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Abstract

1. This project seeks to  identify determ inants o f the variation observed in the foraging behavior o f p redatory  animals, 
especially in m oonlight, using a lizard as a model.

2. M oonlight generally enhances the foraging efficiency o f  nocturnal visual p reda to rs and often depresses the 
locom otor activity o f prey anim als. Previous evidence has indicated for three different nocturnal species o f smallish 
gecko lizards th a t they respond to  m oonlight by increasing their activity.

3. In this study some aspects o f the foraging activity of the som ew hat larger nocturnal psam m ophilous Teratoscincus 
scincus, observed near R epetek and A shgabat, Turkm enistan, were significantly depressed by m oonlight, while 
several confounding factors (sex, m aturity , size, sand tem perature, hour, p rior handling and observer effect) were 
taken into account.

4. This behavioral difference m ay relate to  the eye size o f the various species.
5. Additionally, a novel m ethod o f  analyzing foraging behavior shows th a t in this species the duration  o f moves 

increases the duration  o f subsequent sta tionary  pauses. M easurem ent o f locom otor speed, yielding an average speed 
o f 220% of the m axim um  aerobic speed, indicates a need for these pauses. Secondarily, pause duration  decreases the 
duration  o f subsequent moves, precluding escalation o f  move duration.

6. The results o f this and related projects advocate the taking into account o f physiological and environm ental factors 
tha t m ay affect an anim al’s foraging behavior.
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et al., in press), is constrained by m any factors, and 
some o f these are best explored in nocturnal species, 
operating w ithout the com plications o f  basking and 
overheating (W erner, 2001; W erner et al., 2001, 2004, 
2006).

M oonlight m ay affect the locom otor foraging activity 
of nocturnal animals, especially in open sandy desert. 
Bright m oonlight im proves the ability o f visual p re
dators to detect prey. M any studies o f reactions o f prey 
animals to m oonlight were conducted on granivores or 
herbivores, and are thus biased tow ards prey tha t does 
not need to  consider variations in the availability o f its 
food (e.g., K otler et al., 1991, 2002; D aly et al., 1992). 
The results o f these studies indicated th a t in m ost cases 
prey animals reduce their am ount o f  locom otion, at least 
in the open, and the increase in p redation  risk has been 
implicated (exceptions reviewed in Bouskila, 1995). The 
situation for a prey anim al th a t is also a p redato r is 
m ore com plicated because it has to  consider the 
reactions o f its prey as well (Skutelsky, 1996), and  both  
its predators and its prey m ay be involved in a game 
situation (Bouskila, 2001; Blinder, 2001). Thus, in 
m oonlit nights nocturnal geckos, small insectivorous 
lizards, face a trade-off: should they respond to  the 
increased risk from  visual predators, to  their own 
increased ability to  detect prey o r to  the availability of 
prey, which is often reduced (R eichm ann, 1998)?

Hypothetically, the outcom e o f  this trade-o ff is 
difficult to  predict, because it depends on the m agni
tudes o f the costs and benefits, which m ay be affected by 
the game situation. But so far, all o f the few relevant 
reports have indicated one direction. The full-m oon 
phase enhances the locom otor activity o f Stenodactylus 
doriae, a psam m ophilous convergent o f Teratoscincus, in 
nature (Bouskila et al., 1992; Bogin, unpubl. data; 
Reichm ann, 1998) and also th a t o f  the rupiculous 
Ptyodactylus guttatus in a shielded laboratory  cham ber 
w ithout any light stimulus (F rankenberg  and W erner, 
1979). M oreover, m oonlight seems to  enhance the 
activity (of the males only) o f Goniurosaurus kuroiwae 
kuroiwae (Eublepharidae) even in the dark  subtropical 
forest (W erner et al., 2006).

On the occasion o f the 2nd Asian H erpetological 
M eeting in Turkm enistan, 1995, we observed the 
locom otor activity of the nocturnal desert gecko 
Teratoscincus scincus in order to  describe its foraging 
m ode (FM ). D uring the observation period m oonlight 
varied sufficiently to  allow an analysis o f  the direction 
and degree of correlation  o f the gecko’s locom otor 
behavior with the variation  in lunar illum ination. In this 
article we investigate the effects o f  two factors on the 
locom otor activity o f T. scincus: the external, abiotic, 
factor o f the m oon’s illum ination a t night, and the 
internal, organism ic, factor o f  resting pauses during 
locom otion. The potentially confounding effects of 
p rior handling, body size, age, sex (intrinsic factors),

observer effect, tem perature and tim e o f night (extrinsic 
factors) are also investigated to  the extent possible. 
The effect o f season (K lauber, 1939; W erner et al., 2006) 
is not considered, as the project lasted only eleven 
days.

The percentage o f  the tim e th a t lizards are on the 
move in the field positively correlates, in interspecific 
com parisons, w ith their specific level o f endurance in 
laboratory  tests (G arland , 1999). By induction, this 
raises the possibility th a t in the field, physiological 
constraints m ay relate the duration  o f single locom otion 
bouts (moves) to  the du ration  o f stationary  pauses. 
Indeed, analysis o f  observations on the foraging 
behavior o f lacertid lizards (Perry et al., 1990) has long 
ago indicated th a t such relations m ay exist (Herve 
Seligmann, unpublished data). Therefore, here we also 
explore (a) w hether in this species the duration  o f  moves 
correlates w ith the duration  o f  preceding stationary 
pauses, o r (b) the duration  o f pauses correlates with that 
o f preceding moves; (c) the directions o f any such 
correlation; (d) the possible effects o f m oonlight on such 
correlations, and (e) the possible individual physiologi
cal background o f  such correlations. N ote that this 
analysis offers the rare opportun ity  to  identify the causal 
relationships in correlations from  non-m anipulative 
observational data , i.e., to  identify which variable is 
cause, and which is effect (Pfister, 1995).

M aterial and methods 

Species and environment

Teratoscincus scincus (Schlegel, 1858) is a psam m o
philous cursorial desert gecko widely distributed in 
central Asia (A nderson, 1999). M ales and females attain  
a head-and-body length o f  up to  90 mm, and the tail 
approxim ates 66%  o f that. In  daytim e it hides in 
burrows in the sand, leaving them after dark  to  forage 
outside. A fter 0100 h the activity decreases though some 
forage till dawn (Szczerbak and G olubev, 1996).

