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 PHYLOGENETIC STUDIES OF COADAPTATION: PREFERRED

 TEMPERATURES VERSUS OPTIMAL PERFORMANCE

 TEMPERATURES OF LIZARDS

 RAYMOND B. HUEY

 Department of Zoology NJ-15, University of Washington, Seattle, WA 98195

 AND

 ALBERT F. BENNETT

 School of Biological Sciences, University of California, Irvine, CA 92717

 Abstract. -The view that behavior and physiological performance are tightly coadapted is a central
 principle of physiological ecology. Here, we test this principle using a comparative study of evo-
 lutionary patterns in thermal preferences and the thermal dependence of sprinting in some Aus-

 tralian skinks (Lygosominae). Thermal preferences (TP) differ strikingly among genera (range 240
 to 35?C), but critical thermal maxima (CTMax) (range 38? to 45?C) and optimal temperatures for

 sprinting (T0, 32? to 35?C) vary less. Diurnal genera have relatively high T0, To, and CTMax. In
 contrast, nocturnal genera have low T, but have moderate to high To and CTMax. Both nonphy-
 logenetic and phylogenetic (minimum-evolution) approaches suggest that coadaptation is tight only

 for genera with high TF. Phylogenetic analyses suggest that low Tp and, thus, partial coadaptation
 are evolutionarily derived, indicating that low thermal preferences can evolve, even if this results
 in reduced performance. In one instance, thermal preferences and the thermal dependence of
 sprinting may have evolved in opposite directions, a phenomenon we call "antagonistic coadap-
 tation." We speculate on factors driving partial coadaptation and antagonistic coadaptation in
 these skinks.

 Received July 28, 1986. Accepted February 13, 1987

 The behavioral, physiological, and mor-
 phological traits of an organism directly and
 interactively influence its fitness (Wright,
 1932; Arnold, 1983). Consideration of in-
 teractive effects on fitness has led to two
 important evolutionary principles. First,
 when interactions among traits have major
 effects on fitness, natural selection should
 favor the harmonious evolution of those
 traits (Dobzhansky, 1955)-a process often
 called "coadaptation" (Mayr, 1963). Sec-
 ond, when a major environmental shift oc-
 curs, natural selection should initially favor
 compensatory changes in behavior (Bogert,
 1949; Mayr, 1959; Gans, 1974; Slobodkin
 and Rapoport, 1974; Dawson et al., 1977;
 Wyles et al., 1983). If behavioral changes
 result in reduced physiological capacity, be-
 havioral drive should then promote selec-
 tion for parallel changes in physiology and
 morphology, thereby increasing capacity and
 reestablishing coadaptation (or permitting
 further behavioral evolution).

 Coadaptation of behavior and physiology
 should be conspicuous in ectotherms, an-
 imals that rely largely on behavior to buffer
 challenges from the physical environment
 (Bartholomew, 1964). For example, coad-

 aptation of thermoregulatory behavior and
 thermal physiology should be especially tight
 because the body temperatures behaviorally
 selected by ectotherms should influence fit-
 ness via the direct and profound effects of
 body temperature on physiological perfor-
 mance (Huey and Stevenson, 1979; Huey,
 1982). For example, if selection drives the
 thermal preference away from the thermal
 optima for physiological processes, then
 coadaptational pressures should select for a
 parallel shift in thermal optima for those
 processes (Fig. la). Otherwise performance
 will be reduced (Fig. lb).

 Lizards offer several advantages for stud-
 ies of thermal coadaptation: i) many lizards
 live in complex thermal environments (Por-

 ter et al., 1973; Tracy, 1982), ii) their phys-
 iology is highly sensitive to body tempera-
 ture (Bennett and Dawson, 1976; Huey,
 1982), iii) many species control environ-
 mental influences on physiology by behav-
 iorally regulating their body temperature at

 species-specific levels (Cowles and Bogert,
 1944; Avery, 1982), and iv) thermal pref-
 erences vary markedly in some taxa (Huey,
 1982).

 Here, we examine coadaptation of ther-
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 FIG. 1. a) A hypothetical case of perfect coadap-
 tation, showing the thermal dependence of perfor-
 mance (solid line) and the thermal preference (TP) of
 an ancestral species, as well as the performance curve
 (dashed line) and TP* of a derived species. The change
 in To equals that in Tp, such that relative performance
 of the derived species at Tp* is the same as that of the
 ancestral species at its Tp. b) A case of partial coad-
 aptation. The change in To, evolves in the same direc-
 tion but less rapidly than that in Tp, such that the
 relative performance of the derived species at T * is

 /~~~~~~~~~~~~

 reduced compared to that of the ancestral species. c)
 A hypothetical case of "antagonistic coadaptation," in
 which behavior and performance evolve in opposite
 directions (see text).

 mal preference and of performance (indexed
 by the thermal sensitivity of sprint loco-
 motion) in a comparative study of some
 scincid lizards from Australia. Australian
 skinks have undergone a remarkable radia-
 tion in thermal preferences, as well as in
 other aspects of their biology (Licht et al.,
 1966; Spellerberg, 1972a, 1972b, 1972c,
 1972d; Greer, 1979b, 1980; Cogger, 1983;
 Bennett and John-Alder, 1986); their ap-

 parently close evolutionary relationship
 (Greer, 1979b, 1985) is useful for compar-
 ative analyses (Huey and Bennett, 1986).
 Sprint locomotion is ecologically relevant
 to most reptiles (Greenwald, 1974; Bennett,
 1980; Christian and Tracy, 1981), and Aus-
 tralian skinks often sprint to evade preda-
 tors. Moreover, the thermal sensitivity of
 sprinting generally matches that of other
 performance traits in the few reptiles stud-
 ied to date (Huey, 1982; Stevenson et al.,
 1985) and of muscle contractile properties
 in several of these skink genera (John-Alder
 and Bennett, 1987).

 We first assay coadaptation from a com-
 parative, but nonphylogenetic, perspective
 ("equilibrium" analysis of Lewontin [1969]
 and Lauder [1981]). After determining ther-
 mal preferences and optimal temperatures
 for a variety of taxa, we quantify the degree
 of coadaptation by regressing optimum
 temperatures for sprinting on thermal pref-
 erences. Perfect coadaptation would be in-
 dicated if a 1:1 relationship exists between
 these traits. In fact, coadaptation is only
 partial in Australian skinks (Fig. 1 b): ther-
 mal optima and thermal preferences are not
 tightly coadapted in species with low ther-
 mal preferences.

 We next assay coadaptation using a more
 powerful phylogenetic perspective that de-
 rives from the "transformational" ap-
 proaches of Lauder (1981), Ridley (1983),
 and Felsenstein (1985). Here perfect coad-
 aptation would be indicated if the evolu-
 tionary changes in behavior and in perfor-
 mance within lineages were congruent in
 magnitude and in direction. Combining a
 minimum-evolution approach (Edwards
 and Cavalli-Sforza, 1964) with Greer's
 (1979b) phylogeny of these skinks, we dem-
 onstrate i) that evolutionary changes in
 thermal preferences are of greater magni-
 tude than those in optimal temperatures or
 in critical thermal maxima and ii) that the
 resulting partial coadaptation for genera with
 low thermal preferences is probably a de-
 rived condition. Accordingly, low thermal
 preferences appear to have evolved even
 though they have resulted in markedly de-
 creased sprint capacities for some genera.
 Moreover, our phylogenetic analysis un-
 covers a possible case where behavior and
 performance may have evolved in opposite

This content downloaded from 136.152.142.41 on Wed, 11 Oct 2017 20:37:01 UTC
All use subject to http://about.jstor.org/terms



 1100 R. B. HUEY AND A. F. BENNETT

 directions (Fig. 1 c), a phenomenon we call
 "antagonistic coadaptation."

