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Microclimate of developing tubular leaves used as roost sites by bats
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Roosts are critical for the reproduction and survival of bats and many species spend a significant portion of their lives in them; thus,
individuals should carefully select sites that reduce predation risk while providing ideal microclimatic conditions. Many studies have
determined that bats select warmer and more humid roosts in temperate regions, but few studies have determined if roosts selected
by tropical species also provide suitable conditions. In this study we compare temperature and humidity within and outside furled
tubular leaves of plants in the order Zingiberales, which are used by several tropical species as roost-sites, to determine if these
structures provide microclimatic advantages to bats. We found very small differences between the internal and external temperatures
of tubular leaves, and the difference further decreased as leaves developed. However, we found large differences in humidity within
the tubular leaf compared to external conditions, which were strongly dependent on a leaf’s diameter and genus. The internal
humidity was often 20% above the external, particularly when leaves were narrower, and tubular leaves in the genus Heliconia were
more humid than those in the genus Calathea. Our findings suggest that, despite being fairly exposed structures, furled tubular leaves

provide suitable microclimatic conditions for tropical species.
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INTRODUCTION

Bats use a diversity of roost sites that provide
ideal conditions for resting, feeding, and for engag-
ing in many social interactions that include rearing
young, copulation, allogrooming, and informa-
tion transfer. Roosts are also critical for bats’ sur-
vival as they protect them from predators and
harsh environmental conditions (Kunz, 1982; Kunz
and Lumsden, 2003; Altringham, 2011). In fact, as
bats leave their roosts, they become significant-
ly more vulnerable to predation (Speakman, 1991;
Fenton et al., 1994; Rodriguez-Duran et al., 2010),
and thus many species spend a significant por-
tion of their lives in them. By selecting adequate
roosts, bats may additionally increase their fitness

by spending less energy in thermoregulation
and by reducing the rates of evaporative water
loss (Webb et al., 1995; Speakman and Thomas,
2003). The latter advantages are known as major
driving forces of roost-site selection, primarily
in temperate regions (Kerth ef al., 2001; Sedgeley,
2001).

In tropical regions, bats use some of the same
roost types available in temperate regions, such
as caves and tree cavities. These sites are ideal as
they provide stable temperatures and high humidi-
ty compared to more exposed conditions (Rodri-
guez-Duran, 1995; Lundberg and McFarlane, 2015;
Maziarz et al., 2017). However, in the tropics a large
proportion of species also roosts in more exposed
sites, such as under modified leaves or inside the
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developing tubular leaves of several plant species
(Kunz and Lumsden, 2003). While generally it is
believed that tropical environments do not impose
sufficiently detrimental temperature and humidity
costs compared with temperate regions, several
studies show that tropical species enter torpor dur-
ing cooler periods (Maloney et al., 2002; Czenze
and Dunbar, 2017; Welman et al., 2017); the latter
suggests that even relatively mild environmental
conditions can impose significant energetic costs to
bats, forcing them to suspend the maintenance
of high body temperatures in favour of a less ener-
getically demanding strategy, i.e. reducing meta-
bolic rates with concomitant effects on body temper-
ature (Ruf and Geiser, 2014). Therefore, studying
the micro-climatic conditions in more exposed
roosts that are readily used by bats in tropical re-
gions is relevant for our understanding of roost-
site selection.

There is one study that shows that modified
leaves used by tent-making bats as roosts are capa-
ble of retaining body heat, and thus provide temper-
ature conditions that facilitate energy savings
(Rodriguez-Herrera et al., 2016). Another study by
Schoner et al. (2013) compared internal and external
temperature and humidity conditions of aerial pitch-
ers in two species of carnivorous plants of the genus
Nepenthes; these modified leaves are used as roost-
sites by the Bornean woolly bat, Kerivoula hard-
wickii (Payne et al., 1985; Grafe et al., 2011). Their
results indicate that the internal temperature within
both species of pitcher plants was always lower than
the external temperature; however, they also show
that humidity was significantly higher and constant
within the pitcher but only for N. hemsleyana, which
is the species preferred for roosting by K. hardwickii
(Schoner et al., 2013).