The Repetek desert research sta tion  in the K arakum  
(“ black sand") desert o f Turkm enistan , at 38° 34’ N, 63° 
10' 40" E (this and other locations are from  a “Trimble 
Scoutm aster G P S ” ; according to  the Times Atlas (1997) 
the Repetek station is at 38° 36' N, 63° 11' E), 120 m 
above sea level and gives direct access to a sand-dune 
habitat. The sparse vegetation is climaxed by small 
Ammodendron trees in patches and bushes o f Haloxylon 
persicum, Salsola richteri and some Ephedra. D uring the 
observations, on 30.VIII-4.IX .1995 (data for statistics 
till 2.IX), m ainly between 2000 and 0100 h (sunset was 
approx. 1920 h), the sky was clear (no rain), and from  
2000 h to  around  m idnight air tem perature dropped 
from  25-29 °C to  15.5-22 °C, and sand surface tem pera
ture from  24-28 °C to  15-22 °C. Tem perature was
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recorded with a M iller-W eber m ercury therm om eter 
(“ Schultheis” type).

Some observations were also m ade in the sands east of 
A shgabat, a t approx. 37° 52' 20" N, 58° 43' E, 150 m 
above sea level, on 5.IX. 1995 between 1900 h and 
2330 h, while air tem perature dropped  from  26.8 °C to 
20.4 °C and sand surface tem perature from  29 °C to 
18.8 °C. Finally, cursory observations were m ade in the 
sands north  of A shgabat, at approx. 38° 14' 40" N, 58° 
27' 25" E, 120 m above sea level, on 9.IX. 1995. All three 
habitats were essentially sim ilar, bare sands w ith sparse 
shrubs.

Moonlight ranking

M oonlight was occasionally assessed with a  Gossen 
Lunasix photom eter but for calculating correlations its 
relative ranking was calculated for each observation from 
data available a t h ttp ://aa.usno.navy.m il/data/docs/ 
RS_OneYear.html as follows: new m oon occurred on 
25.V III.1995 and full m oon on 9.IX .1995. F rom  this we 
derived a “percent m oon fullness” for each day, 
indicating how full the m oon was (0% — no m oon, 
100%— full moon). We next assigned to  each observation 
a “relative m oon elevation” a t the central hour o f the 
duration o f tha t observation (0% — not in the sky, 
100%— at zenith), derived from  the given daily rise and 
setting times. Finally we multiplied: “percent m oon 
fullness” X  “percent m oon elevation” , yielding the m oon 
rank (relative ground brightness) o f  the observation. This 
simplified calculation overestimates the effect o f m oon 
elevation on ground brightness, com pensating for the 
effect o f elevation on bush-shade area.

Data collection

Observations o f foraging m ode (locom otor activity) 
were mostly m ade by two observers, one carrying an 
electric torch with a rem ovable cover o f  red cellophane 
paper (W erner et al., 2006). W ith the to rch  held on the 
observer’s head, Teratoscincus could be located by their 
reflected eye-shine. Searching began a t a distance 
(> 2 0 m )  with white light (W erner et al., 1997). 
Observations were then m ade from  a smaller distance, 
depending on the situation, w ith red light, and dictated 
to the second operator. We endeavored to  observe each 
individual for a t least 30 m inutes; finally the gecko was 
approached and examined. Some of the locom otion of 
the geckos was tow ards the observers; hence presum ably 
observer presence did no t affect gecko behavior 
(Anderson, 1993).

Some o f the observed anim als (5 out o f  22) were 
caught before the observation and m arked with reflect
ing stickers. Before analyzing the data  we verified by 
T-tests and M ann W hitney tests th a t the handled

anim als did not significantly differ from  the others in 
locom otor activity (P >  0.05 for the various statistics).

D ata  were form ulated in term s o f  the conventional 
four descriptors (m easures) quantifying the locom otor 
activity o f lizards and describing their FM  (W erner 
et al., 1997): (1) M oves per m inute (M PM )— the num ber 
o f times the anim al m oved during the observation bout, 
divided by the duration  o f  the observation bout in 
m inutes. (2) Percent tim e m oving (PTM )— the to tal 
m oving tim e as a percentage o f  the to ta l duration  o f the 
observation bout. (3) Average move— the average 
duration  (in seconds) o f  the anim al’s moves. (4) Average 
pause— the average duration  (in seconds) o f the anim al’s 
sta tionary  pauses. A lthough these four foraging m ode 
measures are interdependent, it is interesting to  know of 
each one separately w hether it differs between sub
samples. F o r example, anim als th a t have a high PTM  
may attain  this in m any short bouts o r in a few long 
bouts, and only by m easuring M PM  as well can we 
separate the cases.

The speed o f locom otion could not be recorded 
routinely bu t was addressed separately in four focal 
individuals o f T. scincus. W e used an infrared CCD  
surveillance cam era connected to  a Hi-8 cam corder 
recording a t 30 fram es (60 fields) per second. A military- 
spec infrared filter covering a 35 w att halogen lamp 
provided IR  illum ination to  a distance o f approx. 30 m. 
One day prior to  observation, we captured the focal 
individuals and fixed reflective tape dots 6 mm in 
diam eter to  the upper hind limbs. The dots were 
brilliantly visible under IR  illum ination to  a distance 
o f  approx. 30 m. As focal individuals moved, an 
alternating  pa tte rn  o f  left and right reflective dots was 
evident, perm itting m easurem ent o f stride frequency 
a t a resolution o f  60 Hz by exam ination o f  the video 
fields in a video editing system. We m easured stride 
length in selected m ovem ent bouts in the four focal 
individuals using foo tprin ts in the sand. We estim ated 
running speed as the p roduct o f  stride frequency and 
stride length.

