula obducta (Mdll. Arg.) R.C. Harris 0.44 +0.27 2 0 1
Strigula phyllogena (Mill. Arg.) R.C. Harris 0.35+0.21 1 2 1
Strigula platypoda (Mull. Arg.) R.C. Harris 1.46 + 0.66 2 3 3
Thelotremataceae
Chroodiscus coccineus (Leight.) Mll. Arg. 0.006 + 0.006 1 0 0

A single leaf of S. flagelliflora had a mean area of 44.99 + 2.01 cm? (range: 19.82—
94.26 cm?) and supported a community of 7.94 + s.e. 0.44 species of foliicolous lichens
(range: 1-17 species) in average. Likewise, mean lichen cover on a single leaf was
11.75 + 0.81 cm? (range: 0.04-30.5 cm?). Mean diversity index on the leaves of S.
flagelliflora was 0.83 £ 0.06. The highest diversity index across all sampled leaves was
1.89; whereas the lowest one was 0, on a leaf on which a single lichen species was
growing.

Frequency of each foliicolous lichen species on the sampled leaves of S. flagelliflora
was highly variable (range: 1-58 leaves). Porina karnatakensis Makhija, Adawadkar &
Patwardhan (Porinaceae) was the most frequent species, being identified in 92.1% of
the leaves. Other species with high frequency were P. rubentior (Stirt.) Mill. Arg. (45
leaves, 71.43%), P. alba (R. Sant.) Lucking (Porinaceae) (26 leaves, 41.27%), Arthonia
sp. 1 (Arthoniaceae) (27 leaves, 42.86%), and the unidentified morphospecies 1 (38
leaves, 60.32%). In contrast, 45 species were present in only one out of the 63 leaves
sampled (Table 1).
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Figure 2. Foliicolous lichens growing on the leaves of Stenanona flagelliflora. (A) The
community of foliicolous lichens on a single leaf. Scale bar = 5 cm. (B) Anisomeridium foliicola
(Monablastiaceae), (C) Arthonia lecythidicola (Arthoniaceae), (D) Gyalectidium filicinum
(Gomphillaceae), (E) Mazosia melanopthalma (Roccellaceae), (F) Mazosia rotula
(Roccellaceae), (G) Microtheliopsis uniseptata (Microthelipsidaceae), (H) Phyllobathelium
firmum (Strigulaceae), (1) Porina alba (Porinaceae), (J) Porina epiphylla (Porinaceae), (K)
Porina karnatakensis (Porinaceae), (L) Porina rubentior (Porinaceae), (M) Trichothelium
epiphyllum (Porinaceae). B-M photographs were taken with a microscope Nikon DXM 1200

Mean relative cover of lichen species per leaf varied between 0.001 + 0.001% and
51.82 £ 4.48% (Table 1). Lichen species with the highest relative cover per leaf were
Porina karnatakensis (51.82 + 4.48%), the unidentified morphospecies 1
(8.53 £ 2.66%), P. alba (4.44 +£2.31%), P. epiphylla (Fée) Fée (2.65 * 1.56%),
Coenogonium sp. 1 (2.63 £1.6%), P. rubentior (2.32 £0.47%), Arthonia sp. 1
(2.15 £ 0.91%), and P. tetramera (Malme) R. Sant. (2.11 + 1.03%; Table 1). In

contrast, Tricharia sp. 2, and Aulaxina sp. 2 had the lowest relative cover per leaf
(<0.0016%).
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Effect of leaf area and leaf position on the community of foliicolous lichens

Overall, top leaves were colonized by a total of 66 foliicolous lichen species;
whereas middle and basal leaves represented a substrate for 48 and 47 species,
respectively (Table 1). Leaf-area was not significantly different among leaves from
different positions (base: 44.71 + 3.16 cm?, middle: 49.02 + 3.74 cm?, top: 41.25 =+
3.49cm? F260=1.26, P = 0.291).