Another type of leaf structure, the developing
tubular leaves of plants in the order Zingiberales
(Fig. 1), are known to be used as roost-sites by
several tropical bat species (Kunz and Lumsden,
2003; Pottie et al., 2007; McArthur, 2012; Gabada-
ge et al., 2018), including one in the Neotropics
(Thyroptera tricolor) and six in the Paleotropics
(K. hardwickii, Myotis bocagii, M. mystacinus, Mu-
rina murina, M. muricola, Myzopoda aurita, Neo-
romicina nanus). While this resource is readily
available, and studies show that humidity is high
within the tubular structure (van der Merwe and
Stirnemann, 2009), we still do not know if micro-
climatic conditions may influence bats’ selection of
specific plant species and leaf shapes. Studies show
that T tricolor, for example, prefer longer leaves

in the genus Heliconia with a reduced diameter of
opening (i.e., between six to eight cm at the apex)
presumably as these protect bats from extreme tem-
peratures (Vonhof and Fenton, 2004; Solano-Que-
sada and Sandoval, 2010; Chaverri and Kunz, 2011).
Other species, such as N. nanus, roost in leaves
with a wider opening (3—24 cm), most likely as the
species used (mainly Musa spp.) produce longer
leaves (Happold and Happold, 1990). However, no
studies to date have looked at how a leaf’s species
and tubular shape may affect its internal temperature
and humidity.

In this study we look at the differences in tem-
perature and humidity within and outside furled
tubular leaves to determine if these structures pro-
vide microclimatic advantages to bats that may
use them as roost sites. Beneficial microclimatic
conditions would include mean daily temperatures
above 25°C but below ca. 33°C, as these are the
lower and upper critical temperatures at which
many bats, including tropical species, can maintain
thermoneutrality (Speakman and Thomas, 2003;
Soriano et al., 2005; Bonaccorso et al., 2006). In
addition, if conditions within the leaf are beneficial
to bats, we would also expect a constantly higher
humidity (> 80%) within the tubular structure
compared to the outside, as this would significant-
ly reduce an individual’s water loss through evapo-
ration (Webb ef al., 1995; Baudinette et al., 2000).
We expect that the difference in temperature and
humidity between the leaf’s interior and exterior
will decrease as the leaf develops (i.e., opens up),
which would thereby partly explain why some spe-
cies select narrow tubular structures.

Fi1G. 1. Developing tubular leaves in the families Marantaceae
(Calathea lutea, left) and Heliconiaceae (Heliconia imbricata,
right)
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MATERIALS AND METHODS

Study Site

This study was carried on between 12—14 January 2019 at
Las Cruces Biological Station (Puntarenas, Costa Rica). The site
is located at approximately 1,200 m.a.s.l. The temperature
ranges between 21-26°C during the day and 15-21°C at night
(Daily et al., 2001).

Selection of Tubular Sheets

We chose 15 developing tubular leaves from three species
that are used as roost-sites by one bat species (i.e., 7. tricolor):
Heliconia imbricata (Heliconiaceae), H. stricta (Heliconiaceae)
and Calathea sp. (Marantaceae); five leaves were selected per
species. The leaves of Heliconia species were found in the
Wilson Botanical Garden and Calathea sp. was found in the for-
est of Las Cruces Biological Station. Because 7. tricolor prefers
tubular leaves with a diameter of opening between six and eight
cm (Vonhof and Fenton, 2004), we chose leaves with an initial
diameter below these values but above four cm so that the centre
of the leaf was accessible for measurements of temperature and
humidity (next section). While bats were not prevented from
entering the leaves, we checked that selected leaves were never
occupied when we conducted leaf measurements (next section),
since this would have affected our results significantly. As fur-
ther proof that leaves were never used by bats, we did not
observe accumulation of faeces within the tubular structures.

Measurement of Variables

Using iButtons (DS1923, Maxim Integrated, San Jose, CA,
USA) we measured the temperature and humidity in each tubular
leaf selected every 10 minutes. We placed two iButtons per leaf,
one at the apex of the leaf over the adaxial surface and right
above the opening of the tubular structure (Fig. 2), to monitor the
external conditions; another iButton was placed inside the tubu-
lar structure, at the midpoint. We defined the midpoint of the
sheet by measuring the total length of the sheet and placing the
iButton at half the total length. In addition, in the same areas
where the sensors were placed, we measured the diameter of the
tubular leaf’s opening (Fig. 2) every two hours using a digital
vernier (£ 0.03 mm). All leaves were measured to the highest
possible opening point, because after a period of slow change in
the leaf’s diameter, they opened quickly and after that, they are
not used by bats (Vonhof and Fenton, 2004).