Statistics

All the variables m entioned in the Introduction  may 
be inter-related bu t as the d a ta  were inadequate for 
m ultivariate analyses since not all variables were known 
for each observation, we analyzed them separately (as in 
separate projects), w ithout applying the Bonferroni 
procedure for m ultiple testing (M oran, 2003; N akagaw a, 
2004). F o r d a ta  processing and statistics SPSS (Version 
14.0, SPSS Inc.) and Excel (Version 2003, M icrosoft) 
were used. F or tests concerning m oonlight, we crudely 
divided them  into tw o groups, “w ithout any m oonlight” 
and “w ith some m oonlight” , because the num ber 
o f observations was small. Between these two groups

http://aa.usno.navy.mil/data/docs/
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we com pared the four FM  descriptors. W e tested 
equality o f means by T-tests for equal o r for unequal 
variances as determined by the Levine-test, equality 
o f medians by the non-param etric M ann W hitney 
test, and correlations by param etric (Pearson) and non 
param etric (Spearm an rank) m ethods. F o r the latter 
two, we used the individual m oon rank, not the pooled 
category “with some m oonlight” . In some cases, 
we used partial correlation analyses to  control for the 
confounding effects o f some factors on movem ent 
patterns, as well as m ultiple regression analyses (limited 
to two independents due to  the small sample sizes). 
The com bination o f these two m ethods indicates, 
by qualitative com parison between their respective 
results, to  w hat extent associations are due to  effects o f 
single factors (despite confounding effects), o r interac
tions between factors (implicitly included in multiple 
regression, explicitly excluded in partial correlation 
analysis).

F or exploring the interactions between move and 
pause durations, we used the Pearson correlation 
coefficient, r. The use o f  r as an  estim ate o f  the 
association between m ove and pause durations, in order 
to com pare the strengths o f  r found in different 
individuals, encounters tw o problem s. F irst, the scale 
o f r is not linear but logarithm ic. Therefore the 
difference between r — 0.2 and r =  0.3 is no t equivalent 
to the difference between r =  0.7 and r =  0.8. The 
correlation coefficient requires transform ation  to  a 
linear scale. We used the z transform ation: individual 
correlation coefficients were first transform ed to  z values 
by the form ula z =  0.5*ln((l + r ) / ( l —r)) where r is the 
Pearson correlation coefficient (Am zallag, 2001). Ac
cordingly, r =  0.2 becomes z =  0.202; r =  0.3 becomes 
z =  0.31; r =  0.7 becomes z =  0.87; and r =  0.8 becomes 
z =  1.10. Hence distances th a t in term s o f r appear as 
equivalent, are revealed after linearization o f the scale 
by z transform ation as different.

Second, the absolute value o f r is affected by the 
num ber of degrees o f freedom o f the sample: for small 
samples the absolute value o f r tends to  represent an 
overestimate, and the lower the real absolute value o f r

Fig. 1. Demonstration of the change of r as a function o f N, 
the dependence of this function on the basic level o f r, and the 
moderation of these effects by transformations. See also the 
text, (a) The mean r o f 250 simulations for each 2< iV <41, as a 
function of N, sampling four populations in which X  explains 
20, 25, 33 and 50% o f the variation, respectively, in Y  
(corresponding r’s: 0.45, 0.50, 0.58 and 0.71). (b) The same 
data as in Fig. la  but after z transform ation, (c) The same data 
as in Figs. la  and b, but after za transform ation [za = z -  
(r/(2n-5)), where za is the adjusted z] in order to decrease the 
effect of sample size on the estimate o f the strength o f the 
correlation. This transform ation o f z allows for the bias 
introduced by low sample sizes.

o f the sampled popula tion , the greater this overestim a
tion for low N  values. In o ther words, in small samples 
(especially /V<40) correlation  coefficients decrease as a 
function o f the num ber o f  degrees of freedom , but this 
effect depends on the level o f  r. F o r example, Fig. la  
plots the m ean r o f  250 sim ulations (in which the value 
o f r was inserted using the m ethod o f Cham bers, 1991) 
for each 2 < # < 4 1  as a function of N , sampling 
populations in which X  explains 20, 25, 33 and 50%
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of the variation in Y  (corresponding r's: 0.45, 0.50, 0.58 
and 0.71). F o r the last, the decrease in r ceases near 
N  =  5, but for r — 0.45, the decrease o f r w ith N  levels 
off near N  — 12. The leveling o ff occurs a t a greater N, 
the lower the ‘real’ r. But this results from  an erroneous 
analysis, overlooking the nonlinearity  o f the scale o f r. 
Correct analysis requires a z transfo rm ation  o f r values 
before averaging them. The results are shown in Fig. lb , 
for identical data as in Fig. la , bu t after z transform a
tion. Here, for sampling a popula tion  o f points with 
‘real’ r =  0.70, m ean z values level o ff  near n =  8, and 
with r — 0.45, near n =  13.

Fig. 2 plots the absolute values o f the z-transform ed 
correlation coefficients as a function o f the num ber of 
degrees of freedom. It shows th a t the estim ated strength 
o f the correlation is affected by the num ber of degrees of 
freedom in our sample. O ur z values for observed data 
reflect r’s th a t are frequently below r =  0.45. This means 
that effects of sample size before leveling o ff as shown in 
Figs. la  and b on the estim ation o f  r (and z) for actual 
lizard behavior data  m ay be stronger than in the above 
sim ulation examples. Below we propose an imperfect 
m ethod to  handle the effects o f  sample size on the 
absolute value o f r.

In order to  decrease the effect o f  sample size on the 
estimate o f the strength o f the correlation , we apply a 
transform ation o f  z th a t allows for the bias introduced 
by the low sample size: za — z-(r j(2n—5)) where za is the 
adjusted z (Sokal and Rohlf, 1981, p. 590). Despite this 
adjustm ent, za still decreases w ith n (Fig. lc), bu t the 
extent o f the bias is w eaker than  for z. Nevertheless, the

Degrees o f freedom  +2

Fig. 2. Absolute values of Z-transformed correlation coeffi
cients of both the durations of pauses with the durations of 
preceding moves (open symbols) and the durations of moves 
with the durations of preceding pauses (solid symbols), as a 
function of the number of move-pause cycles in each 
correlation (degrees of freedom, DF + 2).

fact th a t results are qualitatively sim ilar whether 
analyzing the actual z values or these adjusted z values, 
suggests th a t results reflect a biological principle 
(see Discussion), ra the r than  one due to  sample size 
(for uncorrected z values) o r to  random  sampling effects 
(for adjusted z values).

Results

Homogeneity of the observations

First we checked w hether all the observations 
(N  — 22) constitute one hom ogeneous group regarding 
locom otor activity, or vary according to  prior handling, 
sex, m aturity  or body length (W erner et al., 2006). We 
segregated the know n adult anim als into males (N  — 5) 
and females (N  =  10). There was no significant differ
ence between the sexes in any o f the four FM  descriptors 
(M ann W hitney tests, P > 0 .3 1  for all). N ext, dividing 
the anim als in to  juveniles (N  =  5) and sexed adults 
(N  =  15), again there was no significant difference 
between subgroups (P > 0 .39  for all descriptors). Finally 
we tested for correlation  between each o f the descriptors 
and  body length o f the anim als (range: 41-90 mm, head 
and body) using Spearm an rank  correlation  tests. There 
was no significant correlation  ( / ’> 0 .16  for all descrip
tors). Consequently, we analyzed the effects o f m oon
light for the whole sample, pooling sexes and ages.

