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Abstract. We observed a colony of marine iguanas 
(Amblyrhynchus cristatus) on Isla Fernandina, Galfipagos, 
Ecuador, while measuring local micrometeorological and 
tidal conditions. We found size-related differences in 
foraging mode, with smaller iguanas feeding intertidally 
during daytime low tides and larger iguanas feeding sub- 
tidally. Despite having greater opportunity, subtidal 
foragers did not time their foraging bouts or exploit their 
environment in ways that optimized their period at high 
body temperature. Instead, the foraging schedule of these 
iguanas served to maximize their rate of rewarming 
following emergence from the cool sea. Intertidal feeders, 
by contrast, showed much greater behavioral flexibility in 
attempting to exploit their thermal environment. We sug- 
gest that size-ordered differences in marine iguana ther- 
moregulatory behavior reflect underlying ontogenetic 
changes in costs and benefits of thermoregulation due to 
differences in predator pressure, quantity of food and 
electrolytes taken at each feeding, mode of foraging, and 
agonistic tendencies. 
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Many aquatic vertebrates show ontogenetic shifts in 
habitat use that are usually associated with changes in 
predation risks relative to foraging gains as individuals 
increase in size (Werner and Hall 1988). Size-ordered 
differences in foraging sites are also found in the herbivo- 
rous marine iguana (Amblyrhynchus cristatus), with lizards 
weighing less than 1.2 kg being restricted to intertidal 
foraging sites and those larger than 1.2 kg able to exploit 
subtidal sites for grazing (Trillmich and Trillmich 1986). 
These foraging differences in these Gal/tpagos animals, 
however, are probably due more to functional require- 
ments for effective swimming than to predator pressure. 
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Because both speed and power generated per body undu- 
lation while swimming are directly related to overall size 
of marine iguanas (Vleck et al. 1981), smaller lizards would 
have to undulate more rapidly than larger iguanas to 
overcome waves and tidal surges and, thus, would be 
much more prone to fatigue. Large lizards, by contrast, 
are able to swim to offshore foraging sites and return to 
land about 45 rain later with little indication of an oxygen 
debt (Gleeson 1980a). 

The constant availability of submarine algae permits 
subtidal feeders to schedule their foraging bouts freely, 
whereas the dependence of intertidal grazers on exposure 
of algal encrusted rocks dictates that their feeding occur 
during low tides (Trillmich and Trillmich 1986). Because 
these intertidal feeding sites attract much greater densities 
of foraging lizards than subtidal locations (Trillmich and 
Trillmich t986), larger iguanas presumably consume more 
macrophytic algae per unit effort than intertidal foragers. 
This presents an interesting situation regarding potential 
size-related differences in thermoregulatory activities by 
these iguanas. Marine iguanas have long been known to 
behaviorally thermoregulate (Bartholomew 1966; White 
1973). They do this mainly by adjusting rates of heat 
gained from basking in the equatorial sun against convec- 
tive heat losses associated with the moderate diurnal air 
temperatures of the Galfipagos. The adjustments are ac- 
complished through microhabitat selection and postural 
adjustments. Because subtidal foragers do not have to 
time their feeding to coincide with low tides, they may 
schedule their forays to maximize periods of high prefer- 
red body temperature on land in order to facilitate diges- 
tion, assimilation, and various homeostatic processes. 
Intertidal feeders, by contrast, would have to disrupt their 
terrestrial thermoregulatory activities whenever tidal re- 
cesses exposed their feeding sites, a circumstance that 
makes them much more temporally constrained in ther- 
moregulatory activities than larger conspecifics. 

An evaluation of the efficacy of thermoregulation by 
subtidal foragers requires knowledge of their spatiotem- 
poral relations to their terrestrial environment as well as 
characterization of the thermal environments available to 
them. Accordingly, we undertook this study of a marine 
iguana colony which integrates observations of the activ- 
ities of lizards on land and in water with measurements of 
local meteorological and tidal conditions. 
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Material and methods 

Study site 

After a survey around several of the Galfipagos Islands, we selected 
a small peninsula about 3 km south of Punta Espinosa, Isla 
Fernandina, for our study site (latitude 0.3~ longitude 91.4~ 
This location was chosen because it was frequented daily by as many 
as 150 juvenile and adult marine iguanas and because its complex 
topography afforded them a range of microhabitats. We mapped 
the site and delineated 10 discrete study areas within it, based on 
salient physical features (Fig. 1), such as orientation and slope 
(Table 1). 

