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ABSTRACT

Lichens are symbiotic organisms that comprise a fungus and a photosynthetic partner wich are recognized as a
good indicator of climate change. However, our understanding of how aridity affects the diversity of saxicolous
lichens in drylands is still limited. To evaluate the relationship between saxicolous lichen diversity and aridity in a
central México dryland, a geographical transect was established of 100 km to build an aridity gradient in the semi-
arid zone of the State of Querétaro, Mexico, comprising ten sampling sites with a 10 km separation. Species
richness, abundance and diversity of soil lichen species were recorded using two sampling methods: the quad-
rat-intercept and the line-intercept method, to compare their performance in assessing soil lichen diversity in dry-
lands. The number of species and Shannon diversity of saxicolous lichens were higher at intermediate values of
the aridity index (AI = 0.10–0.34). Quadrat intercept and point intercept methods gave quite similar results, which
means that the selected method does not influence the results in a significant way. This study confirms the role of
saxicolous lichens as climate change indicators and reveals the importance of the sampling method selection in
the evaluation of different parameters of soil lichen diversity in drylands.
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1 Introduction

Lichens are symbiotic organisms comprising a fungal partner (mycobiont) and a photosynthetic partner
(photobiont they may be green alga and/or cyanobacteria). One major feature of lichens is their poikilohydric
and poikilothermic nature, which means that they cannot actively regulate their water status and internal
temperature Nash et al. [1]. Lichens, even though they can tolerate relatively well harsh environmental
conditions, like a high exposure to light, low water availability and elevated temperatures, some of them
are species that show a wide range of sensitivity to changes in the surrounding environment. Therefore,
lichen richness and diversity are considered good indicators of climate changes Matos et al. [2].
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Previous research on lichens as indicators of environmental changes showed that their abundance and
diversity respond to climate type and variability from the subtropics to drylands [3–6], but also in cold
regions [7]. An important climate variable is aridity, which is an essential driver of lichen taxonomic and
functional diversity along wide environmental gradients. This support the hypothesis that lichen
distribution is markedly determined by climatic gradients [7–9].

The distribution and diversity of lichens in the boreal region, and vascular plants, are also affected by
changes in climate such as precipitation and temperature [10–14] as well as organisms in general.
However, lichens are a particular interesting model organisms because of their high sensitivity to changes
in water availability and temperature, due to their poikilohydric nature. Rainfall and non-rainfall water
inputs are important sources of hydration [15].

For the next decades, the Intergovernmental Panel on Climate Changes has predicted an increase in
drought frequency and intensity, combined with extreme temperatures IPCC [16,17], which are expected
to affect lichen distribution, abundance and diversity [18]. Although evidence supports lichens as a good
indicator of climate changes [9,19–21], only few studies had evaluated how lichen diversity responds to
aridity [22,23]. This is a fact for Mexican drylands, which comprise almost 65% of the country surface
area [24].

Drylands are characterized by low water availability and elevated temperatures, two variables that define
the aridity of an ecosystem [25]. Because of a global trend towards warmer and drier air, will affect lichen-
dominated dryland biocrust communities and their role in regulating ecosystem functions worldwide [26,27].
Aridity can be defined as the lack of available water and multiple indices can be used to calculate it. This
index has been used to evaluate plant species distribution, diversity, and development [28,29]. As in
plants, the lack of water has direct effects on lichen physiology via lichen water relations [15], e.g.,
thallus hydration and desiccation [30], determining their establishment and success. However, lichen
resistance to water availability is a specific characteristic, thus, lichen diversity is expected to show
marked shifts along aridity gradients.

When assessing lichen diversity, several sampling methods are available, for example, the line-intercept
method is based on recording species presence and abundance along a longitudinal transect [31,32], and it
has the advantage of being quite easy to apply [33]. The line-intercept method has another variant; the
quadrat-intercept method consists of placing sampling quadrats along the transect at a systematic distance
spacing [34]. Both methods have been widely used in plant research because they are able to reflect plant
diversity patterns. The line-intercept method records plant species abundance and diversity by recording
the plant lineal spatial configuration of multiple landscape components [35]. On the other hand, the
quadrat-intercept method allows a simultaneous assessment of species presence and abundance in a
defined area at a given spatial scale [36], although it requires a major sampling effort [37]. Surprisingly,
studies comparing the effectiveness of each method in revealing lichen diversity patterns are uncommon
in the literature.