Nevertheless, there seemed to  be a  behavioral age 
difference. W hen juvenile T. scincus walked, they 
com m only held the contrastingly black-and-white 
cross-barred tail bent upw ards (Fig. 3), a stance rarely 
observed in the duller-colored adults (Anderson, 1999, 
P late 10B). In T. roborowskii this posture has been 
in terpreted as mim icry o f  scorpions by the cross-barred 
juveniles (A utum n and  H an, 1989); it has also been 
observed in T. przewalskii (Semenov and Borkin, 1992).

The overall locom otor behavior o f Teratoscincus 
scincus as observed is sum m arized in Table 1. Segregat
ing the results according to  m oonlight reveals its effect 
on the behavior.

Observer effect

W e explored w hether the behavior o f individual 
lizards changed during the observation bout, perhaps 
due to  either d isturbance by, or hab ituation  to, the 
observer. F o r each individual w ith >  3 move-rest cycles 
(N  =  16) we calculated the correlations o f (a) move 
duration , (b) pause duration , (c) move duration divided 
by the next pause duration , and (d) move duration  
divided by the preceding pause duration , with the serial 
num ber o f the cycle w ithin th a t observation.

There em erged little evidence for any “observer 
effect” : (1) N o analyses showed differences between
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Fig. 3. Photograph o f young Teratoscincus scincus, walking with the tail raised (Repetek, Turkmenistan, 1 September 1995, 
midnight).

individual lizards handled p rio r to  observations, and 
those not handled. (2) F o r analyses (a) and (b) these 
correlations were statistically significant (/J < 0 .05) only 
in one individual. Pooling results from  all individuals, 
the signs of the correlation coefficients were not 
systematically in one direction (the num bers did not 
deviate from 50:50).

Analyses (c) and (d) showed opposite tendencies: (c) was 
negative in 11 out of 16 individuals, and (d) was positive in 
12 out of 16 individuals (this difference was significant at 
P < 0 .05  by sign test). The R 2 o f (c) was greater than that 
of (d) in 11 out o f 16 cases. A lthough this difference was 
not in itself significant, it is compatible with the results 
reported below, that move duration determines the next 
pause duration, rather than the opposite.

Speed of locomotion

M ean stride frequency in T. scincus was 5.5 hz ( +  2.1 
SD; n =  56). Speeds ranged from  0.11 to  1.1 k m h -1 , and 
averaged 0 .74k m h -1 (± 0 .2 8  SD). Thus, m ost o f the 
speeds m easured were above the predicted capacity  o f  a 
diurnal lizard of similar size a t 25 °C (A utum n, 1999).

However, the lizards averaged speeds approx. 220% of 
their m axim al aerobic speed (M AS; A utum n et al., 1994, 
1999). This suggests th a t in term ittent locom otion may 
play a m ajor role in the locom otor behavior o f this 
species.

Effects of moonlight

A fter assigning to  each anim al a ‘m oon ran k ’ 
approxim ately reflecting the relative am ount o f m oon
light when the anim al was observed (M aterials and 
m ethods), we perform ed two tests to  check the effects o f 
m oonlight on locom otion.

(1) We divided the anim als into a subgroup tha t was 
observed w ithout any m oonlight, and another that 
had some m oonlight, regardless o f rank. Table 2 
presents the results o f  M ann W hitney tests for the 
four descriptors between the subgroups. While the 
average duration  of a  single move was unaffected by 
m oonlight, the three o ther FM  descriptors indicated 
a depression o f  activity under m oonlight. Pause 
duration  was doubled, significantly, accom panied by 
a decrease o f  M PM  to 16.7%, significantly; PTM ,

Table 1. A summary o f the locom otor activity descriptors o f the pooled observed animals, N  =  22; SD, standard deviation; CV, 
coefficient o f variation (100*SD/Mean)

Variable Mean +  SD Range CV

Duration of observation (min) 58.4+ 16.1 19.5-91.4 27.6
MPM (moves/minutes) 0.4 +  0.5 0-2.1 126.5
PTM (%) 8.8±  12.7 0-50.6 144.3
Average move (seconds) 10.1 ±8.9 0-31 88.6
Average pause (seconds) 915.4+ 1375.2 23-5485 150.2



110 H. Seligmann et al. / Zoology 110 (2007) 104-117

Table 2. Comparison o f locom otor activity measures and internal correlations (z-adjusted) between animals observed without 
moonlight (N — 15 but for the correlations N  =  12) and those observed with some moonlight (N = 7 but for the correlations N = 3); 
SD, standard deviation; P, from the M ann Whitney test for equality o f medians, two-tailed

N o moon mean ± S D  With moon mean ± S D  P

MPM 0.6±0.6  0.1 ±0.1 0.039
PTM 11.5+14.1 3.1 ± 7 .0  0.078
Average move 10.5± 8.0 9.1 ±11.3 0.535
Average pause 725.5 ±  1449.3 1322.3±  1197.7 0.032
Pause with preceding move, adjusted z 0.07±0.26 0.30±0.34 0.30
Move with preceding pause, adjusted z —0.09±0.25 — 0.14± 0.18 0.84

Table 3. Correlation o f the measures of locomotor activity with moon rank (N  =  22; r, Spearman rank correlation coefficient) and 
with sand temperature (N  =  17; r, Pearson correlation coefficient); P  values are two-tailed

Environmental variable MPM PTM Average move Average pause

R P r P R P r P

Moon rank 
Sand temp.

-0 .465
-0 .196

0.029
0.452

-0 .404
-0 .056

0.062
0.831

-0 .180  0.423 
0.472 0.056

0.481
-0.208

0.023
0.422

suggested to  be the best indicator o f  FM  when 
lacking direct observations o f  eating (C ooper et al., 
1999, 2001), was reduced to  27%  (though only with 
P =  0.078). Sim ultaneously, M PM  was significantly 
reduced to  only 16.7%.

