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Abstract

Cryptogams of ten urban flatroofs, contrasting in their age and size, were studied between 2016 and 2018. Siliceous (bitu-
minous felt, gravel, brick) and calcareous (concrete) substrata occurred at each site. Microclimate (T, RH) at two sites of
contrasting shading was monitored from September 2016 to January 2017. Biomass of two differently aged, exposed flatroofs
was sampled in October 2018. Taxa of Cladonia and Xanthoparmelia have been identified by spot tests and HPTLC. A total
of 61 taxa (25 bryophytes, 36 lichens), mostly widespread synanthropic species, have been detected with an explicit difference
of species composition between shaded and exposed sites. Floristically interesting species included acidophilous bryophytes
(Hedwigia ciliata, Racomitrium canescens) and lichens (Xanthoparmelia conspersa, Stereocaulon tomentosum) of montane
character. The most widespread lichen is Cladonia rei which accounted for a significant part of the biomass at selected sites.
Species-area curves for bryophytes at exposed sites have become saturated at 100—150 m?. In contrast, saturation of lichen
diversity has not been reached even at the largest sites. Flatroofs with traditional roofing techniques can harbour relatively
diverse microhabitats and species-rich synanthropic vegetation. It is urgent to study these sites before renovation with modern
roofing techniques eliminates them. Diversification of urban surroundings is possible in the future via application of various
substrats in renovated and newly constructed roofs.
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Introduction buildings, but compared to their large extension very little

information has been gathered on their cryptogamic flora.

Cryptogams are known as effective first colonizers in natu-
ral (Gilbert 1990) as well as in urban habitats. Construc-
tion activity in cities continuously creates new habitats on
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Species composition of certain microhabitats has been
somewhat better explored for bryophytes than for lichens
(Fudali 2006; Sabovljevi¢ and Grdovi¢ 2009), but overall
diversity of the bryophyte flora within settlements is gen-
erally neglected. The bryophytes are likely to form a sig-
nificant part of urban floras, but the available data on them
are limited (Skudnik et al. 2013). In Hungary, apart from a
few bryophyte records from some towns, only two studies
are known, which examined the bryophyte diversity of vil-
lages (Zs6lyom and Sziics 2018). Recently the bryophytes
are increasingly used in’green roofs’ (Glime 2017; Studlar
and Peck 2011), but the number of publications dealing with
spontaneous appearance of mosses on the roofs remains very
low. These mainly focused on the patterns of bryophyte spe-
cies richness and community structure of thatched roofs,
but their microenvironmental variables are not described
directly (Hedderson et al. 2003).
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Although the urban lichen floras, as indicators of air pol-
lution, have been subjects to intensive studies, the surveys
are mostly confined to epiphytes (Skye 1968; Farkas et al.
2001). Much less recent information is available on epilithic
and epigeic, especially building-dwelling lichens (Lisicka
2008; Matwiejuk 2009). Some historical buildings (e.g.
churches) represent important exceptions (Piervittori et al.
1994; Bungartz 1999). In contrast, data on establishment of
lichens on modern buildings, including the recently wide-
spread flatroofs, are very scarce. Spontaneous colonization
of lichens has been observed on some roofs (Thuring and
Dunnett 2019; Kéehler and Kaiser 2021).

A similar data shortage prevails for Hungary as we
mostly have historical records of synanthropic lichen veg-
etation, from river embankments and bridges (Gallé 1965).
Only sporadic synanthropic records are scattered in floris-
tic studies (e.g. L6kos and Farkas 1998, 2000; Farkas and
L&kos 2003; Sziics and Loth 2008). No modern survey is
available concentrating on floristic effect of roofing tech-
niques (cf. Favero-Longo et al. 2005; Gazzano et al. 2009),
although techniques and materials applied during construc-
tion have greatly changed meanwhile. Modern techniques
were applied on lichens colonizing monuments and while
bioremediation potential of lichens were studied on various
artificial and natural substrates (Cilia et al. 2015; Morando
et al. 2019).

Cryptogams, due to their dispersal by spores and con-
trary to dispersal-limited seed plants, are known to map
microclimatic heterogeneities and make excellent indicator
organisms of microhabitats (Birks et al. 1998). Microcli-
mate is a crucial determinant of ecological patterns and is
a driver of process in both vascular (Kershaw and Larson
1974; Behera et al. 2012) and non-vascular plant commu-
nities. Most studies concerning microclimate and surface
temperature have focused on vascular plants, with only a
few studies on bryophytes (Van Tooren et al. 1985) and even
fewer on lichens (Aartsma et al. 2021) despite them being
an important component in some communities. Temperature
and water availability are the primary factors of the growth
rate and the distribution of cryptogams (Nash 2008; Glime
2017). Temperature typically defines the boundaries of their
distribution while water availability limits their growth and
distribution within those boundaries (Glime 2017). As for
taxonomic groups, humidity has been identified as a decisive
factor for the bryophytes. Bryophytes generally prefer more
shaded conditions and higher air humidity (Humphrey et al.
2002; Ranius et al. 2008). In contrast, in lichens sensitive to
light availability proved more pronounced (Humphrey et al.
2002; Ranius et al. 2008; Aptroop 2010; Nascimbene et al.
2013; Odor et al. 2013).

In contrary to natural pioneer habitats (volcanoes, gla-
cier forelands), their dispersal limitation has hardly been
studied in urban surroundings where they might colonize
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apparently inhospitable habitats (bare rocks, walls, roofs).
Goffinet and Shaw (2009) suspect that these associations
often have a chemical basis as far as the substratum is con-
cerned, although in other cases some other ecophysiological
explanations may exist. They can fairly be considered as
habitat forming organisms which enabled the subsequent
succession of the vascular plants.