Meteorological measurements 

Global and reflected radiation were measured with Eppley black 
and white pyranometers. The pyranometer used to measure reflected 
radiation was calibrated in its inverted position according to the 
methods of Norris (1974). Diffuse solar radiation was measured with 
an Eppley black and white pyranometer fitted with an occluding 
ring, which shaded the pyranometer from direct sunlight. Values for 

Fig. 1. Overhead view of study site. Study areas are designated by 
numbers and letters. Sea water surrounding the site is represented by 
diagonal lines and the crest of the peninsula is delineated by the 
dashed line 

Table 1. Average slope aspects of the 10 study areas 

Study area Slope azimuth Slope altitude 
Angle (deg.) Angle (deg.) 

la  75 65 
lb 250 10 
lc 172 10 
2a 323 30 
2b 341 65 
3 306 20 
4 300 25 
5 159 50 
6 124 62 
7 124 41 

diffuse radiation were corrected for the portion of the sky blocked by 
this ring (G.S. Bakken, pers. comm.). We estimated direct solar 
irradiation of the 10 study sections using the formulations of Gates 
(1980), average slope altitudes and azimuth angles of the 10 locations 
(Table 1), and our measurements of direct solar radiation on a hori- 
zontal surface (Fig. 1). 

Wind speed was measured using hot-ball anemometers 
(Buttemer 1981). These were calibrated before and after field use, 
using a laminar-flow wind tunnel fitted with a Gill 4-vane anemo- 
meter (R.M. Young Co.) as a reference. Three anemometers each 
were attached to two thin-walled conduits and placed 0.3, 1.0, and 
1.6 m above the surface of the lava substrate. These anemometer 
towers were placed on opposite sides of the study site (areas 3 and 6; 
Fig. 1). A separate group of 4 hot-ball anemometers and ther- 
mocouples were attached to a rectangular frame which was moved 
about the colony. Anemometers on this ladder were spaced 
4.5, 15, 25.5, and 45 cm above ground level and the 4 thermocouples 
were spaced 2, 12.5, 23, and 43 cm above ground level. 

Wind direction was monitored with a wind vane positioned 4 m 
above the surface between the two anemometer stands. A continu- 
ous-turn potentiometer attached to the base of the vane formed part 
of an electrical circuit whose voltage output varied as a function of 
wind direction. 

Air temperature (T,) at the height of each anemometer was 
measured using shaded, butt-welded 36ga copper-constantan 
(Cu-Cn) thermocouples. These were calibrated, using the same re- 
cording system, against a previously calibrated mercury-in-glass 
thermometer. Surface temperatures (Ts) at 3 locations were 
monitored with 22 ga Cu-Cn thermocouples cemented to the sub- 
strate using epoxy resin mixed with substratum to color-match the 
particular site. All meteorological data were recorded at 10-min 
intervals using a Kaye System 8000 precision voltage recorder. 
Electrical power was supplied by a Honda 2.5 kVA generator fitted 
with a frequency-conditioning circuit. 

Operative temperature evaluation 

Measurement of the equilibrium temperature of an object sharing 
the physical characteristics of an animal's surface and dimensions 
provides one way to measure its operative environmental temper- 
ature (Te; Bakken and Gates 1975). Because the body temperature 
(Tb) of inactive lizards primarily results from thermal exchanges 
between the animal's surfaces and their environment, To measured at 
sites shared by lizards will closely approximate their Tb. Accord- 
ingly, we made isometric models of a 1.1 kg marine iguana following 
methods outlined by Bakken and Gates (1975). Selection of an 
iguana this size was influenced by two considerations; firstly, it was 
most representative of the iguanas at our study site and, secondly, it 
was near the upper size limit for our casting and electroplating 
capabilities. This modelling procedure involves making a negative 
mold of the iguana using alginate impression material (Jeltrate Type 
II) and then pouring microcrystalline casting wax into the mold to 
make a life-sized replica of the lizard. Before making the mold, the 
iguana was immobilized by chilling it overnight until its Tb was 
about 3 ~ C. Two wax replicas were made of the animal in its 
prostrate basking posture. Forty-eight h later, following its full 
recovery, two more castings were made with this lizard in its elev- 
ated basking posture (see Bartholomew 1966 for description of 
postures). Thermocouples attached to 1-cm wide strips of copper 
sheet were inserted laterally at three locations in each model: midline 
through the head, thorax, and abdomen of each wax replica. The 
copper strips were trimmed to the cast's wax surface, which was 
scribed to accommodate later addition of a length of Cn wire and 
then painted with an electrically-conductive silver paint (Electrodag 
415; Acheson Chemical Co.). After electrodepositing one layer of 
copper on the cast, an electrically-insulated length of Cn was affixed 
to the tract previously scribed and a thin layer of polyester resin was 
then added to strengthen the cast. The cast was then repainted with 
Electrodag 415 and coated with a second layer of copper. Following 
removal of wax from each copper replica, their surfaces were painted 
to color-match live iguanas. The reflectivity of replica and 
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live iguana surfaces was evaluated over the spectral range of 
350-1550 nm using an ISCO spectroradiometer (model SR) with 
a fiber optic detector. For these measurements, we placed the de- 
tector in a columnating cylinder and compared the reflectance of the 
animal and model surfaces to known standards (BaSO4; Eastman 
Kodak Nextel flat black; Eastman Kodak gray card) in sunlight. 