 Our analysis is based largely on shifts in
 the position of the thermal performance
 curves and, thus, on relative speeds (e.g.,
 Fig. 1). However, selection works on ab-
 solute performance; and our findings (e.g.,
 partial coadaptation) might therefore be ar-
 tifactual. In fact, the absolute speeds of gen-
 era showing partial and antagonistic coad-
 aptation are always very slow, such that an
 analysis based on absolute speeds would ac-
 tually accentuate these patterns (see below).
 In any case, analysis of relative performance
 is required, because the lizards studied here
 are ecologically and morphologically very
 different.

 Species Accounts

 To interpret evolutionary changes in be-
 havior and performance in Australian
 skinks, an understanding of their habits,
 thermal biology, geographic distributions,
 and phylogeny is required. Geographic as-
 sociations of the Australian skinks studied
 here fall into two classes (Greer, 1980). Pe-
 ripheral areas of southeastern Australia
 (often called the "Bassian region," after the
 Bass Straits between Australia and Tas-
 mania) have warm dry summers and cool
 wet winters. In contrast, interior areas (the
 "Eyrean region," after Lake Eyre in central
 Australia) are typically much hotter and
 have lower and less-predictable rainfall. Our
 assignment of genera to these regions fol-
 lows Greer (1980) and Cogger (1983). Pre-
 vious research has demonstrated that skinks
 from peripheral areas have relatively low
 thermal preferences and critical thermal
 limits (i.e., temperatures associated with loss
 of righting responses) (Spellerberg, 1972a;
 Greer, 1980; Bennett and John-Alder, 1986).
 Consequently, we wished to determine
 whether skinks from peripheral areas also
 had lower optimal temperatures for sprint-
 ing.

 Ctenotus regius, C. taeniolatus, and C.
 uber) are arid-land (primarily interior),
 diurnal, ground-dwelling, and insectivorous
 lizards (Pianka, 1969, 1986). These species
 are relatively active foragers, reminiscent of
 teiid and lacertid lizards.

 Eremiascincus fasciolatus, a crepuscular

 and nocturnal inhabitant of sandy deserts
 (primarily interior), preys on other lizards
 (Greer, 1979a, pers. comm.). This species
 has reduced limbs and often waits partially
 buried in sand and then ambushes lizard
 prey moving nearby.

 Hemiergis decresiensis and H. peronii are
 tiny (about 1 g), insectivorous, and cryp-
 tozoic lizards with peripheral distributions.
 They rarely emerge from cover (usually only
 in late afternoon or early evening). Their
 limbs are minute, and the lizards move with
 snake-like, lateral undulations.

 Sphenomorphus kosciuskoi, S. quoyi, and
 S. tympanum "cool temperate" are rela-
 tively heavy bodied skinks with a peripheral
 distribution. These so-called "water skinks"
 are diurnal, insectivorous, terrestrial to
 semiarboreal, range to high elevation, and
 are often near water. Sphenomorphus tym-
 panum is thought to consist of two types
 ("cool temperate" and "warm temperate"),
 which may deserve specific status (Cogger,
 1983); only the former is studied here.

 Leiolopisma entrecasteauxii forms A and
 B are small, ground-dwelling or semiarbo-
 real, insectivorous, and diurnal skinks with
 peripheral distributions. Forms A and B may
 be distinct species (Jenkins and Bartell,
 1980) and are treated separately here.

 Skinks in the genus Egernia are heavy
 bodied, mainly insectivorous, diurnal, and
 geographically widespread. Some interior
 species are, however, nocturnal (Henzell,
 1982; Cogger, 1984; Pianka, 1986).

 Phylogenetic Relationships

 The genera studied here are apparently
 closely related. All genera belong to the
 subfamily Lygosominae (Greer, 1979b,
 1985) (but see Hutchinson [1981]). Most
 genera belong to the suprageneric Spheno-
 morphus group, but Egernia (and Tiliqua,
 see below) and Leiolopisma belong to the
 Egernia and Eugongylus groups, respective-
 ly.

 Phylogenetic relationships among Aus-
 tralian skinks are somewhat unsettled
 (Hutchinson, 198 1; A. E. Greer, pers.
 comm.; P. Baverstock, pers. comm.), such
 that the historical reconstructions attempt-
 ed herein may ultimately require revision.
 Nevertheless, morphological consider-
 ations suggest that the genera Sphenomor-

This content downloaded from 136.152.142.41 on Wed, 11 Oct 2017 20:37:01 UTC
All use subject to http://about.jstor.org/terms



 THERMAL COADAPTATION IN LIZARDS 1101

 347 33.5 33.1 31.0 24.1 25.9 29.3 35.3

 277
 28.0

 \/33.1

 FIG. 2. A tentative tree of some Australian skink

 genera, based on Greer (1 979b). Mabuya (non-Austra-
 lian) is used as an outgroup (but see Hutchinson [1981]).
 Numbers at the tips are unweighted generic averages

 for thermal preferences (?C). Numbers at nodes indi-

 cate presumed ancestral Tp generated by a minimum-
 evolution approach (see Materials and Methods).

 Sources: Mabuya, ten species, range of Tp = 33.40 to
 35.6?C (Barbault, 1974; Withers, 1981; Bowker, 1984;
 Huey and Pianka, unpubl.); Egernia, four species, range

 of Tp = 32.7? to 34.7?C (Rawlinson, 1974; Heatwole,
 1976; Johnson, 1977; Bennett and John-Alder, 1986)
 (see also Henzell [1982]); Tiliqua, three species, range

 of Tp = 31.9? to 34.8?C (Licht et al., 1966; Rawlinson,
 1974; Bennett and John-Alder, 1986). All other data

 from Bennett and John-Alder (1986) and Wilhoft
 (1961).

 phus, Hemiergis, and Eremiascincus are
 more closely related to each other than to
 Ctenotus (Greer, 1 979a, 1979b). On this ba-
 sis, we have constructed a tentative phylog-
 eny of the lygosomine skinks studied here
 (Fig. 2). For completeness, we have includ-
 ed Tiliqua (an Australian skink) only in
 analyses of thermal preferences and critical
 thermal maxima: the thermal dependence
 of sprint speed for this lizard was not mea-
 sured. We have also included Mabuya, a
 widespread but non-Australian skink, as the
 outgroup (Watrous and Wheeler, 1981) in
 our analysis of directions of evolutionary
 change of thermal preferences: Mabuya is
 thought to be the closest relative of the Aus-
 tralian lygosomine skinks (Greer, 1 979b,
 pers. comm.) (but see Hutchinson [1981]).

 MATERIALS AND METHODS

 Lizards were collected between late Sep-
 tember and late December 1983, from a
 variety of localities in Australia (see Bennett
 and John-Alder, 1986; collecting permits

 Nos. 918 from South Australian National
 Parks and A2 16 from New South Wales Na-
 tional Parks and Wildlife). Species, sample
 sizes, and body sizes are listed in Table 1.
 We have deposited voucher specimens in
 the South Australian Museum, Adelaide,
 S.A.

 Lizards were transported to the Univer-
 sity of Adelaide and held under standard-
 ized conditions until testing, usually within
 two weeks of capture. All were housed in
 small groups in terraria containing water
 dishes. The lizards were provided with food
 (Tenebrio larvae and termites) and were giv-
 en access to incandescent lamps for behav-
 ioral thermoregulation for 12 hr/day. At
 night their body temperatures dropped to
 ambient levels (approximately 20?C).