Data Analysis

We generated linear mixed-effects models to test the rela-
tionship between the difference of external and internal temper-
ature and humidity and diameter of a leaf’s opening. We also es-
timated the leaf’s opening rate as the final diameter minus the
initial diameter divided by the time needed for the leaf to open
up. With these data we used an ANOVA to evaluate if there
are any differences in opening rates among the three species.
Finally, we performed a linear model to test the relationship
between the leaf’s opening rate and its length. All analyses
were performed using the R programming language version
3.5.1 (R Core Team, 2017) with the package ‘nlme’ (Pinheiro et
al., 2019).

A

Diameter of
the opening

<>

Total length
Midpoint______

FIG. 2. Some measurements taken from each tubular leaf (A),

and the position of the iButtons and their attachment from the

leaf (B). The dashed line and dashed iButton indicate that they
are positioned inside the tubular structure

RESULTS

We found a negative relationship between the
difference in the external and internal temperature
and the opening diameter in Calathea sp., and a pos-
itive relationship for the two Heliconia species
(diameter * genus: ¥* = 3.84, P < 0.05). For Cala-
thea, the internal temperature was lower than the
external when leaves were narrower, but the differ-
ence disappeared as the leaves unfurled. For Helico-
nia leaves, the internal temperature was just slight-
ly greater than the external for narrower tubular
leaves, and again, the difference disappeared as
leaves unfurled (Fig. 3).

We found also that the leaf’s diameter and its ge-
nus affect its internal humidity (diameter: ¥* = 4.59,
P < 0.05; genus: ¥*> = 32.42, P <0.001; in all cases

Species
4 * = Calathea sp.
. == Heliconia imbricata
Heliconia stricta

Difference external/internal temperature (°C)

50 100 150 200
Diameter (mm)
FiG. 3. Relationship between a leaf’s opening rate and the
difference of external and internal temperature of the tubular
sheet in the three plant species
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d.f- =1 — Fig. 4). Narrower leaves have a signifi-
cantly higher internal humidity and the difference
disappears as leaves unfurl. For all leaf diameters,
Heliconia leaves had significantly higher internal
humidity than Calathea.

When looking at conditions throughout the day
and night, we found that temperature and humidity
in Calathea sp. were similar inside the tube until
its opening (Figs. 5 and 6). For both Heliconia spe-
cies we found that the leaf’s internal temperature is
similar to the external (Fig. 5). However, humidity
remains relatively high and constant inside the He-
liconia leaves, particularly during daytime and more
significantly at noon when the external humidity
drops to below ca. 50% while staying above ca. 75%
inside the tubular structure (Fig. 6).

Finally, we found that Calathea sp. has a faster
opening rate than the two species of Heliconia, but
no differences in the rates of opening were found be-
tween the latter (£, |, =10.92, P <0.001 — Fig. 7).
The opening rate of the leaves, in all species, did not
depend on their length (£, ;= 1.79, P = 0.20).

DISCcUSSION

The results of our study suggest that developing
tubular leaves may provide microclimatic advan-
tages to tropical species that readily use them as
roost sites. These tubular leaves may protect bats
from extreme temperatures, as our results show
slightly greater average internal temperatures when
leaves have a narrower opening, but only for
Heliconia leaves. However, as leaves develop the
internal and external conditions start to resemble

o

Difference external/internal humidity (%)
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o

Species

— Calathea sp.

== Heliconia imbricata
Heliconia stricta
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FiG. 4. Relationship between a leaf’s opening rate and the
difference of external and internal humidity of the tubular sheet
in the three plant species
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FI1G. 5. Variation of temperature inside and outside the tubular
leaf throughout the sampling hours. The grey area represents the
hours of the night, spanning from 7 p.m. to 5 a.m.

one another, and thus the benefits of thermal isola-
tion may begin to weaken. The latter could explain
why bats tend to prefer narrower tubular structures
(Solano-Quesada and Sandoval, 2010), although it
is possible that the advantages of using such leaves
could be also, or primarily, explained by a reduction
in conspicuousness to predators that move above
the understory.

