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ABSTRACT

The Tswalu Kalahari Reserve in the Northern Cape Province of South Africa has no previously published data
on its lichen biota, which reflects the broader status of lichenology in South Africa. It is estimated that nearly
half of the country’s lichen species remain undescribed. Consequently, this study aimed to gather baseline
data on lichen diversity and distribution across the reserve. We quantified morphological and functional
diversity, characterized lichen communities, and analyzed relationships between lichen diversity and envi-
ronmental variables (northness, coverage, elevation, insolation, site, substrate type, and substrate texture)
using morphospecies concepts. We documented 49 morphospecies across three habitats in the Tswalu Kala-
hari Reserve, including at least one species that is new to science (Caloplaca tswaluensis Fryday, S. Svoboda &
D. A. Ward; Fryday et al. in press) and another (Trapeliopsis glaucolepidea (Nyl.) Gotth. Schneid.) that had not
previously been reported from Africa. Overall, we recorded lower diversity in corticolous (bark dwelling)
lichen communities compared to saxicolous (rock dwelling) lichen communities. However, we did not find a
significant effect of any measured environmental variable on saxicolous species richness. This preliminary
study underscores the need for further investigation of the diverse, unrecorded lichen diversity that likely
exists in other areas of the country as well as the differences in lichen communities on bark and rock sub-
strates. This study also shows that morphospecies concepts can be informative and accessible approaches for

exploratory lichen studies, particularly in regions with relatively understudied cryptogam communities.
© 2024 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

been shown to variably affect rock surface temperature and weather-
ing (Carter and Viles, 2004).

Lichens are common components of terrestrial environments, and
can have a range of impacts on ecosystem processes (Asplund and
Wardle, 2017). In arid and semi-arid environments, lichens contrib-
ute to rock weathering (Guglielmin et al., 2011; Lopez and Bacilio,
2020), nutrient cycling and availability (Evans and Ehleringer, 1993;
Rogers et al., 1966; Root et al., 2021; Tian et al., 2023), and soil stabili-
zation (Lopez and Bacilio, 2020; Rodriguez-Caballero et al., 2022).
Lichens in these environments exhibit a diversity of forms related to
their functions, ranging from thin soil crusts to foliose epiphytes. Var-
iations in functional traits correspond to differences in ecological
impacts. For example, the colours of saxicolous lichen thalli have
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Despite their ecological importance, lichens are often poorly stud-
ied in comparison to sympatric plant and animal biotas. Not only are
their impacts frequently underestimated and, therefore, less studied,
but lichens are also notoriously difficult subjects to identify. These
challenges are evidenced by the incomplete checklist of lichens
reported from South Africa (Ahti et al., 2016; Fryday, 2015). The cur-
rent version contains 1751 species but is thought to represent only
about half of the species occurring in the country (Ahti et al., 2016;
Crous et al., 2006; Fryday, 2015). The checklist relies heavily on litera-
ture reports — often from more than a century ago — and conse-
quently, lichenologists have called for the need to verify species
occurrences in the field because taxonomic concepts have changed
considerably over the intervening years. Recent field surveys com-
bined with molecular work continue to add new species, and even
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genera, to the checklist, pointing to the importance of increased
attention towards lichen surveys in southern Africa (Fryday et al.,
2020; Medeiros and Lutzoni, 2022).

Although recent attention has resulted in taxonomic advances,
the still incomplete understanding of the region’s lichen biota con-
tributes to deficits in other research areas, including lichen ecology.
Lichen ecology studies in southern Africa have been sparse, with only
12 studies appearing in a search for “ecology” and “South Africa” on
the Recent Literature on Lichens database (https://nhm2.uio.no/bota
nisk/lav/RLL/RLL.HTM), which aims to include all scientific literature
on lichens since 1536.

Ecological studies that do exist have provided valuable informa-
tion regarding lichen survival and interactions with their environ-
ments. Lichens are known to have several mechanisms for tolerating
low precipitation and the resulting desiccation in arid and semi-arid
environments, including dormancy, rapid recovery, and biochemical
protections such as powerful antioxidant systems and specific pro-
teins (late embryogenesis abundant proteins (LEAs); Gasulla et al.,
2021). Although some lichen species can survive environmental
extremes, not all lichens exhibit this hardiness. Thus, individual spe-
cies’ spatial distributions can be uniquely shaped by various interact-
ing environmental factors including humidity, insolation, elevation,
light, and air quality (Zedda and Rambold, 2009; Zedda and Rambold,
2015; Zedda et al., 2011).

Lichens with unresolved taxonomy or those that require signifi-
cant resources and expertise to identify can be challenging study sub-
jects. However, in the absence of taxonomically precise information,
lichen morphospecies — that is, classifying a lichen by its macromor-
phological characters — can provide useful units of classification, par-
ticularly for exploratory studies. In the face of rapid biodiversity loss
and increasing community science engagement through platforms
such as iNaturalist (www.inaturalist.org), documenting biodiversity
without reliance on taxonomic expertise or resources is a relevant
need.

The present study is an exploratory project in response to the
Tswalu Kalahari Research and Conservation team'’s interest in the
diversity of its locally occurring lichens. The primary aim was to
describe the lichen diversity and provide preliminary insight into the
lichen communities of the reserve. We sought to address three main
questions: (1) what is the quantifiable diversity of lichens at the
Tswalu Kalahari Reserve? (2) what lichen communities are present?
and (3) what is the relationship between selected environmental var-
iables and lichen diversity?