Mexico needs more studies on vegetation distribution and diversity, since they are relatively scarce and
limited compared to other regions [38,39]. Moreover, there is a major knowledge difference regarding
biocrust distribution and diversity in Mexican and South American ecosystems [40]. However, there are
good examples of the high diversity and the important role that biocrust lichens play in Mexican drylands
[18,41–43]. Therefore, is crucial to have a better knowledge of how lichen diversity responds to
environmental conditions in Mexican open drylands, where lichens are a common ecosystem component
due to the harsh environmental conditions given by the semi-arid climate and the soil rockiness [44].
These ecosystems already cover around 45% of the Earth’s land mass [45] and are expected to increase
by up to 23% by the end of the 21st century due to predicted increases in aridity under climate change
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[46]. Also, there is a need to validate the suitability of the multiple sampling methods to assess soil lichen
diversity in drylands.

In this study, it was evaluated lichen abundance and diversity inhabiting rock outcrops along an aridity
gradient using two different sampling methods: quadrat-intercept and line-intercept method. These methods
had been using to evaluate changes in the vascular plant covers in drylands [47]; however, their differential
suitability to detect changes in lichen abundance and diversity hasn´t been well study and evaluate. By
evaluating how different lichen species respond to environmental gradients driven by climate, and
specifically aridity, we will better understand the potential implications of the forecasted climate change
effects on Mexican drylands and in worldwide dryland biodiversity. The hypothesis was that an increased
in aridity leads to lower lichen diversity, supporting the theory that lichens are good bio-indicators of
climate change in drylands [2].

2 Methods

2.1 Study Region
This study was conducted in the State of Queretaro, central Mexico, in the physiographic province of the

central Neo-Volcanic axis in the border of the Sierra Madre Oriental province, where the climate is dry and
semi-arid, with mean annual precipitation and temperature ranging from 435 to 709 mm and from 18°C to
22°C. Topography is characterized by gentle rolling hills to flat, surrounded by mountain ranges, plateaus
and hillocks that retain the humidity coming with the winds from the Mexican Gulf and the Central
Plateau, which run from north to south INEGI [48]. Altitude values are below 2000 m asl and for this
study, the geographic transect was 100 km long, crossing the central semi-arid region in the State of
Queretaro, from San Juan del Río Community to Peñamiller (Fig. 1), with a daily temperature range of
7°C during the day. Ten sampling sites were in the aridity transect, each separated 10 km apart (Fig. 1).
At each site, we registered the geographic coordinates, altitude, and lichen species presence and abundance.

2.2 Characterization of Climatic Variables
Was used the geographic coordinates and altitude values from each site to calculate climatic variables

and build our aridity gradient. Many studies have calculated aridity as the relationship between
temperature and precipitation using the Annual Aridity Index, defined as AAI = (DD50.5)/MAP where
DD5 is the temperature in decimal degrees of each day with temperatures >5°C and MAP is the annual
mean precipitation [28,49,50]. Climate variables were obtained using thin plate splines, a climatic model
developed for Mexico [51]. This model was based on data surface interpolation using the software
ANUSPLINE [52] and fed on normalized monthly temperature (maximum, mean and minimum) and
precipitation data collected from ∼4000 Mexican climate stations. Then, were used the data obtained with
the model to calculate the Annual Arity Index (AAI), defined as AAI = (DD50.5)/MAP; where DD5 is the
temperature in decimal degrees of each day with temperature >5°C and MAP is the annual mean
precipitation over 29 years (1961–1990) [28] (Fig. 1). The Annual Aridity Index is known to be tightly
linked to vascular plant species and group distribution [49].

2.3 Sampling Design
Was used two different methods to assess changes in lichen abundance and diversity along the aridity

gradient. The study site was characterized by the presence of rocky outcrops. The minimum exclusion of an
area with human activity was at least 100 m, in most cases the distance were kilometers. First, was used the
quadrat-intercept method, which consists of regularly locating multiple sampling quadrats of a particular size
along a transect. Were established four transects (20 m), S-W oriented at each site. Along each transect,
12 sampling quadrats (30 × 30 cm) were in open microsites (i.e., plant interspaces), 50 cm apart from
each other (Fig. 2a).
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Second, were employed the point-intercept method Elzinga et al. [53], based on four transects of
20 m located 20 m apart from each other, each containing 41 sampling points 30 cm from each other.
Lichen species were registered at each sampling quadrat and point along transects (Fig. 2b), and the
species cover was calculated as the proportion of quadrats or intercepted points where the species was
present.

Figure 1: Study sites along the aridity gradient in central Mexico drylands
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2.4 Species Identification
Lichen species were identified following [1,54] based on lichen morphological and chemical attributes

(i.e., presence of lichen secondary compounds such as organic acids). To identify lichen secondary
compounds, we used the following chemical tests: sodium hypochlorite (NaOCl) [55], potassium
hydroxide KOH (10%), calcium hypochlorite (Ca(Cl)2) and paraphenildiamine (C6H8N2, 95%) [56] and
potassium iodide (KI) [57].