Due to their reduced extension, survey of cryptogamic
assemblages, differs greatly from those in vascular com-
munities. Berg et al. (2016) demonstrated a large overall
variation of applied plot sizes ranging from 0.0002 to 30
m? for lichen communities. These figures spread over five
orders of magnitude, which is even more extreme than those
reported for relevés in vascular plant communities (Chytry
and Otypkova 2003). The most frequently used cryptogam
plot sizes were 0.04, 0.01 and 0.03 m?, respectively. Giiler
et al. (2016) recommend that, wherever possible, plots of
cryptogamic micro-communities should be square shaped
(20cmx20 cm or 10 cm X 10 cm).

The basic aim of our study was to take an inventory of
cryptogams (lichens and bryophytes) dwelling on a rep-
resentative number of closely located urban flatroofs. We
wanted to characterize microclimatic conditions of exposed
and shaded flatroofs, respectively, as the most obvious abi-
otic background factor of their contrasting species composi-
tions under the same macroclimate. We intended to compare
total cryptogamic biomass as well as its division between
lichen and bryophyte fractions on flatroofs of contrasting
ages. This way we wanted to contribute to the knowledge of
phasing and timing of primary succession acting on urban
flatroofs. By comparing lichen and bryophyte species rich-
ness of different-sized flatroof we intended to establish a
species-area relationship for urban flatroof cryptogams. This
way we could also test whether is there a correlation between
lichen and bryophyte species richness, respectively, in these
widespread urban habitats.

Material and methods
Site selection and survey

Suitable sampling sites have been selected using public
databases of colour aerial photographs (GoogleEarth, http://
www.viamichelin.com). Pictures taken 0-10 years prior to
surveys have been screened to select old, non-renovated
flatroofs. These show an apparent patchy pattern of crypto-
gamic vegetation, in contrast to the uniform surface of new
or renovated ones. Access to roofs was permitted by man-
agement of the selected institutions upon request. Informa-
tion on the age of buildings was gained from facility manag-
ers. Roof dimensions were measured on public aerial photos.
Participants of field sampling have accomplished a course of
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labour safety tuition by the Autonomous Division of Labour
Safety, Debrecen University prior to working on roofs.

Floristical surveys (photodocumentation, species inven-
tory, collection of specimens) were carried out from March
to June, 2016. The whole surface of ten urban roofs has
been surveyed, and the presence-absence data of cryptogams
have been recorded for the whole roof area. Specimens have
been collected when necessary, and finally, species lists have
been compiled. Many cryptogam species have been identi-
fied on the spot, while others have been transported to the
laboratory and then have further been examined. Survey
time varied proportional to roof size and also to structural
diversity of roof surface (e.g. amount of walls, chimneys
present). Duration of surveys lasted from 0.5 to 2 h with two
to three surveyors, respectively, in a way that longer times
and more surveyors have been applied in larger and more
diverse roofs. Usually one survey per roof has been applied
but in case of the largest roofs some additional survey has
also been conducted when the microclimate measuring appa-
ratus has been checked.

Site characteristics

All selected sites are non-exploited flatroofs (i.e. except for
repairs no access of people is allowed), therefore human
disturbance is very scarce. All sites are almost level with a
fall as little as 1:80 to 1:40 to ensure the rainwater runoff.
At most studied sites insulation regime was ‘normal’ (also
referred to as ‘conventional’) meaning that thermal insula-
tion is placed under a protective membrane. In this case this
membrane was bituminous felt covered by a weatherproofing
layer of gravel coat (consisting mostly of siliceous pea gravel
of 10-25 mm diameter). At a single site (1, LSB) ‘inverted
roof” regime (also referred to as ‘upside down’ roof) was
applied where the waterproofing layer is beneath the ther-
mal insulation. In this case, the uppermost cover layer was
gravel ballast (typically siliceous gravel of 25-60 mm diam-
eter). Roofing also contained vertical structures (chimneys,
ventilation structures, small bordering walls) made of non-
calcareous (brick) as well as calcareous materials (concrete
walls and wall cappings) at all sites. Location, size, age and
other site characteristics are summarized in Table 1.

Identification

Lichen identification has been completed by manuals of
Verseghy (1994), Smith et al. (2009) and Wirth et al. (2013).
Nomenclature of lichens follows the public database of
IndexFungorum (http://www.indexfungorum.org/, accessed
on 9th March, 2023). Not-collected thalli of crustose lichens
have been observed by hand lens and documented by macro
photos in the field while collected specimens have been iden-
tified using stereo and compound microscopes (Olympus

SZX9 and Olympus BX50) as well as by spot tests (Orange
et al. 2010). For 40 specimens from the critical lichen gen-
era Cladonia, Stereocaulon and Xanthoparmelia standard
high-performance thin-layer chromatography (HPTLC) in
solvent system C (toluene: acetic acid =20: 3, V/V) has been
applied (Arup et al. 1993). This has been applied in order
to determine the pattern of secondary metabolites, an inevi-
table trait for identification. Approximately 5 mm X5 mm
air-dried thallus fragments were soaked in 0.2 ml acetone for
30 min in order to extract the lichen substances. Pretreated
(50 °C for 5 min, CAMAG TLC Plate Heater III, then cooled
to room temperature), 10 cm X 10 cm thin-layer chromato-
graphic plates (Merck, Kieselgel 60 F254) were used. Eight
ul acetone extracts (1 ul at each time) were applied to each
position (5 mm apart) on the plate using a microapplica-
tor (CAMAG Micro Applicator I). Pleurosticta acetabulum
(Neck.) Elix & Lumbsch (norstictic acid) and Heterodermia
leucomelos (L.) Poelt (atranorin, zeorin) were used as con-
trols. After chromatographic development, the plates were
examined under UV light (254 and 366 nm), then sprayed
(CAMAG TLC Sprayer) with water, dried (to investigate
fatty acids), then subsequently sprayed with a 10% sulphuric
acid solution and heated at 110 °C for 5—10 min. Finally, the
plates were cooled to room temperature and studied under
UV light (366 nm).