(2) We tested for correlation  (Spearm an-rank) o f the 
different locom otor activity descriptors with m oon 
rank (Table 3). The results sim ilarly showed tha t 
move duration  was unaffected but otherwise m oon
light depressed the activity (though for PTM  only at 
P  =  0.062). Thus, by bo th  tests, under the shining 
m oon the anim als m oved less frequently and paused 
for longer periods.

Because m oon rank  was negatively correlated 
(r =  -0 .7 0 ; /*<0.001) with the tim e o f night (hour), 
we calculated the (param etric) partial correlations of 
behavioral variables with m oon  rank, adjusting for 
effects o f the hour (Table 4). The results confirm a m ajor 
effect— m oonlight increases pause duration  (partial 
r =  0.69, P  =  0.006), and less clear negative effects on 
mobility.

O bservations on 5.IX.1995 in the sands east o f 
A shgabat accorded with this trend. The 72% -full m oon 
rose at 1442h and set at 0017h, so th a t in the m iddle of 
the observation period, 2130 h, it was high in the sky. By 
2130 h nine T. scincus were seen (by BST): seven were 
sitting with only the an terio r p a r t o f  the body 
protruding from  the burrow  (W erner et al., 1997; 
Fig. 2), the eighth had been approx. 30 cm from  the 
burrow  and dodged inside, and  the nin th  was a 
juvenile found under a shrub. O n 9.IX .1995 in the 
sands north  o f A shgabat the full m oon rose a t 1722h

and set a t 0445 h. D uring 1630-2100 h we saw assorted 
reptiles, reptile tracks and invertebrates but recorded no 
T. scincus.

W hen T. scincus walked on the sand, they often left 
conspicuous tracks from  which the extent o f their 
roam ing could be followed (Fig. 4). On several occasions 
when observations were term inated  after several hours 
o f  m oonshine, we found convoluted tracks around the 
burrow , confined within a radius of 30-50 cm from it; 
for example, on 3.IX. 1995 a t 2300 h (15 °C).

A dditionally, there arises the question w hether 
emergence from  the burrow s changes with the lunar 
phase (Bouskila et al., 1992; W erner et al., 2006). Taking 
the search effort into account, the num bers o f individual

Table 4. Partial parametric correlations of the behavioral 
variables with moon rank, adjusting for effects o f the hour; 
and vice versa, o f the behavioral variables with the hour, 
adjusting for the effects o f the moon rank

M oon rank H our

R P r P

MPM -0 .37 0.20 -0.11 0.72
PTM -0 .4 8 0.085 -0 .45 0.11
Mean move -0.21 0.48 -0 .40 0.16
Mean pause 0.69 0.006 0.30 0.30
M-> R -0 .08 0.80 -0 .50 0.07
R -> M -0 .13 0.67 -0 .26 0.37

M -> R, correlation o f  pause durations with preceding move durations; 
R -> M , correlation o f move durations with preceding pause durations. 
P  values are two-tailed.
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Table 5. Correlations among the four descriptors o f loco
motor activity (N  =  22 for all correlations); r is the non 
parametric Spearman rank correlation coefficient; P  values are 
two-tailed

Fig. 4. Photograph of an example of the conspicuous footprints 
of Teratoscincus scincus in the soft sand, with a 10cm ruler 
(Repetek, Turkmenistan, 1 September 1995, 0730 h).

MPM PTM

P TM
R 0.931
P 0.000

Average move
R 0.498 0.717
P 0.018 0.000

Average pause
R -0 .984 -0 .937
P 0.000 0.000

Average move

-0 .506
0.016

T. scincus encountered in any night were negatively 
correlated with their m ean m oon-rank  (Spearm an rank  
correlation analysis, r =  —0.75; P  =  0.026, one-tailed, 
because we expected the lunar effect on  emergence to 
parallel its effect on locom otion).

The effect of temperature

We tested whether the correlations observed between 
some FM  descriptors and m oonlight rank  were not in 
fact caused by coinciding tem perature variation. We 
found no significant correlation  between m oon rank  and 
sand tem perature (/* =  0.671, Spearm an rank  correla
tion test). N ext we tested for correlation o f the four FM  
descriptors with sand tem perature for those 17 observa
tions accom panied by sand tem perature data  (Table 3). 
Only average move duration  appeared correlated with 
sand tem perature (r =  0.47; P  =  0.056); the other FM  
descriptors decidedly were not ( / ’> 0 .4 ). N ote th a t move 
duration is the one FM  descrip tor n o t affected by 
m oonlight.

Correlations among FM descriptors

Because we examined different m easurem ents for FM , 
we tested whether these are correlated (Spearm an rank 
m ethod) with each other (Table 5). As expected, PTM , 
M PM  and move duration  were significantly positively 
correlated with each other, and  significantly negatively 
correlated with pause duration . N ote th a t the FM  
descriptor with the strongest all-round correlation (also 
term ed connectance; Am zallag, 2000) with the other 
variables (r> 0 .7 ; P <  0.001) was PTM , which is the 
arithm etic outcom e o f the three others.

The detailed interrelations of moves and pauses

The unadjusted correlations o f  durations o f pauses 
with the preceding moves were positive for 9 out o f 
those 15 observations th a t contained more than 3 
activity cycles. These results were significant (,P<0.05) 
for only two or three individuals, according to  two- 
tailed or one-tailed tests. This num ber o f cases 
w ith /*<0.05 is m ore than  twice the 0.75 cases (5%  of 
15 cases) th a t would be expected due to  the num ber 
o f tests perform ed. This difference is not significant 
by the binom ial test, so we see only an occasional 
individual phenom enon. Fig. 5 plots the duration  of 
sta tionary  pauses as a function o f the duration  o f the 
preceding moves for one specific individual.

The unadjusted correlations o f move duration  with 
the duration  o f the preceding sta tionary  pause, however, 
varied am ong individuals. They appeared negative for 
10 ou t o f 15 individuals, b u t the only correlation tha t 
was statistically significant (P <  0.05, two-tailed) was a 
positive one. F o r the individual presented in Fig. 5, 
pause durations P earson-correlated with preceding 
move durations (r =  0.59; P  =  0.009), but move d u ra
tions failed to  correlate w ith preceding pause durations 
( r =  -0 .1 9 ; P =  0.45).

