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ABSTRACT: Temperature observations were collected inside 2 caves in the Bahamas and 1 cave in
Puerto Rico to characterize the microclimatology of tropical flank margin cave systems. Three aspects
of these tropical cave temperatures agree with temperate cave microclimate theory. Specifically,
external atmospheric disturbances can affect temperatures inside tropical flank margin cave systems,
tropical flank margin caves are warmer than the exterior temperatures during winter, and water can
impact temperatures deep into a tropical flank margin cave system. The temperature observations
collected also indicate potential differences between the microclimatology of tropical and temperate
cave systems. In particular, the temperate 3-zone cave microclimate model may not be applicable to
tropical flank margin caves, diurnal fluctuations were not apparent in tropical flank margin cave sys-
tems, and the existence of a temperature inversion in a down-sloping cave may not be applicable to
all tropical flank margin caves. The potential differences in temperate and these tropical cave sys-
tems can be linked to the physical dimensions of the tropical flank margin cave systems and the
unique hydrology of small carbonate islands. Specifically, tropical flank margin caves have a width
greater than length while temperate fluvio-karst caves have a length greater than width and tidal
water can exist in the pits and depressions of tropical flank margin caves as opposed to flowing

streams in temperate cave systems.
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1. INTRODUCTION

The microclimatology of caves has received consid-
erable attention due to its impact upon cave morph-
ology, biology, paleontology, and management. For
example, Dublyansky & Dublyansky (1998) reviewed
cave microclimate processes and related how they may
result in condensation-corrosion and dissolution in
caves; de Freitas & Littlejohn (1987) investigated the
impact of cave microclimate upon sensitive cave fauna
and cave management; Poulson & White (1969) out-
lined the climate of caves and its influence upon cave
organisms; and Trapesso & Kaletsky (1994) measured
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the impact of Snowball Dining Room upon the micro-
climate of Mammoth Cave. Despite the initial belief
that cave microclimate is constant and static, much
research has documented the variability of microcli-
matic parameters, and a 3-zone model has been devel-
oped to describe the general zones of climatic variabil-
ity within a cave (Cropley 1965, Poulson & White
1969). According to this 3-zone model, a twilight zone
exists near the cave entrance with greatest variability
in microclimate parameters. Moving from the entrance
towards the interior of the cave, the influence of exte-
rior climatic conditions diminishes and a middle zone
exists in complete darkness with some variability in
cave microclimate. Further in the cave, at the rear, a
deep cave zone exists with constant microclimatic con-
ditions.

One limitation of the application of this 3-zone model
and other principles of cave microclimatology is that
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they have been developed almost exclusively from
observations in mid-latitude/temperate regions. For
instance, in Wefer's (1991) annotated bibliography of
cave microclimatology, the most extensive listing of lit-
erature pertaining to the subject, only 3 out of 221
sources listed pertain to tropical cave systems. Thus,
researchers investigating tropical cave microclimatol-
ogy are challenged by the absence of an appropriate
cave microclimate theory and models. Tarhule-Lips &
Ford (1998) found the ‘turbulent pipe flow' model
(Wigley & Brown 1976) requires considerable modifi-
cation in order to be applicable to caves in Puerto Rico
and the Cayman Islands.

The purpose of this study is to collect temperature
observations from tropical flank margin cave systems
and compare the observations to existing temperate
cave climate theory. The comparison will allow the ini-
tial characterization of the similarities and differences
between tropical and temperate cave climatology.

Several factors exist which may cause differences in
tropical and temperate cave climatology. These differ-
ences can be separated into 2 broad categories, ex-
terior conditions and formative processes/physical
dimensions. In regard to exterior conditions, the tropics
experience a higher annual temperature with minimal
seasonal variation. Thus, as compared to temperate
caves, tropical caves may be expected to be warmer
and less variable.

The formative processes/physical dimensions of a
cave control the interface with the exterior climate and
the circulation of air through the cave system (Wigley
& Brown 1976, de Freitas et al. 1982). On small carbon-
ate islands, flank margin caves are dominant, while
fluvio-karst caves dominate continental temperate
regions. These 2 types of caves have drastically differ-
ent physical characteristics. Flank margin caves form
in the distal margin of a freshwater lens, under the
flank of the island, where freshwater and seawater mix
and produce dissolutionally aggressive water (Mylroie
& Carew 1990, Mylroie et al. 1995). Flank margin
caves tend to have globular chambers interconnected
in a 'beads on a string’ pattern. Entrances to flank mar-
gin caves are strictly collapse features not necessarily
related to speleogenesis. Fluvio-karst caves are formed
by the drainage of water through a limestone aquifer
(Ritter et al. 1995). Conduits arranged in an organized
drainage pattern characterize fluvio-karst caves. Thus,
entrances may be cogenetic with the formation of the
cave. Flank margin caves typically have a width
greater than the length; fluvio-karst caves have a
length greater than the width. Flowing streams are
typically absent in flank margin caves and present in
fluvio-karst caves.

