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Temperature acclimation affects thermal preference and tolerance
in three Eremias lizards (Lacertidae)
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Abgract We acclimeted adult malesdf three Eremias lizardsfrom different latitudesto 28, 33  or 38  to examine whether
temperature acclimation &fects their therma preference and tolerance and whether thermd preference and tolerance of these lizards
oorregoond with their latitudind digributions. Overdl , sected body tenperature (Tsel) and viable tenperature range (VTR)
were both highest in E. brenchleyi and lowest in E. multiocdlata, with E. argus in between; critica therma minimum (CTMin)
was highes in E. multiocdllata and lowest in E. brenchleyi , with E. argus in between; criticd thermd maximum (CTMax) was
lower in E multiocdlata than in other two ecies. Lizards acdimaedto 28 and 38  overdl sHected lower body temperatures
than those acdimeted to 33 ; lizards acclimeted to high tenperatures were less tolerant of low tenperatures, and vice versa;
lizards acclimeted to 28 were less tolerant of high tenperatures but had a wider VTR range than those acclimeted to 33 and
38 . Lizards of three gecies acclimeated to the three tenperatures dways differed from each other in CTMin, but not in T ,
CTMax and VTR. Our results show thet : temperature acdimation plays an inportant role in irfluencing thermd preference and
tolerance in the three Eremias lizards, dthough the degrees to which acclimetion tenperature dfects thermd preference and
tolerance dffer anong ecies; thermd preference rather than tolerance of the three Eremias lizards corregponds with their
latitudina digtributions [ Current Zoology 55 (4) : 258 - 265, 2009].

Key words Lizards, Eremias, Acdimetion temperature, Thermd preference, Thermd tolerance, Viahle temperature range,

Food assmilaion

As ectotherms,, lizards can withgand a wide range of
body temperatures. However , extremely low or high
temperatures may certainly lead them to death. The upper
(critical thermal maximum, CTMax) and lower (critical
thermal minimum, CTMin) survivad limits are dften
ddined as the wper and lower extremes of thermal
tolerance at which the anima canrot right itself when
placed on its back , i. e. , the loss of righting regponse
(Cowles and Bogert, 1944; Lowe and Vance, 1955;
Bromn and Fedmeth, 1971; Doughty, 1994;
Lutterschmict and Hutchison, 1997). Many lizards
atenpt to maintain relaively high and condant body
temperatures when oonditions alow them to do 0, dften
because biochemica and phydologcd activities are
meximized a noderate to reatively high temperatures
(Huey and Sevenson, 1979; Huey, 1982; Huey and
Kingolver, 1989; Kaudmann and Bennett, 1989;
Anglletta, 2001; Anglletta et d., 2002). Lizards
acquire and maintain appropriate body temperatures
mainly through behaviora mechanisms, dthough
phydologca thernoregulation through cardiovascular
adjugments, endogenous heat production and eveporative
ooling may be do inportant (Avery, 1982;

Received Apr. 18, 2009 ; accepted May 02, 2009
* Qorregponding author.  Emal :xji @mall. hz. 7. cn
© 2009 Current Zoology

Bartholomew, 1977, 1982; Huey, 1982, 1991). The
body temperature preferred by a lizard often corregponds
closly to the optima tenperature range for biochemical
and physologca activities, and can be edimated by
measuring its slected body tenperature (Tsd) in a
laboratory thermal gradient (Anglletta et d. , 2002 and
references therein) .

Therma preference (Tsdl) and tolerance (CTMin
and CTMax) have been sudied in diverse animd taxa.
Sudies d lizards have shown that thermd preference and
tolerance may vary anong and within secies as a
regponse to changes in the thermal environment asciated
with habitat use, or geogrgphic digribution (Huey and
Kingolver , 1993; Feder et a. , 2000; Angllettaet d . ,
2002 ; Winne and Keck , 2005; Du, 2006) , and anong
individuals o the same population that differ in
physological , or developmental oconditions ( Hutchison,
1976 ; Daut and Andrews, 1993; Mathies and Andrews,
1997; Le Glliard et a. , 2003; Du et a. , 2008; Lin et
a., 2008). For exanple, lizards from cool habitats
usualy sdlect lower body tenperatures than do those from
warm habitats (Xu and Ji , 2006 and references therein) ,
and femdes usudly <hift thermal preference when
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pregnant due to behaviora preerences or due to
condraints on thernoregulation activities (Brafia, 1993
Mathies and Andrews, 1997; Le Glliard et d. , 2003;
Jietd.,2006;Linetd.,2008).