Relative cover of foliicolous lichens in top, middle, and basal leaves was 24.5 +
3.3%, 30.78 + 2.22%, and 25.5 + 3.21%, respectively. Rank-cover curves showed a
strong dominance of a few foliicolous lichen species within the communities growing
on leaves from all positions (Fig. 3). Porina karnatakensis was the most dominant
(Fig. 3) and frequent species in leaves of all positions (top: 18 leaves, middle and basal:
20 leaves each). Moreover, P. karnatakensis had the highest relative cover across all
leaf positions (top: 14.8 £ 0.03%, middle: 20.3 + 0.03%, basal: 12.8 + 0.03%). Leaf
position did not have a significant effect on the relative cover of P. karnatakensis (F2,
60 = 2.4, P =0.099). The unidentified morphospecies 1 was the second and third
dominant species in leaves of all positions; whereas P. alba was the third and second
dominant species in middle and top leaves. Coenogonium sp. 1 was the third most
dominant species on basal leaves. In contrast, 42 (63.64%), 17 (35.42%), and 18
(38.3%) species were found in only one top, middle, and basal leaf, respectively. In top
leaves, Tricharia sp. 2, and Aulaxina sp. 2 had the lowest mean relative cover per leaf
(<0.01 cm?, <0.005%). Likewise, Porina octomera (Mull. Arg.) F. Schil in middle
leaves, as well as Bacidina sp. 1 and Porina sp. 14 in basal leaves, had the lowest mean
relative cover per leaf (<0.004%).

-~ Top
-o-Middle
—+Basal

.....
tttttt

Log1o(Relative cover)

Species rank

Figure 3. Mean relative cover-rank curve of the foliicolous lichen species recorded in top,
middle, and basal leaves of Stenanona flagelliflora. Relative cover is plotted on a logio scale
and the horizontal axis corresponds to the rank from the most to the less common species
(James and Rathbun, 1981). Black symbols correspond to the cover of Porina karnatakensis
(Porinaceae)

Lichen species richness, relative cover, and the Shannon-Wiener diversity index did
not differ significantly among leaves with different position (Table 2). Likewise, none
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of the three variables were significantly affected by leaf area (Species richness:
rs=0.215, df=63, P =0.09; lichen cover: rs=-0.16, df =63, P =0.21; diversity:
rs = 0.047, df = 63, P = 0.714).

Table 2. Species richness, relative cover, and Shannon-Wiener diversity index (mean #s.e.)
of the communities of foliicolous lichens associated to Stenanona flagelliflora leaves with
different position. Results of statistical tests (ANOVA for species richness and relative cover;
and Kruskal-Wallis for diversity) are shown. n = 63 leaves (21 from each position)

Leaf position

Community parameter Statistical results

Base Middle Top
Species richness 7.57 £0.65 8.24+0.71 8.0 +2.56 F260=0.18, P =0.83
Relative cover (%) 255+3.21 30.78 £2.22 245+33 |F260=1.672,P=0.197
Shannon diversity index | 0.888 +0.102 0.825 + 0.09 0.802+0.37 | H>=0.51,P =0.774

The communities of foliicolous lichens associated with leaves on different
positions within the plant were fairly similar. The communities of middle and basal
leaves had a similarity index of 67.37%. Similarity index between the communities of
lichens on top and middle leaves was 52.63%, whereas between top and basal leaves it
was 54.87%. Out of the 94 lichen species distinguished, 26 (27.6%) were recorded in
all leaf positions (Table 1). In contrast, 31 (33% out of the total; 47% from the species
recorded in top leaves), 12 (12.8% out of the total; 25% from the species recorded in
the middle position), and 10 (10.6% out of the total; 21.3% from the species observed
on basal leaves) taxa were unique to top, middle, and basal leaves, respectively
(Table 1).

Porinaceae was the richest family at all leaf positions (top: 31; middle: 20; base: 17).
Out of the 12 families of foliicolous lichens identified across all leaves, 10 were
registered on top and middle leaves, and 11 in basal leaves. Species from the
Lyrommataceae and Ramalinaceae families were not observed on top leaves (Table 1).
Likewise, taxa from the Monoblastiaceae were not recorded in leaves from middle
positions; whereas Thelotremataceae was not found in both middle and basal leaves. All
other families were found in leaves from all positions (range: 1-6 lichen species per
family; Table 1).