This study does not discuss a third, intermediate cat-
egory, that of fluvio-karst caves developed in tropical

settings. Tropical continental settings, and larger trop-
ical islands that contain both carbonates and non-car-
bonate rocks, develop classic fluvio-karst caves similar
to the well-described fluvio-karst caves in temperate
continental settings. Flank-margin caves are unique to
tropical islands, and on small tropical islands may be
the only significant cave that has developed. Use of
tropical flank margin caves in this preliminary study
provides a database from a distinct end-member con-
dition of cave development in the tropics.

2. METHODOLOGY AND STUDY AREA
Onset Hobo H8 Temperature Sensors™ were placed
in 3 caves in horizontal and vertical transects and pro-
grammed to collect temperature observations ranging
from every 1.5 to every 20 min. The Hobo H8 sensor
records temperature observations between -20 and
70°C with an accuracy of +0.7°C and a resolution of
0.4°C. In addition, where possible, 1 data logger was
placed outside each cave entrance to observe external
air temperatures during the data collection period.

At the end of each data collection period, observa-
tions were downloaded from the temperature sensors
to a laptop computer, and these observations were
imported into software for graphical and statistical
analysis. Graphs of moving averages of temperature
observations over the period of study were created and
basic descriptive statistics (mean, range, coefficient of
variation) were calculated along with linear regression
models of the relationship between cave temperature
and exterior temperatures. The graphs, basic descrip-
tive statistics, and linear regression models were then
used to compare magnitude and variability of temper-
atures and the relationship between cave and external
conditions. The moving averages are used in graphical
analysis to assess general trends in the data, diminish-
ing the visual impact of variance in the data.

Sling psychrometers were used to measure cave air
temperatures near temperature sensors when resear-
chers placed the sensors in and retrieved the sensors
from the caves. The purpose of the sling psychrometer
measurements was to calibrate the temperature obser-
vations recorded by the Hobo H8 temperature sensors.
The Hobo H8 sensors offer an approximate measure of
air temperature since they are housed in a waterproof
casing. The sling psychrometer records air temperature
without the interference of the waterproof casing and
offers a more reliable measurement of cave air temper-
ature.

In the case of the Bahamian caves, the Hobo H8 sen-
sors recorded temperature observations lower than the
sling psychrometer. The range of the sling psychrome-
ter measurements in Garden Cave was 22.0 to 26.0°C,
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while the Hobo HS8 sensors recorded temperatures
with a range of 19.4 to 24.8°C. In Crescent Top Cave,
the range of sling psychrometer measurements was
25.5 10 28.0°C, and the Hobo H8 sensors recorded tem-
peratures in the range of 24.4 to 27.6°C. The range of
the Hobo H8 sensors was higher than the range of sling
psychrometer measurements in Cueva de los Pajarros.
The range of sling psychrometer measurements in
Cueva de los Pajarros was 25.5 to 28.0°C, and Hobo H8
sensors recorded temperatures ranging from 26.3 to
30.7°C. The high temperatures recorded by the Hobo
H8 sensors are more than likely the result of insolation
heating the waterproof casings. The sensors deep in
Cueva de los Pajarros that did not have sunlight
striking the surface of the waterproof casing recorded
temperatures ranging between 26.3 and 26.7°C, well
within the range of the sling psychrometer measure-
ments. Thus, the temperature observations from the
Hobo H8 sensors may not represent a true measure-
ment of the actual cave air temperature. However, the
observations collected by the Hobo H8 sensors do rep-
resent a close approximation of cave air temperature,
and most important of all, a relative measurement
allowing for the description of temperature patterns
throughout tropical flank margin cave systems.

Three different caves were chosen to be included in
this study in order to characterize the thermal micro-
climate for a range of physical structures common to
tropical flank margin cave systems. The first cave,
Garden Cave, San Salvador Island, Bahamas, is a
small, young (<125 Ka; Carew & Mylroie 1995) flank
margin cave with a single, wide entrance and no
standing water present. The second cave, Crescent
Top Cave, San Salvador Island, Bahamas, is a small,
young (<125 Ka; Carew & Mylroie 1995) flank margin
cave with a small entrance and standing water pre-
sent in a pit at the back of the cave. Cueva de los
Pajaros, Isla de Mona, Puerto Rico, represents a large,
old (>1.67 Ma; Panuska et al. 1998) flank margin cave
with multiple large entrances and no standing water
present in the cave.