We placed the completed models at the same location and 
orientation at study area 6 for half a day and recorded their temper- 
atures at 10-min intervals to check the level of thermal agreement 
between duplicate castings. After this trial period, models were 
moved to sites most often used by subtidal foragers at study areas 
3, 4, 5, 6, and 7 for the next 3 days. Operative temperatures were 
calculated by weighting temperatures measured at the three loca- 
tions in each replica by the relative body volume associated with 
each thermocouple site. Overall thermal conductances (Ke, Bakken 
1976b) associated with models at various field sites were determined 
from cooling rates of heated models. Models were heated by provid- 
ing a DC voltage to the embedded Cn wire until the model lizards 
were 15-20~ warmer than preheated values. At this time, we 
switched off the DC power source and recorded their body temper- 
atures at 5 s intervals until these values stabilized. 

We evaluated effective surface areas for absorption of direct solar 
radiation of elevated and prostrate basking models using photomet- 
ric methods. This procedure involved photographing each lizard 
model at a fixed distance at camera zenith angles ranging from 0 ~ 
and 90 ~ . The surface areas associated with the photographic nega- 
tives of the models were quantified using a photoplanimeter (Quan- 
timet 720 Image Analyzer). 

Behavioral observations 

We surveyed each of the 10 study areas, as well as nearshore and 
offshore locations adjoining the study site, from a distance that did 
not disturb the iguanas. These observations, made between 1 and 22 
July, commenced near sunrise and were repeated at ca. 15-min 
intervals on most days until sunset. For each observation period, we 
noted the number of animals at each area, their posture and orienta- 
tion, whether they were wet or dry, and the number of lizards that 
were feeding. Those iguanas seen grazing on exposed rocks near- 
shore were classified as intertidal foragers and those observed free- 
swimming and periodically diving were termed subtidal foragers. We 
also censused the study site on several nights and again the next 
morning before first light to evaluate how mobile animals were 
through the night. 

Values reported below are given as means plus or minus one 
standard error unless stated otherwise. 

R e s u l t s  

Foraging times 

We have complete daily records of  intertidal and subtidal 
foraging for 14 and 17 days, respectively, over the course 
of  our  study. The mean  time of day associated with forag- 
ing subtidally or  intertidally was determined by summing 
the produc t  of the number  of  individuals seen feeding and 
the time of day that  the observations were made over the 
course of the day. As expected, mean  feeding times of  
intertidal foragers were significantly correlated with tidal 
phase (Fig. 2). Dur ing  tidal lows, very few subadul t  
iguanas were seen ashore. Fo r  intertidal foragers, the 
relation between mean feeding time (tf in h) and time of  
low tide (tit in h) is described by the relation: 

t f=  1 .3+0.8 tit (1) 

( r=0.99;  P<0 .001 ;  sb=0.026; Sy.x=0.39; N =  14 days) 
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Fig. 2. Low tide and marine iguana foraging times over the course of 
our study. The vertical bars represent 95% confidence limits for the 
daily mean values presented 

Subtidal feeders, by contrast,  fed independently of 
tidal cycle and showed a predictable diurnal feeding 
pat tern  with a daily mean time of 1303h (__6min; 
r a n g e =  1207 to 1339 h; N =  17 days) (Fig. 2). For  three 
large male lizards (mean mass=2.9_+0.3 kg) that  were 
individually marked as part  of another  s tudy (G.A. 
Bar tho lomew and D. Vleck, pers. comm.), the mean  time 
of  water entry was 1234 h ( +  19 rain; n = 14 observations) 
and the mean  time of  emergence from feeding was 1316 h 
( i l l  min; n - - 1 0  observations). Daylength  at this equa- 
torial site was nearly constant  t h roughou t  our  3-week 
study. 

M icrometeorological conditions 

Air temperature,  measured from 30 min after sunrise until 
30 min before sunset at a height of 0.5 m, averaged 
24.5 + 0.06 ~ C over the course of our  study. Night t ime air 
temperatures,  measured 30 rain after sunset until 30 rain 
before sunrise, averaged 20.8 _+ 0.04 ~ C over the study per- 
iod. Noc tu rna l  temperatures  of  easterly and westerly ex- 
posed surfaces (areas 4 and 6) did not  differ significantly 
(P>0 .6 )  and averaged 22 .0_0 .05~  Dur ing  daylight, 
however, surface temperatures at these two sites differed 
significantly (P<0.001)  and averaged 34.8_+0.18 and 
32.3__0.15~ at sites 4 and 6 (Fig. 1), respectively. The 
average daily surface albedo measured at area 6 between 
1100 and 1300 h was 0.169___0.001. 