 Thermal Data

 Preferred body temperatures (TP) in a lab-
 oratory photothermal gradient, body tem-
 peratures (Tb) in nature, and critical thermal
 maxima (CTMax) and minima (CTMin) are
 taken from Bennett and John-Alder (1 986).
 (CTMax and CTMin are the upper and low-
 er temperatures at which the righting re-
 sponse is lost).

 Racing Protocols

 The racing equipment and procedures
 follow Hertz et al. (1983). In brief, lizards
 were chased by hand down a 2-m track with
 photocell stations (vertical stacks of four
 photocells) positioned at 0.25-m intervals.
 The photocell stations were connected to an
 Apple II+ microcomputer that calculated
 speed (m/sec) over each 0.5-m section of
 the track.

 Lizards were generally run at the follow-
 ing sequence of body temperatures (?SD):
 30.90 ? 0.380, 25.50 + 0.400? 20.40 ? 0.440,
 15.30 ? 0.450, 9.70 + 0.380, 30.00 ? 0.470,
 34.90 ? 0.410, 37.30 ? 0.270, and 39.30 ?
 0.190C. Individuals of several species were
 unable to run at 9.70C, and most were in-
 capacitated at 390C (Table 2). Most lizards
 were raced four times per temperature (on
 sand), but individuals of four small species
 (Hemiergis spp., Leiolopisma spp.) were
 raced only three times per temperature and
 on a hard-rubber substratum. Lizards were
 raced at one temperature per day and were
 given 1-day rests between the 300 and 3 5?C
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 runs and between the 350 and 37.3?C runs.
 The two separate trials at 30?C (30.90 and
 30.0?C) enabled us to check for changes in
 performance during the experiment due to
 illness or injury (Hertz et al., 1983). In sub-
 sequent analyses, we excluded individuals
 whose maximum speed in trial-2 was more
 than 15% slower than that in trial- I or whose
 maximum speed in trial-2 was slower than
 at least three runs in trial-1.

 Statistical Analysis

 The fastest speed over 0.5 m for each
 lizard at each temperature was selected for
 analysis. We have no independent way of
 knowing whether these speeds actually are
 the maximal speeds the animals are capable
 of attaining. They are, however, the highest
 speeds attained in these circumstances.
 Moreover, the general correspondence of the
 thermal dependence of sprint speed and of
 muscle contractile properties (Bennett et al.,
 1986; John-Alder and Bennett, 1987) sug-
 gests that physiology-not just motiva-
 tion-plays an important role in measured
 sprint speeds. Speeds of 0 m/sec were as-
 signed to the CTMax and CTMin, using av-
 erage values for each species (Bennett and
 John-Alder, 1986). To quantify the thermal
 dependence of sprinting, we used a mini-
 mum-polygon algorithm (van Berkum,
 1986) to connect data points in plots of speed
 versus body temperature data for each in-
 dividual. We selected this approach in pref-
 erence to nonlinear curve fitting (Huey and
 Stevenson, 1979; Hertz et al., 1983), which
 induces systematic biases in some species
 (van Berkum, 1985, 1986).

 We then used the polygons to calculate
 several statistics that quantify the thermal
 sensitivity of locomotor performance for
 each individual (see Hertz et al., 1983 fig.
 1). To estimate the "thermal performance
 breadths" (measures of the range of Tb over
 which lizards run well) we estimated the
 ranges of temperatures over which a lizard
 runs at 95% (Bg5) and at 80% (B80) of Vmax.
 To estimate the "optimal" temperature (To)
 for sprinting, we calculated the midpoint of
 the range of temperatures over which the

 lizard runs at 95% of V,max, following the
 rationale given by Hertz et al. (1983). Be-
 cause of the skewed shape of performance
 curves (Fig. 1), To is usually slightly lower

 than the actual temperature interval at which
 maximal speed was measured. We also cal-

 culated QI0, a measure the thermal sensi-
 tivity of absolute performance over the range
 (To- 1 0?C) to To and the "performance
 safety zone" (CTMax- To) (Heatwole,
 1970). Finally, we calculated the predicted
 speeds of each individual (both absolute
 speed and speed relative to that at To) at
 certain species-specific body temperatures

 (e.g., at Tp or at Tb). For some species, field
 Tb values were unavailable or based on small
 samples. When the sample size for field Tb
 was unreliably small (< 7), we calculated rel-
 ative speeds (Table 4) but did not incor-
 porate them in statistical analyses reported
 herein. (Inclusion of these data would not
 alter patterns.)

 Standard regression analyses involving
 thermal statistics were not conducted, be-
 cause data on thermal preference and on
 critical limits were available only for some
 of the lizards used in the present experi-
 ment. Consequently, we selected a regres-
 sion model that permits multiple values of
 Y for a given X (Sokal and Rohlf, 1981 p.
 480), generally using the mean thermal pref-
 erence as the independent variable and lo-
 comotory performance measures as depen-
 dent variables.

 Comparative analyses are complicated by
 lack of statistical independence among data
 from related taxa (Ridley, 1983; Clutton-
 Brock and Harvey, 1984; Felsenstein, 1985).
 Specifically, data for related species may not
 be statistically independent because of phy-
 logenetic inertia. Australian skinks in fact
 show marked intrageneric conservatism in
 many thermal traits (Bennett and John-Al-
 der, 1986; Tables 1, 3). For example, 91 %
 of the variance in preferred body temper-
 atures occurs at the generic level (three-level
 nested ANOVA [Sokal and Rohlf, 1981]).
 Consequently, treating values of species as
 independent is inappropriate. We therefore
 report statistical comparisons using weight-
 ed generic averages for overall heterogeneity
 and for a priori contrasts (interior vs. pe-
 riphery) and the weighted generic averages
 of independent variables for regressions
 (Clutton-Brock and Harvey, 1984). For ex-
 ample, we regressed optimal temperatures
 for sprinting of individual lizards against
 the generic TP.
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 Evolutionary Analyses

 To speculate on past evolutionary changes
 in thermal behavior and performance, we
 developed an approach prompted by Lau-
 der (1981), Ridley (1983), and Felsenstein
 (1985). First we superimposed the average

 thermal preference (Tp) for each skink genus
 on the tips of a tentative phylogenetic tree
 of these skinks (Fig. 2), using Mabuya as an
 outgroup. We then reconstructed thermal
 preference of ancestors using parsimony as
 a criterion (Felsenstein, 1983) and an av-
 eraging algorithm, wherein the value for a
 node is computed as the iterative average
 of the three nearest nodes. This modifica-
 tion of a minimum-evolution approach
 (suggested to us by J. Felsenstein; based on
 Edwards and Cavalli-Sforza [1964]) mini-
 mizes the squared change in thermal pref-
 erence for each link in the tree, summed for
 all branches, and it is similar but not equiv-
 alent to a maximum-likelihood estimate.
 This modification assumes that evolution-
 ary change is punctuational at the generic
 level, such that differences in time between
 "speciation" events is unimportant (J. Fel-
 senstein, pers. comm.). This assumption was
 made for expediency, as ages of these taxa
 are unknown. An alternative reconstruction
 using a medians-rule algorithm (Kluge and
 Farris, 1969), which minimizes the sum of
 absolute evolutionary changes, generated
 qualitatively similar patterns.