The stress value obtained in the NMDS analysis was 0.1091, indicating that the
ordination is adequate for interpretation (Clarke et al., 2014). Results from the NMDS
show that there is not a clear grouping of the communities of foliicolous lichens
according with leaf position (Fig. 4). Results of the ANOSIM confirmed the lack of
significant differences among lichen communities collected on leaves with different
position (R = 0.026; P = 0.067).

At the species level, the CCA analysis showed that axes 1 and 2 explained 52.3% and
33.1% of the total variation on lichen cover, respectively. Most of the lichen species
were not associated with either leaf area or leaf position. However, M. melanopthalma,
P. tetramera, P alba, P. octomera, M. rotula, and P rubentior showed some association
with leaf position, in a gradient that goes from the top to the basal leaves within the tree
(Fig. 5A). At the family level, axis 1 and 2 explained 46.1% and 19.7% respectively, of
the total variation in lichen cover. Strigulaceae showed an association with small leaves
(Fig. 5B). Porinaceae, Roccellaceae, and Thelotremataceae were associated with leaf
position (from the base towards the top, respectively; Fig. 5B).
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Figure 4. Non-metric multidimensional scaling (NMDS) scatterplot of the communities of
foliicolous lichens growing on leaves with different position within the phorophyte Stenanona
flagelliflora

Discussion

Our results showed that Stenanona flagelliflora supports a community of foliicolous
lichens characterized by its high species richness and high dominance. Previous studies
at Los Tuxtlas have recorded between 157 and 191 species of foliicolous lichen species
(Béarcenas-Pefia, 2007; Martinez-Colin, 2016). Accordingly, Stenanona flagelliflora
supports between 32.6% and 59.8% of the total richness of foliicolous lichens recorded
at the locality.

In contrast, species richness on a single leaf of S. flagelliflora was rather poor (1-17
species). Other studies have recorded a species richness of between 30 and 81 species
per leaf (Lucking, 1995, 2008b; Licking and Bernecker-Lucking, 2002; Liicking and
Matzer, 2001). Thus, although S. flagelliflora supports a relatively rich community of
foliicolous lichens, only 1 to 18% of the complete community is represented on each
leaf. This suggests that there is a high variation in the composition of foliicolous lichens
within each leaf (Lucking, 1995).

