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Temperature and Relative Humidity Responses of Twao Texas
Cave-adapted Millipedes, Cambala speobia (Cambalida:
Cambalidae) and Specgesmus Bicormourus
{Polydesmida: Vanhoetfeniidae)*

by

LEddie BULL und Rohert W. MITCHELT *=*

INTRODUCTION

The purposes of this research were (o determing Lthe preference responses and
tolerances of two cave-adapted millipedes, Combalz speobife (Chamberling and
Speodesinies bicornouwrus Causey . to relative humidity and lemperature and o
attempt to telate these responses to the distribotion and evolution of the two
SPUCICS.

WVery Tew quantitative studies have been made on the prefersnce responses of
invertehrale cavernicoles 1o physical factors in the environment. Mo such date at all
have heen published on preference respanses o relative humidity. €. L, Edwards
{pers, comm. based upon unpublished data) reports that a cavernicele ricinuleid,
Creproeeilny pelaezi. show direeted response inoa bomidity gradicot by moving
rapidly to areus of saturation. Mitchell [19710) reports that the troplubite (obligste
vavernicoele) carabid beetle Rhading sisbrerranca also prefers saturaled atmosphercs
over lower relative huinidities and suggesls that this prelerence is ooe mechanism
that restricts the animal Lo its subterranean cnviconment. Yandel { 1963 has agreed
with Jeannel { 1443} that all troglobites are stenobygrobic and extremely sensilive
10 drying. But Poulson (1964) has stated that the assumpeion ol stenohyveroby for
traglabites 15 hased oaly on the ciccumstantal evidence that they oceur in near
salurated atmospheres with lictle aic movement,

Likewise, very little work on the lemperature responses of troglobites has heen
done. Szymckowsky (1953 found that Meta menards, a troglophile spider, show-
ed an activity optimum of @° 0 87C. Michell {19716} reported that Rhadine
subterranen shows o seasonal shift in s temperature preferendon., sclecting a
higher temperature i winter than in sununer, with a winter preference approximat-
ing cave temperature. This isinterpreted as a partial restrictive mechanism aiding in
limiting the animals 1o the cave, but providing potential for ermgralion from the
subterrancan covironment during that time of the year when rthe chances for
suevival would be best. Crvprocelfus peloezi shows a tachc respunse ina tempera-
ture gradivot, selecting 287C almost immediately (Edwards, pers. comm. ),

* Ascpsied by State-uppropristed research Tunds administered by the Graduate Schaol, Texas
Tech Elnversily,
=% Pepartment of Huwoloey and The Moseues, Texas Tech Uneeersity, Lubbock, Texas,
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Fig. |- Speadesiins dicaraars

Vandel {[965) cites [ de Beauchamp { 1932) as saying thal cavernicole plan-
atfans which he maintained in the laboratory were net strict stenclherms, Some
withstood temperatures of 257 to 28°C if the rise was not too rapid and the
redium net too confining. Similarly, unother cavernicole, an amphipod Mipfargus
sp.. can survive temperatures of 24,5°C, although the aptimum is 8 o 14°C
{Ginet, 1960) This opper limil of tolerance coincides closely with the upper lethal
tempeeature of surface relatives. Glacon (1953} found the beetle Speauamus dieckd,
another Lruglobite, to he capable of surviving temperatures of 253°C, indicating that
it, too, could ol he considered a strict stenatherm, In summary, Vandel {1965)
states that slenothennia in troglobites iz not an established fact.

The peous Speadesmes Loomis is represented by two deseribed species and a few
undescribed coes. all of which are known only fram caves of ceotral Texas (Causey,
1959 Chamberlin aod HofFoman, 1958; pers. comme., Causey to Reddell), Specdes-
s icarnoures Causey (Fie 1) has been found io Travis, Lampasas, and William-
sonn Counties {Teeddell, 1965, 1970%. This millipeds is & higlly adapted troglobite,
this reflected in its almost Lolal depigmentation and atlenvated antennae and legs
(Causey, 19597 1 is also eveless but so are al] orther polydesmid species, most ol
which are epipean. Distributions of all species of Speodesmus are shown in Fig. 3.

The genus Cembode is 0 major element in the millipade fauna ol the forests af
the castern United Slutes where it is represented by several species. iz epigean
distribution reaches into casteen Texas, but in central Texas it is restricled (o caves
and represented by only a single species (Causey, 1904, Cimnbala specbic (Cham-
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Fig. 2. Crmbals spenlic

berlind {Fig. 20, £ spesbly s widely distribuled throughout several countics ol
central Texas {Fig. 40, and is a0 freguent i the caves of this arep that it i3
commonly called the *Texus Blind Millipede™ (Causey, 19591 Apophthalmia is the
enly steiking morphological adapration o & cavernicole existence in O speobia,
sce it retaing some pigmentation, and s legs and antennae are only slishtly
lengthened, In the eastern United States, cambalids ure usually found only oceasio-
nally i cave entrunce areas, but one troglobite s koown, € foomisd {Haotftman)
peewrming inoan Alabama cave {Causey, 1964, vers, comm. ). C reddell inornatus of
wypsun caves of northywest Texas is also thoughl o be g rroglobite (Caosey, 1964),

All millipedes used in this research were laken from caves in close proximity in
Travis and Williwmson Counties, Original plans called for restricting eollections to
Beck’s Ranch Cave (Mitchell, 1971a) in Willlamsen Couonly, buor g scarcity of
specimens prevented this. Mearly all cambalids and many 5 Slecrnonrns were laken
from this cave, however. The remaining individuals were taken from Tooth Cave
and Krelschmarr Cave nearby in Travis County.