 CTMax and To were similarly analyzed.
 We then measured the extent of coadapta-
 tion within lineages by regressing the change
 in CTMax (difference between the generic
 average and the nearest node) or the change
 in To on the change in Tp. We emphasize
 that the resulting regressions are based on
 nonindependent data, which is a conse-
 quence of using the minimum-evolution ap-
 proach. If times of divergence were known,
 Felsenstein's (1985) "Brownian-motion"
 model could circumvent this problem.

 RESULTS

 We approach our data two ways. Initially,
 we present an "equilibrium" analysis (Lau-
 der, 1981), by comparing intergeneric dif-
 ferences and correlations involving behav-
 ioral and performance traits. Subsequently,
 we incorporate phylogenetic information,
 which permits us to develop a "transfor-

 mational" analysis of directions of evolu-
 tionary change in these lizards.

 Thermal Preference

 The data and statistical analyses below
 are summarized from Bennett and John-
 Alder (1986). Preferred body temperatures
 vary strikingly among genera (Table 1). The
 maximum difference among genera is
 11.3?C. Crepuscular/nocturnal genera
 (Hemiergis and Eremiascincus) have ex-
 tremely low thermal preferences. Among the
 diurnal lizards, peripherally distributed
 genera (Sphenomorphus and Leiolopisma)
 have lower thermal preferences than do the
 interior genera (Ctenotus and Egernia).

 Speed Versus Body Temperature

 Temperature has a profound and similar
 effect on the absolute running speed of skinks
 (Table 2). In all species (see also Fig. 1),
 speed increases gradually with temperature
 (average Q10 = 1.5; Table 3), reaches a broad
 plateau (average B80 = 9.9?C), but then drops
 rapidly at temperatures above the optimum
 (average To only 7.8?C below CTMax; Table
 3).

 Optimal temperatures for sprint loco-
 motion vary significantly among skink gen-

 era (F[570] =5.15, P < 0.001; Table 3), but
 the magnitude of intergeneric variation is
 small (maximum difference = 3.4?C). Op-
 timal temperatures are significantly lower
 in genera with peripheral distributions than
 in genera from the warm interior (a priori
 ANOVA, F[1 71] = 21.0, P < 0.00 1).

 An equilibrium analysis demonstrates
 significant coadaptation between optimal
 temperatures and thermal preferences (To =
 26.4 + 0.25 TP; F[14] = 12.0, P < 0.025;
 Fig. 3). Nevertheless, coadaptation is only
 partial (sensu Fig. lb), for the slope of the
 regression of To on Tp is significantly less
 than 1.0 (P < 0.001; see Sokal and Rohlf,
 1981 pp. 473, 485). Thus, To appears to
 have evolved less than has Tp. Partial coad-
 aptation is primarily a consequence of the
 major discrepancies between To and Tp for
 genera with low Tp (Fig. 3). In contrast,
 coadaptation is nearly perfect for genera with
 high Tp.

 CTMax and CTMin vary moderately
 among genera (maximum difference = 6.5?C
 for CTMax, 7.3?C for CTMin; Table 1).
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 TABLE 1. Characteristics of Australian skinks used for analysis of thermal dependence of sprint speed. Means +

 SE are given for mass and snout-vent length (SVL). Tb = mean body temperature of field-active animals (range

 given in parentheses); Tp = mean preferred body temperature in a laboratory thermal gradient. Data for Tp,
 Tb, CTMin, and CTMax are summarized from Bennett and John-Alder (1986).

 Tb (range) CTMin CTMax
 Species (N) Mass (g) SVL (mm) TP (IC) ?C (CC) (IC)

 Sphenomorphus group:

 Ctenotus regius (5) 5.5 ? 0.32 66.0 ? 1.58 35.6 36.4c (35.7-37.1) 8.7 45.1
 Ctenotus taeniolatus (9) 4.5 ? 0.40 66.3 ? 1.59 35.3 - 11.4 44.7
 Ctenotus uber(11) 5.4 ? 0.63 66.5 ? 1.62 35.3 - 9.1 45.5
 Eremiascincusfasciolatus (5) 12.5 ? 1.48 86.5 ? 4.48 24.4b 28.lc 9.0 41.2
 Hemiergis decresiensis (10) 0.8 ? 0.08 42.1 ? 2.10 24.8b 20.3 (17.3-23.0) 6.8 38.6
 Hemiergis peronii (4) 1.5 ? 0.32 58.6 ? 4.25 23.5b 23.6 (19.2-27.0) 9.6 38.8
 Sphenomorphus kosciuskoi
 (12) 8.3 ? 0.67 76.3 ? 1.82 29.8 30.6a (16.9-36.0) 2.5 40.2

 Sphenomorphus quoyi (2) 21.1 98.0 28.8 28.6a (17.4-34.2) 6.0 40.8
 Sphenomorphus tympanum "cool
 temperate" (7) 14.4 ? 2.12 88.0 ? 5.34 29.5a 30.la (16.3-34.5) 2.9 39.8

 Eugongylus group:

 Leiolopisma entrecasteauxii
 form A (3) 4.7 ? 1.30 63.7 ? 4.70 32.5 - 2.5 42.8

 Leiolopisma entrecasteauxii
 form B (4) 3.3 ? 0.27 56.5 ? 0.96 33.9 - 2.5 42.8

 Egemia group:

 Egernia whitii (4) 25.1 ? 4.32 102.8 ? 6.95 34.1 34.0 (30.8-35.6) 4.0 42.8

 ' Weighted average of values cited in Bennett and John-Alder (1986).
 bNighttime records for crepuscular/noctumal species.
 C N < 7 in these species.

 CTMax and CTMin are higher for interior
 genera than for peripheral genera (a priori
 ANOVA, P < 0.001, see also Spellerberg,
 1972a; Greer, 1980; Bennett and John-Al-
 der, 1986).

 The optimal Tb for sprinting is positively

 and significantly related to CTMax (T. =
 15.9 ? 0.43 CTMax, F[14] = 89.2, P <
 0.001), and the slope is significantly less than
 1.0 (P < 0.001). Thus, optimal Tb appears
 to have evolved less than has CTMax. The
 optimal Tb is positively, but not signifi-

 cantly, related to CTMin F[,14] = 1.1 (P >
 0.025).

 Thermal Performance Breadth and Q10

 Performance breadths (B95 and B80 val-
 ues) for sprint speed of skink genera do not
 vary significantly (ANOVA, P's > 0. 10; Ta-
 ble 3). Moreover, neither B95 nor B80 is sig-
 nificantly related (ANOVA, P's > 0.25) to

 optimal Tb, Tp, or tolerance range
 (CTMax - CTMin) (Table 3).

 We used two measures to quantify the
 thermal sensitivity of sprint speed to tem-
 peratures above and below the optimum.
 For temperatures below the optimum, we

 calculated Q0o values for the range (To -
 10) to To. For temperatures above the op-
 timum, we calculated the difference be-

 tween CTMax and T., a measure of the
 physiological "safety zone" (Heatwole,
 1970).

 QIO does not vary significantly among
 genera (ANOVA, P > 0.25; Table 3) and is
 not significantly related to optimal temper-

 ature (ANOVA, P > 0. 10). Thus, the lower
 part of the performance curve is evolution-
 arily conservative. In contrast, the thermal
 safety zone does vary significantly among

 genera (F[5,70] = 6.1, P < 0.001; Table 3), is
 positively related to T, (F[1,4] = 24.9, P <
 0.01), and is relatively large for interior gen-
 era (a priori ANOVA, P < 0.001). Thus,
 species that have high optimal temperatures
 or live in hot regions have CTMax values
 that are relatively far from their optimal
 temperatures.