2.5 Lichen Diversity Measures
To characterize lichen diversity along the aridity gradient, we used several indices. Firstly, we calculated

the number of species on the sites. Secondly, we calculated the Shannon-Wiener index (H) to estimate the
heterogeneity of the community based on two parameters: the number of species present in the sample

and their relative abundance [58]. The Shannon-Wiener index is defined as H ¼ �Ps

i¼1
pi lnpi. In this

study, we used species cover as a measure of species abundance. This index was used to estimate the
uniformity in the importance values of all the species in the sample by measuring the average degree of
uncertainty and predict to which species an individual chosen at random will belong in the sample [59].

2.6 Statistical Analyses
To evaluate the relationship between altitude and the aridity index, was carried a lineal regression

analysis using the PROC REG procedure in the SAS software (Version 9.3) SAS [60]. Our model
followed the equation Yij = β0 + β1Xi + eij, where Yij = mean annual aridity index, β0 = intercept, β1 =
slope, Xi = altitude (m asl) in the i-th sampling point, and eij = error. To evaluate the relationship between
lichen diversity variables (number of species and Shannon-Wiener index) and the aridity index, we

Figure 2: Sampling methods used to evaluate lichen diversity metrics. (a) Quadrat intercept method,
(b) Point intercept method in central Mexico drylands
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followed the same procedure but, in this case, we used a quadratic regression following the equation Yij = β0
+ β1Xi + β1Xi

2 + eij.

3 Results

Along the studied geographic gradient, the aridest sites were in the north (aridity index = 0.14–0.16),
where the altitude is around 16,000 m asl Then, aridity decreased towards the southern part of the
gradient, where altitude reaches 2,200 m asl INEGI [48]. Within the gradient, sites that are close to each
other show contrasting values for the aridity index due to pronounced changes in topography at small
spatial scales. The aridity index was significantly and negatively related with altitude, at lower altitude,
higher annual aridity index (r2 = 0.84, P < 0.001). In addition, sites were separated into two groups: sites
1 to 6 (aridity index < 0.12) and sites 7 to 10 (aridity index > 0.12; Fig. 3), suggesting there were marked
differences in local environmental conditions.

In the study were found seven lichen species belonging to five different families. Five species presented
crustose growth form, one species was foliose, and another species was fruticose (Table 1). It is worth to
stand out that by registring the presence of Usnea parvula, a rare species in drylands, although this
species was found in one site only, showing an intermediate value of the aridity index (Table 1, Fig. 3).
The most abundant species were Caloplaca pellodella, followed by Punctelia sp., with a cover ranging
from 50% to 65% and from 10% to 20%, respectively, as indicated by both sampling methods (quadrat-
intercept and point intercept; Fig. 4). Additionally found that the quadrat-intercept method registered
higher cover values for all the species, compared to the point intercept method.

The number of lichen species and the aridity index showed a non-linear relationship regardless of the
sampling method. However, this relationship was moderated but not significant with the quadrat-intercept
method (r2 = 0.43, P = 0.080), but strong and significant in the point-intercept method (r2 = 0.66, P =
0.017, Fig. 5a). In both cases, the number of lichen species was higher for intermediate values of the
aridity index (0.10–0.14) and lower in the extremes of the gradient (aridity index <0.10 and >0.14). The
relationship between the Shannon-Wiener index and the aridity index followed a similar pattern than the
number of lichen species for both sampling methods; however, in this case, none of the relationships
were significant (quadrat intercept: r2 = 0.39, P = 0.116, and point intercept: r2 = 0.52, P = 0.086; Fig. 5b).

Figure 3: Relationship between the annual aridity index (AAI) and altitude along the aridity gradient in
central Mexico drylands
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Figure 4: Cover of lichen species registered by the quadrat and point-intercept method along the aridity
gradient in central Mexico drylands

Table 1: Description and site location of lichens species found along the aridity gradient in central Mexico
drylands

Family Species Locality Morphology

Acarosporaceae Acarospora contigua H. Magn. TQS3,4 Crustose

Candelariaceae Candelina mexicana (B. de Lesd.)
Poelt 1974

SJR1,2, TQS3,4, SPT, TLM8, PM Crustosea

Pertusariaceae Pertusaria tejocotensis B. de Lesd.
1918

SJR1,2, TQS3,4, TLM9, PM Crustoseb

Permaliaceae Punctelia sp. SJR1,2, TQS3,4, EM, PB, SPT,
TLM8,9, PM

Foliose

Parmeliaceae Usnea parvula Motyka 1938 TQS3 Fruticose

Parmeliaceae Xanthoparmelia subramigera (Gyeln.)
Hale 1974

SJR2, TQS3, TLM9, PM Foliose

Teloschistaceae Caloplaca pellodella (Nyl.) Hasse SJR1,2, TQS3,4, EM, PB, SPT,
TLM8,9, PM