All of these caves are formed in Edwards lmestone. Temperatures vacy letle
from approximately 207 €. No deviations from saturution in Beck’s Ranch Cave
were detected by a sling psychrometer (Mitchell, 197 1a}, but observations made at
different tirmes of the year indicate that relative homidity must al tmes drop below
10FE, for the substrate in Lhe cave becomes noticeally drier during the summer
manths,
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MATERIALS AND MUETHODS

Several collecting attempts were made, but cach wielded rather small samples. No
atternpt was thus made to segrezate the animals scoording to locality or date of
collection because of the rather lirgs sample size required by the experimental
desipn,

Catdatla speabic occurs on cave floors, walls, and ceilings. Many of these
millipedes were collecred as they fell from the ceiling when illuminated with the
heam of 4 flashlight, & result of their well developed coiling respanse. Speodestiig
hicormonrns s more commoenly found on the Aoor of the cave, and il freguent]y
cohabits areas with O speobia. [t does not exhihit the coiling response of O
speabiz, but it does appear to be photonegative.

The cambalids were kept in the laboratory without difficuley in tightly sealed
polyethylene containers provided with moistened paper loweling and a humus rich
soil. In experiments which required ohservations of a group of millipedes for several
weeks, the soil was omitted to facilitate counting, and animals ander these con-
ditions remained hardy for months, feeding upon the toweling, 5 heornooris, on
the other hand, proved more diflGzcult 1o muintain. Tolerance data show them to he
more sensitive to temperature changes than C speobis, and this probably sccounts
for the difficulty in both transportnog these animals from the cave to the lahara-
tary and in maintaining them in the lahoeatory, Although S, bicormonres would live
for several months on the paper toweling, there was no evidence that the roweling
WS SHLeTl. _

Laboratory temperature was muiotained as near to 20°C as possible, but because
of inadequate temperature controlling facilities, the remperature occasionally rose
and fell 2* to 3°C. from the desired temperature.

The materials and methods of the individeal experiments will he elaborated
specifically as fallows,

Preference Experiments

Relative Ienieitv. A lincar gradient chamber constructed of 178 inch Plexiglas was
wsed in determining humidity preferences (Fie 330 The apparatus consisted cssen-
tially of a tightly sealed rectangular box divided By a substrate into upper and loweer
chambers. The substrate was made of Tused, hardened polyvethylene chips. molded
into 2 sheet 108 inch thick and having s pore sive of approximately T0u, The lower
chamber was partitioned by vertical Plexiglas walls to form ten compartments, The
lid of the apparatus was [itted with eleven El-tronics, Model 2C-B, hygroscopic
sensors equally spaced so as o delincate ten areas in the upper chamber. These
areas of known relative humidity runge were used a0 odata recording and were
numbered 1- 10 from Teft 1o right.

The humidity gradient was established by adding 9538 glyeerel to the end
compartments (numbers 9 und 10} of the lower half and distilled water 1o
compartments 3 - 8 inclusive. The substrale was corefully positioned to insure that
il did et come into contaet with any of the solulions, The lid was replaced, and
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within two hours the desired gradient was stabilized. Relatve humiditics detected
by each sensor were read with an Ul-dronics Model 12 electronic hvgrometer
equipped with an 11-paint switchhox. Sensor securacy was £20% relative humidity
over most of the range, but decreased to 5% in the upper range: e.0., a relative
humidity higher than 95°% could not be reliably separated from [OO0%,

After the gradient wuas established, four male and four fomale cambalids were
placed in the chamber, two of cach sex through each of twe heles in the lid {in
areas 3 and &), Their pusitions were recorded at five minute intereals for a duration
af two hours, beginning 30 minutes after their introdieceion. Al censuses were
made in a darkened toom with a light shicld being removed anly Tong enough to
record the animals” positions. A handlizhl was vsed o view the animals at this lime,
Six runs were made, vielding a torl o 1832 position-records based upon the
responses of 48 individuals.

Limited numbers of Speodesmus bicornoutes made the testing of equal numbers
of cach sex impossible, Otherwise, the methods of testing Lhis species were the same
as far Cambala speabia,

Cantrols for each species were cun after completion of the expenmental Tuns,
Diistilled water was added to cach compartment to establish o continuous suturated
atmosphere within the chamber. The methods of data gathering then procecded oy
in the experimental runs. In the control tuns of 5 dfcorsouras, two ammals died
while within the chamber, redocing the total number of position-records accordingly,

Temperature, As with the relative bumidity peeference chamber, o lightly sealed
rectangular Plexiglas chamber was used in determining temperature preferendas {17g,
&), This chamber was delineated into |2 areas by 13 equally spaced Y31 Model 401
thermistar sensors inserted through gaisketed holes in the lid of the chamber. The
probe lips were positioned ane millimeter ahove the substrale. This experimental
chamber was fitted into an open aluminwm claomel which had one end enclosed,
forming a water-tight container through which coolanr cieendated.

The temperature gradient was established by healing one end of 1he channel and
conling the olher. The cooling emploved an external water bath containing ethyl-
ene glycol maintained at a temperature of 07C by a refrigeratinn unit, the comprus-
sor of which was activated by a Y5[ Model 71 Thennistemp 1emperature controller.
The coolant was pumped theough the enclosed portion of the aluminem clumel at
the “cold™ end of the chamber by g cicculating pump Incated in the batl, The
coolant reduced the temperalure st this end of the chamber a few degrecs below
the set-point, To bring the temperature up to the desircd 10°C, three 230-watt
strip heaters were fixed to the “cold™ end of the aluminum channel. Yoltage input
inta the heaters was regulated by an Athena Model 31 proportional temperature
controdler responding to a thermistor probe located o the end of the Plexighss
experimental chamber, The “hot™ end of the chawnel wus cquipped with one
2a0-wart heater. Here apain, heater output was regulated by un Athena Model 51
controller whose sensing probe was located in the other end ol the Mexiglas
experimental chamber. Temperatures sensed by cach probe were read diccctly using
a 12<channel Y51 Mode] 44T relethermometer,
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The aluminum chanoel with its Plexiglas insect was housed in g plywood case
and was insulated with 2-inch polvstyrene foam.