Because the 10 study areas had different slope aspects 
(Table 1), insolat ion varied both  quantitatively and tem- 
poral ly a m o n g  these sites (Fig. 3). For  example, for two 
sites that  had comparable  solar radiative loadings (1 a and 
3s), the peak solar receipt at both  sites was nearly 4 h 
apar t  (Fig. 3). To generalize, sites with easterly to south- 
easterly aspects (areas la, 5,6, and 7; Fig. 1) had peak 
insolation before midday. In contrast,  sites with more  
north-westerly aspects (areas 2a and 2b; Fig. 1) received 
strongest solar radiat ion near midday  and those with 
more  westerly orientat ion (areas 3, 3s; a horizontal  shelf at 
area 3 with a 45 ~ slope, and 4; Fig. 1) had greatest solar 
insolation after 1300 until nearly 1600 h. Area lc  (Fig. 1) 



rarely received more than 200 W/m 2 on clear days be- 
cause of its slope and shading by the adjacent cliff. Area 
lb, in contrast received direct sun only after 1400 h. 

Local differences in wind speed were also noted be- 
tween easterly and westerly slopes. Throughout our study, 
there was a pattern of gusty southeasterly winds in early 
morning hours lasting until about midday. This pat- 
tern was so consistent that out of 17 days for which we 
have complete diurnal wind records, 15 had wind direc- 
tion shift from E-SE to NW at a modal time of 
1159 h_+20 min (range= 1000 to 1530 h). During the two 
days lacking this pattern, southeasterly winds persisted all 
day. These shifts in wind direction, from E-SE to NW, 
were also accompanied by abrupt reduction in wind speed 
(Fig. 4). For example, for the 15 diurnal windshifts we 
recorded, the average wind speed at 0.5 m above the 
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Fig. 3. Total solar radiation (direct plus diffuse) received by six of 
the study areas on 1 July 
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surface at area 6 was 3.43_+0.18 m/s when the wind was 
from the E-SE and 0.74 +_ 0.04 m/s when it shifted to the 
NW. During periods of E-SE winds, wind speeds meas- 
ured 0.5 m to the west of area 3 and ca. 1 m below its crest 
averaged 0.63_+0.05 m/s. This latter area was often fre- 
quented by iguanas basking after midday foraging. 

Temporal pattern of land use by Marine Iguanas 

Given the heliothermic nature of marine iguanas 
(Bartholomew 1966; White 1973), we were surprised to 
find that most lizards were not distributed in a manner 
permitting maximal insolation at dawn. On average, tess 
than a quarter of the lizards used sites with easterly to 
southeasterly orientations early in the day (areas la, 5, 6, 
and 7; Fig. 1). Most use of these areas was, in fact, deferred 
until about 1100 h. The typical daily progression was for 
lizards, particularly subadults, to congregate mostly at 
north to northwesterly sites which were partially pro- 
tected from easterly winds (2, 2a) until midday and then, 
depending on how long they had been basking, to shift to 
either easterly (la, 5, 6, 7) or westerly (3,4, lb) locations. 
Those lizards exhibiting elevated basking postures 
(Bartholomew 1966) were usually seen at the easterly sites. 
On days with low wind, many lizards at these sites would 
exaggerate this posture by placing their forelegs on raised 
lava and pointing their heads directly to the sun as de- 
scribed by Bartholomew (1966) and White (1973). 

Iguanas feeding subtidally returned mainly to areas 
3 and 4 (Fig. 1) following foraging. Basking locations used 
by intertidal feeders were more variable, but tended to be 
clustered near areas 2a and 2 when animals fed in the 
morning through midday and near areas 2a, lb, and 3 
(Fig. 1) when they fed later. After a suitable period of 
post-prandial basking, iguanas tended to shift to areas 
la, 5, 6, and 7 until about 1500-1600. At this time, many 
iguanas moved to westerly sites (lb, 3, and 4; Fig. 1) and 
remained there until the following morning. On most 
evenings, dense clusters of subadult iguanas assembled 
along a shelf between areas 3 and 4 and remained there 
until the following morning. We did not see large adult 
male iguanas in these nocturnal clusters. 
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Fig. 4. Wind speed and wind direction measured at 0.5 m above the 
surface of study areas 6 on 20 July. Vertical bars designate 95% 
confidence limits for the hourly means depicted 

Operative temperatures 

Based on the field spectral reflectance measurements, the 
effective solar absorptance of models and live iguanas 
averaged 0.976 (+__ 0.004) and 0.955 (_+ 0.006), respectively. 
These values were derived by applying a finite approxima- 
tion to equation 3 of Porter and Gates (1969) and used 
a solar spectral irradiance representative of sea level and 
an airmass of 1.5 (Bakken et al. 1978). The similar solar 
absorptances of living and model iguanas would cause 
operative temperatures of the models to approximate 
closely those of similar-sized live iguanas. Although the 
lizard chosen for casting was of smaller mass than subtidal 
foragers, its external dimensions differed to a lesser extent. 
Considering that convective heat exchange is related to 
the square root of an object's diameter (Gates 1980), the 
square root of head, thorax, and foreleg diameters of 
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a 3 kg iguana averaged only 22_+ 0.3% higher than those 
for a 1 kg lizard. Thus, although Te of a 1.1 kg lizard will 
be somewhat different than that of a 3 kg one, evaluations 
of T~ made using models of a 1.1 kg iguana are pertinent 
to those of subtidal foragers. 