 Body Temperatures and Sprint
 Performance

 The predicted relative sprint speeds as-
 sociated with the preferred body tempera-
 ture or with field activity temperatures are
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 TABLE 2. Average absolute speeds (m/sec ? 95% confidence limits) of Australian skinks at various body temperatures. 0 = unable to run. Sample sizes are given
 in Table 1.

 Temperature-specific racing speeds H

 Species 9.7'C 15.3?C 20.4?C 25.5?C 30?and 30.9?C 34.9?C 37.3?C 39.3?C

 Sphenomorphus group:

 Ctenotus regius 0 0.18 ? 0.051 0.44 ? 0.133 0.50 ? 0.221 0.89 ? 0.206 0.99 ? 0.341 0.68 ? 0.315 0 >
 Ctenotus taeniolatus 0 0.29 ? 0.044 0.59 ? 0.082 0.79 ? 0.142 0.96 ? 0.185 1.05 ? 0.152 1.04 ? 0.225 1.18 ? 0.230 t
 Ctenotus uber 0 0.36 ? 0.083 0.72 ? 0.121 1.09 ? 0.213 1.41 ? 0.274 1.64 ? 0.156 1.58 ? 0.175 1.65 ? 0.310 0
 Eremiascincusfasciolatus 0.04 ? 0.062 0.24 ? 0.105 0.38 ? 0.095 0.50 ? 0.047 0.67 ? 0.069 0.83 ? 0.161 0.56 ? 0.294 0 >
 Hemiergis decresiensis 0.13 ? 0.056 0.27 ? 0.045 0.42 ? 0.087 0.49 ? 0.136 0.64 ? 0.128 0.64 ? 0.090 0.55 ? 0.121 0 >
 Hemiergisperonii 0.11 ? 0.144 0.27 ? 0.196 0.39 ? 0.186 0.37 ? 0.230 0.49 ? 0.304 0.37 ? 0.412 0 0
 Sphenomorphus kosciuskoi 0.17 ? 0.031 0.34 ? 0.077 0.53 ? 0.157 0.70 ? 0.153 0.86 ? 0.140 1.04 ? 0.145 0.34 ? 0.253 0 >
 Sphenomorphus quoyi 0 0.69 0.96 1.27 1.52 1.21 0 0
 Sphenomorphus tympanum 0.24 ? 0.043 0.67 ? 1.525 0.93 ? 0.179 1.17 ? 0.287 1.42 ? 0.309 1.49 ? 0.221 0.94 ? 0.110 0 0

 Eugongylus group: Z

 Leiolopisma entrecasteauxii -
 form A 0.23 ? 0.094 0.37 ? 0.076 0.65 ? 0.160 0.88 ? 0.113 1.11 ? 0.385 1.18 ? 0.201 0.94 ? 0.496 0 N

 Leiolopisma entrecasteauxii
 form B 0.13 ? 0.111 0.25 ? 0.118 0.41 ? 0.277 0.59 ? 0.210 0.73 ? 0.152 0.89 ? 0.200 0.67 ? 0.103 0

 Egernia group:

 Egernia whitii 0.15 ? 0.088 0.31 ? 0.136 0.47 ? 0.293 0.67 ? 0.356 0.91 ? 0.223 0.93 ? 0.200 1.09 ? 0.214 -
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 FIG. 3. Mean optimal temperature (generic aver-
 age) for sprint locomotion versus preferred body tem-
 perature for Australian skinks. The dashed line rep-
 resents perfect coadaptation (see Fig. la). For these
 skinks, this nonphylogenetic analysis indicates that
 coadaptation is only partial (Fig. lb).

 given in Table 4. Although 11 of 12 species
 have a mean preferred temperature that is
 lower than the optimal temperature for
 sprinting, eight of 12 species prefer tem-
 peratures that should enable them to run at
 speeds within 10% of their maximum pos-
 sible speed. Relative sprint speed at the pre-
 ferred body temperature is positively re-
 lated to the preferred body temperatures
 (F[1,4] = 11.0, P < 0.05), primarily because
 the low thermal preferences of Eremiascin-
 cus and Hemiergis are markedly suboptimal
 for sprinting. For example, an Eremiascin-
 cus at its Tp (24.4?C) is predicted to run 38%
 slower than if it were at 34.0?C. Of the six
 species for which adequate field Tb are
 available, four (all but the two Hemiergis
 species) are normally active at temperatures
 that are nearly optimal for sprinting (Table
 4).

 Hemiergis and Eremiascincus appear to
 be chronic underachievers with respect to
 relative sprint speed at their preferred tem-
 peratures (Table 4). Nevertheless, because
 natural selection works on absolute rather
 than on relative sprint speeds, the apparent
 locomotor disadvantage of these genera
 might be misleading if the absolute speeds
 of these lizards were higher than those of
 other genera. In fact, the absolute maximum
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 THERMAL COADAPTATION IN LIZARDS 1107

 TABLE 4. Predicted relative speeds (?95% confidence interval) of Australian skinks at specific body temper-

 atures. Sample sizes are given in Table 1. Tp = mean preferred body temperature, (see Table 1), Tb = mean
 field body temperature, T1 and Tu are the lowest and highest (respectively) body temperatures recorded for each
 species from the field.

 Predicted relative speeds at:

 Species Tp Tb T, Tu

 Sphenomorphus group:

 Ctenotus regius 0.911 ? 0.116 0.800 0.164a - -
 Ctenotus taeniolatus 0.925 ? 0.046 - - -
 Ctenotus uber 0.945 ? 0.383 - - -
 Eremiascincusfasciolatus 0.621 ? 0.156 0.772 ? 0.147a - -
 Hemiergis decresiensis 0.752 ? 0.078 0.608 ? 0.059 0.502 0.695
 Hemiergisperonii 0.821 ? 0.034 0.824 ? 0.033 0.692 0.907
 Sphenomorphus kosciuskoi 0.876 ? 0.044 0.899 ? 0.038 0.408 0.755
 Sphenomorphus quoyi 0.966 0.959 0.523 0.806
 Sphenomorphus tympanum
 "cool temperate" 0.906 ? 0.051 0.924 ? 0.050 0.444 0.973

 Eugongylus group:

 Leiolopisma entrecasteauxii form A 0.949 ? 0.050 - - -
 Leiolopisma entrecasteauxii form B 0.968 ? 0.009 - - -

 Egernia group:

 Egernia whitii 0.930 ? 0.059 0.927 ? 0.062 0.839 0.966

 a Excluded from statistical analyses because of small sample sizes for Tb (see Materials and Methods).

 speeds of these two genera are slow at all
 temperatures (Table 2). Thus the running
 speeds of these lizards at normal activity
 temperatures must be very slow, indeed,
 which accentuates the locomotor disadvan-
 tages associated with partial coadaptation.

 Directions of Evolutionary Change

 Our minimum-evolution approach (Ma-
 terials and Methods) suggests that the an-
 cestral thermal preference of the Australian
 skinks was approximately 33?C (Fig. 2). A
 thermal preference near this temperature is
 exhibited by Mabuya (the presumed out-
 group for these skinks) and by lizards in the

 Egernia group. Lower T, has apparently
 evolved in the Eugongylus group (Leiolo-

 pisma) and has probably evolved several
 times in the Sphenomorphus group (espe-
 cially Eremiascincus and Hemiergis). Higher

 T, may have evolved in Ctenotus. A sen-
 sitivity analysis, performed by iteratively

 fixing the ancestral T, for the Australian
 skinks at values ranging from 250 to 40?C,

 emphasizes that the low T, of Eremiascin-
 cus and Hemiergis are almost certainly de-
 rived (Fig. 4). Patterns for genera in the
 Sphenomorphus group do not depend on
 the validity of Mabuya as an outgroup.
 Deletion of Mabuya changes the nodes by
 a maximum of 0.4?C.