Il was impossible to maintain the air within the chamber at 1007 celative
humidity wilhout saturating the substrate (made of the same material as thut used
in the relative humidity preference chamber) with distilled water. The saturation
wius accomplished by placing the substrate in contact with distilled warer of 3 mm
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FFig. 6. Temperature Preference Apparitos, semi-schematic, A, View from above ol the gradienl
chambaer and associated equipment. |, cold end contreller, 2, hot end conteoller. 3
tempereture readout apparatus. 4, cold hath controller. 3, refrigecaticon unit Foc chillmg
cold bath. &, pump fer circalating chilled water to gradient chamber. 7, seeip heaters. 5,
valve for repulating cold water Now. 9, Plexiglas insert, the acival howsing Ter e
experimental animals. 1 woeden housing for gradient chamber and closely associnted
patts. 11, asbestes sheeting protecting howsing frem heat, 12, polystyrene Foam insula-
tios, 13, eold water hath, 14, alumiram channel, the hest dransfercer, housing the
Plexighas maert, 15, cald water input canduwiz. (6, cold water return conduit, 17, cold
water compartment for chilling the aluminum chaonel. 18, cooling coil. 19, sensor leads
fram chamber 10 readout. 20, sensor lead from chamber o eold end contreller. 21,
semsay Jead fram chamber to bot end controller. Internal dimensions of the Pleaelas
insert, 120 cm X 12 om X § em. Thermistotized sensars spaced a1 10 cm mtervals. B,
Cross soction through Plexielas insert. 1, Hd containing dead aic spoce. X masker
providing seal asound sensor lead. 3, [alse wall preventing anioal cantaey with e wall
where dittercniial eondensalion might pravide a source of bies. 4, sensce. 5, sabsirale,
Cieher details intext.
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depth in the boltom of the chamber. This water teduced the speed of the
millipedes’ movement compared to thul on the drer substrate of the relutive
humidity chamber, but two reasons dictated this water requicement: 1) the animuls
live in a satwrated or near-saturated environment, and 2 unless The atowsphere is
maintaincd al either Q0% or @5 relative humidily, a relative humidity gradient
becomes superimposed upon the emperature gradicnt, making it impossible to
separate the response 1o temperature alone. The reduction in speed did not aflect
the animals’ sbility o traverse the length of the chamber within the five minute
recording interval.

Cambalids were sexed and tested in four groups of 12 each, six males and six
females. One-hall of each group was introduced into the chamber through a hole in
the Tid ahove wrea 40 the other one-hall through o hols above area 9. Speodesinng
Bicornguray wus tested in the same way except that mdividuals were nid sexed.

Controd experiments were conducted with the entire apparatus stabilized at 2
constant awbient temperatiee of 2070 The millipedes used in these control rums
were the same as those used o the experimental rons, One contoel group had fower
position-records due to the death of a millipede betwesn experimental and controel
LTS,

Tolerance Experiments

Relosive Jupnddity, The apparatus ssed for testing relacive humidity teleranees 15
deseribed elsewhere by Mitchell (1971hY. B consisted uf o batteey of sis Plexialas
cells, each of which could be tightly scaled. Ench cell contuined a jar of sulluric acid
o maintain the desiced lwomding, @ truy e contain the specimens, and a sealuble
tube which allowed fnteaduction ot the milligedes ta the chamber after the desired
humidity was estahlished. The sulfuric acid was used i these studies. since il is
nwch cusier (o establish o desired relative homiditye wath ic ruther than with the
glveerol wsed in the preference cliamber.

The temperature in the individual cells was held constant st 20°C by suspending
the entire uppariatis in a temperglure controlled water hath, Twenly male and
twenty female cambulids were tested by separace sex in two groups of ten indivi-
duals eacl, These were exposed o the different relative Tuonddities For g period of
[ 2 hoeors, this interval heing o rather arbitrary coe arrived at by some teial-and-erour
preliminary cxpermentation. Speodesinus Meornonris were tested as above exeept
that e sex distinction was made and exposure was lnited o Four bowrs. O
speodie was exposed Lo 2575, 300, and 799 relative humidity 05 hicaracnems only
to 309, Each species was alse exposed in a similar fushion to LOOGE relative
humidily as a control.

Femperature. No special apparatus was constructed for these experiments. The
basic piece of equipment used was 3 Chicape Swrgical and Electrical Model 13000
pacalfin hath which held remperatures within specimen jurs constant to within =
1270 of the desired testing temperature. A (riple laver of paper oweling sulurated
with distilled water was placed in the hottom of cach jar fo maintain saturation,
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and a mercury thermometer was wsed to determine air temperature inside the jurs,
A disadvantage of this procedure lay in the necessity to open the jars momentarily
tir admit the millipedes. This was done guickly, hut temperatures deopped about
1%, and it took about five minutes for them to regain their former level. Water of
condensation was also a problem, with free water occasionally being present in the
battem aof the jars, But since heat transfer betwesn water and animals would be
more rapid than that between wir and animal, the data oblained would be an
underestimate of survival rather thun an overestimale.

Twenty male cambalids, 20 female cambalids. and 20 individuals of Speodesmin
bicornotwrus were tested at lemperatures of 30°C and 35°C. €. speobia was exposed
for 24 hours at 30°C and 7 hours at 35°C, while 8, bicornonrns was expuoscd for 15
hours st 30°C and 45 minutes at 35°C. Al the end of the exposure time, the
animals were rermoved to polyethylene containers and maintained at saturation and
an ambient temperature to approximately 20°C. Numbers of survivors were counted
24, 36, 48, 60, 72, 96, 240, and 600 haurs after terminalion of the experiments.
Ar animal was recorded as g swrvivor if 3t conld move any hody part. However,
st survivors showed apparently normal motilicy,

RESULTS
Preference Experimenty

Helatlve hiemidiny, Fig, 7 shows graphically the nombers of ovcureences of Combala
speobis and of Speodennns bicornotrus in ocuch of the 10 areas of the relative
hurmiadity gradient chamber for both the experimental and cooteol runs, Caswal
observation of the graphs indicates striking differences berween experimental and
control data of each spevies. Contingency table analyses of the dula further
demonstrale the differences wilth P values muoch less than 001 (Table 1),

Both species showed o prelecence Tor atmospheres at or near saturation. 1low-
ever, vver 66°F of the cambalid occurrences were in these four arcas represenling
the 95% - 100F% relalive humidity range while only 48% of the § bicornowrs
occurrences were within this ranee. This difference is significant at P<001{Table 2).
Thus € spealiz has a stronger preference for the higher telative humidities Lhan
does 8 Afcorianrs.