Despite our observation of greater internal
temperatures in narrower Heliconia structures, over-
all our results do not point to substantial thermal
benefits of roosting in tubular leaves. In fact, the
mean temperature within these structures was less
than 1°C above external temperatures. However, as
has been demonstrated in several other species that
use other types of roosting resources (Willis and
Brigham, 2007; Russo et al., 2017), bats that roost in
developing tubular leaves may be able to reduce the
energetic cost of thermoregulation not by selecting
hotter roosts, but through huddling (i.e., social ther-
moregulation). Of the seven species that roost inside
developing tubular leaves, at least five are known
to form groups (M. bocagii, M. muricola, M. aurita,
N. nanus, T. tricolor — Brosset, 1976; Wilson and
Findley, 1977; Happold and Happold, 1990; Pottie
et al., 2007; Ralisata et al., 2010); thus, these spe-
cies may reduce the energy required to maintain el-
evated and stable body temperatures through social
thermoregulation. Other solitary species that roost in
tubular leaves may alternatively enter torpor to re-
duce energetic expenditure (Schoner et al., 2013);
notwithstanding, torpor entails a reduction of impor-
tant physiological functions, such as protein synthe-
sis, brain function, and immune responses, and may
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render individuals susceptible to predation because
of a significant decrease in sensory and motor capa-
bilities (reviewed in Humphries et al., 2003).

While we were unable to find substantial thermal
benefits of tubular leaves, we did find that these
structures are able to maintain a high and stable in-
ternal humidity regardless of external conditions. In
fact, humidity remained high and stable within the
tubular structures throughout the day (Fig. 6), often
well above 20% that of external conditions and even
as the leaf unfurls (Fig. 4). This has also been ob-
served for similar structures, specifically the tubular
leaves of Musa acuminata used by N. nanus, and the
pitchers preferred by K. hardwickii (van der Merwe
and Stirnemann, 2009; Schoner et al., 2013). Bats
are critically prone to evaporative water loss given
their high lung surface area-to-body mass ratio
(Studier, 1970), and thus selecting roosting struc-
tures that provide a constantly high humidity not
only reduces water loss, but the energetic invest-
ment necessary to maintain homeostasis (Davies,
1970; Thomas and Cloutier, 1992). It is possible that
a high humidity is caused by the leaf’s transpiration
(Happold and Happold, 1990), and is subsequently
maintained by its long and narrow structure being
protected from desiccation from the wind (Schoner
et al., 2013). This, however, would not explain the
differences we observed between Calathea and
Heliconia plants. Therefore, the factors that increase
humidity within certain tubular structures and not
others remain to be determined.

In conclusion, our study shows that developing
tubular leaves, which are used by many bat species
as roost-sites, maintain a substantially more humid
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FIG. 6. Variation of humidity inside and outside of tubular sheet
throughout the sampling hours. The grey area represents the
hours of the night, spanning from 7 p.m. to 5 a.m.
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FiG. 7. Leaf’s opening rate for the three study species, which
corresponds to the change in diameter at the leaf’s opening over
time

environment compared to external conditions. These
findings add further evidence that furled leaves, and
other homologous structures, provide adequate envi-
ronmental conditions for bats despite being rela-
tively exposed roosts. Notwithstanding, of the three
species of plants selected for this study, only two
(i.e., Heliconia spp.) maintained very high internal
humidity, and this might explain why bats often pre-
fer to roost in these species. Heliconia leaves also
develop significantly more slowly (Fig. 7), and thus
bats may additionally gain from remaining in a roost
with more stable microclimatic conditions for long-
er periods of time. This study did not address how
the shape of tubular structures may allow bats to
avoid detection by predators, nor whether leaf choice
may also be influenced by acoustic properties that
facilitate communication among group members
(Chaverri and Gillam, 2013); further studies on these
and related topics would allow us to understand the
roosting ecology of a fascinating group of bats.
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