Therma preference and tolerance are subject to
pherotypic dteration within limits that are geneticaly
fixed. Pherotypic pladicity dependson a variety of factors
the principa of which is thermal acclimetion, a process
by which organisms physologcdly adjug to an atered
thermal  environment  ( Patterson and Davies, 1978;
Qosdns and Bowler , 1987 ; L utterschmidt and Hutchison ,
1997; Andrews, 1998; Rock et d. , 2000; Brown and
Qiffin, 2005). Thus, determination of therma
preference and tolerance based on field observations may
mt dways depict true preerence and tolerance.
Therdfore , thermal preference and tolerance have usudly
been measured in the laboratory where animds are
maintained under grictly controlled thermal conditions.

Here, we present data on therma preference and
tolerance of three gecies of lacertid lizards, Eremias
argus, E. brenchleyi and E. multiocdlata , acclimated to
three tenperatures (see below for details) . We addressed
the following quegtions: (1) Can teperature acclimation
ater thermal prderence and tolerance in the lizards
gudied? (2) Do thes lizards show intergecific
differences in therma preference and tolerance when
acclimated under identica thermal conditions? (3) If o,
b any such differences correpond with their latitudina
di gtributions ?

1 Maerids and Methods

1.1 Sudy animals
The three congeneric ecies are adl smdl-dzed
tenperate  digribution.

lizards with an exclusvely
35
30 [—
25 |~
20 |
15

10 |—

Temperature(°C)

(2R N ]

Suzhou ( E. brecnchleyi )
Linfen ( E. augus )
Waulatehouqi ( E. multiocellata )

Eremias argus (Mongplian racerunner) is an oviparous
lizard that ranges from rorthern China (uthward to
Jiangsu and westward to Qinghai) to Rusda (regon of
Lake Baika ) , Monglia and Korea (Zheo, 1999).
Eremias brenchleyi (Ordos racerunner) is an oviparous
lizard that is endemic to China and livesin severd eagern
and rorthern provinces of the country (Chen, 1991).
Eremias multiocdlata (multi-ocellated racerunner) is a
viviparous lizard that ranges from rorthern China
(southward to Gansu and easward to Lisoning) to
Mongolia, Kirgiz¢an, Kazakgan and Rusda ( Twin
Didrict in Sberia) (Zhao, 1999) .

We oollected adultsof E. argus fromLirfen ( 36°
06N, 111°33 E) , Shanxi (rorthern China) in mid-April
2007 , E. brenchleyi from Suzhbou ( 33°38 N, 116°59
E) , Anhui (eagern China) in early April 2007, and
E. multiocellata from Wulatehougi ( 41°27 N, 106°59
E) , Inner Mongplia (northern China) in mid-May 2007.
Fg 1 shows nonthly variation in air tenperatures of the
three localities. Lizards were trangported to our laboratory
at Hangzhou Normal Univerdty , where they were marked
by a non-toxic waterprodf label for future identification.
Eght to 12 lizards of the same gecies were housed in a
750 mm % 500 nm % 450 mm (length x width % height)
plagic cage that contained a subgrate of sand , with rocks
and pieces of clay tiles provided as cover. Cages were
placed inaroomkept at 22- 28 . A 100-W light bulb,
sugended a one end of each cage, crested a thermd
gradient from the room tenperature to 55 for 14 h
dally. Lizards were exposed to a naturd light cycle, and
oould thermoregulate during the photophase. Lizards were
fed meaworms (larvae of Tenebrio molitor) , house
crickets Achetus domesticus and water enriched with
vitamins and mineras ad libitum. Femdes laid eggs

-10 | T | T T

Jan. Feb. Mar. Apr. May

June

July Aug. Sep.