Meither species apprared (o show a ditecled response when expuosed 1o the
gradient. MNeither do the cxperimenal dats cellect repeated records of motionless
animals. Rather, there was almost continual movement excepl in some conlrol runs
when the end arcas were frequently occupied for intervals up to thirty minutes by
groups of three oc four individuals. This effect of an additional edge m the end
areus s af commaon occurrence in linear gradient chambers (Pectounen, 1933
Mitchell, 1971h). The experimental runs were not entirely free from this source of
bias, as the graphs in Fig, 7 demonstrate,
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Fig. 7
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TABLE 1, Conligency table analyses of relative humidity preference data. Compared are
nummbers of animal accurdesces in the different arews of the pradient chamber.
Ares of Chamber

1 2 3 4 5 & 7 & 9 10 Toul
C;. Spenit: 81 3% 82 254 198 194 117 7% 37 71 (152
experimental
Cspeobia. 300 an 55 Bl 46 108 86 56 126 268 1152
cortbrol f

¥°09 d.F = 484.43, F <, 001
S blcomounts. |40 4o g3 138 153 141 125 101 70 148 1152
experimental
S bdeornotines, 5 - e - o pEe .
g 753 92 117 77 S6 S8 70 65 122 193 11
control

¥ 19 UL, = 19086, P <. 001
S bicomouris. (20 40 gy 138 153 (41 125 101 70 148 1152
exparimental S “ ik
€. stieobia, 81 38 #2 254 198 194 117 79 37 721 1152
experimental i

¥ o df = 10404, P <, 001
S. blcomounts. 454 g9 117 77 56 S8 71 65 122 193 1104
cantrol
Cspeobia,  aoe 99 55 g1 46 108 86 56 126 268 L1S2
control

X0 dE = 54.75. P <. 001
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TABLE 2. Comparson of gvcarcences withan and oudside the 95% — D00 relalive humadity

range.
Within Dutsicle

£ spe_of:r'a. 763 389
experimental
. spenbii, 371 a231
control 3

¥ dd= 33873, P <. 00l
3. ba‘cqmourm. 557 595
gxperimental
8 DRCorno s, 47 H47
conteol .

KO dof o= 14670 < Ol
E_'! .spe_obf'u. 763 IRg
eapurimental

5 breorniourus,

; 24 U5
experimental

Ln
L

X1 d.f = 74.55, P<. 001
L0 speobia, 12 f31
codttrod ’
5 bivurnurs, 152 547
contriol 7 =

Fildf=4.810,P<. 05

Tentperature. Fig, & shows occurrences of the millipedes in the areas of the
temperature gradient chamber for experimental and control runs. Again, sufficient
differences in controel and experimental dala for both species were demonsirated by
contingency lable aoalysis (P<001; Tauble 3). 1t &5 seen in Fig. & that the tempera-
lure preferendum of cach species may be regarded as 15°C 10 26.5°C. The
prefercndum of & speobir s most delined st the higher lemperature, while that of
8 bleornowrus s morve sharply defined at the lower temperature. Table 4 shuows
that there is no signilicant difference (P=75) between the two species in the
intensilies of their responses to Lhe prelerred range (i in numbers of occurrences
within vs, numbers of occurrences outside of 15370 to 26,570, There is, however, a
significant difference in the responses of the twa species when their distribution in



TEMPERATURE AND RIL RESPONSE OF TEXAS MILLIFED-S 3T

1%

Ay omr o Heowr R KR BSOS % M s

SEPIRINL ST LOedrad

i H k) i b} = 7 B #lnl I F; I ¥ d ]
Ay Ay RO 0y 10T D WO ¥ R 55 45 LR -r W

L1 RInE bR LR

Speodesmus bicornaurus

Fig, & Graphs of Tempeature Preference Dac, Oedinstes show numbers of ammal occurrenees
iz rhe differcnt arews of the gradient chamber, Abscissie <how chamber arce desanations
First mvwd and the emperatures sensed at the boundades of the recording aoeas (second
rawl,



LL

AMIT Y. MITCORE

L BULL

380

[0 > d78win="¢

P X

CSLE 051 89 pL TOD 011 BL O SF 89 PO 9L ii 00T

BTLL TT0 € 10D v8 0 kL 0 T6 ®T1 551 96 BB I

100 Zd " Fa081 = 4P 17X

ISIL 0 % 911 8T1 601 991 TIi BFl 921 €L i¥ 6

€I ST IF L GDT SS1 w6 9T 9D f1D TE 9T L

100 >d 'SLE6="FP I X

RTIT 121 L8 101 #8 kL 0L T ST SST %6 %% LTI

TN 5T Ik AL 601 SE1 p6 OTI 9T €17 TE 9T L

100 >d"90TEs = TP 11 X

ZEIL 0ST R9 BL ZD1 DIT &L S¢ B vDI 9L (L OOF

511 0 % 91l 8Tl 601 991 IIT ®Rl ST EL b 6
mer Zro1noaloe % L% 0§ k£ L

13GUEY T JO BAY

SAMUALITIIE [EILIUE |0 SI3UENTT AT

[T it
‘rrqoads

o U
SHAROWIONY Y
[Ermn g s
‘ngpezds )
(riuailad o
FILUROULNG 8
[yt
ILLIOG
(rauattiadya
FILROULONG Y
[OIpUn
‘wrgoads