Bryophytes have been identified by consulting the rel-
evant handbooks and papers as Erzberger and Schroder
(2013), Erzberger et al. (2016), while the nomenclature for
bryophytes follows Hodgetts et al. (2020). A Wild dissecting
microscope and a Leica light microscope were used.

Collected bryophyte specimens are deposited in the
Botanical Garden and Botanical Museum Berlin-Dahlem
(B) and in the Cryptogamic Herbarium of the Department of
Botany and Plant Physiology at the Eszterhazy Kéroly Uni-
versity, Eger (EGR). Lichen specimens have been deposited
in the Herbarium of the Hungarian Natural History Museum,
Budapest (BP), and the Herbarium of the Debrecen Univer-
sity, Debrecen (DE).

For all cryptogamic specimens identifiers of the collect-
ing sites by quadrates ([8495.2] and [8495.4]) according to
the Central European Flora Mapping System (Niklfeld 1971;
Kiraly et al. 2003) were indicated.

Microclimate meaurement

Microclimate measurements have been conducted on two
roofs of different exposition. The selected buildings, the
4th Nurse Hostel (NH, exposed roof) and the Life Sciences
Building (LSB, highly shaded terrace) are located close to
each other (<450 m). Temperature (T) has been recorded at
5 cm and 30 cm height, resprectively, while relative humid-
ity (RH) was measured at 30 cm height. Measurements have
been stored in 60 min intervals and analyzed between 1st
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September 2016 and 31st January 2017 using HOBO Tem-
perature/Relative humidity dataloggers (Onset Computer
Corporation, USA, series H08—003-02 and U12-011).

Due to low batteries, data have not been gathered at one
datalogger between 16 and 20th of December, 2016. Data of
other loggers from this period have therefore been excluded
from analyses and a total duration of 148 days has been
analysed.

Duration of direct sunlight has been calculated using
HemiView hemispherical canopy analyser (Delta-T Devices
Ltd, UK) at the Life Sciences Building. Based upon meas-
urements and in coincidence with personal observations, we
have shown that only small parts of this site receive any
direct sunlight during the year in the morning and evening,
respectively. Direct sunlight enters here only between 8th
May and 4th August. The maximum length of direct insola-
tion at these parts is only 75 min on 22nd June.

Temperature measurements have additionally been com-
pared with standard records (at 2 m height) of the nearby
meteorological station (<400 m from LSB and <700 m from
NH) operated at the university campus by the Department
of Meteorology and the Renewable Energy Park (N 47°
33.355", E 21° 36.925"). Comparison of our microclimate
measurements and the reference readings was, however,
possible only to a limited extent due to a repeated malfunc-
tioning of measurement tools at campus station. Thus we
have selected three days in each month (7th, 12th and 21st,
respectively, representing ca. 10% of measuring days) when
standard measurement have been compared with ours.

Biomass sampling

Cryptogamic biomass was sampled on the flatroofs of con-
trasting age of the Lehel street kindergarten (37 years old)
and the big garage of the Nursery Home (49 years old) on
16 October 2018. These are located about 780 m apart and
were similarly exposed and isolated with identical technolo-
gies. In each flatroof, 10 samples of 10 cm x 10 cm (0.01 m?)
were collected, then samples were dried, hand sorted into
bryophytes and lichens and these fractions were measured
with an accuracy of 0.01 g.

Data processing
Microclimate

Pairwise and multiple comparisons have been performed
by Sigmaplot 12.0 programme package. For comparison of
daily average, maximum, minimum as well as range of tem-
perature and of relative humidity records for the full period
(148 days) ANOVAs on ranks (Kruskal-Wallis test) have
been applied whereas pairwise significancies among dif-
ferently positioned dataloggers (shaded vs. exposed, 5 cm

vs. 30 cm) has been determined by the Dunn’s test with
p <0.05 significance values (Zar 2010). Paired comparisons
of records from the 5 cm readings of shaded and the exposed
roof, respectively, has been performed by Wilcoxon signed
rank tests (non-parametric version of paired r-test).

Similarly, ANOVAs on ranks (Kruskal-Wallis test) have
been applied to compare daily average, maximum, minimum
as well as range of temperature and of relative humidity
records in each sampled months. In case of significant ANO-
VAs pairwise comparisons have been completed by Dunn’s
tests with p <0.05 significance values (Zar 2010). Paired
comparisons of records from the 5 cm readings of shaded
and the exposed roof, respectively, has been performed by
Wilcoxon signed rank tests.

On hourly temperature readings of selected days (three
days per months) we used Wilcoxon signed rank tests for
paired comparisons of microclimate dataloggers with stand-
ard reference dataset (five comparisons).

Biomass

Pairwise comparison of biomass samples (lichens, bryo-
phytes and all cryptogams, respectively) collected on roofs
of contrasting age has been completed by Mann—Whitney
rank sum test (Mann and Whitney 1947).

Floristic composition

Correlation of bryophyte and lichen species numbers per site
has been tested by Spearman rank order correlation (Spear-
man 1904). Species composition of sites has been analysed
using DCA in the programme package CANOCO and visu-
alized in CANODRAW (Braak and Smilauer 2002). Rare
species, occurring at a single site and the species-poor site
10 have been excluded from multivariate analysis. Presence-
absence records for a total of 29 taxa (20 lichens, 9 bryo-
phytes, thus 47.5% of all recorded taxa, representing 79.4%
of all records) have been analysed.