Crustosea

Note: Localities and sampling sites (indicated as super index): SJR = San juan del rio, TQS = Tequisquiapan, EM = Ezequiel montes, PB = Bernal,
SPT = San pablo tolimán, TLM= Tolimán, PM = Peña de miller. aCasares Porcel et al. [61], bBungarttz et al. [62,63].
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4 Discussion

The results suggested that that aridity influenced the diversity of saxicolous lichens along the studied
gradient. Rock outcrops characterize the semi-arid region of the State of Queretaro where lichens are a
common feature (Table 1) [64]. Similar lichen communities were found in surrounding areas like
Guanajuato [64,65] and Hidalgo States [63]. Some lichen species typically found in such harsh
environmental conditions are infrequent like U. parvula is particularly uncommon in semi-arid drylands.
The most abundant species in the studied region showed a crustose growth, which has been identified as
a resistant growth form due to morphological and physiological attributes [66].

The number of lichen species showed a quadratic relationship with aridity, higher at intermediate levels
of aridity (AAI between 0.10 and 0.14, Fig. 5a), supporting the hypothesis that climate acts as an important
environmental filter on lichen species richness [2,4,67]. In particular, the aridest environments may have
limited the number of species able to tolerate the low water availability while in the less arid extreme of
the gradient, lichens may compete for space and resources with other organisms such as vascular plants
[4,23]. The biodiversity loss of plants and soil microorganisms may have especially strong consequences
under low and high aridity conditions [68]. Most lichen species found in this study were pioneers in
hostile environments where vascular plant cover is scarce [44], showing a saxicolous habit in Mexican
drylands [64]. Indeed, the less arid sites of our study gradient were less rocky than the more arid sites,
providing less stressful habitats for vascular plant communities. 34% of lichens in Mexico have rocks as
their substrate. The most common substrate where they grow is the bark of trees (46%) [69]. There is
variability in the answer you can show the lichens at specific level in similar environmental factors
[70,71]. The Shannon-Wiener index showed similarities to the number of lichens species, i.e., higher at
intermediate levels of aridity but lower in the gradient extremes. These results agree with previous
research showing that the most stressful habitats lead to less diverse lichen communities [4,72], because
the increase in a few species that can cope better when water availability is reduced [73]. However, the
strong relationship between the Shannon-Wiener index and the AAI was marginally significant (0.05 <
P < 0.12, Fig. 5b), suggesting moderate data variability and that more sites should be included in the
gradient or that lichen diversity should be assessed along a wider range of aridity.

The quadrat-intercept method allows to collect a higher amount of information in the field, e.g., the
number and abundance of individuals for each species at the local scale, making this method useful to
evaluate changes in lichen abundance and diversity. However, this method requires a greater effort to
collect the data [36], compared to the point-intercept method. The point-intercept method has found to be
useful to assess the spatial configuration of multiple ecosystem components Álvarez et al. [35]. The result

Figure 5: Lichen diversity metrics along the aridity gradient in central Mexico drylands. (a) Number of
lichen species, (b) shannon index
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suggested that, by comparing the two sampling methods, they gave slightly different results. To represent the
number of species and diversity of saxicolous lichens along the studied aridity gradient. Since choosing the
right sampling method is critical to obtain valid data to evaluate diversity patterns [74] and in a cost-effective
way [43], our findings contribute to improve the methodological approach to be used when assessing changes
of saxicolous lichens inhabiting drylands. The climate changes, relationships between plant traits and soil
functions are likely to change [75,76]. The response of lichen diversity to aridity found in our study
confirms the role of lichens as ecological indicators of environmental changes [22,77]. Specifically,
lichens can be considered reliable indicators of climate change in drylands [2,4,78], where forecasted
changes in temperature and precipitation regimes are predicted to have critical impacts on ecosystem
structure and functioning [79]. Abundances is of paramount importance to understanding how these
compositional changes will affect communities and ecosystem functioning in response to ongoing climate
change [80]. Expected increases in aridity will affect lichen abundance and diversity [81,82], and lichen
species such as C. pellodella and Punctelia sp. are expected to become dominant due to their
morphological and physiological traits, which may confer a higher resistance to an aridest environment.
Could contribute to primary production and the regulation of greenhouse emissions [83].

5 Conclusions

The amount number and diversity of saxicolous lichen species respond to changes in aridity in semi-arid
drylands of central México. Diversity decreases at both ends of the gradient. Lichen richness was measured
with the point intercept method correlated more strongly with aridity. Quadrat intercept and point intercept
methods gave quite similar results, which means that the selected method doesn´t influence the results in a
significant way. To provide better evidence in the changes of climate and anticipate their impacts on the
structure and function of drylands, further studies should be conducted using lichens as early and reliable
ecological indicators.
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