Leaf position and leaf area did not affect species richness, abundance (estimated as
relative lichen cover) and diversity of the communities of foliicolous lichens, but they
did have important effects on species composition. Likewise, the effect of leaf position
on species composition has been documented for communities of other microorganisms
of the phylloplane (Harrison et al., 2016; Hermann et al., 2021; Izuno et al., 2016;
Laforest-Lapointe et al., 2016; Leff et al., 2015; Nguyen, 2017; Stone and Jackson,
2019). Vertical variation in species composition within a single tree might be
determined by microclimate factors that influence the colonization and establishment of
each species (Leff et al., 2015). Particularly, the colonization and establishment of
lichens are influenced by fluctuations in UV radiation, desiccation, rainfall, nutrient
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limitation, temperature and relative humidity (Gomes et al., 2018; Hirano and Upper,
2000; Lindow and Brandl, 2003; Thapa and Prasanna, 2018) commonly experienced by
leaves (and the phylloplane communities on them; Licking, 1998, 1999). Moreover,
colonization and establishment of lichens on leaves might be determined by the
dispersion patterns of each species (Stone and Jackson, 2019), leaf structure (Llcking,
1998, 1999); leaf age (Carroll, 1979) and the successional processes associated with it;
interactions with other microorganisms, leaf orientation (Andrews et al., 1980; Nguyen,
2017), and horizontal intra-phorophyte position (Andrews et al., 1980; Stone and
Jackson, 2019). Although S. flagelliflora is a short tree, vertical microclimate
differences seem to explain the differences in species composition of foliicolous lichens
among leaves. Undoubtedly, detailed studies at a small spatial scale are needed in order
to determine the relative importance of each factor on the composition of the
communities of foliicolous lichens.
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Figure 5. Canonical correspondence analyses on the relative cover of foliicolous lichens in
response to leaf area and leaf position (1 = base, 2 = middle, 3 = top) within individual plants
of the phorophyte Stenanona flagelliflora. (A) Analysis at the species level, using the foliicolous
species recorded in at least five leaves; (B) analysis at the family level
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Finally, three not mutually exclusive phenomena might explain the lack of
significant effects of leaf position and leaf area on species richness, abundance, and
diversity of foliicolous lichens. First, there might be a low microclimate variation across
a short plant inhabiting the understory as S. flagelliflora, whose maximum height at the
study site is 2.2 m. Significant vertical variation in communities of bacteria, fungi,
microorganisms, and lichens of the phylloplane has been documented in phorophytes of
between 4 - 108 m in height (Andrews et al., 1980; Carroll, 1979; Harrison et al., 2016;
Hermann et al., 2021; Izuno et al., 2016; Leff et al., 2015; Nguyen, 2017; Sipman, 1997,
Stone and Jackson, 2019). Second, S. flagelliflora leaf size (14.2 - 94.3 cm?) might be
too small to provide sufficient habitat heterogeneity that favors the establishment of a
high number of species (Connor and McCoy, 2001; Kohn and Walsh, 1994). Last, the
community dynamics within a single leaf (colonization and extinction) might be
regulated by competitive interactions (Lindow and Brandl, 2003). In the leaves of S.
flagelliflora, the communities of foliicolous lichens are strongly dominated by a few
species (i.e., strong competitors), which might prevent the establishment of others (i.e.,
weaker competitors). Particularly, small leaf size and the existence of competitive
interactions might be important in determining a not significant species richness-leaf
area relationship in small-sized organisms such as molds, yeasts (Andrews et al., 1987),
liverworts (Aranda et al., 2014), bryophytes (Kimmerer and Driscoll, 2000; Aranda et
al., 2014), fungi (Kinkel et al., 1987; Feinstein and Blackwood, 2012), bacterioplankton
(Logue et al., 2012), and foliicolous lichens (this study).

Conclusion

The leaves of Stenanona flagelliflora host a highly diverse community of lichens,
whose richness, abundance (estimated as relative lichen cover) and diversity are not
determined by both leaf area and leaf position. Instead, community composition seems
to be associated with both of those factors. These patterns seem to be explained by the
existence of microclimate variation within the canopy of S. flagelliflora, strong
competitive interactions regulated by the dominant species within the communities, and
particular environmental requirements needed for the colonization and establishment of
each lichen species. Undoubtedly, more studies on the importance of organisms within
the phylloplane and the factors that determine their diversity are needed.

Acknowledgments. We thank to the community of Lic. Adolfo Lopez Mateos for allowing us to conduct
this study in their locality, especially Mr. Israel Medina Mena and Mr. Antonio Mena Velazco. L.
Xicohténcatl-Lara helped during the collection of leaves. P. Martinez-Colin and A. Aptroot were very
helpful identifying the foliicolous lichen species. Equipment for lichen photographs was provided by A.
Burgos. U. Campos-Pineda and I. L. Castillo-Sanchez were very supportive scanning the leaves and
estimating lichen cover.

REFERENCES

[1] Al-Ashhab, A., Meshner, S., Alexander-Shani, R., Dimerets, H., Brandwein, M., Bar-
Lavan, Y., Winters, G. (2021): Temporal and spatial changes in phyllosphere microbiome
of acacia trees growing in super arid environments. — Frontiers in Microbiology 12:
656269.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(4):3057-3072.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2004_30573072
© 2022, ALOKI Kft., Budapest, Hungary



(2]

(3]

[4]

[5]

(6]

[7]
(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

(18]

[19]

[20]

Figueroa-Castro — Pérez-Pérez: Foliicolous lichens associated with Stenanona flagelliflora
- 3070 -

Andrews, J. H., Kenerley, C. M., Nordheim, E. V. (1980): Positional variation in
phylloplane microbial populations within an apple tree canopy. — Microbial Ecology 6:
71-84.