Species richness

Species-area analyses have been applied for lichen, bryo-
phyte and total species richness of sites, except for the LSB
roof with deep shade and a species composition contrast-
ing all the rest. We used a single component, two param-
eter version of exponential rise to maximum equations, a
widely accepted one used in describing saturation curves
from accidental sources. The used equation was f=a*(I-
exp(—b*x)) where x is site area in m? while fis the species
number of bryophytes and lichens at given site, respectively,
whereas a and b are parametres to be calculated by an itera-
tive approach with automatic initial parameter estimate func-
tions. We used the software package option dynamic fitting
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(with 200 fits while the maximal number of iterations was
also 200) so as to get the best possible estimates for parame-
tres and to achieve the best possible fit.

Results
Microclimate

For the entire sampling period (148 days), average of tem-
perature (7) fell between 3.97 and 7.02 °C among the four
dataloggers (Suppl. Table 1). These differences, however,
did not prove to be significant by the Kruskal-Wallis test
due to their large variation through the sampled period
(Suppl. Table 2). The same holds for absolute minimum
scores (between —16.02 and —17.17 °C). In contrast, abso-
lute maximum values (between 25.95 and 47.43 °C) and
ranges of temperature (between 41.97 and 64.11 °C) were
already highly significantly different (p <0.001) among the
stations (Suppl. Table 1; Suppl. Table 2). All comparisons of
relative humidity (average, maximum, minimum, range) for
the whole sampled period resulted in highly significant val-
ues according to the Kruskal-Wallis tests (Suppl. Table 2).
Paired comparisons of the surface (5 cm) measurements at
shaded and exposed roofs proved to be highly significant for
average, maxima and range in temperature, but non-signifi-
cant for the minima (Wilcoxon signed rank tests, N=148).
For relative humidity, differences between the shaded and
exposed roofs proved highly significant in all parametres but
the maxima (Suppl. Table 2, grey columns). The exposed
roof had much larger range of variation both for temper-
ature (due to extreme high values) and relative humidity
(due to extreme low values) data in both heights (5 cm and
30 cm, respectively) than did loggers of the shaded one.
Absolute temperature maximum of exposed roof was about
10 °C higher at 30 cm and over 20 °C higher at 5 cm height
(Suppl. Table 1).

Monthly mean (daily mean, daily maximum, daily mini-
mum, daily range) at the exposed and shaded sites at 5 cm
height for temperature are summarized in Table 2 and for rel-
ative humidity in Suppl. Table 3. Similar records are summa-
rized at 30 cm height for temperature and relative humidity

in Suppl. Table 4. Monthly comparisons have shown a simi-
lar patterns. No significant difference occured for minimum
temperature records, only a few for averages whereas all
montly comparisons of maximum temperatures as well as
of temperature ranges proved to be significant by ANOVAs
on ranks (Suppl. Table 5). Frequencies of significant pair-
wise comparisons of temperature by Dunn’s test were also
similar (in the same order as the previous one, counting 0,
4, 18 and 16 significant differences, respectively). Paired
comparisons of temperature maxima and range of surface
measurements (5 cm) of the exposed and shaded roofs by
Wilcoxon signed rank tests differed with high significance
for all months (Table 3). Contrary to these, comparisons
for average and minimum values often proved to be less or
non-significant.

Maxima and ranges of relative humidity (RH) scores
proved to be highly significant in all cases, but monthly com-
parisons of their minima and average resulted in some less or
non-significant ANOVAs on ranks. Frequencies of signifi-
cant pairwise comparisons of RH by Dunn’s test, however,
differed somewhat less frequently than those of temperature.
Paired comparisons of ranges of relative humidity in surface
measurements (5 cm) always differed with high significance
by Wilcoxon signed rank tests. Somewhat less highly signifi-
cant differences have been revealed for maximum, average
and minimum values (Table 3).

Differences among differently positioned datasets have
shown a clear seasonality. Most of the highly significant
ANOVAs on ranks (p <0.001) occured in September but
non-significant results peaked in December and January.
Frequencies of significant pairwise differences (by the
Dunn’s tests) had their maxima in September both for tem-
perature and relative humidity data. Contrary to the previous
results, their minima fell in December (7) and January (RH),
respectively (Suppl. Table 5). Similarly, all paired compari-
sons between exposed and shaded surfaces (5 cm) proved to
be highly significant in September, but only four to five of
them from November to January. We have found that data
from loggers of the exposed roof differed half as often from
the reference than did those from the shaded roof (Table 3).

On selected days, pairwise comparisons of microcli-
mate dataloggers with standard reference dataset at hourly

Table 2 Monthly mean (daily

) ' ¢ 2016/17 Shaded Exposed

mean, daily maximum, daily

minimum, daily range) at the Mean Max Min Range Mean Max Min Range

exposed and shaded sites at

5 cm height for temperature September (n=230) 15410 19963 11.895 8.068 22762  38.630  12.666 25.963

(T, °C) October (n=31) 8.971 12.014 6.135 5.879 11252  20.657 5.686 14971
November (n=30) 2.670 5.472 0.704 4.767 5202 13.125 0.807 12.318
December (n=26%) —-1.787 —-0.072 —-3.082 3.010 —-0.589 5355 -=3.971 9.326
January (n=31) -6.017 -3.819 —8223 4404 —4327 1203 -7.811 9.013

*5 days of data deficiency at a logger
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Table 3 Comparison of monthly means (difference between shaded and exposed) with Wilcoxon signed rank test at 5 cm recods