Comparison of T~ for two prostrate basking models 
over the course of a day reveals striking thermal differ- 
ences between areas 6 and 3 (Fig. 5). The model at area 6 
(M-4; Fig. 5) warmed up earlier than the one at area 3 
(M-l; Fig. 5) but its T~ remained much lower than that of 
M-1 for most of the diurnal period. The abrupt rise in 
M-4's T~ after 1200 (Fig. 5) was coincident with the typical 
change in wind direction and wind speed occurring at 
midday (Fig. 4). These midday T~'s for the prostrate bask- 
ing models were higher than the 35 to 37 ~ C range of body 
temperatures preferred by marine iguanas (Bartholomew 
1966). However, the operative temperature of an iguana 
model in the elevated basking posture remained between 
30 and 35~ from 1100 until 1600h (Fig. 6). The latter 
model (M-3) was situated near the crest of area 6 (Fig. 1) 
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Fig. 6. Midmorning to late afternoon operative temperatures for 
two marine iguana models in prostrate basking postures (M-1 at 
study area 3; M-4 at study area 6) and for a model in the elevated 
basking posture (M-3 at study area 6) on 20 July. The head temper- 
ature of M-3 is also depicted (ThM- 3) 

and positioned with its head pointed to the sun. Conse- 
quently the long axis of its body was parallel to incident 
solar irradiation. After the wind shift at 1220 h, the head 
temperature of M-3 remained 2 to 3~ cooler than its 
overall Te for much of the afternoon (Fig. 6). 

Discussion 

In their insightful analysis of lizard thermoregulation, 
Huey and Slatkin (1976) suggested how interspecific and 
intraspecific differences in level and precision of thermo- 
regulation might result from variation in costs associated 
with these behaviors. They predicted, for example, that 
precise thermoregulation is more likely to be associated 
with lizards living in open habitats than those lacking easy 
access to basking sites. The persistently high insolation at 
our equatorial study site, which is in the rain shadow of 
Volcan Fernandina, provided ample opportunity for solar 
basking by the resident marine iguanas. These conditions 
are ideal for permitting subtidal foragers to maximize 
their periods at high body temperatures, but do they 
achieve this? The answer is emphatically no. From the 
standpoint of maximizing periods of high daytime Tb'S, 
the best time to feed would be at first light. The average Tb 
of four adult male iguanas was 20.5 + 0.4 ~ C just before 
sunrise (G.A. Bartholomew and D. Vleck, pers. comm.). If 
these lizards were to enter the water at sunrise, they would 
gain some heat from the slightly warmer seawater and 
then return to land approximately 1 h later and begin 
basking. Instead, almost all subtidal feeders entered the 
water after they had warmed above nocturnal levels, only 
to become cooled again while swimming. This is corrobor- 
ated by telemetry data for adult male iguanas which had 
Tb'S of 36.1 _+ 0.5~ just prior to entering the water to feed 
and 22.4 +_ 0.2 ~ C upon coming ashore 50 min later (G.A. 
Bartholomew and D. Vleck, pers. comm.). 

Another indication that the largest iguanas are not 
maximizing their daily Tb is shown by their habit of 
spending nights singly and fully exposed. This results in 
their having lower Tb's throughout the night than smaller 
conspecifics that cluster nocturnally at exposed sites 
(Boersma 1982) and lower than those associated with 
similar-sized Galfipagos land iguanas (Conolophus pal- 
lidus) resting alone in burrows (Christian and Tracy 1985). 
Although we did not measure Tb'S of clustered subadult 
iguanas, we monitored substrate temperatures at a site 
where these lizards routinely clustered 2-3 individuals 
deep. By 1 h after sunset, the mean nightly temperature 
beneath the lizard cluster averaged 31.1_0.2~ which 
was nearly 9~ higher than Ta, but indistinguishable 
(P > 0.4) from Tb'S of large single males containing temper- 
ature transmitters (G.A. Bartholomew and D. Vleck, pers. 
comm.). By midnight, however, Tb'S of solitary large 
iguanas approximated T, (both about 21 ~ C) whereas tem- 
peratures beneath the subadult iguana cluster averaged 
26.2 4- 0.2 ~ C. 

An appreciation of how much the large iguanas may 
underutilize the thermal resources of their habitat is 
gained by comparing the telemetered Tb'S of a large male 
iguana that remained mostly at one location for over 24 h 
with hourly maximal diurnal Tb'S that were recorded for 
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similar-sized iguanas over a range of locations during the 
course of our study (G.A. Bartholomew and D. Vleck, 
pers. comm.; Fig. 7). The nocturnal Tb'S used for this 
composite are based on values expected for an individual 
clustering with conspecifics instead of resting singly. 
The average 24-h Tb of the sessile iguana was 27.2 _+ 1.3 ~ C. 
This is significantly lower than the Tb it could attain 
(31.6_+1.4~ P<0.001) if it were to move around the 
study site throughout the day and cluster with others at 
night (Fig. 7). 