Month

Fig-1 Monthly mean ( + SE) air temperatures for 1987 - 2007 at the three localities ( courtesy o the Provincial
Bureaus o Meteordogy o Anhui, Shanxi and Inner Mongdia) , where lizards were cdlected
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(E argus and E. brenchleyi) , or gave hirth to young
E. multiocdllata under the laboratory conditions described
above.
1.2 Thermal acclimation of animals

In September when lizards had been kept under
identica laboratory conditionsfor about 4 - 5 nonths, we
slected 36 E. argus (2.8- 4.7 g) , 36 E. brenchleyi
(3.3- 5.8 9) and 36 E multiccdlata (3.6 - 6.4 Q)
males with an intact tal to oonduct acclimetion
experiments. Lizards of each goecieswere equaly divided
into three groups each of which was asdgned to one of the
three tenperature treatments (28, 33 and 38 ). These
three temperatures were chosen because lizards of two
(E argus and E. brenchleyi) of the three goecies had
been known to feed rormaly at termperatures within the
rangeof 28 - 38 (Lw et d., 2006; Xu and Ji,
2006) . Lizards individualy housed in 300 mm x 250 mm
x 300 mm dass cages were acclimated for three weeks at
their dedgnated termperatures, followed by Tsd , CTMin
and CTMax measurements. During this period lizards did
mot have any heat surce for basking and , based on the
results reported for E. argus (Lw e a. , 2006) and
E. brenchleyi (Xu and Ji , 2006) , the body tenperatures
o the tes goups dould be condant and very close to
28 ,33 ,or38

Feces, urates and subsanples of food (mealworms)
oorregponding to each lizard were dried to congant mass at
65 and weighed. Dried sampleswere burnt in a WGR
1 adiabatic caorimeter (Changsha Ingrument, China) ,
and data on energy dendty were autometically downloaded
to a computer. The asdmilation eficiency (AE) was
cdculated as100x (1- F- U) /I, where | =energy
ingeded, F=energy infeces and U = energy in urates.
The gpparent digedive codficient (ADC) was calculated
as100x (I1- F) /I.
1.3 Determination o Tsd, CTMin and CTMax

We measured Tsdl in 1000 mm x 800 mm % 500 mm
plagic cages with 5 cm depth sand and pieces of clay
tiles. A 100-W light bulb sugpended above one end of the
terrarium created a therma gradient from the room
temperature (22 ) to 55 for 14 h daily. Lizards were
individually introduced into the gradient at the cold end at
06 00 (Beijing time) when the lights were snitched on.
To minimize the potentia influence of did variation in
T, we began measurements every trid day a 15: 00
and ended within two hours. Body (cloacal) temperatures
(to the nearet 0.1 ) were taken for each lizard that was
basking on the surface with a UT325 digtal thermometer
(Shanghai Medica Ingruments, China) . The probe (1
mm diameter) wasinserted 4 mminto the cloacae when
used to measure a lizard’ s body temperature, and great
care was taken to awid heat trander between the hand
and the lizard. To address the repeatability of our
measurements, we measured each lizard five times, once
on each of five consecutive days. The five measures did

mot differ dgnificantly within each ecies x tenmperature
combination ( repeated measures ANOVA; dl P >
0.216) . We therefore conddered the mean of the five
measures as a lizard’ s Tsdl. During the intervals of Tsdl
trids, lizards were put back to their house cages before
CTMin and CTMax were measured.

We used FRQ incubators (Ningbo Life Ingruments,
China) to determine CTMin and CTMax. Trids were
oonducted between 10: 00 - 15: 00. We oooled or
hested lizards from their dedgnated acclimation
tenperatures at arae of 0.25 mn ', and a a dower
rae of 0.1 mn ' when tenperatures indde the
incubator were lower than 12  or higher than 40
During the trids, we observed the behavior of lizards
through a window in the incubator door. Lizards were
taken out of the incubator for the righting regponse ted ,
and body termperatures asociated with a trangent loss of
the righting reponse at the lower and the upper limits of
thermal tolerance were consdered to be the endpoints for
CTMin and CTMax , reectively.

1.4 Satidical analyses

We used Satigica oftware package (verdon 5. O for
PC) to andyze the data. Body mass was ot a sgnificant
predictor of dl examined traits within each ecies x
temperature combination (all P > 0.229) . We therefore
used two-way ANOVA to examine the dfects of ecies,
tenperature acclimation and their interaction on the
examined traits, combined with Tukey’ s post hoc ted.
Percentage data on ADC and A E were arcd ne-trandormed
prior to parametric andyses. One-way ANOVA was used
to examine whether lizards acclimated to any particular
teperature showed intergecific differences in thermal
preference and tolerance. All vaues are presented as
mean * SE, and the dgnificance leve is st a0 =
0. 05.