Date Mean Maximum

Minimum

Range In total

n Z P V4 p Z

p<0.001 p=0.001- ns

0.05

p Z p

(a) Temperature (T, °C)
2016 IX 30 4.782
2016 X 31 4.801
2016 XI 30 2.787
2016 XII 26* 2.299
20171 31 4.700
(b) Relative humidity (RH, %)
2016 IX 30 4.782
2016 X 31 4.801
2016 XI 30 2.787
2016 XII 26* 2.299
20171 31 4.700

<0.001
<0.001
0.005
0.022
<0.001

4.782
4.860
4.278
3.572
4.783

<0.001
<0.001
<0.001

<0.001

<0.001  4.398 <0.001

<0.001 1.421 ns
0.005 0.538 ns
0.022 3.264 <0.001

<0.001 3.587 <0.001

4.160
2.739
0.455
<0.001 1.121
1.994

4.785
4.762
4.474
3.035
2.352

<0.001 4.782
0.006 4.860
ns 4.618
ns 3.924
0.048 4.644

<0.001
<0.001
<0.001
<0.001
<0.001

W NN WA
—_ = = O
S = = O O

<0.001
<0.001
<0.001
0.003
0.019

4.556
4.840
4.556
4.229
4.292

<0.001
<0.001
<0.001
<0.001
<0.001

W NN W A
— N = O O

S O = = O

*5 days of data deficiency at a logger

temperature readings have shown that the highly significant
differences (by Wilcoxon signed rank tests) have been about
twice as frequent at shaded roof records than at the exposed
ones (Suppl. Table 6, 7).

Daily regimes of temperature and relative humidity in
September 2016 measured at 5 cm are shown in Fig. 1.
(Temperature and RH data for 30 cm height can be found at
Suppl. Figure 1). At a selected typical early autumn day (12
September 2016) both at 5 cm and 30 cm height, much lower
and delayed daily maxima (between 2 and 3 p.m.) have been
recorded on the shaded site than at the exposed one where
maxima fell between 12 a.m. and 1 p.m. (Fig. 2). A similar
delay of daily RH minima of RH has been found in autumn
months (Suppl. Figure 2).

Seasonal pattern of differences coincided with those
found in monthly dataset comparisons. Highly significant
differences have been more frequent at warmer periods (9
and 10 ones in September and October, respectively) than in
November or December (as low as 4 ones out of the maxi-
mally possible 15). Results for January have shown an inter-
mediate position.

Biomass

Total cryptogamic biomass at the two selected exposed
sites proved to be as high as 370 g/m* (37 yrs) and 640 g/
m? (49 yrs), respectively. It comprised of 3.1 times (T'=57,
p<0.001) and 7.5 times (T'=65, p=0.003) more lichens
than bryophytes at the younger and older sites, respectively
(Table 4). Cladonia rei and Ceratodon purpureus have been
identified as community dominants. The community had
a typically patchy appearance as lichens colonized on the

°c T (5 cm) Sept. 2016
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—— shaded (a)

T T T T T T T
0 100 200 300 400 500 600 700 hours

RH (5 cm) Sept. 2016
AR T

T T

B
%] [
\ |

wed Lo

- exposed
— shaded

(b)

700 hours
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Fig. 1 Daily regimes of microclimatic parameters in September 2016
measured at 5 cm height on exposed (NH) and shaded (LSB) fla-
troofs, respectively. Hourly readings have been used in constructing
diagrams. a Temperature records are shown on linear scale whereas b
relative humidity records on logarithmic scale
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°c 12 Sept. 2016 rangiformis, C. rei), Stereocaulon tomentosum and Xan-
0070, thoparmelia conspersa was confirmed.
++- @ shaded5cm . O, . . . . . . .
== smietston o Multivariate analysis has indicated a different composi-
—O— expose: cm - Q .
40 { O PN S a s tion of the more or less shaded roofs (1,2) from those of
Pog

Fig.2 Daily temperature regimes of the standard measurement (2 m)
and of microclimate dataloggers at 5 cm and 30 cm height in exposed
and shaded flatroofs, respectively, on 12 September 2016

Table 4 Composition of biomass samples collected on roofs of con-
trasting age.

Site (code) Built/age  Biomass (g/0.01 m?)
in 2018 -
(yrs) Bryophytes Lichens All
Northern 1981/37 044+0.16* 3.29+1.51* 3.73+1.51*
block, Lehel
street kinder-
garten (7)
Garage, city ~ 1969/49 1.56+£0.99° 4.84+2.75* 6.40+2.71°
of Debrecen,
Nursery
Home (9)

Mann-Whitney rank sum tests have been used in pairwise compari-
sons (n=10), superscripted letters indicate significant differences (to
be read vertically)

surface of the firstly established bryophyte ‘islands’ scat-
tered on barren areas of gravel (Fig. 3).

On the older roof, significantly more total cryptogamic
biomass (about 1.7 times, T=75.5, p=0.028) as well as
more bryophyte biomass (over 3.5 times, 7=64.5, p=0.002)
been sampled while about 1.5 times more lichen biomass
has been recorded (ns) than on the younger one (Table 4).

Floristic composition

A total of 61 species (36 lichens and 25 bryophytes), mostly
common and widespread throughout Hungary, was identi-
fied (Suppl. Table 8). Based on the morphological characters
and the lichen substances detected by HPTLC (atranorin,
barbatic acid, fumarprotocetraric acid, homosekikaic acid,
norstictic acid, rangiformic acid, stictic acid, usnic acid) the
presence of seven Cladonia taxa (C. coniocrea, C. coni-
sta, C. fimbriata, C. furcata, C. macilenta/floerkeana, C.

@ Springer

exposed ones (Fig. 4).