The physical structure (size, passage configuration,
and number of entrances) of a cave has been identified
as one of the most important controls on cave microcli-
matology (Bogli 1980, de Freitas et al. 1982). In partic-
ular, it has been noted that the number of entrances to
a cave is one of the greatest contributors to variability
in the microclimate of a given cave. The entrances to a
cave represent the interface at which the external
atmosphere interacts with the interior cave micro-
climate through air movement (Bogli 1980). At the
entrance of a cave, air movement allows for the trans-
fer of external atmospheric conditions into the cave.
Thus, the greater the number of entrances the greater
the number of interfaces for air movement and transfer

of external atmospheric characteristics to the interior of
the cave. Based on the number of entrances, caves can
be separated into static and dynamic caves (Niven &
Hood 1978). Static (or sack caves) caves only have 1
entrance and limited interaction with the external
atmosphere. Dynamic (or transit) caves have multiple
entrances and have a greater interaction with the
external atmosphere.

The causes of air movement across cave entrances
can be related to the external environment and the
physical features of the cave (Bogli 1980, Smithson
1993). The most common cause of the exchange of air
is the difference in air density that is created by the
temperature difference between exterior and interior
air temperatures. Cool air inside a cave has a lower
density than warmer exterior air and will flow along
the floor from the rear of the cave towards the
entrance. In a single-entrance, down-sloping cave,
cold external air can drain into the cave in winter and
produce a slow wind at floor level. Multiple entrance
caves can develop chimney-effect winds through tem-
perature differences outside cave entrances. Rare
causes of air movement across entrances can be attrib-
uted to entrainment of air by flowing water, resonance
of air in large chambers, or changes in the volume of
air in a cave when it is flooded. Thus, to develop an
accurate characterization of caves in a tropical loca-
tion, caves with different physical structure and a dif-
ferent number of entrances should be used to observe
the different microclimates that exist in tropical flank
margin caves. This study cannot directly address the
specific impact of specific physical structures or single
versus multiple entrances on tropical flank margin
cave microclimate. However, it can offer a general
characterization of the thermal environment for caves
with different physical structures and identify poten-
tial differences or similarities.

The first 2 caves included in the analysis are on San
Salvador Island, Bahamas. San Salvador Island is
640 km east-southeast of Miami, Florida, and is
11.2 km long and 7 km wide (Shaklee 1994). San Sal-
vador represents one of the small isolated carbonate
platforms common to the southeastern Bahamas
(Carew & Mylroie 1997). Due to the carbonate nature
of the rock, caves and subterranean voids are common
throughout the Bahamas and San Salvador Island.
Four general types of caves exist: pit caves, flank mar-
gin, banana holes, and lake drains (Mylroie et al.
1995). The 2 caves on San Salvador Island included in
this study are flank margin caves. Both caves are
located at interior locations next to saline ponds in the
north-northeast portion of San Salvador (Fig. 1).

The main chamber of the first cave, Garden Cave, is
oriented northwest-southeast, with a single entrance
facing southeast and the back of the cave to the north-
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west. The chamber length is 15 m along the northwest-
southeast axis, and the width is 5 m along the south-
west-northeast axis, (Fig. 2). The entrance is reached
by dropping down into a 1.5 m deep banana hole.
Inside the cave itself, the floor is level from entrance to
back (no slope to cave floor) and the height from ceil-
ing to floor ranges from 1.5 m near the entrance to 2 m
in the back of the cave.

Temperature sensors collected temperature obser-
vations in Garden Cave every 1.5 min from 11:30 h
December 29 to 09:00 h December 31, 1997. The hori-
zontal transect consisted of temperature sensors
placed approximately every 4 m from the entrance of
the cave to the rear, and the vertical transect was con-
structed by attaching temperature sensors approxi-

mately every 0.5 m on a suspended rope at the rear of
the cave. Both the horizontal and vertical transects
were in the main chamber of Garden Cave.