2 Resallts

Data for the dfects of body temperature on food
intake, AE and ADC are gven in FHg. 2. Food intake,
AE and ADC dffered anpbng ecies, and anmong
tenperature treatments; food intake and ADC were
dfected by the gecies x terrperature interaction , whereas
AEwas ot (Table 1). Food intake was greates in
E. brenchleyi and sreleg in E. multiocdlata, with
E. argusin between; lizards & 33 and 38 did ot
differ in food intake, but they both ingesed nore food
than did those at 28 (Table 1) . AE and ADE were
both higher in E. brenchleyi than in other two ecies;
AE and ADC were loth higest a 38 and srdleg a
28 ,withthe 33 treatment in between (Table 1) .

Data for the dfects of acclimation on thermal
preference and tolerance are gven in Hg 3. T« ,
CMin, CTMax and viable terperature range (the
difference between CTMax and CTMin, VTR) differed
anong gecies and anong tenperature treatments; Ts
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Table 1 Results o two-way ANOVA with temperature and species as the factors

Hfects
Soecies Acdimetion tenperature Interaction
F =103.72, P<0.0001 F. =22.16, P<0.0001
Food irtake 2e 2% Fa,00=6.68, P<0.0001
EA®, BB?, BV® 28°, 332, 382

F2199242.94, P <0.0001

Apparent digedive codficient EA" . EB%, EMP

T . F2,99259.89, P < 0. 0001
Asimilaion eficiency EAP Bt EMP
F, 9 =17.21, P<0.0001

Sdected body temperature EAP . EB®, BMC

L . F, o =167.48, P<0.0001
Critica thermd minimum ' EAb EBS EME
F2199:24-64, P < 0. 0001

Gitica therma maximum EA° @Bt BvP

F21992116.82, P <0.0001

Viable tenperature range EAP EB®. BVE

F2v99:30.26, P <0.0001

Fa =473, P<0.002
28°, 3P, 387 .

F2‘99:40.06, P <0.0001

Fu =228, P=0.066
28°, 33°, 38? e

F2,99:7.76, P<0.001

Fa =267, P=0.037
28", 33%, 38P .

F2 0 =152.44, P<0.0001

Fa 00=3.88, P<0.006
28°, 33°, 38? e

F2,99:29.54, P <0.0001

Fa oo =4.88, P<0.002
28b, 337, 38° e

F2,0=12.84, P<0.0001

Fa =222, P=0.072
28*, 33", 3g° -

Percentage data on AE and ADC were arcd ne-trandormed prior to two-way ANOVA. Means correponding to acclimetion tenmperature or ecies with different

sperseripts differed sgnificantly (Tukey’ s post hoctet , a0 =0.05, a>b>c) .

CTMin and CTMax were al dfected by the gecies x
terrperature interaction , whereas VTR was not (Table 1) .
Tl was highes in E brenchleyi and lonves in
E. multiocdlata, with E. argus in between; lizards
acclimated to 28 and 38 overal sHected lower body
temperatures than did those acclimated to 33 (Table
1) . CIMin was highes in E. multiocellata and lowed in
E brenchleyi, with E. argus in between; lizards
acclimeted to high termperatures were less tolerant of low
temperatures, and vice versa (Table 1) . Eremias argus

and E. brenchleyi were overdl nore tolerant of high
tenperatures than E. multiocdlata; lizards acclimeted to
28 were less tolerant of high tenperatures than those
acclimated to other two higher temperatures (Table 1) .
VTR was greated in E. brenchleyi and srmdles in
E. multiocdlata, with E. argus in between; VTR was
greater in the 28  treatment than in other two trestments
(Table 1) .