2. Materials and method
2.1. Study area

Tswalu Kalahari Reserve is a 1020 km? conservation area in the
Northern Cape province of South Africa and is located within the
southern Kalahari Desert (27.2031°S, 22.4673°E). This region falls
within the semi-arid savanna biome and is characterized by its rela-
tively low annual rainfall of around 300 mm, which varies according
to the season and location within the reserve (Tswalu Kalahari
Reserve Rainfall database). Annual rainfall ranged from about 160 to
615 mm per year between 1998 and 2006 at the Tswalu Kalahari
Reserve’s Gosberg rain gauge (27.2660 °S, 22.4458 °E), which is close
to the center of the localities we sampled in this study (Fig. 1; Tswalu
Kalahari Reserve, 2024). The Kalahari Desert experiences a seasonal
environment with most rainfall occurring during the summer from
November to March (Fig. 1). The spatial distribution of precipitation
shapes vegetation patterns across the reserve, ranging from dune
grasses to thickets, which are broadly classified as part of the Eastern
Kalahari Bushveld Bioregion (Mucina et al., 2018; Schoville et al.,
2023).
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Tswalu Kalahari Reserve’s unique geology also shapes patterns of
natural communities across the landscape with several distinct for-
mations characterizing the geology of the reserve. While the majority
of the ground surface at the Tswalu Kalahari Reserve is covered by
wind-blown sand, there are three major geologic features associated
with the Matsap formation in the Groep Volop Group (Moen, 1977).
Alternating layers of quartzite and subgraywacke sandstone bisect
the reserve from north to south (Moen, 1977). Coarse-grained quartz-
ite, subgraywacke, and conglomerate extend eastward and a rela-
tively small section of coarse-grained subgraywacke and
conglomerate exists to the west of the bisecting quartzite and sub-
graywacke (Moen, 1977). Dolomite/sandstone outcrops are generally
found on the eastern side of the reserve and are less common than
the sandstone/quartzite formations (Schoville, 2023). The altitude
across the reserve ranges from 1586 m on Korannaberg Mountain to
1020 m in the plains habitat (Davis et al., 2010).

We restricted this study to four sites in three distinct habitat types
at the Tswalu Kalahari Reserve (Fig. 2). These sites were thought to
represent the reserve’s lichen diversity according to observations by
reserve staff members. Three of the four sites represented saxicolous
lichen communities, one represented a corticolous community and
none represented terricolous communities given we found very few
soil dwelling lichens on the large swaths of loose sands across the
reserve (Fig. 2). Sites 1 and 2 occur at the sandstone/quartzite
hills at North Gosberg and Verwater. Sandstone/quartzite out-
crops are found scattered throughout the reserve and are colo-
nized by saxicolous lichens and occasionally liverworts at the
bases of rocks. Site 3 occurs within the Olifantshoek Plains Thorn-
veld vegetation at District Road. Olifantshoek Plains Thornveld is
characterized by scattered trees and shrubs with a grass domi-
nated ground layer and is the dominant vegetation type of the
Kalahari (SVk 13; Mucina et al., 2018). Site 3 is suspected to be
the location of the highest corticolous lichen diversity in the
reserve according to Tswalu Kalahari Reserve staff observations
and it represents the only corticolous community in the study.
Site 4 falls within dolomite/sandstone rock outcrops at the Leg-
kaba section of the reserve (Fig. 3). The average elevation of the
sites is 1231 m and it ranges from 1135 m at Site 4 to 1293 m at
Site 2.

2.2. Sampling

We chose a sampling methodology with the goal of rapidly and
quantitatively assess lichen morphospecies diversity at each site
within the reserve. For the rock sampling (Sites 1, 2, and 4), we ran-
domly tossed 0.25 x 0.25 m quadrats onto rocks, irrespective of their
aspect or slope, to capture the saxicolous lichen communities’ pro-
files. For the bark sampling (Site 3), we placed 0.25 x 0.25 m quadrats
1.5 m from the ground on the south-facing aspect of the tree trunk. At
both rock and bark sites, we counted the number of morphospecies
within each quadrat and estimated the percent of the quadrat cov-
ered by lichens. At each quadrat, we recorded elevation, aspect, inso-
lation (amount of sunlight), substrate texture, tree circumference,
and substrate type (tree or rock). We calculated northness using the
cosine of the aspect so that every northness value ranged from —1
and 1 for ease of interpretation. We measured insolation and sub-
strate texture ordinally on scales of 1 to 6 and 1 to 3, respectively. We
documented reproductive structures of each morphospecies as vege-
tative, sexual, or none seen. We assigned photobiont identity using
the general taxonomic identity of each lichen based on basic knowl-
edge by the field team and recorded it as either green algal or cyano-
bacterial. We collected and vouchered lichens that could not easily
be determined in the field or lichens that were of interest to the field
team and deposited the vouchers in the herbarium of North-West
University (Mahikeng), South Africa (UNWH).
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Fig. 1. Monthly rainfall (mm) at the Gosberg rain gauge, Tswalu Kalahari Reserve (27.2660 °S, 22.4458 °E) from 1998 — 2006. Grey lines represent rainfall in a given year and black
line represents average across all years.

Fig. 2. Habitats of each of the four sampling sites within the Tswalu Kalahari Reserve a. Site 1 “North Gosberg”; b. Site 2 “Verwater”; c. Site 3 “District Road”; d. Site 4 “Legkaba.”
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Fig. 3. Four sampling sites (red circles) in the Tswalu Kalahari Reserve in the Northern Cape Province of South Africa.

2.3. Data analysis

To investigate patterns of diversity at local and landscape scales,
we quantified three levels of diversity (alpha, beta, and gamma)
based on morphospecies presence/absence data from our field sam-
pling. We calculated alpha diversity as the number of morphospecies
in each quadrat. We calculated beta diversity at each site as species
turnover between quadrats using Whittaker’s Index with the beta-
diver function in the vegan package in R (Whittaker, 1960; Oksanen
et al, 2022; Fig. S1). Whittaker’s Index is the proportion by which the
species richness of an area exceeds the average richness of a single
locality within that area and is calculated as:

(b+c)
(2a+b+c¢)

where a represents the number of species that are common to both
communities, b represents the number of species unique to the first
community, but not present in the second community, and c repre-
sents the number of species unique to the second community, but
not present in the first community. Whittaker’s beta diversity ranges
from O to 1.0, which corresponds with none to complete variation
between quadrats, respectively. We calculated gamma diversity as
the total number of morphospecies observed at each site.
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We restricted the community and environmental analyses to the
three saxicolous lichen sites (Sites 1, 2, and 4). We excluded the corti-
colous lichen site (Site 3) because saxicolous and corticolous lichens
may be impacted differently by environmental variables and includ-
ing them in one analysis may misattribute any impacts. We assessed
community composition of saxicolous lichens using non-metric mul-
tidimensional scaling (NMDS) ordinations based on Jaccard distances
of morphospecies presence/absence data at each quadrat. We over-
laid environmental vectors on the sampling points to investigate the
relationship between lichen communities and environmental varia-
bles.