The second cave, Crescent Top Cave, is oriented
north-south, with a single entrance facing north-north-
east (Fig. 3). The cave can be divided into 2 parts: a
main chamber and 2 sub-chambers. The main cham-
ber, where temperature observations were recorded, is
15 m along the north-south axis and 6 m wide on the
west-east axis. Within 3 m of the entrance of the cave
and the main chamber, cave floor slopes downward
toward the interior of the cave to a depth of approxi-
mately 1 m below the cave entrance. After this initial
downward slope, the cave floor remains level. The dis-
tance from the floor of the main chamber to the ceiling
is 1.5 m, except for the back of the cave,
where a pool of water exists in a pit, and the
distance from the floor of the pool to the ceil-
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ing of the cave is 6 m. The 2 sub-chambers of
the cave represent an area that is 8 m along
the north-south axis and 15 m along the west-
east axis. The height of these chambers
ranges from 0.5 to 1.5 m. Instruments were
only placed in the main chamber of Crescent
Top Cave due to the limited number of avail-
able temperature sensors.

In Crescent Top Cave, temperature sensors
collected temperature observations every
5 min from 15:00 h January 1 through 15:00 h
January 5, 1998. The horizontal transect was
constructed in the main chamber with tem-
perature sensors placed approximately every
4 m from the entrance to the rear. The vertical
transect was constructed with a rope sus-
pended at the rear of the cave from the ceiling

~
‘

Fig. 1. Location of Crescent Top Cave and Garden Cave on San

Salvador Island, Bahamas

to the bottom of a pit containing standing
water. The temperature sensors were at-
tached to the rope every 0.4 m.

The third cave, Cueva de los Pajaros, is
located on Isla de Mona, Puerto Rico (Fig. 4).
Isla de Mona is a kidney-shaped, tectonically
uplifted carbonate island approximately half-
way between Puerto Rico and Hispaniola.
The island is approximately 12 km long and
5 km wide with a total area of 55 km?. Puerto
Ricans refers to the island as a meseta,
describing the flat-topped, raised platform
bounded on all sides by vertical cliffs. The
vertical cliffs range from 20 to 80 m in height.
The caves of Isla de Mona are flank margin in
origin and are located on the periphery of the
island, ranging in size from several square
meters to a series of large interconnected
rooms that extend more than 1 km with
150 000 m? floor area. Cave development is
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typically restricted to a zone extending 240 m inland
from cliff faces (Frank et al. 1998).

Cueva de los Pajaros has the second largest floor
area of any cave on Isla de Mona at 128 000 m?. The
main body of the cave is oriented southwest-northeast
and occupies an area 500 m long and extends 200 m

into the cliff side (Frank 1993). The entrances to the
cave face southeast and are typically wide, and inward
from the entrance are several large domed rooms up to
15-40 m across and 100 m long. The ceilings are
arched and commonly more than 8 m high. Moving
inland, the rooms become smaller. There is no consis-
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Fig. 3. Map of Crescent Top Cave, San Salvador Island, Bahamas
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tent slope to the cave floor, and locally the cave has
levels, with levels being separated by horizontal septas
of bedrock as much as 3 m thick (Briggs 1974).

Temperature sensors in Cueva de los Pajaros col-
lected temperature observations every 20 min from
15:30 h June 11 to 18:00 h June 20, 1998. Only 3 tem-

perature sensors were available for
data collection. One data logger was
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o e e e e e e e e s e o e e e e m above the cave floor (Flg 4) The
F?I;ZI remaining 2 temperature sensors
were placed at the rear of the cave,
one at floor level and one on a ledge

3 m above the cave floor.
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3.1. Garden Cave, San Salvador
\tgsi Island, Bahamas
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X Observations from the horizontal
transect indicate cooler conditions
near the entrance, mean tempera-
ture 22.0°C, and warm conditions at
the rear, mean temperature 23.8°C
(Table 1). The vertical transect
observations indicate cool conditions
at the floor of the cave, mean tem-
perature 22.5°C, and warmer condi-
tions at the ceiling of the cave, mean
temperature 24.1°C (Table 1). Stat-
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istical analysis indicates that vari-
ance in temperatures decreases from
the entrance, coefficient of variation
0.742, to the rear of the cave, coeffi-

Fig. 4. Location and map of Cueva de los Pajaros, Isla de Mona, Puerto Rico. The
numbers indicate the positions of the temperature sensors. Sensor 9813 was
placed at the entrance of the cave, 9812 was placed on the floor at the entrance
of the cave, and 9710 was placed on a ledge 3 m above the floor at the rear of the

cave. (Modified from Gonzalez et al. 1997)

cient of variation 0.324, and from the
floor, coefficient of variation 0.056, to
the ceiling of the cave, coefficient of
variation 0.009 (Table 1). Linear
regression models indicate that exte-
rior temperatures explain less vari-

Table 1. Descriptive statistics and linear regression results for Garden Cave

Data logger Mean temperature

O

Coefficient of variance Linear regression with

exterior temperature (r?)