On first consideration, the above differences of 4.4 ~ C 
may seem trivial, but it must be appreciated that rates of 
many physiological processes, including food digestion 
and assimilation, are thermolabile (Dawson 1975; 
Diefenbach 1975; Harlow, Hillman, and Hoffman 1976; 
Harwood 1979; Christian 1986). The aerobic metabolic 
rate of marine iguanas, for example, nearly trebles when 
Tb rises by 10~ over the Tb interval 24.8 to 41.6~ 
(Qlo =2.9; Bennett, Dawson, and Bartholomew 1975). If 
the digestive and assimilative functions of marine iguanas 
share this thermal sensitivity, then the rates of energy 
storage and growth of this sessile iguana are 62% of those 
it could attain by maximizing Tb. 

It thus appears that large adult iguanas exploit the 
thermal potential of their environment to a lesser extent 
than subadult lizards. This may reflect size-related 
differences in benefits compared to associated costs of 
thermoregulation in these ectotherms. We suggest that 
intertidal feeders have more to gain by maximizing Tb 
than do subtidally-feeding lizards. This follows from both 
reproductive and allometric considerations. Because the 
polygynous mating system of marine iguanas favors large 
males and requires that females be of a particular size 
before breeding (Trillmich 1983), rapid growth of juvenile 
iguanas would have an important consequence for their 
fitness. In addition, predator pressure favors rapid growth 
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Fig. 7. Composite of highest hourly diurnal body temperatures 
recorded for large male marine iguanas (mean _+ 95% confidence 
interval of 3 highest values) over the course of the study and 
predicted maximal nocturnal values (open circles) to values recorded 
for 24 consecutive h from a large male marine iguana (filled circles). 
Maximal nighttime Tb values used for this comparison are based on 
temperatures measured beneath clustered sub-adult lizards and as- 
sumes that the large iguanas would share these temperatures if they 
were to join the cluster 

as avian predators on these lizards feed mainly on smaller 
marine iguanas (Carpenter 1966; Boersma 1982). Their 
small size, however, limits their food procurement in two 
important ways: firstly, by their being restricted to inter- 
tidal foraging, their feeding is constrained spatially and 
temporally and, secondly, allometric considerations sug- 
gest that smaller individuals provision proportionately 
less of their energy needs with each gut filling than do 
larger forms (Calder 1984). The daily energy expenditure 
(DEE) of marine iguanas, for example, scales as a function 
of body mass 0.68 (Nagy and Shoemaker 1984). This 
means that a 3-kg lizard would have a DEE little more 
than twice that of a 1 kg individual. By contrast, the gut 
content of another hebivorous iguanid, Iguana iguana, 
remains the same proportion of total body mass through- 
out development (Troyer 1984). If marine iguanas share 
this scaling, then smaller lizards will have less food avail- 
able for maintenance and growth with each gut filling 
than larger ones. Juveniles could offset this limitation 
somewhat by topping up their gut contents at every forag- 
ing opportunity and reducing processing time between 
meals through effective behavioral thermoregulation. This 
pattern of feeding has been described for another herbi- 
vorous ectotherm, the tent caterpillar (Malacosoma ameri- 
canum, Casey et al. 1988). Interestingly, the amount of 
food processed daily by these caterpillars, as well as their 
growth rate, is highly sensitive to Tb which most cater- 
pillars attempt to maintain at high daytime levels through 
behavioral thermoregulation (Casey et al. 1988; Knapp 
and Casey 1986). Observations that marine iguanas small- 
er than 1.4 kg normally feed daily, whereas those larger 
than about 2 kg often feed every 2-3 days (Trillmich 1983; 
Trillmich and Trillmich 1986; Nagy and Shoemaker 1984; 
this study) support the notion that juveniles are maximi- 
zing food throughput. The nightly clustering of juveniles 
also appears adaptive in this context, judging by a study of 
another herbivorous tropical iguana, Cyclura nubila, 
whose feeding and growth rates increased directly with its 
nighttime body temperature (Christian 1986). 

Another size and gender-ordered behavioral difference 
in these lizards concerns fighting. We only observed agon- 
istic interactions between large males, usually when one 
male approached another male while it was basking. 
These aggressive tendencies between large males may 
partly be responsible for their minimal movement about 
the study site during the day and their habit of sleeping 
alone. A question remains, however, as to why these 
animals avoid the thermal benefits of feeding at dawn to 
instead feed early in the afternoon. Three possibilities 
occur to us: 1) iguanas may wait until their Tb reaches 
a particular value before initiating foraging; 2) they avoid 
hyperthermia by entering the cooler water at a time of day 
when thermoregulation is difficult; and/or 3) they select 
feeding times that precede periods with the greatest poten- 
tial for rewarming. We will consider each of these possibil- 
ities separately, although they are thermally interrelated. 