We used a causal inference framework to infer which environ-
mental variables affect lichen morphospecies richness and how these
interactions might be confounded by other variables (Arif and Mac-
Neil, 2022). We identified a number of measured (elevation, north-
ness, insolation, coverage, substrate type, slope, and substrate
texture) and unmeasured (precipitation, soil type, and exposure to
trampling) environmental variables as potential drivers of lichen
richness. We modelled the relationship between each measured
environmental variable and quadrat morphospecies richness using
generalized linear models (GLMs) with Poisson distributions and a
fixed effect for "site”. We included potential confounding variables as
fixed effects in the models. In total, we ran four models assessing the
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effects of environmental variables on lichen richness. We also exam-
ined the relationship between morphospecies richness and percent
coverage of the quadrat by lichens. We calculated p-values for fixed
effects using likelihood ratio tests, defining significance where p <
.05. All analyses were done in R (version 4.3.2, R Core Team, 2023)
using the vegan and ggplot2 packages (Oksanen et al., 2022; Wick-
ham, 2016).

3. Results

In total, we recorded 49 morphospecies across the four localities -
42 at the saxicolous sites and 7 at the corticolous site. We recorded
high spatial turnover with 78 % (n = 38) of all recorded morphospe-
cies occurring at a single site, 16 % (n = 7) at any two sites and 6 %
(n =4) at any three sites. No morphospecies occurred in all four sites.
Among all observed lichens, a black crustose morphospecies was the
most common (found in 33 % of all quadrats, n = 13), and a morpho-
species of Acarospora A. Massal. was the second most common (found
in 28 % of all quadrats, n = 11, Fig. 4). We did not record any

South African Journal of Botany 174 (2024) 978987

morphospecies that occurred in both the corticolous and saxicolous
communities. Across all sites, crustose was the most common growth
form (53 %, n = 26), followed by foliose (35 %, n = 17), and squamulose
(12 %, n =6). We only recorded 1 crustose and 1 squamulose morpho-
species in the corticolous site (Site 3) with the majority being foliose
(n =5). Foliose and squamulose growth forms were rare in the saxico-
lous communities (29 %, n = 12 and 12 %, n = 5, respectively), which
were otherwise dominated by crustose lichens (60 %, n = 25). Across
all sites, 94 % of surveyed lichen had green algae photobionts (n = 46),
whereas the remainder had cyanobacteria (n = 3). Most lichens had
sexual reproductive structures (80 %, n = 39), versus 20 % (n = 10)
with vegetative reproductive structures. However, this result varied
at the site level where we recorded that 86 % (n = 36) of the lichens in
the saxicolous sites had sexual reproductive structures, and 43 %
(n = 3) of the lichens in the corticolous site had sexual reproductive
structures. The average percent cover by lichens in the quadrats was
64 % across all the sites with 65 % in the saxicolous sites and 54 % in
the corticolous site. Cover ranged widely from 20 % to 95 % in the sax-
icolous sites and 5 % to 80 % in the corticolous site.

Fig. 4. The four most commonly occurring lichen morphospecies (MS) across the four sites. a. “Black MS 1" occurred in 13 of 40 quadrats; b.“Acarospora MS 1" occurred in 11 of 40
quadrats; c. “Acarospora MS 2” occurred in 9 of 40 quadrats; d. “Phaeophyscia orbicularis 1" occurred in 8 of 40 quadrats.
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Fig. 5. Alpha diversity on quadrats at four sites in the study area. Coloured circles correspond to alpha diversity (number of morphospecies per quadrat).

3.1. Morphospecies diversity

Alpha diversity ranged from an average of 2.0 morphospecies per
quadrat at Site 3 to 6.0 morphospecies per quadrat at Site 4 (Fig. 5;
Table 1). Average beta diversity between quadrats ranged from 0.14
to 0.35 across the four sites. Like alpha diversity, the lowest average
beta diversity was recorded at Site 3 and the highest at Site 4 (Table
1; Fig. S3). Gamma diversity ranged between 7.0 at Site 3 and 20.0 at
Site 1 (Table 1). Sites 1, 2, and 4 all shared similar alpha and gamma
diversity values in comparison to Site 3.

3.2. Community composition of saxicolous lichens

The NMDS plot shows some overlap among the quadrats with the
strongest overlap among points from Sites 1 and 2 and some overlap
with points from Site 4. Sites 1 and 2 were located in sandstone/
quartzite outcrops and the substrates were qualitatively the most
similar at these two sites. The difference between Site 4 and the other
sites is associated with the substrate texture vector, suggesting that

Table 1

substrate microtopography might have impacted lichen community
composition among the saxicolous lichens (Fig. 6). Specifically, the
texture of the dolomite rock at Site 4 was rougher than the sandstone
at Sites 1 and 2. Northness was the only variable that was not
included by the ordination, suggesting it is not a strong driver of
lichen community composition at the sites. While there is not a
strong separation of sites when sampling only saxicolous lichens,
there is a clear distinction between the saxicolous and corticolous
lichen sites when all four sites are included in an NMDS plot (Fig. S2).