(A) Horizontal transect
9706 (Back)

9707

9708

9709 (Front)

9710 (Exterior)

(B) Vertical transect
9701 (Ceiling)

9702

9703

9704 (Floor)

23.8
22.7
22.3
22.0
21.5

24.1
234
22.8
22.5

0.0324
0.0507
0.0669
0.0742
0.1340

0.74
0.74
0.80
0.90

0.0091
0.0290
0.0491
0.0560

0.39
0.73
0.75
0.72
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Fig. 5. Seven-term (10.5 min) moving average of temperature observations from

outside Garden Cave

ance in cave temperatures moving from the entrance
to the rear, r? = 0.90 to 0.74, and from the floor to the
ceiling of the cave, r? = 0.72 to 0.39 (Table 1).

Despite the decrease in the effect of exterior condi-
tions deep in the cave, all portions of the cave dis-

played influence from a storm as it
passed across the island on the night
of December 31, 1997. The passage of
an atmospheric trough brought behind
it a cool, dry air mass from the conti-
nental United States, causing a drop in
temperatures across the Bahamas.
This decrease in temperatures can be
seen in the observations recorded by
each data logger (Figs. 5, 6 & 7). The
largest decrease in temperature was at
the cave entrance and floor, while the
smallest decrease in temperatures was
at the rear and ceiling of the cave.

3.2. Crescent Top Cave

Temperature observations from the
horizontal transect indicate Crescent
Top Cave was cool near the entrance,
mean temperature 25.0°C, and warm
at the rear of the cave, mean tempera-
ture 25.6°C (Table 2). In addition, the
variance of temperatures decreases

26

12/30/97 23:35

moving from the entrance, coefficient
of variation 0.012, to the back, coeffi-
cient of variation 0.009 (Table 2). Since
the data collection period for Crescent
Top Cave followed the passage of the
trough that affected San Salvador
Island on December 31, 1997, a gen-
eral warming temperature can be ob-
served in the exterior temperatures
and temperatures from the horizontal
transect (Figs. 8 & 9). This warming
trend represents the modification of
the cool, dry continental air mass
which moved over the island after pas-
sage of the trough. It should be noted
that 2 intense thunderstorms affected
the northern part of San Salvador dur-
ing the Crescent Top Cave data collec-
tion period (January 3 and 5, 1998).
These storms caused a quick drop in
exterior air temperatures. However,
these short-term temperature varia-
tions were not evident in the tempera-
ture data collected simultaneously
within Crescent Top Cave (Fig. 9).

Temperature observations from the vertical transect
in Crescent Top Cave represent a very different verti-
cal thermal environment as compared to Garden Cave.
Temperatures are warmer on the floor of the cave,
mean temperature 27.5°C, and decrease moving up

25 |
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——- Entrance
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12/30/97 12:00 12/30/97 24:00
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Fig. 6. Seven-term (10.5 min) moving average of temperature observations from

Garden Cave horizontal transect
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Crescent Top Cave raising the tem-
perature of the tidal pool and the air
column directly above it through con-
duction. Once this warmer water is

inside the cave, heat is absorbed by
the rock surrounding water causing
the water and air temperature to de-
crease. This process repeats itself
again as the next high tide enters the
cave system.

3.3. Cueva de los Pajaros

The data logger at the entrance of
i the cave displayed a distinct diurnal
pattern (Fig. 12). The morning tem-
peratures rise very quickly to a daily
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Fig. 7. Seven-term (10.5 min) moving average of temperature observations from

Garden Cave vertical transect

towards the ceiling, mean temperature 26.1°C
(Table 3). In addition to this temperature gradient the
vertical profile can be separated into 2 components,
tidal and nontidal. In the nontidal component, the air
temperatures display a warming trend after passage of
the trough and no variability at the ceiling of the cave
(Fig. 10). The tidal component displays warmer condi-
tions near the bottom of the tidal pool, and cooler con-
ditions above the pool. In addition to this temperature
gradient, there was a cyclical pattern in the tempera-
tures (Fig. 11). The cyclical pattern shows a rise and
fall in temperatures twice a day. This rise and fall in
temperatures corresponds with the tidal chart from
Nassau, Bahamas. The rise in temperatures corre-
sponds with high tide and the decrease in tempera-
tures corresponds with low tide. This observation is
interpreted as resulting from the tidal water sits in
Crescent Pond, near Crescent Top Cave, absorbing
incoming solar radiation, increasing water tempera-
ture. As the tide begins to rise, this water flows into

! peak temperature between 32 and
36°C, then temperature steadily de-
clines for the remainder of the day.
The maximum daily temperature in
the morning seems peculiar due to the
fact that daily maximum temperatures
usually occur in the late afternoon,
once longwave radiation is emitted from the Earth
back into the atmosphere (Barry & Chorley 1992). In
addition, given the mean maximum daily temperature
for Mona Island in June is 32.2°C (NCDC 1995), the
maximum temperatures 32 to 36°C at the cave en-
trance seem suspect.