If subtidal feeding were initiated only after attainment 
of particular Tb's, we would expect the modal times for 
this activity to vary as functions of climatic conditions. 
Over the course of our study, however, modal subtidal 
feeding times were relatively invariant and showed no 
pattern of being earlier on mornings favoring more rapid 
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(low wind speeds; high insolation) or less rapid (high 
wind speeds; overcast) body warming. Furthermore, the 
telemetered Tb'S of iguanas entering seawater ranged from 
24.9 to 37.6 ~ C during our study (Bartholomew and Vleck, 
pers. comm.). Because a number of large iguanas reach 
this range of Tb'S by 0900 h, but do not feed at this 
time, we dismiss the idea that large iguanas are restricted 
thermally to feeding at midday. We should point out, 
however, that all Tb's below 32~ involved individuals 
which resumed subtidal feeding after resting on offshore 
rocks. 

The second suggestion, that large iguanas avoid over- 
heating by feeding at midday, is not supported by either 
our behavioral observations or measurements of tele- 
metered body temperature. If overheating were a problem, 
we would expect all large iguanas to enter the sea daily at 
this time of day. Instead, we only once saw all the large 
iguanas at our study site feeding the same day. This 
particular day did not differ significantly from others 
concerning its thermal characteristics, but it was asso- 
ciated with a very low tide at midday. Even on days with 
low wind speeds and high insolation, many large iguanas 
moved to the crest of the study site (Fig. 1), placed their 
forelimbs on nearby rocks, and directed their heads and 
anterior bodies towards the sun. From measurements of 
the surface areas of the two types of models, we found the 
effective radiational areas to range from 465 cm 2 for the 
prostrate basking posture with the sun directly overhead 
to 170 cm 2 for the upright model when sunpointing. Thus, 
a simple postural adjustment significantly reduces radi- 
ative heat gain while simultaneously facilitating both free 
and forced-convective heat losses from the elongate fore- 
body. The efficacy of this configuration is indicated by the 
much lower operative temperatures of sunpointing 
models compared to prostrate basking ones (Fig. 6). Addi- 
tionally, the lower operative temperatures of heads com- 
pared to other body regions (Fig. 6) coupled with their 
lower thermal masses (Pough and McFarland 1976) per- 
mits maintenance of brain temperature within vital limits 
through postural adjustment, even in the absence of 
shade. 

We now consider the third suggestion, that the time 
used for subtidal feeding coincides with periods permitting 
the highest rates of rewarming. Evaluation of this possibil- 
ity requires knowledge of how radiative and convective 
conditions varied spatially and temporally at our study 
site, as well as how these variations affected thermal ex- 
changes with marine iguanas. The complex thermal inter- 
actions affecting a lizard's rate of warming are simplified 
to: 

dTb/dt = K~(Tb- T~)/C (2) 

where, dTb/dt represents the rate of body temperature 
change, (Tb-T~) is the difference between the animal's 
core body temperature (Tb) and the operative environ- 
mental temperature (T,), C is its thermal capacity, and K, 
is its overall thermal conductance (Bakken 1976b). Ther- 
mal measurements of marine iguana models not only 
permit evaluation of Te (Bakken 1976a), but also can be 
used to evaluate Ko using cooling-curve analyses of 
models that are previously heated (Bakken 1976b). After 

evaluating T,'s and K ' s  associated with sites which typi- 
fied those receiving peak solar radiation in the morning 
(areas 5 and 6) and those which typified sites getting peak 
insolation early in the afternoon (areas 3 and 4), we con- 
clude that the time and location used for landing by 
subtidal feeders afford them the highest probability for  
attaining maximal rates of rewarming on a given day. 
Thus, although several areas have similar peak rates of 
solar irradiation (Fig. 3), only areas 3 and 4 have consis- 
tently high insolation levels coupled with low wind speeds 
occurring just after midday. 

The daily use of wind-protected sites for basking has 
also been observed in Gal~tpagos land iguanas (Christian 
and Tracy 1983). At some locations in the Gatfipagos, 
there is a protracted weather condition called the Garua 
which is associated with cool, foggy days. During the 
Garua season, land iguanas regularly selected micro- 
habitats that were leeward to the prevailing southeasterly 
winds but exposed to afternoon sun. By actively moving 
about their home ranges, these land iguanas were able to 
maximize the time they spent at preferred T b each day 
(Christian and Tracy 1983). This is similar to the pattern 
of microhabitat use we observed for juvenile marine 
iguanas at our study site, but distinctively different to that 
of the larger adults. Striking thermoregulatory differences 
between juvenile and adult ectotherms have been reported 
for the Western toad (Bufo boreas; Lillywhite et al. 1973) 
and we expect that, with close scrutiny, size-ordered 
changes in behavioral exploitation of thermal environ- 
ments will be noted for many other ectothermic animals. 