Andrews, J. H., Kinkel, L. L., Berbee, F. M., Nordheim, E. V. (1987): Fungi, leaves, and
the theory of island biogeography. — Microbial Ecology 14: 277-290.

Aranda, S. C., Gabriel, R., Borges, P. A. V., Santos, A. M. C., Brito de Azevedo, E.,
Patifio, J., Hortal, J., Lobo, J. M. (2014): Geographical, temporal and environmental
determinants of bryophyte species richness in the Macaronesian islands. — PLoS One 9:
e101786.

Arcos-Pulido, M. P., Gbmez-Prieto, A. C. (2006): Microlgas perifiticas como indicadoras
del estado de las aguas de un humedal urbano: Jaboque, Bogota D. C., Colombia. — Nova
4: 60-79.

Barcenas-Pefia, A. (2007): Comparacion de la zonacién altitudinal de los liquenes
foliicolas de los volcanes San Martin Tuxtla y Santa Marta, Veracruz, México. — M.Sc.
Thesis, Universidad Nacional Auténoma de México, Mexico.

Brunet, A. K., Medellin, R. A. (2001): The species-area relationship in bat assemblage of
tropical caves. — Journal of Mammalogy 82: 114-1122.

Carroll, G. C. (1979): Needle microepiphytes in a Douglas fir canopy: biomass and
distribution patterns. — Canadian Journal of Botany 57: 1000-1007.

Clarke, K. R., Gorley, R. N., Somerfield, P. J., Warwick, R. M. (2014): Change in Marine
Communities: An Approach to Statistical Analysis and Interpretation. — Primer-e,
Plymouth.

Connor, E. F., McCoy, E. D. (2001): Species - Area Relationships. — In: Levin, S. A. (ed.)
Encyclopedia of Biodiversity. Academic Press, Cambridge.

Cruz, L. A. M. (2009): Diversidad alfa, beta, y abundancia relativa de vertebrados
voladores del ejido Lic. Adolfo Lépez Mateos, Catemaco, Veracruz. — BSc. Thesis,
Universidad Veracruzana, Veracruz, Mexico.

Feinstein, L., Blackwood, C. B. (2012): Taxa-area relationship and neutral dynamics
influence the diversity of fungal communities on senesced tree leaves. — Environmental
Microbiology 14: 1488-1499.

Flores-Palacios, A., Garcia-Franco, J. G. (2006): The relationship between tree size and
epiphyte species richness: testing four different hypotheses. — Journal of Biogeography
33: 323-330.

Gomes, T., Pereira, J. A., Benhadi, J., Lino-Nieto, T., Baptista, P. (2018): Endophytic and
epiphytic phyllosphere fungal communities are shaped by different environmental factors
in a Mediterranean ecosystem. — Microbial Ecology 76: 668-679.

Guevara, S. D., Larborde, D. J., Sanchez, R. G. (1999): La Reserva de la Biosfera Los
Tuxtlas, México. — Documento de trabajo No. 29. ONU and MAB-UNESCO, Paris.
Hammer, <., Harper, D. A. T., Ryan, P. D. (2001): PAST: Paleontological statistics
software packaged for education and data analysis. — Palaeontologia Electronica 4: 1-9.
Harrison, J. G., Forister, M. L., Parchman, T. L., Koch, G. W. (2016): Vertical
stratification of the foliar fungal community in the world’s tallest trees. — American
Journal of Botany 103: 2087-2095.

Hermann, M., Geesink, P., Richter, R., Kisel, K. (2021): Canopy position has a stronger
effect than tree species identity on phyllosphere bacterial diversity in a floodplain
hardwood forest. — Microbial Ecology 81: 157-168.

Hirano, S. S., Upper, C. D. (2000): Bacteria in the leaf ecosystem with emphasis on
Pseudomonas syringae - a pathogen, ice nucleus, and epiphyte. — Microbiology and
Molecular Biology Reviews 64: 624-653.