[erumozadya
‘mgaads 3

“IAGUEY T JUAEPETE 1) |0 STRIR JUARIE 2YT

wroyy Cepnp oouaddfald amgmiadwag (o seegeur Qe AausREnin

CIHYL



TEMPERATURE AND RUH. RESPONSE OF TEXAY MILLIPEDES Ikl

the different areas of the preferred ranpe are compared (P<2001, Table 5} This
difference rezults from a unimodal response of C speabie and a bimodal response
of 5 bicorrourns where, in the latter, cave lemperatuce lies between the two
modes. Consequently, when the responses of lhe twe millipedes are compared,
based upon the numbers of cccurrences in those two areas most closely appraxi-
mating cave tempersture (aras 5 and 6, 187°C to 21.5°C) vs. numbers of occur-
rences oufside this range, a marked differcoce s apparent {Tabkle &), No directed
moyements werg apparent i the temperatuce gradient, and the millipedes moved
frecly throughout the cliamber, Thus, the himodal distribution of cccurrences of 3,
ficesrrorores wus ol the result of limited movement from the two peints of their
introduction into the chamber, Control run data show the presence of end effect
bias, but experimental roo data do not, as do the experimental ruo data from the
velative humidity gradient chamber. This suggests o more rapid response to lempera-
ture than to relative humidity since the prelerence for an edge was everridden more
rapidly by up unpeeffered temperature than by an unpreferred relative humidity,

TABLL 4. Compirsan of anima avcurences within and autside the 15% 36,5% cemperatu

T g
Within Outside
range range
C: specdda, experimental 1als 137
€ specda, control 281 571
X711 4. =38.23, P <. 001
5 Biooviowrus, expecimenial 14020 132
5 Bicoruouny, control T04 434
NP1 df = 20962, P <. 001
O specbia, experimental 1013 137
5 hiconiouris, experimental 1020 132
X*f1dd. =067 P > 75
€ speobia, cantral sl 571
& bicornomguy, contool Thd 424

¥ dr=3201, P> 05
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TABLE 5.

Eo HULL AN R, MUTCHTLL

Contingency tble analyses based uparl mambers of animal eecurenses in the dif-
Ferent areas represented in the 1370 26 570 temperatare range of the gradient
chrambaer,

Area of Gradient Chumboer

4 5 & 7 8 e 1
C. speobia, 126 148 222 166 109 128 116
cxperimental
A bic-:l'.}mf.rumf. 213 246 126 04 155 10 77
experimental

O spenbi,

XiE AL = HI0S7. P <. 001

104 L) 45 T8 L1 1z 74
control
3. Bcornos, 155 128 92 70 74 &4 10l
control .
X odl = aa.5%, B D, 001
TABLE 6. Cuempacisen of animl acowreences wichin and aotsde the teiipeoature preferen-
Adum (18070 2170 ramae)
Within Oulsice
range range
O speobia, experinental JHH 64
8. bivoronis, experimental 220 Qi
A = 6231 P00
L1 speobiy, contral |23 1025
& Dicormoures, control L2 Qa6

L df =674, P< O
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KT F. BULL AN BW, MITCHELL
Telerance Experiments

Relative fwonigdice, Tahle 7 ogives numbers of survivors (tom groups of twenty
millipedes alter exposure o dilferent relative homidities. There were differonces in
the ubility of male and Temale cambalids (o survive lowered relative boumidities bat
these did nat quite approach significance (P 10,2 05 Tor 28% B, Table §), €
sprecia withslond o twelve hour exposure o 2399 velative humidity with abour
S0 swrvivorship (uverage of oudes and females) len davs alter exposure. Survival at
S0 Tor 12 howrs was woch better Cabour 800 survival of the end of en davs), and
at 75% relaive humidity, expenmentuls did not differ Trom controls. Thus, C
spehis cannat be considered stenalygrabic.

S Bieorroneis s less tolerunl than O speodio of the ower relalive humiditices,

This js revealed in two wavs: Fost, Lheee is a signilicant difference (P<02 for 300
Bt Table 8] an the nwmber of supvivars of euch species. Sceeod. the data
compared are hased upon o 12 hoor exposore Foar € speobie b only o Tour four
cxposure [or 8 biconeneres, Thus, 50 bicordooens may be reparded a5 stenobiyaro-
Twicz,
Temporatire,  Tuble 9 shows numbers of survivors from growps of  twenty
millipedes after exposure o different temperatures, © speabie was far more
tolerant of exposure o 307C and 357C than 5. bicorsonry {P< 001, Tahle 10).
SAgain this difference was revesied in spite of much shorter exposuce times for 8
bicarnotrds, Thus, O speobia iz nat stenethermie while 5 Wicarnonras is, 1 should
alsey e poted that cambalid males survived sxposure Lo 35°C bhetter than did
femules (P<7005, Tahle LO).

TABLE & Coantmganey Talle analvses of reltee Bumiding toleraoee data based apon surv-
AT Jo e R P,

warstag al 240 hoyn

Alive D

0 gpeobia, mules v it 6 L4
females 2441 haours

after exposure 1o T 13 -
5% RAL

il = 161, P> 05

O speabia vs, 85 bicoronns Sl 33 .
240 hours abier exposure to . :
505 R

Specdopnus 10 10

Xl df=584.P<. 02
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RE1 . BULL AND BW, MITCHELL

TADLE I Contmgeney lable analyses of temperatore Woleganes data based upon survivor-
ship ar 244 houre subseguerntl to ey posure,

Alive Dead
) speobia, males vs, =
females 240 hours after femmales 5 |4
exposure ta 35°C, Esafas L& 4
X/ A0 = 8,182, P <005
£ speobia ¥s. Cambala 40 0

& Bicornauius
r

240 hotrs mﬂn Spsodesris 1 |9
exposure 10 30°C.

X1 df. = §1.306, P <. 001

C. speodia vs. ; 1
8. bicornotirns 240 St w2 1
hours afier exposure Speodesmus 1 14

to 35°C.