Lizards of three gecies acclimated to the three
tenperatures dways differed from each other in CTMin,
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but mt in Td, CIMax and VTR. Within each
tenperature  tretment CIMin - was  highes in
E. multiocdlata and lowes in E. brenchleyi , with
E. argusin between (Tukey’ steg, dl P <0.013).
The three Eremias lizards did not differ in Tsd in the
38 treatment (OneWay ANOVA ; F; % =0.84, P=
0.442) , and in ro tenperature treatment did Tsd differ
between E. argus and E. brenchleyi (Tukey’ stes, dl P
>0.060) . CTMax did not differ between E. argus and
E. brenchleyi inthe 28  treatment (Tukey' stet, P=
0.273) , ror between E. argus and E. multiocdlata in
the 38 treatment (Tukey’ stet, P=0.742) . VTR did
mot differ between E. argus and E. brenchleyi in the
33 treatment (Tukey' s ted, P = 0.238). Thus,
whereas two-way ANOVA overdl reveded that thermd
preference and tolerance differed anong gecies, the three
Eremias lizards did mot aways sow intergecific
differences in therma preference and tolerance when
acclimeted under identical thermal conditions.

3 Discusson

Food intake, AE and ADC differed anong the
Eremias lizards sudied, adding evidence in support of
the concluson that lizards of different ecies may differ
in thee variables even under identicad laboratory

conditions (Xu and Ji , 2006 and references therein) .
Gonddent with the many previous gdudies o lizards
(e.g., Lowe and Vance, 1955; Bratttrom, 1971;
Patteroon, 1999; Huang et d., 2006; Yang et d. ,
2008) , tenperature acclimation had dgnificant inpacts
on therma preference and tolerance in the three Eremias
lizards.

Thermal preference was nore likely to be dfected by
acclimetion  temrperature  in E. brenchleyi  and
E. multiocdlata than in E. argus, suggeding that the
degree to which thermd prderence is dfected by
acclimation termperature differs anong lizard gecies. The
three Eremias lizards dl had an ample opportunity to
maintain their body temperatures & any levd in the
|aboratory thermal gradient. Interesingly , however , in o
gecieswas Tl maximized in individuas acclimated to
the highest tenperature (Fig. 3) . The explanation for this
result presumably lies in the trade-off between cogs and
bendits asociated with thermoregulation.  Thernoregulat-
ion may result in potertid fitness bendits, but the
bendits are ofsst by any oods asociaed with
thernoregulation in any dven st of environmentd
oonditions (Shine and Madsen, 1996; Sartorius et d. |,
2002; Linet d. , 2008) . Thus, lizards should shift their
thermal preerences acoording to changes in therma
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environment towards the level s optimal for physological or
behaviord performances and , at the same time , minimize
oods asociated with thermoregulation to a large extent
(Hertz et d., 1993; Chrigian and Weavers, 1996;
BlouinrDemers e a. , 2000; Anglletta et d. , 2002;
Lin e d., 2008). In many lizards including two
Eremias lizards ( E argus and E. brenchleyi) , lbody
tenmperatures varying over a relatively wide range do rot
have datidicaly differential dfects on several inportant
performances such as food intake , food assmilation and
loconotion, but energetic demands do increase with an
increase in body terperature (Yang et d. , 2008 and
references therein) . Thus, the result that lizards did not
slect  higher-thanrusua  body  temrperatures  when
acclimated to the highest tenperature could reflect a
mechanism evolved in the three Eremias lizards to reduce
energetic cods asociated with the increased metalolic
rates at high body termperatures.

Lizards acclimated to low termperatures were nmore
tolerant of low tenperatures than those acclimated to high
temperatures, and vice versa (Fig. 3) . Such a pattern is
shared by the three Eremias lizards, and has been
reported for other lizards such as the uth China foreg
skink Sphenomorphus incognitus (Huang et a. , 2006) ,
the Taiwan foreg skink S. taiwanensis (Huang et d. ,
2006) and the rorthern grass lizard Takydromus
septentrionalis (Yang e a. , 2008) . The upper limit of
thermal tolerance in generd increased with an increase in
acclimetion  tenperature  in E. brenchleyi  and
E. multiocdlata (Fg 3). This patern as occurs in
S. incognitus, S. taiwanensis and  T. septentrionalis
(Huang et a., 2006; Yang e d., 2008). In
E. argus, however , individuds acclimated to a medium
terperature (33 ) were the nog tolerant of high
tenperatures (Fg 3). This difference is of intered ,
because it suggeds that CTMax may mot aways be
meximized a the highes acclimation tenperature in
lizards.