 Critical thermal maxima and optimal
 temperatures for sprinting were similarly
 analyzed. The minimum-evolution analysis
 suggests that the ancestral CTMax was
 42.5?C. In the absence of sprint data on Ma-

 buya, we cannot estimate an ancestral To
 for Australian skinks, but the estimated an-
 cestral To for the Sphenomorphus genera is
 34.50C.

 Coadaptation between CTMax or To and
 thermal preferences is supported (Fig. 5):
 the directions and magnitudes of evolution-
 ary change in mean CTMax and in To were
 significantly correlated with changes in T,
 (FE151 = 10.9, P = 0.02 and F[1,4] = 13.1,
 P < 0.001, respectively). In both cases,
 however, coadaptation is only partial (i.e.,
 the slopes are significantly less than unity).

 The phylogenetically based approach of
 Figures 2 and 5 facilitates the discovery of
 an interesting exception to the overall pat-
 tern of partial coadaptation. Even though
 the thermal preference of Eremiascincus has
 evolved to a lower temperature (Fig. 2), its
 critical thermal maximum and its optimal
 temperature appear to have evolved to a
 higher temperature (Fig. 5). In part because
 of this shift, the optimal temperatures and
 the CTMax values for the two interior
 genera (Eremiascincus and Ctenotus) are
 significantly higher (a priori ANOVAs,
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 FIG. 4. A sensitivity analysis of ancestral T, for
 Australian skinks. The ordinate represents, for a given

 ancestral Tp from 25? to 40?C, percentage increase in
 evolution (total squared change in ?C) above that re-

 quired for an ancestral skink Tp of 33.1 C, the Tp that
 minimizes the squared evolutionary change for the tree
 in Figure 2 (see Materials and Methods).

 P < 0.001) than those of the two peripheral
 genera (Hemiergis and Sphenomorphus). In
 Eremiascincus, therefore, behavior and per-
 formance seem to have evolved in opposite
 directions, such that CTMax and To reflect
 geographic distributions better than ther-
 mal preferences.

 DISCUSSION

 Thermal Biology, Geography,
 Activity Times

 Australian lygosomine skinks differ
 markedly in thermal preferences (maxi-
 mum difference among genera = 11?C) and
 in activity temperatures (1 4?C), but they dif-
 fer only moderately in critical thermal max-
 ima (6?C) and only slightly in optimal tem-
 peratures (3?C) (Tables 1, 3). Remarkably,
 most of this differentiation occurs within a
 single generic group (Sphenomorphus) of
 Greer (19 79b).

 Thermal preferences and activity tem-
 peratures strongly reflect times of activity:

 distinctly low T, and low Tb characterize
 crepuscular/nocturnal genera (Table 1).
 Thermal preferences also reflect zoogeog-

 raphy, but to a lesser extent: T, values are
 slightly higher in diurnal genera from the
 warm interior of Australia than in those from
 the cooler periphery (Table 2).

 Thermal sensitivity (Table 3) and CTMax
 (Spellerberg, 1972a; Greer, 1980; Bennett

 a) T

 //
 +2 /

 o I I I I I ~~~~~A Tp
 -8 -6 -4 +2 +4

 * / -~~~~~~2

 b) ACTMax

 //

 +2 /
 /

 0

 -+---+--L, Tp
 -8 -6 4 + 2 +4

 / --2 ~~~/
 FIG. 5. a) Change in To versus change in T, (generic

 averages) and b) change in CTMax versus change in

 T,. (The open circle is Tiliqua.) Change is measured
 as the difference between values for the generic average
 and the nearest node (the change for Sphenomorphus
 is based on the node for the Sphenomorphus group).
 In both cases, coadaptation is partial (i.e., the slopes
 are less than one). The circle in the upper left quadrant
 of each graph represents Eremiascincus and demon-
 strates antagonistic coadaptation (Fig. 1 c). The dashed
 line represents perfect coadaptation.

 and John-Alder, 1986; Table 1) also reflect
 time of activity and geography, but here the
 ties with geography are stronger. Optimal
 temperatures, safety zones, and CTMax val-
 ues are higher in interior genera than in pe-
 ripheral genera but are not necessarily lower
 in nocturnal genera than in diurnal genera.

 Indeed, T. and CTMax are relatively high
 in the nocturnal, interior genus Eremiascin-
 cus (Tables 1 and 3). These patterns hold
 even for comparisons within the Spheno-
 morphus group, indicating that the patterns
 are not historical artifacts.

 Changes in thermal performance curves,
 though minor, may well be biologically sig-
 nificant. The ability of some Ctenotus to run
 rapidly at 39?C (Table 2), a temperature
 higher than the CTMax of some peripheral
 genera (Table 1), and to have a broad safety
 zone should be adaptive for a diurnal, sur-
 face-dweller in the hot interior (Heatwole,
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 1970, 1976; Greer, 1980; Bennett and John-
 Alder, 1986).

 The correspondence of thermal perfor-
 mance with time of activity and geography
 is not surprising, as similar patterns have
 been demonstrated in other lizards (Heat-
 wole, 1976; Avery, 1982; Huey, 1982).
 These correspondences may reduce ther-
 moregulatory costs (Huey and Slatkin,
 1976), maximize potential activity times
 (Huey and Slatkin, 1976; Huey, 1982), and
 even promote survival, at least for those
 species living in extreme environments
 (Cowles and Bogert, 1944; Heatwole, 1970;
 Spellerberg, 1972a; Greer, 1980; Hutchison
 and Maness, 1979; van Berkum, 1985).
 Nevertheless, precise matching does not al-
 ways occur (Hertz et al., 1983; Crowley,
 1985) (but see van Berkum [1986]).

 Nonphylogenetic (Equilibrium)
 Approach to Coadaptation

 Our data challenge the expectation that
 thermal preferences and thermal optima
 should be tightly coadapted in reptiles. Al-
 though optimal temperatures and CTMax
 values were correlated with thermal pref-
 erences (or with field activity temperatures),
 the coadaptation of these traits was not one-
 to-one. Indeed, a 40C change in thermal
 preference was associated with only a 1 C
 change in optimal temperature (Fig. 3) or
 with only a 2?C change in CTMax (Bennett
 and John-Alder, 1986).

 Available published data are generally
 consistent in showing limited evolution in
 thermal sensitivity of performance mea-
 sures. Licht et al. (1969) and Bennett (1980)
 established positive correlations between
 thermal preferences and optimal temper-
 atures of several physiological and perfor-
 mance functions of distantly related lizards,
 but they did not quantify the slope of these
 relationships. Hertz et al. (1983) and Crow-
 ley (1985) found no evidence of evolution
 in the thermal sensitivity of locomotion, in
 several Middle Eastern agamid lizards and
 in North American Sceloporus undulatus,
 respectively. Nevertheless, van Berkum's
 (1986) recent study of Central American
 Anolis demonstrates that differentiation in
 the thermal performance can occur. Ther-
 mal preferences of these Anolis have not
 been measured, but the magnitude of inter-

 specific differences in optimal temperatures
 for sprinting (50C) is less than that in mean
 field temperatures (10?C), a pattern consis-
 tent with our results. Thermal performance
 (but not thermoregulatory behavior) is phy-
 logenetically conservative in most lizards
 (Bogert, 1949; Huey, 1982); nevertheless, it
 is clearly not inert (van Berkum, 1986; this
 study).