X711 dL = 12,065, P <001

ISCTISSION

Cambala speobiz and Speodesmus Bleovaourds show aross responses iorelative
humidity aod temperature gradients for condilions spproximating these of Lheir
cave environments, lodings which are hardly surprising. However, in the details of
their responses there are dilferences, and these are ol considerable sipnificance as
are their differing abilities 1o tolerule clevated temperatures and cedoced relative
hurnidities,

In bricl, the experimental data demonstrate that O speodiy is more selective of
relative humidities at or approaching saturation and of temperatises closely corre-
sponding to that of the cave than s 8 Megraouwns, S hicornowros s less tolerant of
elevated temperatures and reduced relative humidities than is O speobia.

Mitchell (1971b) has suggested three questions which may be considered in
amalyzing troglobite preference and tolerance data. 1) What, if any. relationship
exists between the degree of morphological regression of troglobites and their
ability to perceive and respond to physical factors of the enviranment? 2) What are
the mechanisms operative in restricting eavernicoles within thedr optimum enviroa-
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ment? 3 Whal are the capubilities of covernicoles for dispersal in the epigeum”

I response to the Niest question. morphologicsl regression s more proneunced
in & beeornonrnes than e O specodia. Thus, in these millipedes there is & negative
correlation between morpholopical repression and response to external Factors:
ie. the more highly regressed species 35 Jess sclective, This type correlution was
predicted by Mitchell (19710, bt for cavernicoles which are physically imprisoned
in their habituls, primarily agquatics. In the latter type ol cavernicole, there would
eeny Lo he ne selective advantage in maintaining abililies to respond to the varying
phasical Tactors of the cpigean envircmment to which 1t is never exposed. The two
species of millipedes i guestion are not, hewever, imprisoned within their environ-
went, Their own motility @ves Lhem the capability of Teaving the cave a1 any time,
ether things perrmtting. It is vory interesting that of these two millipedes the less
talerant species 15 al the same time the less responsive. Vandel (1963 ) would regsrd
these two phenomena as characteristic of phyvleric senescence, bul this is untenahle,
since the latter i wilhout any penetic basis for existence.

It does seem plausible Lhat caverniceles free o l2ave the cave babitat should
possess mechanisms operative in mestricting them wilhin their optimal environment
{Poulson, 1964 Mitchell, 197 1h), and the most obvious mechanisms would seem oo
be those permilting response to external environmental conditions {or detection of
soane gridient which would usually exist through a cove opening}. Thiz would ssem
te b especially important for those highty regressed troglobites characterized (ar
assumed 1o be characterized in many instances) by severe diminution in their
autoregulative ubilities. All thiz assumes Lhat loss of animals throwgh the entrances
of caves would be of suflicient importance to pluce a high sclective value an the
matnleminee and possble cluboration of sensory meclanisms which peresive ex-
termal Tuctors, 10 s possible, however, that troglobites are sufficiently renuved [rom
the entrances, and the entrances are so small o proportion e the total habitable
area of Lhe subterranean system, that the energy expense of maintsining these
sensory mechanisos would not be “justified ™, A consideration of the fermation of
lionestone caves of lers, perhaps, some support Tor this ides.

Limestane caves originale as solution spaces caused by underground waters, and
moest probably do not acquire entrances of any appreeciable size until Jate in their
formnation: many subterrancan systems unguestionably still Tack Targe entrances.
Barr { 1968 astimates that 90 of all caves remuain inaceessible to human penetra-
tion but adds that very tew of Lhese are closed to caverniceles, The ohvious
inference here is thar although no entranee large enough (o permic human enoy
exists, some means of gdmitting colonizers muest have existed in the past,
problably amall Nssures leading from the suclace into the cave, Thus, animals
“preadapled ™ for cove life, ep.. bumigoles, muscicoles. endogeans, vle., must have
entered through these nbscire Pissures and become established in the cave svstem
long before the developinent of any prominent epening. These small fissures would
provide little oppoertunity for escape te the cpigeum. especially i the cave systen
were lurge. The cove would, then, he an essentially closed spuce in which the
golonizers could evolve dnte lroglobites. Assuming that most cave eolranees were
formed fairly recently as @ result of roof collapse, erosion by surfice waters, or
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whilever, the animals in the cave might well have had ample time o proceed guie
far in adaplation o this new enviconment. ncluding perbups the toss of certain
sensory mechanisms, before aguin being confromted with the sarving, and olen
CIgoris, @pigedn envicanment,

It can be seen that Speodernnes Boeornonms might have hecome isolated in thess
“ologed™ caves very early, and before Large openings developed might have begun to
lose the ability o respond to fuclors variable in the epigeum, Centhala speabia on
the other hand may have hecome isolated later, even aller larper cave culrunces
were formed. Evidence for the greater antiquily of 8 bicornowrts and most of the
caves it inhabits will he presented later,

We should not fail to emphasize the tact that these twa millipedes were rested
for their responses to temperalure and relative humddity only, Studics of their
responses to other factors might reveal rostrictive mechanisms in 5 deorim,
although temperature and relative humidity seem intuitively to be among the most
likely enviconmental stimuli 1o which a terrestrial troglobite might respond.