3.3. Influence of environmental variables on saxicolous lichen diversity

We did not find any identifiable relationship between the exam-
ined environmental variables and saxicolous morphospecies richness
(Fig. 7). However, we recorded significantly higher richness at Site 4
compared to the other sites (Table S3). This richness may be driven
by an unmeasured environmental variable as it was not explained by
any of the measured variables included in our models.

Diversity of lichen morphospecies at four sites within the Tswalu Kalahari Reserve. Alpha, beta and gamma diversity represent
the average number of morphospecies per quadrat, the average species turnover between quadrats, and the total number of

morphospecies at each site, respectively.

Site Locality Substrate Alpha diversity ~ Betadiversity =~ Gamma diversity
1 North Gosberg ~ Rock (sandstone/quartzite) 4.0 0.31 20.0

2 Verwater Rock (sandstone/quartzite) 5.0 0.32 18.0

3 District Road Bark (Olifantshoek Plains Thornveld) 2.0 0.14 7.0

4 Legkaba Rock (dolomite/sandstone) 6.0 0.35 19.0
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Fig. 6. NMDS plot of saxicolous lichen morphospecies across all four sites with ellipses representing 95 % confidence intervals around the centroid and each point representing a

quadrat. Stress value is 0.099.

4. Discussion

Our study addressed a gap in biodiversity knowledge at the
Tswalu Kalahari Reserve by documenting the local lichen biota for
the first time. The results of our work offer quantitative descriptions
of the morphological diversity and functional traits as well as prelimi-
nary insight into the environmental variables that drive diversity.
While we preliminarily identified lichens using morphospecies con-
cepts, we also identified most lichens to the genus level and 16
lichens to species, including at least one species new to science (Calo-
placa tswaluensis; Fryday et al., 2024) and another (Trapeliopsis glau-
colepidea) that had not previously been reported from Africa (Table
S1 and Table S2).

We recorded relatively low beta diversities of around 0.3, suggest-
ing similarities between quadrats within each of the four sites. How-
ever, we also found that most morphospecies were only found at a
single site. These findings suggest that there is similarity within sites
and differences among sites, which may be attributable to microhabi-
tats, geographic barriers, or dispersal limitations of the lichens. One
way to investigate these potential drivers of differences in commu-
nity composition is to assess functional traits of lichens.

Our study found that some functional traits were disproportion-
ately represented among lichens sampled at the Tswalu Kalahari
Reserve compared to lichens globally. For instance, we recorded crus-
tose lichens in a lower proportion (53 %) than their average represen-
tation (67 %) elsewhere (Lendemer et al., 2013; Manzitto-Tripp et al.,
2022; Spribille et al., 2020). Non-crustose growth forms are likely
overrepresented in our study as a result of our sampling on bark,
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which supports the highest number of non-crustose lichens in our
study. One-quarter of our sites were on bark, but we estimate that
bark substrates represent a small fraction of all available lichen sub-
strates across the reserve. An alternative explanation for our poten-
tial under sampling of crustose lichens is that they are highly cryptic,
and their taxonomic diversity may not have been accurately captured
with our morphospecies approach. We rarely sampled cyanobacterial
photobionts (2 %); however, cyanolichens represent about 10 % of all
lichens globally (Honegger, 2008). This disproportionate representa-
tion of traits may relate to a unique functional role of lichens in the
Kalahari environment. Cyanolichens fix nitrogen and are more com-
monly found in humid environments around the globe (Rikkinen,
2015). The Kalahari Desert is semi-arid, and is known for supporting
plants and animals that add nitrogen to the environment, such as
grazing mammals and nitrogen fixing plants, including Senegalia mel-
lifera (Vahl) Seigler & Ebinger in the Olifantshoek Plains Thornveld
community. Therefore, cyanolichens may be less likely to fill a func-
tional niche in the dry conditions of the Kalahari Desert. Alterna-
tively, the relative lack of cyanolichens may be associated with
inhospitable pH profiles of the substrates. Cyanobacterial photo-
bionts, which are components of cyanolichens, are sensitive to acidic
environments (Fritz-Sheridan, 1985; Mulroy et al., 2022). In this
study, cyanolichens were more commonly observed on basic dolo-
mite than comparatively acidic sandstone. However, we based our
preliminary study on a small sample size, and need further sampling
of additional sites to confirm that the reported proportion of func-
tional traits is present at other localities within the Tswalu Kalahari
Reserve.
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Fig. 7. Relationships between richness (number of lichen morphospecies) on quadrats and quantitative environmental variables: a. elevation (m); b. insolation; c. northness; d.

slope (°); e. substrate texture. See methods and Table S1 for model details.

Although sexual reproductive structures were relatively common
in our sampling (80 %), this percentage was lower than what is docu-
mented for lichens in other regions (90 %) (Purvis et al., 1992). We
have difficulty interpreting the high representation of sexual repro-
ductive structures in comparison to vegetative reproductive struc-
tures among sampled lichens. Previous studies have reported varied
and contradictory relationships between climate and lichen repro-
ductive strategies. Some research has found that lichens produce sex-
ual reproductive structures in hostile environments (Seymour et al.,
2005), which supports the findings of this arid environment study.
Other work has documented a higher proportion of asexually repro-
ducing lichens in drier environments (Prieto et al., 2017), which is
inconsistent with the results of the present study. Notably, the corti-
colous community site (Site 3) we sampled had a higher percentage
of asexual than sexual reproductive structures, while the saxicolous
communities all showed higher percentages of sexual reproductive
structures. This finding may be related to the potentially more
exposed rock substrates that may not be protected enough for lichen
propagules to establish. However, many questions surrounded this
difference and we believe that further investigation is needed to
understand if reproductive strategies are related to environmental
conditions in this region.