In order to  gain a  m ore general picture o f  the move- 
pause correlations and their possible causal background, 
we exam ined the adjusted z values o f correlations 
between pause duration  and move duration , in both 
directions, for all individuals. Fig. 6 shows tha t the 
adjusted z  values o f correlations o f  pauses (dependent 
variable) with the preceding moves (independent vari
able) are m ore positive, and tend to  be stronger in 
absolute values, than  the correlations o f  moves (depen
dent variable) with the preceding pauses (independent 
variable). The z  values are negative for only six 
individuals in the form er, bu t for 10 in the latter group
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Fig. 5. Duration (sec) o f stationary pauses as a function of the 
duration of the preceding moves, in one moon-exposed adult 
male as example (moonlight rank =  10.75; Spearman rank 
correlation, r =  0.644; P  =  0.004).

of correlations. The slope and intercept o f the regression 
line in Fig. 6 show th a t the regression significantly 
differs from  у  =  x  (the slope is significantly greater than 
unity, and the intercept significantly greater than  zero).

The two effects seem to balance each other: move 
duration significantly increases the duration  o f the next 
pause, but pause duration  (m ore m oderately) decreases 
the duration  of the next move.

Aiming to  explain these results, we also checked for 
correlations o f move duration  with th a t o f  the previous 
move, and o f pause duration  with th a t o f the previous

R->M

Fig. 6. Move-pause correlations and the effect o f moonlight. 
Adjusted z values o f the correlation coefficients o f durations of 
stationary pauses with the duration o f the preceding moves as 
a function of adjusted z values o f the correlation coefficients of 
durations o f moves with the duration of the preceding 
stationary pauses. Open symbols, animals observed in moon
light (N  =  3); solid symbols, animals observed without moon
light (N  =  12).

Fig. 7. Adjusted move-pause correlations as a function o f hour 
of observation. The x  axis is the number o f minutes after 
20:00 h for the mid-time o f an observation, the у  axis is the 
adjusted z o f the correlation coefficients between durations of 
move and next pause. Open and solid symbols as in Fig. 3. The 
line is the exponential regression (In у  = ax+ b).

pause. These correlations were positive for 11 out o f 14 
individuals for the form er, and 7 out o f 15 individuals 
for the latter. They were generally weaker than those for 
pause duration  w ith the preceding move (10 out o f 14 
individuals in the case o f m ove-with-previous-m ove, and 
7 ou t o f 14 individuals in the case o f  pause-with- 
previous-pause), and  m uch w eaker than  those for move 
duration  w ith the preceding pause (12 out o f 14 
individuals in the case o f  m ove-with-previous-move, 
and 14 ou t o f  15 individuals in the case o f pause-with- 
previous-pause). Thus, the correlations are stronger 
between the durations o f adjacent contrasting phases of 
the activity cycle than  between those o f  the nearest 
same-phase com ponents o f the cycle.

The effect of the time of night

The finding th a t the param eters o f FM  varied am ong 
individuals (or am ong observations) to  the extent tha t 
even the direction o f  the correlations am ong them 
varied, led us to  check the effect o f  the time o f night. The 
effect o f the hour o f observation on the four FM  
descriptors was variable and insignificant (Spearm an- 
rank, 2-tailed tests, all P >  0.05). But the effect o f the 
hour on the correlation  o f pause w ith preceding move 
was significant (r =  —0.55; P  =  0.034); its effect on the 
correlation  o f  move with preceding pause was not 
(r =  —0.23; P  =  0.40). N ote th a t as the night p ro 
gressed, the correlation  o f pause-with-preceding-m ove 
weakened and finally becam e reversed (Fig. 7). This 
effect was not due to  tem perature.
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Table 6. Multiple regressions o f each of the six behavioral 
variables (as the dependent variable) and moon rank and mid
hour of observation (as simultaneous independent variables)

Multiple R Hour M oon rank

MPM 0.42 -1 .1 4 -2 .04 , 0.056
PTM 0.49, 0.077 -1 .97 , 0.064 -2 .2 5 , 0.036
Mean move 0.53, 0.046 -2 .5 3 , 0.02 -2 .1 4 , 0.046
Mean rest 0.49, 0.073 2.23, 0.038 2.05, 0.054
M ^ R 0.55 -1 .9 8 , 0.07 -0 .2 6
R-> M 0.26 -0 .93 -0 .47

Presented arc the t statistics for the slopes (for hour and moon) and, 
separated by comma, the P value (two-tailed) in each column. M -> R , 
correlation o f rest (pause) durations with preceding move durations; 
R-*M, correlation o f  move durations with preceding rest durations.

Because o f the strong negative correlation  between 
hour and m oon rank (r = - 0 .7 0 ;  PcO .OOl) we also 
calculated the partial param etric correlations o f the 
behavioral variables w ith the hour, adjusting for the 
effects o f m oon rank (Table 4). The results confirm  tha t 
there is little effect on the four FM  descriptors but some 
depressing effect on the correlation  o f  pause-with- 
preceding-move (r =  —0.50; P  =  0.07).

Finally, we calculated m ultiple regressions between 
each behavioral variable, as dependent variable, and 
m oon rank  and hour o f observation, as sim ultaneous 
independent variables (Table 6). H our and m oon had 
parallel effects (significant o r nearly significant) on the 
four FM  descriptors, as well as on the two types of 
internal correlations.

Discussion

The effect of moonlight on the FM descriptors

The depressant effect o f m oonlight on the foraging 
activity o f Teratoscincus scincus is show n by both the 
statistics o f m ovem ent a t R epetek (Tables 2, 3, 4 and 6) 
and the direct observation o f individuals immobile 
under m oonlight near A shgabat. There also exist reports 
of other species o f this small and com pact genus 
(Szczerbak and G olubev, 1996; M acey et al., 1997, 
1999), sometimes considered a separate subfam ily (H an 
et al., 2004). Observations o f T. roborowskii in western 
China (W erner et al., 1997) resem ble the present ones: 
observed on 6-10.V II.1992, between 2125-2200 and 
0001-0030 h, under a half-full m oon and 4/8 cloud 
cover, T. roborowskii averaged PTM  =  8.8, M PM  =  
0.44, and was defined as a  SW forager. In contrast, 
Semenov and Borkin (1992) concluded tha t 
T. przewalskii was an active forager. U nfortunately , 
the absence of lunar data  annuls the com parative value 
o f th a t project, which thus places only a m inor question 
m ark on the behavioral uniform ity o f  the genus.