A question remains concerning the advantage for sub- 
tidally-foraging marine iguanas to warm as rapidly as 
possible following their emergence from the water. We 
suggest that submarine feeding by these lizards perturbs 
their metabolic and ionic homeostasis and that the time 
required for recovery from these disturbances is temper- 
ature dependent. Like their terrestrial relatives, marine 
iguanas rely mainly on anaerobiosis when pushed to exer- 
tion, particularly when body temperatures are below pre- 
ferred levels (Bennett et al. 1975; Bartholomew et al. 1976). 
Despite this, blood lactate levels in post-prandial indi- 
viduals do not differ significantly from pre-foraging levels, 
suggesting they do not rely on anaerobiosis while foraging 
(Gleeson 1980a). We note, however, that one of the ten 
iguanas sampled in the latter study had blood lactate 
levels reflecting extensive anaerobiosis. Regardless of how 
foraging effort is supported metabolically, the rate of 
recovery from both aerobic and anaerobic exercise is 
strongly temperature dependent, being about two-fold 
faster at Tb'S of 35~ than at Tb'S of 25~ (Gleeson 
1980b). Because the extent of an iguana's recovery from 
previous exertion directly affects its subsequent endurance 
(Gleeson 1980b), lizards warming quickly following 
a foraging bout will be able to resume terrestrial activities 
sooner and sustain them for longer periods than lizards 
having lower Tb'S. Such capability may be especially im- 
portant to large adult males which may actively maintain 
territories outside the breeding season (Trillmich 1983). 

Another physiological perturbation likely to result 
from submarine feeding concerns ion balance. As for other 
herbivores, the plant diet of marine iguanas is potassium- 
rich but, unlike terrestrial plants, marine algae also 
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contain substantial amounts  of sodium and chloride 
(Shoemaker and Nagy 1984). Subtidal foragers, however, 
are likely to ingest proport ionately more NaC1 per forag- 
ing bout  than intertidal foragers for two reasons. Firstly, 
unless exposed intertidal algae are in a splash zone, the 
amount  of seawater ingested with them will be less than 
for submerged algae. Secondly, the amount  of food inges- 
ted by intertidal foragers, which feed daily, should be 
proport ionately less than by subtidal feeders, particularly 
the largest ones which feed every two to three days. From 
estimates of daily NaC1 intake by free-living iguanas 
(Shoemaker and Nagy 1984), a 2-kg marine iguana feeding 
every 3 days would ingest 87.0 and 94.2 mM o f N a  § and 
C1-, respectively, at each feeding. If the extracellular fluid 
(ECF) volumes of marine iguanas are similar to those 
measured in other iguanas (Minnich 1968; Nagy 1972), the 
amount  of NaC1 ingested by this 2-kg iguana is more than 
2/3 the total amount  normally found in its entire ECF. 
This would result in a marked increase in ECF volume, 
and, accordingly, produce a rise in plasma volume. Such 
fluid shifts might well compromise cardiovascular func- 
tion until the dietary NaC1 was excreted. 

This high potential for ECF volume expansion follow- 
ing a meal gives added significance to the unusually high 
capacity for extrarenal salt excretion by marine iguana 
nasal salt glands (Dunson 1969, 1976). Dunson (1969) 
noted that the rates of nasal salt secretion were highest 
within the first few h of salt loading and declined steadily 
as the NaC1 was eliminated. We did note that many 
iguanas repeatedly sprayed fluid from their nostrils while 
basking after a feeding bout. We expect that the active 
t ransport  processes underlying nasal salt secretion in ma-  
rine iguanas are thermolabile, and we concur with Dun- 
son (1969) that the thermosensitivity of this process needs 
to be evaluated. 

We recognize the risk of attempting to impart  adaptive 
significance to the timing of subtidal feeding by marine 
iguanas from the limited data we have gathered. If 
our interpretations are correct, we would expect the 
timing of subtidal feeding to vary from one colony 
to another and even seasonally at the same site when, 
for example, the southerly winds were no longer a 
dominant  feature of morning weather conditions. Unfor- 
tunately, we have not returned to our study site to test 
this hypothesis but are intrigued by observations of 
colonies at different sites where modal  times for subtidal 
feeding fell mainly between 1000 and 1100 h (Trillmich 
and Trillmich 1986). 

We are left with the impression that the size-ordered 
differences we observed in marine iguana thermoregula- 
tory behavior reflect underlying ontogenetic changes in 
costs and benefits of thermoregulation due to differences 
in predator  pressure, quantity of food and electrolytes 
taken at each feeding, mode of foraging, and agonistic 
tendencies. Further insight into the dynamics of these 
interactions would result from thermoregulatory studies 
of subtidal feeders under variable conditions of energy 
need and availability. Examples include post-breeding 
periods when males have depleted their energy reserves 
(Trillmich 1983) and during E1 Nifio conditions which are 
associated with greatly reduced food availability 
(F. Trillmich, pers. comm.). 
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