The lowest alpha diversity was recorded at the single bark site
(Site 3) and the highest alpha diversity was recorded at the dolomite
rock site (Site 4; Table 1). The dolomite was generally rougher in tex-
ture than the sandstone and quartzite surfaces, which may facilitate
lichens’ ability to adhere to the substrate and increase the number of
lichens that could occur on it (Fig. 6; Epstein and Nicholson, 2016).
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However, we recognize that this relationship may be driven by the
higher pH of the dolomite substrate in comparison to the sandstone
rather than the substrate texture (Table S1). In addition to pH, ele-
mental composition of a substrate may affect its suitability for some
lichens (Brodo, 1973; Mulroy et al., 2022). We sampled corticolous
lichens from three tree species (Vachellia erioloba (E.Mey.) PJ.H.
Hurter, Senegalia mellifera (M. Vahl) Seigler & Ebinger, and Boscia albi-
trunca (Burch.) Gilg & Ben). These three species may be characterized
by different pHs, and therefore support distinct lichen communities.
We recorded the lowest turnover (beta diversity) at the corticolous
site (Site 3), which may reflect substrate specificity among cortico-
lous lichens in comparison to saxicolous lichens, which are known to
be more generalist (Table 1; Resl et al., 2018). These differences
between substrates were also present at the community level, which
revealed two main communities of saxicolous and corticolous lichens
(Fig. S2). However, we lacked sufficient data to disentangle the
impact of substrate and site, or statistically test the effect of substrate
on diversity.

While substrate texture was associated with driving the differen-
ces across saxicolous lichen communities (Fig. 6), it did not clearly
explain the differences in saxicolous morphospecies richness at each
site (Fig. 7). None of the measured variables explained the differences
in morphospecies richness, and our study may not have captured
environmental conditions that influence lichen richness. For exam-
ple, precipitation was identified as a potential confounding variable
for substrate and substrate texture, which suggests that precipitation
is an important variable to measure in further investigations (Table
S1). Similarly, lichens are known to be sensitive to air quality, and we
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did not measure any indices of air quality. Future studies would bene-
fit from including these environmental variables to understand what
drives lichen assemblages and how they can be used in monitoring,
particularly in arid regions in the face of climate change (Ndlovu et
al,, 2019).

A limitation of our diversity analyses is that alpha, beta, and
gamma diversity may be ineffective for comparison across studies
and regions beyond an individual study if sampling scales are not
congruent (McCoy and Heck, 1987). Similarly, these measurements
may capture the effects of small-scale community dynamics such as
competitive exclusion and spatial clustering, which may not serve as
representative of the overall diversity in the environment (Vellend,
2001).

In this study, we showed that morphospecies concepts can be a
valuable and accessible approach to characterizing an area’s lichen
biota. Our morphospecies approach used an easily repeatable proto-
col that does not require taxonomic expertise or significant resources.
Our findings corroborate other studies that have found that morpho-
species and functional traits are reliable concepts for assessing and
quantifying lichen diversity (Giordani and Brunialti, 2015; Giordani
et al,, 2009; Zedda et al., 2011; Pérez-Carrascal et al., 2019). While
morphospecies concepts can be useful, low barrier approaches to
addressing baseline diversity questions, morphological diversity and
phenotypic plasticity within a species may complicate the reliability
of these methods (Giordani et al., 2009). As a result, morphospecies
concepts are inappropriate in addressing questions that depend on
precise taxonomy. Many studies that utilize taxonomic precision
address important questions and we see exploratory morphospecies
studies as complements to taxonomic approaches.

5. Conclusion

The first study of the lichen diversity at the Tswalu Kalahari
Reserve has presented important preliminary data, including the
occurrence of 49 morphospecies across four localities within the
reserve. Specific functional traits were disproportionately repre-
sented when compared with global patterns, which may be related
to the unique function of lichens in the semi-arid savanna biome. We
also found that different sites supported distinct lichen communities,
with the bark site supporting unique communities and lower diver-
sity compared to the three rock sites, aligning with the knowledge
that lichens are generally substrate specific. As a result, we believe
the differences between rock and bark substrates play an important
role in driving lichen diversity and community composition in the
semi-arid Kalahari environment, although this hypothesis could not
be statistically tested. We acknowledge that our study presents a pre-
liminary set of results on lichen diversity and community composi-
tion as it is derived from limited sampling, and we highlight that this
project is hypothesis generating. We recommend that future studies
compare the lichen biota across a larger number of sites character-
ized by different substrates in the region to shed more light on the
role of substrate and other environmental variables that influence
the lichens of the southern Kalahari. Because our study did not rely
on precise taxonomic identifications or require a significant amount
of technical equipment or financial support, it can serve as a model
for a low-barrier entry point to obtain baseline data for lichens in
understudied regions.

Code availability

The code and instructions to perform analyses and generate fig-
ures shown in the main text are available at https://github.com/dan
ielleward12/TswaluLichens.
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0do.13887757].

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

CRediT authorship contribution statement

Danielle A. Ward: Writing — review & editing, Writing — original
draft, Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization. Sutapa
Adhikari: Writing — review & editing, Methodology, Formal analysis,
Conceptualization. Madeleen Struwig: Methodology, Investigation,
Conceptualization. Sarah Skikne: Writing — review & editing, Formal
analysis. Alan Fryday: Writing — review & editing, Methodology,
Investigation, Data curation, Conceptualization. Dylan Smith: Writ-
ing — review & editing, Project administration, Funding acquisition,
Conceptualization. Nishanta Rajakaruna: Writing — review & edit-
ing, Methodology, Funding acquisition, Conceptualization.

Funding

We thank the Explorers Club for an Exploration Fund Grant to DW
that permitted DW and AF to travel to South Africa as well as MS and
NR to travel to the Tswalu Kalahari Reserve. We also thank the
Tswalu Foundation, Oppenheimer Generations Research and Conser-
vation “OGRC,” and the Tswalu Kalahari Reserve for funding the field
work and providing logistical support. We thank the Fulbright US
Scholar Program for supporting NR.

Acknowledgments

We are grateful to Prof. Stefan Siebert (NWU) for helping to cata-
lyse and plan this project. We express appreciation to Andy Shen,
Kyle Rosenblad, and Klara Scharnagl for guidance with data analysis.
We also thank an anonymous reviewer for comments on a previous
version of the manuscript.

Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.sajb.2024.10.003.

References

Ahti, T., Mayrhofer, H., Schultz, M., Tehler, A., Fryday, A., 2016. First supplement to the
lichen checklist of South Africa. Bothalia 46 (1), a2065. https://doi.org/10.4102/
abc.v46i1.2065.

Arif, S., MacNeil, M., 2022. Applying the structural causal model framework for obser-
vational causal inference in ecology. Ecol. Monogr. 93 (1). https://doi.org/10.1002/
ecm.1554.

Asplund, J., Wardle, D.A., 2017. How lichens impact on terrestrial community and eco-
system properties. Biol. Rev. Camb. Philos. Soc. 92 (3), 1720-1738. https://doi.org/
10.1111/brv.12305.

Brodo, .M., 1973. Substrate ecology. In: Ahmadjian, V., Hale, M.E. (Eds.), The Lichens.
Academic Press, pp. 401-441. https://doi.org/10.1016/B978-0-12-044950-
7.50017-9.

Carter, N.E.A,, Viles, H.A., 2004. Lichen hotspots: raised rock temperatures beneath Ver-
rucaria nigrescens on limestone. Geomorphology 62, 1-16. https://doi.org/
10.1016/j.geomorph.2004.02.001.

Crous, P.W,, Rong, L.H., Wood, A, Lee, S., Glen, H., Botha, W.,, Slippers, B., de Beer, W.Z.,
Wingfield, M.J., Hawksworth, D.L., 2006. How many species of fungi are there at
the tip of Africa? Stud. Mycol. 55, 13-33. https://doi.org/10.3114/sim.55.1.13.


https://github.com/danielleward12/TswaluLichens
https://github.com/danielleward12/TswaluLichens
https://doi.org/10.5281/zenodo.13887757
https://doi.org/10.5281/zenodo.13887757
http://dx.doi.org/10.13039/100002861
https://doi.org/10.1016/j.sajb.2024.10.003
https://doi.org/10.4102/abc.v46i1.2065
https://doi.org/10.4102/abc.v46i1.2065
https://doi.org/10.1002/ecm.1554
https://doi.org/10.1002/ecm.1554
https://doi.org/10.1111/brv.12305
https://doi.org/10.1016/B978-0-12-044950-7.50017-9
https://doi.org/10.1016/B978-0-12-044950-7.50017-9
https://doi.org/10.1016/j.geomorph.2004.02.001
https://doi.org/10.3114/sim.55.1.13

D.A. Ward, S. Adhikari, M. Struwig et al.

Davis, A.L.V., Scholtz, C.H., Kryger, U., Deschodt, C.M., Strmpher, W.P., 2010. Dung bee-
tle assemblage structure in Tswalu Kalahari Reserve: responses to a mosaic of
landscape types, vegetation communities, and dung types. Environ. Entomol. 39,
811-820 10.1603/EN09256.

Epstein, L., Nicholson, R., 2016. Adhesion and adhesives of fungi and oomycetes.
In: Smith, AM (Ed.), Biological Adhesives. Springer, Cham, Switzerland, pp. 25-55.
https://doi.org/10.1007/978-3-319-46082-6_2.

Evans, R.D., Ehleringer, J.R., 1993. A break in the nitrogen cycle of aridlands: evidence
from §15N of soils. Oecologia 94, 314-317. https://doi.org/10.1007/BF00317104.

Fritz-Sheridan, R.P., 1985. Impact of simulated rains on nitrogenase activity in Peltigera
aphthosa and P. polydactyla. Lichenologist 17, 27-31. https://doi.org/10.1017/
S0024282985000044.

Fryday, A.M., 2015. A new checklist of lichenised, lichenicolous and allied fungi
reported from South Africa. Bothalia 45. https://doi.org/10.4102/abc.v45i1.148.

Fryday, A.M., Medeiros, 1.D., Siebert, S.J., Pope, N., Rajakaruna, N., 2020. Burrowsia, a
new genus of lichenized fungi (Caliciaceae), plus the new species B. cataractae and
Scoliciosporum fabisporum, from Mpumalanga, South Africa. S. Afr. J. Bot. 132, 471~
481. https://doi.org/10.1016/j.sajb.2020.06.001.

Fryday, A., Svoboda, S., Vondrdk, J., Ward, D., Struwig, M., in press. Caloplaca Tswaluen-
sis (Teloschistaceae, Teloschistales): a new species of lichen-forming Ascomycota
with plurilocular ascospores from South Africa. Lichenologist 1-9. doi:https://doi.
0rg/10.1017/S0024282924000185.

Gasulla, F., Del Campo, E.M., Casano, L.M., Guéra, A., 2021. Advances in understanding
of desiccation tolerance of lichens and lichen-forming algae. Plants 10, 807.
https://doi.org/10.3390/plants10040807.

Giordani, P., Brunialti, G., 2015. Sampling and interpreting lichen diversity data for bio-
monitoring purposes. In: Upreti, D., Divakar, P., Shukla, V., Bajpai, R. (Eds.), Recent
Advances in Lichenology. Springer, New Delhi, pp. 19-46. https://doi.org/10.1007/
978-81-322-2181-4_2.

Giordani, P., Brunialti, G., Benesperi, R, Rizzi, G., Frati, L., Modenesi, P., 2009. Rapid bio-
diversity assessment in lichen diversity surveys: implications for quality assur-
ance. J. Environ. Monitor. 1, 730-735. https://doi.org/10.1039/b818173;.

Guglielmin, M., Favero-Longo, S., Cannone, N., Piervittori, R., Strini, A., 2011. Role
of lichens in granite weathering in cold and arid environments of continental
Antarctica. Geol. Soc. Lond. Special Publ. 354, 195-204. https://doi.org/
10.1144/SP354.12.