Abbreviations are resolved in detail in the Supplementary
files. Letter size is proportional to species frequencies (small
letters: present at 2 to 3 sites, medium letters: 4 to 6 sites,
large letters: from 7 to 9 sites). Species recorded on a single
site as well as a species-poor site have been excluded from
the analysis.

Bryophytes characteristic for shaded roofs include
Brachythecium rutabulum, B. salebrosum, Hypnum cupres-
siforme and Racomitrium canescens. Contrary, typical
bryophytes of exposed roofs are Syntrichia ruralis, Bryum
argenteum and Grimmia pulvinata. These are accompanied
by a number of lichen species among which the most wide-
spread is Lecanora muralis. Except for Stereocaulon tomen-
tosum, we have not detected further lichen species confined
to shaded sites. Frequent taxa present both on exposed and
shaded roofs, included the bryophytes Ceratodon purpureus
and Hedwigia ciliata as well as the lichens Cladonia fim-
briata and C. rei.

Species richness

No significant correlation of bryophyte and lichen species
richness was found between sites. Some sites proved to be
more bryophyte-rich, some sites more lichen-rich while
other ones were rich in both.

No correlation of total cryptogamic species richness
(i.e. bryophytes plus lichens) and site area was revealed.
However, when separated, saturation of species richness
in relation to site area has been found both for lichens and
bryophytes. For bryophytes species richness has already
approached its maximum at a small area as low as 100-150
m?. In contrast, lichen species richness continued to increase
over 500 m? suggesting that saturation level is well above
the area of studied sites (Fig. 5). Equation parameters for
bryophytes are as a=4.6306, b=0.0394, p,coregsion = 0-0538,
r*=0.4336 whereas for lichens as a=16.577, b=0.0039,
=0.0053, *=0.6934.

p regression

Dicussion

First data on anthropogenic vegetation in Hungay date back
several decades (Gallé 1965) but little information has been
gathered since then and hardly any records stemmed from
city build-ups. As it turned out in our study, vegetation of
flatroofs, a widespread urban habitat recently, mostly con-
sists of cryptogams. Vascular species only have scattered
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Fig.3 1 Patchy pattern of Cladonietum rei community, dominated by
Ceratodon purpureus and C. rei. Diameter of the beer cap is 26 mm,
2 detail of a 37 years old site (Lehel street kindergarten), 3 detail of

individuals of a handful species among bryophytes and
lichens at most sites.

Most of the recorded roof-dwelling cryptogams are wide-
spread and common in Hungary (Orban and Vajda 1983;
Verseghy 1994) but some of them are floristically interest-
ing. These include the lichen, Stereocaulon tomentosum
Fr. which was found as the second record for Hungary
(Verseghy 1994; Matus et al. 2017, 2018). Most Stereocau-
lon species, originally from subalpine to alpine siliceous
cliffs, heaths, are endangered and already regionally extinct
in Central Europe (Wirth et al. 2013). Scattered occurrences
of some Stereocaulon species have already been reported
from Central and Western European anthropogenic habitats,
including flatroofs (Wirth et al. 2013, https://www.versp
reidingsatlas.nl; http://www.lichenology.info). Characteris-
tic of montane siliceous rocks, Xanthoparmelia conspersa
(Verseghy 1994), has scattered lowland records from Hun-
gary (e.g. on andesite stones of an old bridge; Gallé 1965).
We have detected it on three exposed flat roofs suggesting
that in urban habitats it can be more frequent than believed.

Floristically interesting bryophytes include Ctenidium
molluscum, Dicranum scoparium and Ptychostomum

PPN (11 (NPT

[T T ITITIV AR

y b

49 years old site (big garage of Nursery Home). All photos had been
taken on 16 October 2018

elegans characteristic of rock outcrops and of acidophilous
forest soils, with scattered records from the Great Hungarian
Plain. These three taxa have been confined to the only deep
shade site. Two further bryophytes, Racomitrium canescens
and Hedwigia ciliata are characteristic of siliceous rocky
outcrops and acidic dry sandy grasslands and only have
sparse records in the Hungarian Great Plain (Boros 1968;
Erzberger et al. 2016).

Major identification challenges came from lichen genus
Cladonia, of which seven taxa were found. The morphologi-
cally similar pair, Cladonia subulata and C. rei are chemi-
cally distinct species (Dolnik et al. 2010; Wirth et al. 2013).
While C. rei produces homosekikaic acid (with + sekikaic
acid) and usually with fumarprotocetraric acid, C. subulata
contains only fumarprotocetraric acid (Wirth et al. 2013).
Only C. rei was found in the present study.

As our investigation revealed, not only the flora of the flat
roofs, but also its vegetation is dominated by cryptogams,
especially in terms of biomass. Planning the biomass sam-
pling setup we only had a single Hungarian predecessor,
studies from sandy grassland by Verseghy and Kovics-Lang
(1971), Verseghy (1976, 1977). They sampled cryptogams
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Fig.4 Species composition of the studied sites, according to the
detrended correspondence analysis (DCA). Scientific names were
abbreviated in 8 letters where the first four letters stand for the genus
name while the last four ones for the species name, respectively.
Bryophyte names are underlined. List of species used in DCA with
their abbreviations and frequencies: lichens: Acarospora sp. (Acar
sp.) 3, Caloplaca decipiens (Calo deci) 4, Caloplaca sp. (Calo sp.) 6,
Caloplaca cf. citrina (Calo citr) 4, Caloplaca cf. pusilla (Calo pusi)
2, Candelariella aurella (Cand aure) 6, Cladonia coniocraea (Clad
coni) 2, Cladonia fimbriata (Clad fimb) 4, Cladonia rei (Clad rei)
8, Lecanora dispersa (Leca disp) 6, Lecanora muralis (Leca mura)
7, Phaeophyscia nigricans (Phae nigr) 4, Phaeophyscia orbicula-
ris (Phae orbi) 4, Physcia adscendens (Phys adsc) 2, Physcia caesia
(Phys caes) 3, Sarcogyne regularis (Sarc regu) 3, Verrucaria nigre-
scens (Verr nigr) 6, Xanthoparmelia conspersa (Xant cons) 3, Xan-
thoria elegans (Xant eleg) 4, Xanthoria parietina (Xant pari) 2.
bryophytes: Brachythecium rutabulum (Brac ruta) 3, Brachythecium
salebrosum c.spg. (Brac sale) 2, Bryum argenteum (Bryu arge) 6,
Ceratodon purpureus (Cera purp) 9, Grimmia pulvinata (Grim pulv)
S5, Hedwigia ciliata (Hedw cili) 4, Hypnum cupressiforme (Hypn
cupr) 2, Racomitrium canescens (Raco cane) 4, Syntrichia ruralis
(Synt rura) 5