Means of Tsd, CIMin and CTMax for adult
E. argus from the same area measured in April (monthly
mean air tenperatureis 14 ) are36.0, 1.0 and 44.9
(C, repectivdy (Lwo et a. , 2006) ; means of Tsd ,
CTMin and CTMax for adult E. brenchleyi from the same
area measured in April (nmonthly mean air tenperature is

18 ) are 33.5, 3.4 and 43.6 , regectivdy (Xu
and Ji, 2006). In both ecies, means of Tsd and
CTMax for the fied-caught individuds fal within the
rangesof Tsd (33.6- 36.7 in E. argus; 34.0 -
38.4 in E. brenchleyi) and CTMax (41.6- 44.7 in
E argus; 41.1 - 45.2 in E. brenchleyi ) for
individuals acclimated to 28 , the loweg acclimation
tenmperature in this gudy. Nonetheless, means of CTMin
are much lower in the fidd-caught individuas than in
thoxe (6.5- 9.5 in E. argus,withameanof 8.0 ;
4.3- 5.8 in E brenchleyi , with a mean of 4.3 )

acclimated to 28 . These reaults are condgent with an
ealier gudy o T. septentrionalis that has found
acclimation tenperature to have a nore sgnificant inpact
on CTMin than on CTMax or Tsd (Yang et d. , 2008) .

Thermal  environments change dramticaly with
latitude or dtitude , with mean air tenperature in genera
decreasng with an increase in latitude or dtitude. In
mainland China, rortherly (high latitudina) areas are
characterized by a low mean but great anplitude o
thermal fluctuations that may be an inportant factor
regricting basking opportunities for ectotherms including
lizards. Thus, intuitively, lizards with a rortherly
didribution dwould be nore tolerant o extreme
tenperatures and slect lower body temperatures than
those with a <outherly didribution. Interegingy,
however, E. multiocdlata had higher CTMin but lower
CTMax than other two congeneric gecies ( E. argus and
E. brenchleyi) with nore sutherly digributions, and
CTMin was higher in E. argus than in E. brenchleyi with
a nore outherly digribution ( Table 1). Thus,
incondgent with many previous dudies of lizards that
have found a clear relation between therma tolerance and
latitudinal or dtitudind digtributions (Soellerberg, 1972;
Hertz e a., 1979; Hertz, 1981; Wilon and
Echternacht , 1987 ; Lenmps Espinal and Ballinger , 1995
Huang et d. , 2006) , the results of this study show that
thermdl tolerance of the three Eremias lizards does rot
oorrepond with their latitudinal digributions. Smilar
results (i. e., lacking corrdations between thermd
tolerance and geogrgphic digributions) have been do
reported for several lizard ecies such as the darred
agama Stellio stellio (Hertz and Newo , 1981) , the eagtern
fence lizard Sodoporus undulatus (Crowdey , 1985) |, the
driped skink Mabuya striata ( Patterson, 1999) and
T. septentrionalis (Yang et d. , 2008) .

Gorrelations  between  thermal  preference  and
latitudina or atitudina digributions could ot be eadly
detected in many lizards, often because therma
preference is highly asociated with their use of habitats
rather than geogrgphic digributions. For exanple, lizards
such as the brown foreg skink Sphenomorphus indicus
(25.7 ,Ji e d., 1997) usng shaded (and thus,
oold) habitats sdect lower body tenperatures than do
those such as the Chinese skink Eumeces chinensis
(3.2 ,Ji e d., 1995) living in the same area but
uing exposed (and thus, warm) habitats. The three
Eremias lizards gudied al use exposed habitats in nature
but differ from each other in therma preference , with Tsdl
being lower in higher latitudind ecies than in lower
latitudinal gecies (Table 1) . Thisfinding provides clear
evidence sowing that thermal preference of the three
oecies corregponds with their latituding digributions.

Qollectively, our results show that temperature
acclimation plays an inportant role in irfluencing thermal
preference and tolerance in three congeners of Eremias,
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athough the degrees to which thermal preference and
tolerance are dtered by acclimation temperature differ
anong Pecies. T, CTMin, CIMax and VTR overall
differ anong the three Eremias lizards, but these lizards
always differ from each other in CTMin but ot in other
three variables when acclimated under identical thermal
oonditions. Our results d show that thermd preference
rather than tolerance of the three FEremias lizards
corregponds with their latitudina digributions.
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