 The existence of partial coadaptation
 raises two issues. First, are the low thermal
 preferences of Eremiascincus and Hemier-
 gis sufficiently "sub-optimal" for sprinting
 to have a major, negative influence on their
 ecologies? Second, is the dissimilarity be-
 tween thermal preference and thermal op-
 tima in these two genera ancestral or de-
 rived? An indirect answer to the first
 question can be extracted directly from the
 sprint data. The answer to the second can
 come only by incorporating phylogenetic
 information (Ridley, 1983; Huey and Ben-
 nett, 1986; Huey, 1987). We address these
 questions in sequence.

 Predicted Ecological Consequences of
 Partial Coadaptation

 Partial coadaptation means that some
 species select temperatures that are non-
 optimal for sprinting (Fig. 1 b). Whether the
 resulting retardation of sprint capacity has
 a major effect on ecology cannot be deter-
 mined directly from existing data, but the
 effect on relative speed at the preferred body
 temperature is easily predicted (Hertz et al.,
 1983; van Berkum, 1986).

 Relative speeds of skinks at their pre-
 ferred temperatures cluster into two groups
 (Table 4). Genera with relatively high ther-
 mal preferences (28?C and above) typically
 select temperatures enabling them to run
 within 10% of maximal speed, a trend that
 holds for most other lizards studied to date
 (Bennett, 1980; Hertz et al. 1983; Huey,
 1983; Crowley, 1985; van Berkum et al.,
 1986). In contrast, genera with lower ther-
 mal preferences (Hemiergis and Eremia-
 scincus) prefer temperatures markedly sub-
 optimal for sprinting (see also Bennett [1980]
 and van Berkum [1986]). For example, an

 Eremiascincus at its T, should run only at
 62% of its maximum possible speed. Given
 that the absolute speeds of Eremiascincus
 and of Hemiergis are slow at any temper-
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 ature (Table 2), speeds of these lizards in
 nature must be very slow. Such slow speeds
 potentially influence fitness: cold and slug-
 gish lizards should be less successful in cap-
 turing prey or in escaping predators (Green-
 wald, 1974; Webb, 1976; Christian and
 Tracy, 1981; Huey and Hertz, 1984).

 Even for genera showing tight coadapta-
 tion between thermal preferences and op-
 timal temperatures, individual lizards are
 sometimes active at temperatures far from
 preferred levels (Table 1). As a result, their
 potential sprint speeds must on occasion be
 very slow (Table 4). For example, Spheno-
 morphus kosciuskoi is active in nature at
 body temperatures as low as 16.9?C (Spel-
 lerberg, 1972c), a temperature that should
 enable these lizards to run only 41 % of max-
 imum speed (Tables 2, 4). Clearly, reptiles
 in nature are not always capable of maximal
 speed, and the evolution of compensatory
 defensive behaviors attests to this fact
 (Rand, 1964; Hertz et al., 1982; Crowley
 and Pietruzska, 1983; Arnold and Bennett,
 1984).

 Phylogenetic Analysis of Coadaptation

 If a low thermal preference was the an-
 cestral state, then the coadaptation between
 behavior and performance has become clos-
 er during the evolution of other skink gen-
 era. But if derived, then coadaptation ac-
 tually broke down during the evolution of
 Hemiergis and Eremiascincus. To address
 this issue, we conducted a minimum-evo-
 lution analysis on behavioral and perfor-
 mance traits, with Greer's (1 979b) morpho-
 logical phylogeny for these skinks as a
 foundation. Our "transformational" ap-
 proach is philosophically derived from that
 of Lauder (1981), Ridley (1983), and Fel-
 senstein (1985).

 A thermal preference of about 33?C ap-
 pears to be ancestral for Australian skinks,
 given the criterion of parsimony (Figs. 2, 4).
 Therefore, the low thermal preferences of
 Eremiascincus and of Hemiergis are almost
 certainly derived. Indeed, a low thermal
 preference (25?C) could be ancestral only if
 massive evolutionary change occurred in
 several lineages (Fig. 4) or if Greer's (1 979b)
 phylogeny is found to require major revi-
 sion. (Recall, however, that deletion of Ma-

 buya as an outgroup does not influence con-
 clusions for the Sphenomorphus genera).

 We then repeated this analysis on optimal
 temperatures and on critical thermal max-
 ima to determine whether phylogenetic
 trends in these traits parallel those in ther-
 mal preferences (Fig. 5), as is predicted from
 coadaptational considerations (Fig. 1). Ac-
 tual directional changes are coincident, ex-
 cept for trends involving Eremiascincus
 (discussed below). The magnitude of change
 within lineages is, however, much greater
 for thermal preferences than for optimal
 temperatures or for CTMax (Fig. 5), indi-
 cating that thermal preference evolves rel-
 atively rapidly. Evolutionary changes with-

 in lineages in T. or in CTMax thus do not
 map 1:1 on changes in thermal preference,
 a result reaffirming the partial coadaptation
 seen in the equilibrium analysis.

 We are now able to answer the question
 of whether the partial coadaptation seen in
 Eremiascincus and Hemiergis (Fig. 3) is an-
 cestral or derived. For Hemiergis it is clearly
 derived. Coadaptation is weak in this genus,
 because its thermal preference has seem-
 ingly evolved towards a low temperature
 faster than has its optimal temperature for
 sprinting.

 For Eremiascincus, the pattern may be
 more complex. Even though this genus has
 also evolved a low thermal preference, its
 critical thermal maximum (Greer, 1980) and
 perhaps its optimal temperature appear to
 have evolved to slightly higher tempera-
 tures (Fig. 5). Our phylogenetic analysis thus
 uncovers something missed by the equilib-
 rium analysis-a possible case of behavior
 and performance evolving in opposite di-
 rections. These patterns should, however,
 be further tested, using phylogenies based
 on molecular data.

 Partial Coadaptation and Antagonistic
 Coadaptation

 In the Introduction we applied the term
 "partial coadaptation" to cases where traits
 evolve in the same direction, but not at the
 same rate (Fig. lb). Hemiergis exemplifies
 a partially coadapted lizard: both its ther-
 mal preference and its thermal performance
 have shifted to low temperatures, but the

 change in T, is much greater than that in
 T. or CTMax. In Eremiascincus, however,
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 behavior and performance curves have
 seemingly evolved in opposite directions.
 Accordingly, we call this "antagonistic
 coadaptation," a term that reflects the an-
 tagonism inherent in the (presumably) con-
 flicting selective pressures forcing the ther-
 mal preferences and optimal temperatures
 in opposite directions.

 What are evolutionary bases of partial
 coadaptation and of antagonistic coadap-
 tation? The existence of partial and of an-
 tagonistic coadaptation implies that the link
 between performance and fitness is not a
 simple or even direct one (Huey and Slatkin,
 1976; Arnold, 1983). The key question is:
 how might selection favor or perhaps ignore

 the evolution of reduced locomotor perfor-
 mance? Our project was designed to docu-
 ment patterns of coadaptation, not to eval-
 uate the links between performance and
 fitness. Nevertheless, we can speculate on
 these links and suggest several hypotheses.