Izuno, A., Kanzaki, M., Artchawakom, T., Wachrinrat, C., Isagi, Y. (2016): Vertical
structure of phyllosphere fungal communities in a tropical forest in Thailand uncovered
by high-throughput sequencing. — PLoS ONE 11: e0166669.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(4):3057-3072.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2004_30573072
© 2022, ALOKI Kft., Budapest, Hungary



[21]

[22]

[23]
[24]
[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

Figueroa-Castro — Pérez-Pérez: Foliicolous lichens associated with Stenanona flagelliflora
-3071 -

James, F. C., Rathbun, S. (1981): Rarefaction, relative abundance, and diversity of avian
communities. — Auk 98: 785-800.

Kimmerer, R. W., Driscoll, M. J. L. (2000): Bryophyte species richness on insular
boulder habitats: the effect of area, isolation, and microsite diversity. — Bryologist 103:
748-756.

Kinkel, L. L., Andrews, J. H., Berbee, F. M., Nordheim, E. V. (1987): Leaves as islands
for microbes. — Oecologia 71: 405-408.

Kohn, D. D., Walsh, D. M. (1994): Plant species richness - the effect of island size and
habitat diversity. — Journal of Ecology 82: 367-377.

Kovach, W. L. (2004): MVSP. A MultiVariate Statistical Package for Windows. Ver.
3.21. — Kovach Computing Services, Pentraeth, Wales, UK.

Laforest-Lapointe, ., Messier, C., Kembel, S. W. (2016): Tree phyllosphere bacterial
communities: exploring the magnitude of intra- and inter-individual variation among host
species. — PeerJ 4: e2367.

Leff, J. W., Del Tredici, P., Friedman, W. E., Fierer, N. (2015): Spatial structuring of
bacterial communities within individual Ginkgo biloba trees. — Environmental
Microbiology 17: 2352-2361.

Lindow, S. E., Brandl, M. T. (2003): Microbiology of the phyllosphere. — Applied and
Environmental Microbiology 69: 1875-1883.

Lofgren, A., Jerling, L. (2002): Species richness, extinction and immigration rates of
vascular plants on islands in the Stockholm archipelago, Sweden, during a century of
ceasing management. — Folia Geobotanica 37: 297-308.

Logue, J. B., Langenheder, S., Andersson, A. F., Bertilsson, S., Drakare, S., Lanzén, A.,
Lindstom, E. S. (2012): Freshwater bacterioplankton richness in oligotrophic lakes
depends on nutrient availability rather than on species-area relationships. — The ISME
Journal 6: 1127-1136.

Lohmus, P., Ldhmus, A. (2001): Snags, and their lichen flora in old Estonian peatland
forests. — Annales Botanici Fennici 38: 265-280.

Licking, R. (1995): Biodiversity and Conservation of Foliicolous Lichens in Costa Rica.
— In: Scheidegger, C., Wolseley, P. A., Thor, G. (eds.) Conservation Biology of
Lichenized Fungi. Herausgeber Eidgendssische Forschungsanstalt fir Wald, Schnee und
Landschaft, Birmensdorf.

Licking, R. (1998): Ecology of foliicolous lichens at the “Botarrama” trail (Costa Rica),
a neotropical rain forest site. Part Il. Patterns of diversity and area cover, and their
dependence on microclimate and phorophyte species. — Ecotropica 4: 1-24.

Licking, R. (1999): Ecology of foliicolous lichens at the ‘Botarrama’ trail (Costa Rica), a
neotropical rainforest. 1V. Species associations, their salient features and their
dependence on environmental variables. — Lichenologist 31: 269-289.

Licking, R. (2001): Lichens on Leaves in Tropical Rainforests: Life in a Permanently
Ephemerous Environment. — In: Gottsberger, G., Liede, S. (eds.) Life Forms and
Dynamics in Tropical Forests. Dissertations Botanicae, Berlin.