Preference and tolerance data such as ours permil, pechaps, some insight into the
interrelated problems of troglobite dispersal, distribution, and evelution, 11 s
probable that ecvolution of mest lerrestriy) troglohites o temperate ciaves wus
delayed until surface populations of the sume species were climinated By climate
changes {Barr, %68, Mitchell, 1969, The cave population could then evolbe
troglobite characteristics, there heing now an ahsence of gene exchange with the
surface population. This epigean ancestor ol the troglobite wouold presumably have
possessed well developed autoregulative abilitivs, being exposed to g variable envi-
ronrment, Such abilitiey would oot seern to he of adaptive value in the slable cave
gnvirenment. and in time they would “regress™, us do the more apparent features
such as cves and pigment. Regurdless of the precise cuuse of this regression — this is
ancther and debatable, problem it s generally accepted that treglobites do. in
fact, show more or less reduced autoregulative abilities, The degree of less of thess
abilities to compensate for environmental changes might then be used as an index
to telative age of the troglobite as is morphological regression (Poulson, [963),
Such an index would be most useful io 8 rather limited area where it might be
assumed that the selection pressures leading o cave adapration would he similar in
kind and mtensity, thus avaiding o rate problem (Mitchell, 19697 Tt also secms
plausible that in such an area the extent of speciation within o troglobite genus
would be helpful in determinining the relative original times of solalion,

By applving the preceding indices, then, O sprobic would seem to be g muoch
more recent troglobite than & bicorrouwrus, C, gpeobiz telains rather good auto-
regitlative abilities us reflected hy its telerance of elevaled twmperatores and
reduced relative humidities. Additionally, there s but one species of Cambalar i
central Texus caves apposed to several species of Speodesiuey from the same area
(Causey, 1960, 1964, pers. comm, to Reddell), It should be mentioned, however,
that there is still some uncectainty in the taxonooty of these animals (pers, comm .
Causey 1o Reddell}, These phenomena, then, fend suppoct 1o the conclusion that
one would make bused upan comparison of morphologicsl features, vie.. 5. bicor
staneries a3 the older of the owo troglobites in guestion, Bt these lemperarore und
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relative humidity data permat more tan this to be dedueed abont the evolution of
these willipedes.

The distributiona) daty presented in Fusio 3 ond 4 show O speabiin 1o be more
widely distributed in contral Texas coves than any of the specics of Specdesm, or
than of Uhe genus Speadesies, tsell, O speafia has been reported fron 122 caves
in 25 counties while & deornowms s Enown Fromoondy 27 caves i 3 counlios S
echiouray iy Wentilied from 47 caves 0 10 countivs, A few undeseribed and
undetermined species hove heen whken from 13 caves in eight countics. Although
collections in the cove area are still incomplete, a well developed pattern seems o
b energing,

To explain the diffeeence o the prosent distiihotion of O spealie and 8
hicernonris, 1005 necessury o consider several guestions: |} When did the different
caves become avaalable For colonization by sorface ancestors? 2) What were the
distributions of the stiface ancestors” 30 What mighil have been the tomperature
and relative huomidily responses ol the surfuce ancestors? 43 When were the surfuce
pepulations eliminated” 5 What are the possibilities for cpigean dispersal of the
miflipedes?

The uplilt uf central Texos occurred dirng the Miocene, but exposure of all
caverncus limestones did nat oceur at this time or even stmultaneously al any time
Along the Baleones Uawlt, the fulting itself cansed vxposure suoner here than in
arcas away from the Taule, In the latter areas, exposure conld not vccuc wntl
remval of overlving late Cretacenns deposits. Fault zone caves might have been
available for colonization o late Miocene, o probubly oot ontil in the Pliccene or
carly in the Pleistocene, Uther caves were probably not ayvailable For colonization
until mid-Pleistocene. Whatever may be the absolute times. there s litele doobt tlul
caves along the Balcones Faull were coloniaed prior 1o those away from the faalt
tull pers, comm.. A 1] South e Micchells see also Mitchell and B E. Smith, 19720

The Balvanes Faull Zome extends lrom Bell County throoph Willimson. Travis,
Huvs, Comal. Bexsr. Meding, Usalde, and Winney Couonties, and inte Yal Yerde
County, Figs. 3 and 4 show that both Speodessnns ond Crmbaly speatia vccur
chiefly in caves closely associsted with this rone or in those nat too far removed
rom it Lach millipede does, however, occur in seme caves distant From the zone,
Bt 3l is £ ypeobia Wl s hers more commoen and more widespread, In caves
localed wmore than 500 miles (rem the faull cone, Speodesins oceurs in nine while
O speobia oceurs an 28 Inocaves located alomg Lhe fault zone or within 30 miles of
it, Speodesimes veeurs in 77 and O gpeobia in 940 A 2XD contingency table analysis
for heteropeneity of these disteibutions vields o X7 of 4.56 with P<705 10 would
thus appesr that there are real differences in the distributions of these millipe des.

Tl present day distribution ol troglobites s commaonly gsed as an indivator of
the past distribition of surfuce relatives. [ is certanly true tut present troglobite
diatributions da, in faet, reflect the broad arcas of ocewrrence ol ancestral species,
cspecially onoa continental or world-wide basis. Dowever. is 1t walid 1o explain
sintll-zeale distribution patterns in e same way, the case in point being nullipede
distribution m caves of central Texas? (e might be suzpested that the distaibation
putlerns of Speodespms and C specdia simply retlecl the distributions of the
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ancestars of cach. This would presume that © speobds ancestors were widespread in
central Texas and that those of Speodesms were cestricted eather closely o an area
[ollowing the present Baleones Foull, Thete are no dals to support such presumed
ancesteal distributions, 10 is actually nel necessary to presume peculiar differences
in the distribations of the ancestral species; cach may just as well be presumed to
have had roughly comparable ranges over central Texus,

The temperatuee and relative bumidity tolerance data may be used lo sugpest a
hypothesis in explanation of present O speobir and 5 blecomowrs distributions,
Repurdless of other causes of the tolerance abilities of O speabiz and 5 biceor-
ponrns, the tolerances of these present dayv species are probzbly, in part a
reflection of the tolerances of the ancestral specics of each, [f so, the ancestor af
Speadesus, presumably adapeed toa more stable microcoviconment than ancestral
O ospeobdia, would huve been less tolerant of the chimatic changes sceompanying
Fleistocene gliciation and could have esrly been removed from sucfuce environ-
ments. This could well have vecurred a1 such time when the anly caves apen to
colonication were those primarily associated with the Baleones Faull Zone. Thus
the majority of the Spendesmny uncestors to survive incendeal Texas were those
which had suceessfully colonized caves near the Escarpment. Perhaps small disjunct
popubations ol the Speodesnues surface ancestor persisted wnlil some time later
in favorahle, hot iselated, protective, sorface micreenvitonments. The few scattered
oecnrrences of Speodesniis in caves removed from the fault could well represent
fortuiteus colanizations by sucl surface relicts.