 First, speed simply might be unimportant
 to these skinks, such that any decrements
 in locomotor performance that result from
 a lowered thermal preference have little or
 no effect on fitness. In other words, the "fit-
 ness gradient" for speed might be low (Ar-
 nold, 1983). This argument might have some
 justification for Hemiergis skinks, which are
 slow at any temperature (Table 2) and are
 rarely found away from cover, but probably
 not for Eremiascincus, which ambush other
 lizards (Greer, 1 979a).

 A subsidiary hypothesis is that other per-
 formance traits (e.g., digestive efficiency)
 might be more important determinants of
 fitness in these lizards and therefore might
 show perfect coadaptation even though
 speed does not. The thermal sensitivity of
 other performance traits in these lizards is
 presently unknown. However, optimal tem-
 peratures of several performance traits
 (digestion, stamina, and hearing) are similar
 to those for speed in the few species of rep-
 tiles studied to date (Huey, 1982; Stevenson
 et al., 1985), suggesting that perfect coad-
 aptation with these traits is unlikely.

 Second, the fitness gradient between per-
 formance and fitness could be positive, but
 the evolutionary response of thermal per-
 formance to selection could be slow relative
 to that of thermal preference 1) because of
 low heritability, negative genetic correla-

 tions, or weak selection (Falconer, 1981), 2)
 because of insufficient time for evolutionary
 equilibria to be established, or 3) because
 burrowing and nocturnal activity reduce se-
 lection pressures favoring coadaptation (see
 Henzell, 1982). This hypothesis predicts that
 coadaptation between behavior and perfor-
 mance should eventually be reestablished
 in Eremiascincus and Hemiergis. This hy-
 pothesis is presently difficult to evaluate: the
 genetic parameters for the thermal depen-
 dence of sprinting have not yet been ex-
 amined in any reptile, and divergence times
 are unknown for these genera. Ultimately,
 breeding experiments may be necessary to
 evaluate this hypothesis. Even if this expla-
 nation holds for Hemiergis, it is unlikely to
 explain patterns involving Eremiascincus,
 unless genetic correlations are temporarily
 confounding evolutionary patterns (see
 Lande, 1980).

 Third, speed might not always predict rel-
 ative feeding success or predatory avoid-
 ance in comparisons between noctunal ver-
 sus diurnal species. For example, the speeds
 of Hemiergis and of Eremiascincus are slow
 relative to those of most diurnal genera (Ta-
 ble 2) but could actually be associated with
 increased feeding success and fitness if the
 overall capture rate of prey is relatively high
 at night (Huey and Pianka, 1983). Capture
 rates could be high either because nocturnal
 prey are also slow or because they are abun-
 dant. Similarly, slow speeds of nocturnal
 lizards need not necessarily increase risk of
 predation.

 Fourth, perhaps the paradox of antago-
 nistic coadaptation is associated with the
 evolution of nocturnal/crepuscular habits
 and reflects conflicting selective pressures
 on thermal preference versus those on the

 thermal sensitivity of performance. Low T,
 values are common among nocturnal liz-
 ards in several lineages and appear to be
 ecologically advantageous for reasons out-
 lined above (Huey and Slatkin, 1976; Huey,

 1982). Although the evolution of a low T,
 would be expected to drive selection for a

 lowered T. for sprinting (Fig. 1 a), this might
 sometimes be resisted by conflicting advan-
 tages of maintaining locomotor perfor-
 mance at high body temperatures (Fig. lb,
 c).

 Selection could favor maintenance of per-
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 formance at high Tb in two ways. First, if
 most predation on these nocturnal lizards
 takes place primarily by day rather than by
 night, then selection might favor mainte-
 nance of high optimal temperatures for
 sprinting, as this would facilitate escape from
 diurnal predators. However, the cryptozoic
 habits of these lizards makes high predation
 by day unlikely (but see Shine [1984]).

 Alternatively, if lizards in their retreats
 are exposed to high and potentially danger-
 ous temperatures during the day, then se-
 lection might favor the ability to survive
 such exposure (Greer, 1980), even at the
 expense of reduced sprint capacity at night
 (see Fig. lb, c). According to this view, the
 evolution of performance curves reflects a
 balance between selection on traits that op-
 timize performance at normal activity tem-
 peratures (Huey, 1982) and on those that
 ensure survival at extreme temperatures
 (e.g., a high CTMax; see Greer, 1980; Hein-
 rich, 1981; van Berkum, 1985). This hy-
 pothesis assumes that it is difficult or im-
 possible to evolve a "Panglossian" nocturnal
 skink-one that has a high CTMax but a
 low To.

 This alternative hypothesis is subject to

 comparative tests: it predicts that To and
 CTMax should be higher for nocturnal liz-
 ards living in the interior than for those in
 the periphery, for shallow soil temperatures
 (where many nocturnal lizards spend the
 day) are often very high in Australian
 deserts (Heatwole, 1970). Comparisons of
 Eremiascincus and Hemiergis support this
 hypothesis: To and CTMax are higher in
 Eremiascincus (Tables 1, 3). Interestingly,
 Lerista is another interior genus (a deriva-
 tive of the diurnal genus Ctenotus [Greer,

 1979b]) that is nocturnal: it has lowered T,
 (30?C) (Rawlinson, 1974) but nevertheless
 maintains a high CTMax (x = 43.2?C)
 (Greer, 1980). Alternative comparisons
 might involve a genus or species that occurs
 in both peripheral and interior areas. This
 would reduce potentially confounding ef-
 fects of differences in habits and body shape
 of the skinks studied here. In any case, the
 assumption that interior nocturnal species
 are exposed to high temperatures by day
 requires documentation. It is probably in-
 valid for species inhabiting spinifex (Trio-
 dia) clumps (Cogger, 1984).

 These comparative patterns support the
 idea that the ability to survive high tem-
 peratures may sometimes outweigh the ad-
 vantages of tight coadaptation between be-
 havior and performance. If true, this
 reasoning could help explain why Hemiergis
 is not fully coadapted; it could also explain
 why Eremiascincus shows antagonistic
 coadaptation. Even though nocturnal activ-
 ity with slow sprint capacity would seem
 less advantageous than nocturnal activity
 with higher sprint capacity, the ability to
 survive in deserts at all may more than com-
 pensate for this apparent disadvantage. Ad-
 equacy- not optimality- might guide the
 evolution of thermal performance and be-
 havior (Bartholomew, 1986).

 Importance of a Phylogenetic Approach

 This study demonstrates advantages of a
 phylogenetic approach to comparative
 studies (see also Lauder, 1981; Ridley, 1983;
 Clutton-Brock and Harvey, 1984; Felsen-
 stein, 1985; Cheverud et al., 1985; Huey
 and Bennett, 1986; Huey, 1987). The avail-
 ability of phylogenetic information facili-
 tates speculation on the directions of evo-
 lutionary change. Sometimes the direction
 of change might not influence the adaptive
 interpretations, but it clearly does here.
 Consider how our interpretation would have
 changed if Sphenomorphus had evolved
 from an Eremiascincus-like ancestor rather
 than the reverse. The relatively close cor-
 respondence of thermal preferences and op-
 timal temperatures in Sphenomorphus
 would suggest that evolution had favored
 coadaptation and thus perfected the match
 between behavior and performance. Just the
 opposite appears to be true.

 Another advantage of a phylogenetic ap-
 proach is evident. The "equilibrium," non-
 phylogenetic approach exemplified in Fig-
 ure 3 suggests that partial coadaptation
 characterizes the evolution of thermal pref-
 erence and optimal temperatures for skinks.
 Only by considering phylogenetic infor-
 mation for very close relatives (Eremiascin-
 cus vs. Sphenomorphus) were we able to
 determine the limits of that generalization.
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