at hectare sized areas in ten replicates of 20 cm X 20 cm
sized plots (4000 cm? in total). Although our biomass sam-
pling setup applied only a fourth of the abovementioned
area (1000 cm? per site) we still it considered representative
because of the identical sample size (n=10) in a signifi-
cantly smaller area (290 and 400 m?, respectively).

The largest portion of lichen biomass as well as of total
biomass is coming again from the the morphologically
diverse, species-rich genus Cladonia. Cladonia species are
well known as important constituents of pioneer vegeta-
tion, both in natural and anthropogenic habitats (Rola and
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Osyczka 2014). They are considered as first colonizers in
early stages of primary succession also at anthropogenic
sites (Hajduk and Lisicka 1999; Osyczka and Rola 2013).
Dominant of the studied roofs Cladonia rei proved to be
a widespread species in various cryptogamic associations
(Khodosovtsev et al. 2011; Rola et al. 2014). Vegetation of
our exposed sites can be classified as the common assam-
blage Cladonietum rei (Giinzl 2005; Rola et al. 2014) which
could be recognized as characteristic of anthropogenic and
disturbed habitats throughout Europe (Syrek and Kukwa
2008; Rola et al. 2014).

Contrastingly steep saturation curves suggest different
minimal areas for bryophytes and lichens, respectively.
Explaining this finding quantitatively would require specific
data on rates of propagule rain and establishment. In absence
of these, we can only outline certain assumptions. Firstly,
dispersal of both groups rely on microscopic airborne prop-
agules (spores and gemmae in bryophytes (Van Zanten and
Pécs 1981), spores, picnidia, soredia and isidia in lichens
(Wirth et al. 2013).

Spore dispersal has been studied with greatly contrasting
spatial and temporal scales from local to transcontinental
and from a vegetation season to geological timescale. The
former, such as dispersal of pathogenic fungi spores on ara-
bles, show an exponentially or polynomially decreasing rate
from source distance (Stockmarr et al. 2007). In the latter
several specific factors (e.g. drought tolerance or colouration
of spores) have been identified transcontinental bryophyte
dispersal (van Zanten 1984; van Zanten and Pocs 1981).

Scale of our study is positioned in between the above
two. Many of the lichen species found have their closest
propagule sources at as much as 80—-120 km from the studied
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sites (on hard rocks of Zemplén Mts, Biikk Mts, Métra Mts
and Bihar Mts, respectively). In contrast, all bryophyte spe-
cies are known to have populations within a 10-30 km range
(Erzberger et al. 2023, unpublished). This could explain why
many lichens are likely more dispersal limited at the studied
sites than bryophytes. While most bryophytes can reach even
the smaller roofs, still new lichen species can be detected as
roof sizes increase.

Secondly, establishment of lichens, as stable symbiotic
organisms or tiny ecosystems (Farrar 1976), is more com-
plex than just arrival of spores to a location. Being com-
prised of more than one organism (at least a mycobiont, a
photobiont and some further microorganisms) (Hawksworth
and Grube 2020), can reduce they establishment rate com-
pared to that of the non-symbiotic bryophytes.

The reason for cryptogamic dominance on most flatroofs
has become clear from microclimate measurements as only
poikilohydric organisms can endure large fluctuations of
climate elements. Microclimate has already been shown to
have a profound influence on composition of various cryp-
togamic dominated communities (Kersaw and Larson 1974;
Van Tooren et al. 1985; Aartsma et al. 2021) and the same
applies to the studied flatroof assamblages. The most impor-
tant biotic effects of microclimate are manifested through
contrasting water availability. Marked differences of the
exposed and shaded roofa are explained by reduced fluctua-
tion and higher averages of RH as well as lower maxima
and limited ranges of T of the latter (Suppl. Tables 1, 2,
Fig. 1). This is accompanied by a reduced amount of light
(not tested). At the deep shades site water stays available for
prolonged periods compared to an exposed one. This effect
has also been shown to change with the seasons (Tables 2, 3,
Suppl. Table 5): it iss more significant in periods with longer
daylight but fading away from late autumn. The consequence
is a shift to a bryophyte dominated assamblage at the deep
shade site, first in terms of species richness then possibly by
biomass. This also stands for partially shaded sites (2,6,10,
Suppl. Tables 3, 4, 6) to a smaller extent. A similar separa-
tion of bryophyte and lichen species due to differences in
water and light availability has been demostrated in temper-
ate forest habitats (Kiraly and Odor 2010; Kiraly et al. 2013;
Odor et al. 2013).