Thue ancesteal species of O speafiis was ungueslionably guite wlerunt, It s
imconcievable that a troglobite would evolve higher tolerances than its surface
ancestor because of the ewvronmental stability of the cave, Thus, this ancestral
species probably persisted in surface covironments in central Texas far longer than
did the ancestors of Speodespis, [In Tact, O speobin itsell is so tolerant, ot would
nol be particolarly surprising i it were to he discoversd today in seme Faverablbe
surface habitat, 1t has, however, never been collected on the surface.

It is possible that the 0 speobie ancestor began Lo celonire caves al approxi-
mately  the same tdme as did thet of Speodessus. There s nothing fo sugpest
otherwise, and, Turtheemaore, iU 5 nat necessury, A mare tolerunt O speabia
ancestor wollld populate Fault zone caves early, as would the Speodesnnis ancestor,
but it would persist longer on the swiface, long enowgh 1o populate the later
available caves removed from the fault, The relative sbundunce of O speobia io
these latter caves indicales thar the ancestor long ccoupied surfuce enviconnents
owr much of gentral Texas. During this time speciulion was prevented by continu-
ed gene cxchange between cave and surface populalions. During the time of later
cave colonizations by the O speobis ancestor, Spendesnmus was prohably Tac along
in ity adaptations tooa sublecranean envirenment. its surface ancestor having loong
since heen removed, 1t seems enticely possible that the surface acesior of C
specbia might not huve been eliminated (o effectively climinatedy from the surface
until the last interglacial.

Based upon the strong tolerances retained by © speabia, it would seem that even
now il should be able to survive at least temporarily on the surface, thws peoviding
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the possibility for use of cpipeun dispersal routes. After the elimination of the
surtaee populations, many Muctualions o the enviconment have probably occurred,
some of these being compalible wilth € speodin s tolerances, During these periods
. spenbia might have extended its range by dispersal in the epigeum and it might
still he doing so, Such dispersal would also provide some degree of gene flow
between the various cave populations, So, surface popalations of the O speebia
ancestar could have been removed earlier than previously suggested, but sporadic
use of epigean dispersal rontes would still resule in the C spealig distribution seen
today, as well ws the laek of speciation in ceotral Texos Conthala, Climatic condi-
tions were probably never such to pormil extensive epigean dispersal by Speodes-
FHLS,

We may summarize as tollows the sequence of evenls by pothesized to explain
the distribution patterns of Guebals and Speodesmis e centeal Texas caves.
1. O specbiz and Speodesmus ancestors ranged widely over central Texas by the
Miacene,
I Cuves along the Balcones Fault Zone woere available (or colonication eacier than
were caves removed Troom the fault zone, sometime between Tate Miocene and carly
Plzistocene,
3. Vault zane caves were probably colonized ai this time by both ancestrul €
speabin and Speodestiny,
4. Barly Pleistocene climatic chanpes associated with glaciatwn probably eliminated
the less tolerant ancestral Speodesnrns pecmitting odaptation to begin early
eatablished cave populations.
4 The range of Sprodesmas has probubly not been appreciably extended by
epizean dispersal.
fr, The hardier O speobiz ancestor either survived longer into the Pleistocene, at
which time it was able (o colonize the later pvailable coves removed ltom the fault
zome, o ils Leleranees permitted sporadic use of epigesn dispersal routes resulting in
rumgre exlensien, Lither of these, or both o combination, wouold prodoce the £
speofii distribution paltern seen today,
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SUMMARY

The tewmperaturs and relative huoidity preterences and tolerances of two Texas
speeies of cave-adapted millipedes, Cambaly speohie (Chamberlin and Speadesmin
Bicarnowrey Caosey, were studied. Both species showed gross preferences when
tested in gradient chumbers for temperatures sod relative Toumidities spproximating
those of their cave ewviromnents, But ) speobia, the less adapted specics maorphao-
logically, was the more selective of the two specics for such conditions. 8 ficoe-
seneries weas Tar less tolerant of clevaled temperatures and reduced relative humidi-
ties than was O speadin, [Hscussed is a possible reason why o terrestriul troglobite
like 8. Bicorioms would combine mtalerance with a lessened ability 1w perceive
those Factors to which i is fntolerant, Thscussed also are the possible causes of the
preseot distribution of Crmbala and Specdermig in the caves of contral Texas.

Réactions de deux Diplopodes du Texas adaptés 4 la
vie cavernicole, Cambala speobia (Cambalida:
Cambaiiclas) et Speodesmis bicarnouwrus (Polydes-
mida; Vanhoeffeniidae), aux conditions de tempéra-
tures et d’humidité relative.

Les préférendums et les lites de lolérance vis § wis de lo rempérature et de
Mwmidied relutive ant été dtudids chez deux espéces de Diplopodes du Texus
adaptés & la vie cavernicele, Canbale speobio (Chamberling ot Speadesines hicor-
sowray Causey. Mis dans des enceintes ol sont dtablis des gradienls de température
ou dhumidité relative, les dews espéees montrent des préférendums approchant
plobulement ceux existants dans leurs groftes dorgine. Cependant O spevbir,
Wespéce T moins adaptée morphologiquement, s'est moentréce la plos apre J faire le
meilleur choix vis & vis des conditions dexplérience. S Wearnoenes s'vst révélde bien
moins Lelérante que £ speobio aux lempératre flovdes er 4 une humidild relutive
réduite. Les Auteurs exposent une raison possible pour gqu’un troglabie terrestre, Lol
que 8, hicormouris. puisse présenter une capacité amoindrio de déceler les facteurs
de Penvironnement pour lesquels iF montre de Mntolérance. De méme, |23 causes
possibles de Ly distribution actuelle des Camhala of Speadesinms dans les grottes du
Texas centeal sont discotées.
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