As m entioned above, the few previous reports on 
other geckos indicated the opposite effect. M oonlight 
enhanced the locom otor activity o f the cursorial 
psam m ophilous Stenodactylus doriae (Bouskila et al., 
1992; Reichm ann, 1998) and the cursorial forest-dwell
ing Goniurosaurus kuroiwae kuroiwae males (W erner 
et al., 2006). M oreover, so far inexplicably, the 
rupiculous Ptyodaclylus guttatus, experimentally iso
lated from  m oonlight, was m ore active during full m oon 
(Frankenberg and W erner, 1979). One cannot explain 
this divergence o f  response to  m oonlight (or to  the lunar 
cycle) w ithout know ing the circum stances, including the 
local predators. F o r example, the species com position 
o f the predators can affect the percentage of tail 
injury (Bouskila, 1995; Seligm ann et al., 1996) and 
presum ably also the behavior o f  the lizards. But one 
relevant factor m ay be eye size. The function of the eye 
depends on its absolute size (Walls, 1942), and T. 
scincus, being larger than  those other gecko species, has 
larger eyes (W erner, 1969; W erner and Seifan, 2006: 
Table 1). Its eye size thus enhances the uniquely sensitive 
night vision o f geckos (R oth  and Kelber, 2004) tha t 
presum ably enables their visual foraging on night-active 
prey. Conceivably, o ther factors being equal, its better 
vision could reverse the outcom e o f  the trade-off: it may 
no t need to  risk locom otion under illum ination and 
away from  the burrow  as it m ay detect enough food 
from  its am bush. This speculation is supported by 
the observation th a t in Stenodactylus doriae only 
juveniles increase their activity under m oonlight (Bogin, 
unpubl. data).

The possibility th a t gecko species differ in their 
response to  m oonlight helps to  evaluate some earlier 
reports. K lauber (1939) encountered 203 live snakes 
while traveling a t night 2500 km in the desert. He 
regarded his results— a reduction o f activity to  68.6% on 
full-m oon nights— as inconclusive. Indeed, we now see 
th a t multi-species samples could be heterogeneous.

Geckos are paralleled by nocturnal snakes in the 
trade-off w hether to  respond to  m oonlight with respect 
to  their p red a to rs’ reactions or their prey. Several 
reports indicate a reduced activity o f nocturnal snakes 
under m oonlight or o ther illum ination: captive habu, 
Trimerusurus flavoviridis (Yam agishi, 1974); snakes in 
Ecuadorian tropics, despite cloud cover, suggesting an 
endogenous rhythm  (Duellm an, 1978, as quoted by 
G ibbons and Semlitsch, 1987); nocturnally  fish-eating 
Lycodonomorphus bicolor (M adsen and Osterkam p, 
1982); adult but n o t juvenile Crotalus viridis (Clarke 
et al., 1996).

W hat seems clear from  our analyses is the relative 
strength o f m oonlight effects on Teratoscincus behavior, 
particularly  conspicuous against the background o f our 
having detected in our small sample no statistically 
significant effects o f  factors such as age, size, sex, 
tem perature or observer effect, all factors classically
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known for affecting m any biological phenom ena, 
including activity patterns.

Defining the foraging mode

Despite the great difference between m oonlit and dark  
times in the activity o f  Teratoscincus scincus, it is 
debatable whether one can say th a t the level of 
illum ination causes T. scincus to  shift between the two 
m uch-studied contrasting  FM s, am bush or sit-and-w ait 
(SW) versus widely (active) foraging (W F; Huey and 
Pianka, 1981; C ooper et al., 2001). On the one hand, 
under Huey and P ian k a’s (1981) criterion for Lacertidae 
both PTM  =  3.1 and 11.5 w ould be w ithin the SW 
range, even according to  the refined analyses o f  FM  
m odes in Lacertidae (Seligmann, 2005), and so would 
M PM  =  0.1 and 0.6 (Huey and P ianka. 1981). On the 
other hand, even if W F  and  SW are no t p a rt o f a 
continuum  (Perry, 1999; Perry et al.. in press) but 
discrete modes with resource division between them 
(Huey and Pianka, 1981), they need no t be characterized 
by uniform  quantitative values for all the w orld’s 
lizards. They could exist separately in different guilds 
and a t different places, w ith different local discrim inat
ing quantitative values, because only am ong related 
animals coexisting in one place does the issue o f resource 
partitioning arise. However, discussion o f this issue is 
prem ature because m ost available d a ta  on lizard FM s 
have been obtained with insufficient consideration o f the 
m ultitude of factors th a t can m odulate the FM  
descriptors (W erner et al., 2006).

In this project we could no t test for effects o f  sex 
(Perry, 1996; W erner et al., 2006) and o f age (Huey and 
Pianka, 1981; Perry, 1996) because o f the small sample 
size; nor for the effects o f  tail regeneration (Seligmann, 
1997; M artin and Avery, 1998; Seligm ann et al., 2003; 
W erner et al., 2006) since regenerated tails are difficult 
to discern in Teratoscincus (W erner, 1967).

The internal structure o f the foraging mode and its 
causation

A given PTM  value m ay result from  a few long or 
many short bursts o f  locom otion; its structure is clarified 
by the rem aining F M  descriptors— M PM , move du ra
tion and pause duration . But w hat determ ines the 
duration of moves and pauses? This paper introduces 
the innovation o f analyzing their m utual relationships. 
The analysis is com plicated by the need to  adjust 
correlation coefficients to  the varying num ber o f degrees 
o f freedom in order to  avoid artefacts th a t could affect 
the results shown in Fig. 6. Results from  Fig. 6 closely 
resemble those from  sim ilar analyses with unadjusted 
data  (the slope and intercepts o f  the regression are also 
significantly greater than  1 and 0, although to  a lesser

extent). Hence the conclusions from  Fig. 6 are probably 
robust.

O ur results show th a t the durations o f alternating 
moves and pauses are no t random ; rather, within m any 
individuals (or observation bouts) and as an overall 
phenom enon, the du ration  o f pauses is to  some extent 
correlated with the duration  o f the preceding moves. 
Long moves apparen tly  stim ulate long pauses, as 
expected when average speed is 220% o f the MAS. 
Long pauses enable, but do not require, short moves. 
Indeed, as reported above, correlations o f pauses with 
preceding moves are stronger than  correlations o f moves 
with preceding pauses, which have a negative trend.