Honegger, R., 2008. Morphogenesis. In: Nash, T.H.IIL. (Ed.), Lichen Biology. 2nd edition
Cambridge University Press, Cambridge, pp. 69-93. https://doi.org/10.1017/
CB09780511790478.006.

Lendemer, ]., Harris, R., Tripp, E.A., 2013. The lichens and allied fungi of Great Smoky
Mountains National Park: an annotated checklist with comprehensive keys. Mem.
N. Y. Bot. Gard. 104, 1-152.

Lopez, B.R,, Bacilio, M., 2020. Weathering and soil formation in hot, dry environments
mediated by plant—microbe interactions. Biol. Fertil. Soils 56, 447-459. https://doi.
0rg/10.1007/s00374-020-01456-x.

Medeiros, 1.D., Lutzoni, F.,, 2022. Contribution to a modern treatment of Graphidaceae
biodiversity in South Africa: genera of tribe Graphideae with hyaline ascospores.
Lichenol. 54 (5), 253-270. https://doi.org/10.1017/S0024282922000263.

Manzitto-Tripp, E.A., Lendemer, ].C., McCain, C.M., 2022. Most lichens are rare, and
degree of rarity is mediated by lichen traits and biotic partners. Divers. Distrib. 28,
1810-1819. https://doi.org/10.1111/ddi.13581.

McCoy, E.D., Heck, Jr., K.L., 1987. Some observations on the use of taxonomic similarity
in large-scale biogeography. ]. Biogeogr. 14, 79-87. https://doi.org/10.2307/
2844788.

Moen, H.F.G., 1977. 2722 Kuruman. In 1:250 000. Geological Series. Pretoria. Council
for Geoscience, South Africa.

Mucina, L., Rutherford, M.C., Powrie, LW., 2018. The Vegetation Map of South Africa.
Lesotho and Swaziland. South African National Biodiversity Institute.. http://bgis.
sanbi.org/Projects/Detail/186. Accessed 1 April 2024.

Mulroy, M., Fryday, A., Gersoff, A., Dart, ]., Reese Nasborg, R., Rajakaruna, N., 2022.
Lichens of ultramafic substrates in North America: a review. Botany 100, 593-617.
https://doi.org/10.1139/cjb-2021-0187.

Ndlovu, N.B., Frontasyeva, M.V., Newman, R.T., Maleka, P.P., 2019. Active biomonitoring
of atmospheric pollution in the Western Cape (South Africa) using INAA and

South African Journal of Botany 174 (2024) 978—-987

ICP-MS. ]. Radioanal. Nucl. Chem. 322, 1549-1559. https://doi.org/10.1007/
s10967-019-06823-z.

Oksanen, J., Simpson, G., Blanchet, F,, Kindt, R., Legendre, P., Minchin, P., O’Hara, R, Sol-
ymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker, B.,
Borcard, D., Carvalho, G., Chirico, M., De Caceres M., Durand, S., Evangelista, H., Fitz-
John, R, Friendly, M., Furneaux, B., Hannigan, G., Hill, M., Lahti, L., McGlinn, D.,
Ouellette, M., Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C., Weedon, ]J. 2022.
_vegan: Community Ecology Package_. R package Version 2.6-4, https://CRAN.R-
project.org/package=vegan.

Pérez-Carrascal, O.M., Terrat, Y., Giani, A., Fortin, N., Greer, CW., Tromas, N.,
Shapiro, B.J., 2019. Coherence of Microcystis species revealed through population
genomics. ISME J. 13, 2887-2900. https://doi.org/10.1038/s41396-019-0481-1.

Prieto, M., Martinez, 1., Aragon, G., Verdd, M., 2017. Phylogenetic and functional struc-
ture of lichen communities under contrasting environmental conditions. J. Veg.
Sci. 28, 871-881. https://doi.org/10.1111/jvs.12544.

Purvis, 0.W., Coppins, BJ., Hawksworth, D.L., James, P.W., Moore, D.M., 1992. The Lichen
Flora of Great Britain and Ireland. Natural History Museum Publications, London.

R Core Team, 2023. _R: A Language and Environment for Statistical Computing_. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Resl, P., Ferndndez-Mendoza, F., Mayrhofer, H., Spribille, T., 2018. The evolution of fun-
gal substrate specificity in a widespread group of crustose lichens. Proc. R. Soc. B
285, 1471-2954. https://doi.org/10.1098/rspb.2018.0640.

Rikkinen, J., 2015. Cyanolichens. Biodivers. Conserv. 24, 973-993. https://doi.org/
10.1007/s10531-015-0906-8.

Rodriguez-Caballero, E., Stanelle, T., Egerer, S., Cheng, Y., Su, H., Canton, Y., Belnap, J.,
Andreae, M.O., Tegen, L., Reick, C.H., Poschl, U., Weber, B., 2022. Global cycling and
climate effects of aeolian dust controlled by biological soil crusts. Nat. Geosci. 15,
458-463. https://doi.org/10.1038/s41561-022-00942-1.

Rogers, R., Lange, R., Nicholas, D., 1966. Nitrogen fixation by lichens of arid soil crusts.
Nature 209, 96-97. https://doi.org/10.1038/209096b0.

Root, H.T,, Jovan, S., Fenn, M., Amacher, M., Hall, ]., Shaw, ].D., 2021. Lichen bioindica-
tors of nitrogen and sulfur deposition in dry forests of Utah and New Mexico, USA.
Ecol. Indicat. 127 (4), 107727. https://doi.org/10.1016/j.ecolind.2021.107727.

Schoville, BJ., Beyin, A., Wright, D.K., Wilkins, J., 2023. The Tswalu Kalahari Reserve, South
Africa. In: Olszewski, D. (Ed.), Handbook of Pleistocene Archaeology of Africa. Springer
International Publishing, pp. 1691-1698. https://doi.org/10.1007/978-3-031-20290-2.