This diurnal pattern with a maximum temperature in
the morning may be explained by the orientation of the
cave entrance, which faces the southeast. As the sun
rises the solar angle is low and sunlight can travel
unimpeded into the cave entrance. The sun's rays can
then directly strike the data logger case, causing ther-
mal loading and an exaggerated temperature. How-
ever, once the solar angle increases, sunlight does not
reach into the cave entrance and the data logger is in
the shade, causing temperature to drop quickly. Thus,
it may be more appropriate to assume the maximum
temperature within the cave is more accurately esti-
mated by late morning observations, which were
approximately 30 to 32°C. The temperature sensors in

12/30/97 24:00

Table 2. Descriptive statistics and linear regression results for horizontal transect in Crescent Top Cave

Data logger Mean temperature Coefficient of variance Linear regression with
(°C) exterior temperature (r?)

H12 (Back) 25.6 0.0086 0.25

H13 25.2 0.0103 0.32

H14 (Front) 25.0 0.0116 0.27

H15 (Exterior) 22.9 0.0488
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and raise the ambient temperature. It
should be noted that the mean tem-
perature of Crescent Top Cave is close
to that of Cueva de los Pajaros. The
reason for this high mean temperature
in Crescent Top Cave is a small open-
ing which limits the circulation of
cooler winter air and the heat source
created by tidal water at the rear of
the cave increases ambient tempera-
tures.

In terms of variance, Cueva de los
Pajaros displays the greatest variance
in cave temperature observations,
coefficient of variation 0.062, followed
by Garden Cave, coefficient of varia-
tion 0.0568, and Crescent Top Cave,
coefficient of variation 0.029 (Table 4).

20 T T T

) T T However, after removing all tempera-

1/1/98 15:15 1/2/98 3:15 1/2/98 15:15 1/3/98 3:15 1/3/98 15:15 1/4/98 3:15 1/4/98 15:15 1/5/98 3:15

Date and Time

tures greater than 31°C, the coeffi-
cient of variation for Cueva de los

Fig. 8. Seven-term (35 min) moving average of temperature observations outside Pajaros, 0.048, drops below that for

Crescent Top Cave

Garden Cave. This is an unexpected
result given the multiple, large en-
trances to Cueva de los Pajaros. How-

the rear of Cueva de los Pajaros show no variance and ever, given the absence of variance in the rear Cueva
are consistent throughout the period of observation, de los Pajaros, the measure of variance for the entire

mean temperatures of 26.7 and 26.3°C.

3.4. Three cave comparison

A comparison of the results for the 3
caves indicates that Cueva de los
Pajaros has the warmest mean tem-
perature (Table 4). However, this in-
cludes the exaggerated morning tem-
peratures that may be created by
thermal loading in the data logger
case. If a more accurate daily maxi-
mum value of 31°C is assumed for
Cueva de los Pajaros, the new mean
temperature is 27.3°C, still making it
the warmest of the 3 caves. The reason
for this high mean temperature may
be linked to the sampling period. The
observations for Cueva de los Pajaros
were collected in June, while observa-
tions in the Bahamas were collected in
the winter. The mean maximum tem-
perature for Isla de Mona in June is
32.2°C and for San Salvador in Decem-
ber 27.0°C. Due to the large opening
of Cueva de los Pajaros this warm air
can easily travel into the cave system

cave will be low. In Garden Cave, since all locations
experience some variance in temperature, the variabil-
ity for the entire cave will be greater.

27

—— Entrance
........... Middle
—-— Rear

Temperature (°C)

24 T T T T T T T
111981515 12/983:15  12/9815:15  1/3/98315  1/3/9815:15  1/4/98 315 /41981515  1/5/98 3:15

Date and Time

Fig. 9. Seven-term (35 min) moving average of temperature observations from
Crescent Top Cave horizontal transect
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Table 3. Descriptive statistics and linear regression results for vertical transect in Crescent Top Cave

Temperature (°C)

Data logger Mean temperature Coefficient of variance Linear regression with
(°C) exterior temperature (r?)