Contrasting water availability may even lead to different
successional pathways. In spite of its young age, the only
deep shade roof harbours about four times as many bryo-
phyte species as the average of the other nine roofs in an area
about a fifth of the average of the others. This shaded path-
way is already not exclusively characterized by cryptogams
but also numerous fern species (Takacs and Loki 2015) and
some flowering vascular plants can also establish. The above
microclimatic differences can explain the apparent separa-
tion of the deep shade site (1) from the rest detected by DCA
and an intermediate position of partially shaded roofs (2, 6).

Key species in this separation are the bryophytes Hypnum
cupressiforme, Brachythecium rutabulum, B. salebrosum
and Racomitrium canescens. The group of exposed roofs is,
in contrast, distinguished by the bryophytes Bryum argen-
teum, Grimmia pulvinata and Syntrichia ruralis as well as
numerous lichens taxa such as Caloplaca spp., Candelaria
aurella, Lecanora dispersa, L. muralis, Phaeophyscia spp.,
Verrucaria spp., Xanthoria elegans.

There is a consensus that biomass accumulation during
primary cryptogamic succession can be very slow lasting
for decades (Farrar 1976; Verseghy 1977; Lobel et al. 2006).
Although a full reconstruction of roof cryptogam succes-
sional pathways by the space-for-time approach (Picket
1989) still seems difficult. The reason for this is that we
don’t have enough data from younger roofs (our records refer
mostly to the 35 to 50 yrs age class) moreover the exact
age of many roofs is unknown. We have, however, gained
some insight through the biomass accumulation data of the
similarly exposed 37 and 49 yrs old roofs, respectively. Our
records have confirmed that there is still a statistically signif-
icant increase of bryophyte (and of total) biomass between
these dates. Shifting proportions of biomass in dominants,
Ceratodon purpureus and Cladonia rei, respectively, is
remarkable. At the 37 yrs old site C. purpureus comprised
only 8.5% of total biomass but its proportion has already
been over 24% at the 49 yrs old one (Table 4). Both species
are known as pioneers or first colonizers ( for C. rei see
Hajduk and Lisickd 1999; Osyczka and Rola 2013; Wirth
et al. 2013, https://www.verspreidingsatlas.nl/4188; for C.
purpureus see Orban 1984; https://www.verspreidingsatlas.
nl/2642; https://www.britishbryologicalsociety.org.uk/) but
it is unknown if there is any difference between their estab-
lishment dates. So this proportion shift may either suggest
contrasting time of their colonization or differences of their
growth rates.

Thus, already established thalli of C. rei may facilitate
C. purpureus growth by draining fog and rain to their bases
providing an extra water supply and some shelter for the
bryophyte. As C. rei is also known to establish on bryo-
phytes (Syrek and Kukwa 2008), it is also possible that those
mats of C. purpureus which had C. rei thalli established atop
could have performed an increased growth. Patchy appear-
ance of Cladonietum rei (Fig. 3) also seem to support this
assumption but further experiments are necessary to quan-
tify this successional mechanism. Successional facilitation
(Connell and Slatyer 1977) between two cryptogamic organ-
isms has rarely been tested so far (Colesie et al. 2012).

A further increase of bryophyte biomass and withdrawal
of C. rei during succession seems likely. This assuption is
supported by a bryophyte dominated site (not sampled for
biomass). Although this site (Waterworks Building, Botani-
cal Garden) is not older but experiences some shade from
surrounding trees. A somewhat longer availability of water
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may have accelerated the succession here resulting in an
already non-patchy, uninterrupted bryophyte cover.

Conclusion for future biology

Flatroofs are ideal sites for studying diversity and undis-
turbed primary succession in cryptogamic communities due
to their restricted accessibility. Old, non-renovated flatroofs
are still widespread in all major cities in Hungary, but only
a few of them have been surveyed. Consequently, most of
their cryptogamic biodiversity remains unexplored. Roofing
techniques, however, are being modernized and old roofs
constantly renovated, mostly in framework of EU funded
projects. The old-fashioned roof covers of bituminous felt
with gravel coat, providing a vulnerable insulation (Varghese
2007), but also suitable habitats for cryptogamic communi-
ties, are going to be replaced. By 2020 four out of ten study
sites, surveyed in 2016 have been, at least partly, renovated
and one site demolished. Surveying on remaining old roofs
should therefore have a priority in the next few years.

It is not realistic to declare any roof as a protected area as
safety and cost effective insulation are the main objectives
for urban buildings. Choosing among feasible techniques in
construction of new buildings and in renovation of old ones
can, however, promote flatroof biodiversity greatly. While
modified bituminous membrane roofing (often reinforced
with glass fibres) provide a rather uniform substrate with no
microclimatic variability, the inverted roofing with gravel
ballast can support relatively diverse microhabitats, espe-
cially if siliceous and calcareous gravels are applied alter-
nately. This can provide a more strong and lasting insulation
therefore stable cryptogam habitats (https://www.building.
co.uk).

Using these techniques and to boost cryptogamic diver-
sity also in roof gardens can add to the ornamental purpose.
In addition to flowering plants (succulents such as Sedum,
Sempervivum, Aeonium arboreum), larger bryophytes and
macrolichens on green roofs can draw attention to these
organisms, often neglected by the public. Up to now, only
a few studies have included the use of cryptogams for roof
greening (Drake et al. 2018). There are already attempts
in modern urban architecture to couple cryptogams (Cla-
donia, Polytrichum) with flowering plants (Dvorak and
Volder 2010) to establish stable, drought resistant, as well
as aesthetic assemblages (Heim and Lundholm 2014; Lee
et al. 2014). A practical outcome for these experiments is
an improved hydrological function of roofs turned green
(Bengtsson 2005).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42977-023-00166-3.
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