N ote th a t the strength o f the correlation reflects the 
accuracy o f process, no t the strength o f its effects (slope 
o f the regression function). We conclude tha t the 
internal structure o f the foraging m ode is largely 
dictated by move duration. We speculate tha t move 
duration  m ay be determ ined physiologically and m odu
lated by interventions such as food discovery. We 
further interpret th a t the opposite polarity o f the two 
directions o f correlation  (pause with move versus move 
with pause) has a balancing function, preventing “ run 
away escalation” o f the duration  o f locom otion bursts.

The effect o f moonlight and o f the time of night on the 
internal structure o f  the foraging mode

Explanation  o f the gradual breakdow n o f the 
correlation  o f pause du ration  with preceding move 
duration  tow ards the end o f  the nightly activity period 
awaits fu rther investigation. Conceivably, a gecko 
pressed for food while tim e runs out could increasingly 
recruit anaerobic m etabolism , or perhaps locom ote 
m ore slowly, and  either o f  these m ay be less risky while 
the gecko gradually  approaches its burrow . However, 
m oonlight was negatively correlated with hour 
(r =  — 0.70; / ><0.001). Partial correlation  analyses 
(Table 4) show th a t the tem poral decline in the 
correlation  between pause duration  with preceding 
move duration  (Fig. 7) was mainly correlated with 
hour, no t m oonlight (Table 6), but multiple regression 
analyses (Table 6) suggest the possibility o f a 
weaker effect o f m oonlight, too, on the association 
between pause and m ove duration . The difference 
between results from  partial correlation and multiple 
regression analyses m ay be due to  in teraction com po
nents between independents which each m ethod handles 
differently.

Generally, the locom otion o f  nocturnal geckos is 
energetically cheap; however, nocturnal activity at low 
tem peratures dram atically  reduces the maximal rate o f 
aerobic m etabolism , and thus the M AS (A utum n et al., 
1994, 1997, 1999; A utum n, 1999). It is conceivable that 
p roportionate pauses m ay be im posed on Teratoscincus 
only when it exerts itself th rough  running at speeds 
above its M AS, and th a t this is how it tends to locomote
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under m oonlight. U nfortunately , we could no t generally 
record distances, hence speed, so th a t this question must 
await future investigation.

The implications o f speed
There is a growing body o f evidence revealing some 

geckos as mobile p redators (C ooper, 1995, W erner et al., 
1997, 2001, 2004). However, the therm al sensitivity o f 
aerobic m etabolism  limits the speed th a t geckos can 
sustain at low night tem peratures. Indeed, the average 
speed o f T. scincus in our focal observations was
0.74 km /h, o r 220% o f their m axim al aerobic speed. 
This is slow speed relative to  th a t o f d iurnal lizards near 
their therm al optim a (35-40 °C), yet is a substantial 
aerobic challenge for a gecko a t 25 °C.

In animal m ovem ent in term ittent locom otion is the 
rule, not the exception (K ram er and  M cLaughlin, 2001). 
A lthough in term ittent locom otion could increase ener
getic costs, perceptual benefits in vision and detection 
avoidance by predators could outweigh those costs 
(K ram er and M cLaughlin, 2001). In term itten t locom o
tion m ay increase or decrease endurance capacity 
relative to locom otion a t the same constan t average 
speed (Weinstein and Full, 1992). F o r example, a 15 sec 
exercise, 30 sec pause protocol a t speeds above MAS 
doubled endurance capacity  in T. przew alskii (W einstein 
and Full, 1999). M ost other com binations o f exercise 
and pause intervals decreased endurance capacity. O ur 
results suggest tha t in term ittent locom otion (W einstein 
and Full, 1999) m ay play a m ajor role in the locom otor 
behavior o f this species. It is possible th a t individuals o f 
T. scincus select exercise/pause durations th a t maximize 
endurance capacity, bu t this m ay not be possible 
because recovery time after exercise a t speeds above 
MAS m ay be greatly increased a t low tem peratures 
(W agner and Gleeson, 1997). Pause durations m uch 
greater than exercise intervals m ay be required for 
com plete recovery, which could explain our observation 
tha t pause duration  was approx. 690%  o f exercise 
duration in the absence o f  m oonlight.

The physiological and perform ance consequences of 
interm ittent locom otion are difficult to  model a priori 
because no metabolic steady states are attained (Gleeson 
and Hancock, 2001). W hile it is in theory possible to 
predict strategies (i.e., exercise intensity, exercise dura
tion, and pause duration) tha t will increase perform ance 
limits for interm ittent activity, this requires laboratory 
m easurements (Weinstein and Full, 1991). Two im por
tan t next steps will be necessary to  determine w hat 
proportion of physiological perform ance capacity is 
actually used in nature: (1) continuous m easurem ent of 
frequency, speed, and duration  o f locom otion in the 
field, and (2) m easurem ent o f oxygen consum ption in 
the laboratory while applying observed exercise/pause 
durations during controlled treadmill locomotion.

Conclusions

1. Some param eters o f the locom otor activity o f a 
foraging nocturnal desert lizard, the psam m ophilous 
gecko Teratoscincus scincus, observed near Repetek 
and A shgabat, T urkm enistan , were significantly 
depressed by m oonlight. In this behavior this species 
resembled herbivorous prey anim als rather than some 
other predatory  insectivores.

2. The behavioral discrepancy to  three other gecko 
species th a t are know n to be m ore active in m oonlight 
is tentatively a ttribu ted  to  the larger size o f Ter
atoscincus. Its larger eye m ay enable it to  see prey 
from  the safety o f am bush.

3. A novel m ethod o f  analyzing foraging behavior 
shows th a t the duration  o f  moves increases the 
duration  o f  subsequent sta tionary  pauses, and, 
secondarily, pause duration  decreases the duration 
o f  subsequent moves, so th a t the duration  o f moves is 
stabilized.

4. The effect o f move duration  on subsequent pause 
duration  is a ttribu tab le to  the fact th a t the gecko’s 
average locom otion speed is 220%  o f maximum 
aerobic speed, requiring timely pauses.

5. A fuller description and deeper understanding o f the 
foraging behavior o f lizards m ay perhaps be achieved 
th rough the future application  o f additional descrip
tors and m odes o f analysis.

6. Because lizards serve as m odel organism s for 
ecological research, the results o f  this and other 
recent projects cited constitute a caveat tha t endea
vors to  quantify  foraging behavior should consider 
m any potential physiological and environm ental 
determ inants.
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