Seymour, F.A, Crittenden, P.D., Dyer, P.S., 2005. Sex in the extremes: lichen-forming
fungi. Mycologist 19, 51-58. https://doi.org/10.1017/50269-915X(05)00201-6.

Spribille, T., Fryday, A.M., Pérez-Ortega, S., Svensson, M., Tensberg, T., Ekman, S.,
Holien, H., Resl, P., Schneider, K., Stabentheiner, E., Thiis, H., Vondrdk, J.,
Sharman, L., 2020. Lichens and associated fungi from Glacier Bay National Park,
Alaska. Lichenologist. 52, 61-181. https://doi.org/10.1017/S0024282920000079.

Tian, C, Pang, J., By, C,, Wy, S., Bai, H,, Li, Y., Guo, Q., Siddique, K.H.M., 2023. The micro-
biomes in lichen and moss biocrust contribute differently to carbon and nitrogen
cycles in arid ecosystems. Microb. Ecol. 86, 497-508. https://doi.org/10.1007/
s00248-022-02077-7.

Tswalu Kalahari Reserve. 2024. Rainfall database. Accessed 2 May 2024. </Dataset>

Vellend, M., 2001. Do commonly used indices of B-diversity measure species turnover?
J. Veg. Sci. 12, 545-552. https://doi.org/10.2307/3237006.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York.. ISBN 978-3-319-24277-4 https://ggplot2.tidyverse.org.

Whittaker, R.H., 1960. Vegetation of the Siskiyou mountains, Oregon and California.
Ecol. Monogr. 30, 279-338. https://doi.org/10.2307/1943563.

Zedda, L., Grongroft, A., Schultz, M., Petersen, A., Mills, A., Rambold, G., 2011. Distribu-
tion patterns of soil lichens across the principal biomes of southern Africa. J. Arid
Environ. 75, 215-220. https://doi.org/10.1016/j.jaridenv.2010.10.007.

Zedda, L., Kong, S.-M., Rambold, G., 2011. Morphological groups as a surrogate for soil
lichen biodiversity in Southern Africa. Bibl. Lichenol. 106, 391-408.

Zedda, L., Rambold, G., 2009. Diversity and ecology of soil lichens in the Knersvlakte (South
Africa). Bryologist 112 (1), 19-29. https://doi.org/10.1639/0007-2745-112.1.19.

Zedda, L., Rambold, G., 2015. The diversity of lichenised fungi: ecosystem functions and
ecosystem services. In: Upreti, D., Divakar, P., Shukla, V., Bajpai, R. (Eds.), Recent
Advances in Lichenology. Springer, New Delhi, pp. 121-145. https://doi.org/
10.1007/978-81-322-2235-4_7.


http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0008
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0008
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0008
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0008
https://doi.org/10.1007/978-3-319-46082-6_2
https://doi.org/10.1007/BF00317104
https://doi.org/10.1017/S0024282985000044
https://doi.org/10.1017/S0024282985000044
https://doi.org/10.4102/abc.v45i1.148
https://doi.org/10.1016/j.sajb.2020.06.001
https://doi.org/10.1017/S0024282924000185
https://doi.org/10.1017/S0024282924000185
https://doi.org/10.3390/plants10040807
https://doi.org/10.1007/978-81-322-2181-4_2
https://doi.org/10.1007/978-81-322-2181-4_2
https://doi.org/10.1039/b818173j
https://doi.org/10.1144/SP354.12
https://doi.org/10.1017/CBO9780511790478.006
https://doi.org/10.1017/CBO9780511790478.006
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0021
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0021
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0021
https://doi.org/10.1007/s00374-020-01456-x
https://doi.org/10.1017/S0024282922000263
https://doi.org/10.1111/ddi.13581
https://doi.org/10.2307/2844788
https://doi.org/10.2307/2844788
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0026
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0026
http://bgis.sanbi.org/Projects/Detail/186
http://bgis.sanbi.org/Projects/Detail/186
https://doi.org/10.1139/cjb-2021-0187
https://doi.org/10.1007/s10967-019-06823-z
https://doi.org/10.1007/s10967-019-06823-z
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1038/s41396-019-0481-1
https://doi.org/10.1111/jvs.12544
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0033
http://refhub.elsevier.com/S0254-6299(24)00632-X/sbref0033
https://www.R-project.org/
https://doi.org/10.1098/rspb.2018.0640
https://doi.org/10.1007/s10531-015-0906-8
https://doi.org/10.1038/s41561-022-00942-1
https://doi.org/10.1038/209096b0
https://doi.org/10.1016/j.ecolind.2021.107727
https://doi.org/10.1007/978-3-031-20290-2
https://doi.org/10.1017/S0269-915X(05)00201-6
https://doi.org/10.1017/S0024282920000079
https://doi.org/10.1007/s00248-022-02077-7
https://doi.org/10.1007/s00248-022-02077-7
https://doi.org/10.2307/3237006
https://ggplot2.tidyverse.org
https://doi.org/10.2307/1943563
https://doi.org/10.1016/j.jaridenv.2010.10.007
http://refhub.elsevier.com/S0254-6299(24)00632-X/opt4LYXi4iwbe
http://refhub.elsevier.com/S0254-6299(24)00632-X/opt4LYXi4iwbe
https://doi.org/10.1639/0007-2745-112.1.19
https://doi.org/10.1007/978-81-322-2235-4_7

	Lichen morphospecies diversity and community composition across the Tswalu Kalahari Reserve, South Africa
	1. Introduction
	2. Materials and method
	2.1. Study area
	2.2. Sampling
	2.3. Data analysis

	3. Results
	3.1. Morphospecies diversity
	3.2. Community composition of saxicolous lichens
	3.3. Influence of environmental variables on saxicolous lichen diversity

	4. Discussion
	5. Conclusion
	Code availability
	Data availability
	Declaration of competing interest
	CRediT authorship contribution statement
	Funding
	Acknowledgments

	Supplementary materials
	References