Licking, R. (2008a): Foliicolous Lichenized Fungi. Flora Neotropica Monograph 103. —
New York Botanical Garden Press, New York.

Licking, R. (2008b): Foliicolous lichens as model organisms to study tropical rainforest
ecology: background, data, and protocols. — Sauteria 15: 335-362.

Licking, R., Bernecker-Liicking, A. (2002): Distance, dynamics, and diversity in tropical
rainforests: an experimental approach using foliicolous lichens on artificial leaves. I.
Growth performance and succession. — Ecotropica 8: 1-13.

Licking, R., Céceres, M. (2002): Foliicolous Lichens of the World. Part 1. Genera and
Selected Species I (Introduction). — The Field Museum, Chicago.

Licking, R., Matzer, M. (2001): High foliicolous lichen alpha-diversity on individual
leaves in Costa Rica and Amazonian Ecuador. — Biodiversity and Conservation 10: 2139-
2152.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(4):3057-3072.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2004_30573072
© 2022, ALOKI Kft., Budapest, Hungary



[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Figueroa-Castro — Pérez-Pérez: Foliicolous lichens associated with Stenanona flagelliflora
-3072 -

Lyons, M. M., Ward, J. E., Gaii, H., Hicks, R. E., Drake, J. M., Dobbs, F. C. (2010):
Theory of island biogeography on a microscopic scale: organic aggregates as islands for
aquatic pathogens. — Aquatic Microbial Ecology 60: 1-13.

Martinez-Colin, P. (2016): Analisis de la estructura de la comunidad de los liquenes
foliicolas en la Estacion de Biologia Tropical Los Tuxtlas, Veracruz, México. — BSc.
Thesis, Universidad Nacional Auténoma de México, Mexico.

Miranda, F., Herndndez, X. E. (1963): Los tipos de vegetacién de México y su
clasificacion. — Boletin de la Sociedad Botanica de México 28: 29-179.

Morteo, M. O. (2011): Abandono de tierras y el desarrollo de la vegetacion secundaria en
dos ejidos de la Sierra de Santa Marta. — BSc. Thesis, Universidad Veracruzana,
Veracruz, Mexico.

Nguyen, E. Q. (2017): Spatial variation of bacterial communities on the leaves of a
southern Magnolia tree. — Honors Theses, University of Mississippi.

Rasband, W. S. (1997-2018): ImageJ, U.S. National Institutes of Health, Bethesda,
Maryland, USA. — https://imagej.nih.gov/ij/.

Ruiz-Pineda, C., Suarez-Morales, E., Gasca, R. (2016): Copépodos planctonicos de la
Bahia de Chetumal, Caribe Mexicano: variaciones estacionales durante un ciclo anual. —
Revista de Biologia Marina y Oceanografia 51: 301-316.

Schatz, G. E., Wendt, T. (2004): A new flagelliflorous species of Stenanona
(Annonaceae) from Mexico, with a review of the phenomenon of flagelliflory. —
Lundellia 7: 28-38.

Sipman, H. J. M. (1997): Observations on the foliicolous lichen and bryophyte flora in
the canopy of a semi-deciduous tropical forest. — Abstracta Botanica 21: 153-161.

Stone, B. W. G., Jackson, C. R. (2019): Canopy position is a stronger determinant of
bacterial community composition and diversity than environmental disturbance in the
phyllosphere. — FEMS Microbiology Ecology 95: fiz032.

Thapa, S., Prasanna, R. (2018): Prospecting the characteristics and significance of the
phyllosphere microbiome. — Annals of Microbiology 68: 229-245.

Xicohténcatl-Lara, L., Figueroa-Castro, D. M., Andrés-Herndndez, A. R., Campos-
Villanueva, A. (2016): Aspects of the reproductive biology of Stenanona flagelliflora
(Annonaceae). — Pakistan Journal of Botany 48: 211-221.

Zar, J. H. (2010): Biostatistical Analysis. — Prentice Hall, Upper Saddle River.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(4):3057-3072.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2004_30573072
© 2022, ALOKI Kft., Budapest, Hungary