H11 (Ceiling) 26.1 0.0015 0.0034

H10 26.1 0.001 0.0009

H9 26.0 0.0031 0.0800

H8 26.1 0.0023 0.0500

H7 (Cave floor) 26.3 0.0034 0.1200

H6 26.7 0.0041 0.0520

Hb5 26.9 0.0119 0.0580

H4 27.0 0.0074 0.0002

H3 27.5 0.0058 0.0250

H1 (Pit bottom) 27.5 0.0033 0.0340

27.0 — Cave. The influence of the external

- ,C\:Az;mg Ceiling disturbances diminishes from the en-
----------- Middle trance to the rear. The interesting

268 7 - mg’:r'e Floor aspect of the impact of the external
disturbance is that even though the

26.6 entrance of Crescent Top Cave is
small, it does not appear to signifi-
cantly diminish the flow of air in the

264 3 i v cave and variability in cave tempera-

TN .0 ture.

26.2 - LT & e The second characteristic is that
during winter caves are warmer than
the exterior temperatures. Such a sea-

26.0 1 sonal difference in external air tem-
peratures and cave air temperatures

258 has been documented in previous
studies (de Freitas & Littlejohn 198%).
The mean exterior temperatures for

256 T T T T T I T Garden Cave and Crescent Top Cave
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Fig. 10. Seven-term (35 min) moving average of temperature observations from

Crescent Top Cave nontidal vertical transect

4. DISCUSSION

Temperature observations were collected inside
caves of the Bahamas and Puerto Rico in order to char-
acterize the microclimatology of tropical cave systems.
Three general characteristics of tropical cave systems
can be drawn from these observations that concur with
existing temperate cave microclimate theory. The first
characteristic is that external atmospheric distur-
bances can affect temperatures of tropical flank mar-
gin cave systems. On San Salvador Island, the passage
of an atmospheric trough caused a decrease in the
temperature of Garden Cave, and after the passage of
the trough temperatures increased in Crescent Top

are 21.5 and 22.9°C, cooler than the
mean cave temperatures of 22.9 and
26.2°C respectively. Exterior and cave
temperature could not be compared
for Cueva de los Pajarros on Isla de
Mona due to insufficient data loggers.
Thus, data is not available to assess
the potential summer exterior-cave temperature rela-
tionship.

The third characteristic of the tropical flank margin
caves which agrees with temperate cave microclimate
theory is that water can impact temperatures deep into
a cave system. It has been recognized that lakes and
rivers in temperate caves are capable of modifying the
cave atmosphere, causing variability in cave microcli-
matology (Wigley & Brown 1976, Moore & Sullivan
1978, Dublyansky & Dublyansky 1998). However, the
influence of water in Crescent Top Cave is different
from the typical influence of a stream or lake in a tem-
perate cave. The tidal pulse and unique hydrology of
San Salvador Island create the cyclical pattern in the
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280 ity. In addition, the existence of tidal
water (as in the case of Crescent Top
Cave) can cause variability in temper-

| —_—l T | ) }-_—__! r atures at the rear of a cave.
27511 % [ \ ]: \ ,F ‘ J H , A second potential difference be-
: ]—f lTv .2 \ > ‘-J tween tropical and temperate cave
= — L LJ l._l" 1.] systems is that diurnal fluctuations
e n i ,-.—. o were not apparent in all tropical cave
< i -\\'5, ﬂ]r E I\’ \ I].l B JFU ki I)'Lf systems. Previous studies have noted
5 2707 = I l:_fln | \—\rl || L‘:-u'l B 1;\" | that in climate zones with temperature
g Ifil :l ‘4 THE :I variability in temperate caves, there
= || | : | ] ! , l! | is a small but unmistakable diurnal
| | | I i | [ | fluctuation in temperature correspon-
26,5 | _l ] | _'l L | | ding with external temperature cycles
Il |"'_ y — Cave Floor (Forbes 1998). Although diurnal fluc-
] - m:gg:z Floor tuations were found in Puerto Rico,
— . Middle Bottom they were not found in the Bahamas.
oo , | | | —-- Pit Bott:)m The Bahamian caves have much

T
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Time and Date

Fig. 11. Seven-term (35 min) moving average of temperature observations from

Crescent Top Cave tidal vertical transect

cave water temperature and the cave air above the
water. Such cyclical patterns are rare in temperate flu-
vial cave systems.

The temperature observations from the 3 caves also
indicate potential differences in the microclimatology
of tropical and temperate cave systems. A total of 3
potential differences can be identified
from the temperature observations.

The first difference is that the temper- 34

1/4/98 15:00

smaller opening than the Puerto Rican
cave, inhibiting free exchange of air
and resulting diurnal fluctuations.
Thus, a more accurate statement re-
garding diurnal fluctuations in tropical
caves is the following: in multi-en-
trance dynamic caves diurnal fluctuations can exist in
cave temperatures, but in single-entrance static caves
the diurnal fluctuation in cave temperature is unlikely.

The final difference between the microclimate of
tropical and temperate cave systems is that a tempera-
ture inversion does not necessarily exist in down-

1/5/98 3:00

ate 3-zone cave microclimate model
may not be applicable to tropical flank
margin caves. According to this mod-
el, 3 climate zones exist in a cave, a
twilight zone, a middle zone, and a
deep cave zone (Cropley 1965, Poul-
son & White 1969, Niven & Hood
1978). In the twilight zone near the
cave entrance the greatest variability
in climate parameters exists. In the
middle zone, complete darkness exists
with some variability in cave climate,
and in the deep cave zone constant cli-
matic conditions exist. The temperate

33

32

31

30

Temperature (°C)

—— Ledge
———- Alcove
-~ Entrance

3-zone cave climate model is not .

appropriate for the Bahamian caves
because a deep cave zone without

25 .

variance does not exist. One reason for
the absence of this zone is the rounded
shallow chambers of the flank margin
caves. Due to this shape, air can reach
the rear of the cave, causing variabil-

T T T T T T T
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Fig. 12. Seven-term (140 min) moving average of temperature observations from

Cueva de los Pajaros, Isla de Mona, Puerto Rico



Gamble et al.: Microclimatology of tropical flank margin caves 49

Table 4. Descriptive statistics for Bahamian and Puerto Rican caves

Cave Mean Standard Range Coefficient Exterior Exterior Exterior Exterior
°Q) deviation of variance mean standard range coefficient
(°C) deviation (°C) of variance
Garden Cave 22.9 1.33 19.4-24.8 0.058 21.5 2.89 17.4-27.5 0.134
Horizontal 22.7 1.47 19.4-24.8 0.065
Vertical 23.2 1.10 20.5-24.8
Crescent Top Cave  26.3 0.77 24.4-27.6 0.029 22.9 1.12 20.2-25.5 0.049
Horizontal 25.3 0.37 24.4-26.5 0.015
Vertical 26.6 0.57 25.9-27.6 0.021
Tidal 27.0 0.47 26.2-27.6 0.017
Nontidal 26.1 0.06 25.9-26.5 0.002
Cueva de los Pajaros 27.8 1.72 26.3-36.6 0.062
With 31°C max. 27.3 1.29 26.3-30.7 0.048
Front 26.7
Back 26.3

sloping tropical flank margin caves. Previous research
has indicated the vertical temperature gradients in a
cave are most strongly controlled by the physical struc-
ture of the cave system. In particular, with a cave
entrance above the cave floor, the densest (coolest) air
flows toward the lowest points of the cave, creating a
permanent inversion (Wigley & Brown 1976). The floor
of Crescent Top Cave is below the entrance of the
cave. However, in the rear of the cave above the tidal
pit a temperature inversion does not exist; the warmest
air is at the floor and the coolest is at the ceiling of the
cave. The authors believe that Crescent Top Cave did
not have a temperature inversion due to the heat
source created by the tidal pool at the rear of the cave.
The existence of a tidal pool is rare in the temperate
fluvio-karst caves and is therefore not accounted for in
the prevailing literature.

In conclusion, the potential differences in temperate
and tropical cave systems can be linked to the physical
dimensions of the tropical flank margin cave systems
and the unique hydrology of small carbonate islands.
Temperate fluvio-karst caves are characterized by
much narrower and more vertically extensive passage
networks as compared to the wide, globular, shallow
tropical flank margin caves. The globular, shallow
flank margin caves create an environment where a
true deep cave microclimate zone cannot develop, and
the entire cave is subject to influence from the external
atmosphere. However, this influence may not include
diurnal fluctuation, which is restricted by the small
entrances to flank margin caves. The probable cause of
climate variability in tropical flank margin caves can
be attributed to passing external atmospheric distur-
bances or the existence of tidal water. The hydrology
of small carbonate islands can be very complicated,
with the existence of a fresh/saltwater mixing zone and
influences of ocean tides and currents that create a dif-

ferent cave microclimate as compared to fluvio-karst
caves, which are dominated by flowing streams. Such
microclimates can have cyclical variation due to inflow
and outflow of tidal water into a cave system.
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