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Abstract. We investigated the proximate environmental cues that influence the timing
of reproduction in the seasonally and synchronously breeding Galapagos marine iguana
(Amblyrhynchus cristatus). Marine iguana foraging patterns are closely linked to the tidal
cycle, and they feed exclusively on macroalgae. The Galapagos Islands are characterized
by seasonal currents that impact water temperature and ultimately algal abundance, which
isknown to affect iguanabody condition and survival. In our study, marineiguanas preferred
Gelidium sp., which had the highest nutritional quality (nitrogen content, carbon content,
and C:N ratio) of the three species of macroalgae on which they feed. Nutritional quality
in Gelidium changed predictably with increasing sea surface temperature, peaking around
the median iguana copulation date. Similarly, foraging behavior changed around the time
copulations began. To test if consistent relationships existed among food quality, water
temperature, and breeding life history, we used seven years of data from this population
and found that breeding occurred earlier in years when the mean December sea surface
temperature was warmer. Although iguanas might cue directly on changes in sea surface
temperature, given the frequency and intensity of El Nifio events in the Galapagos, this
hypothesis is unlikely. Rather, our results suggest that marine iguanas may use subtle
changesin food quality (particularly energy content) associated with seasonal, but annually
variable, changes in water temperature as a cue to initiate breeding. The excess available
energy may be used to withstand the costly breeding period, as well as to provision yolk

to improve hatchling growth and survival.
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INTRODUCTION

When an individual chooses to breed has important
fitness consequences. Both the age of first reproduction
(Pianka 1976), as well as the timing—month or sea-
son—of reproduction (Kennish 1997), can influence
lifetime reproductive success. Most animals have dis-
crete periods of breeding and nonbreeding that are in-
tegrated and regulated by environmental cues (Wing-
field et al. 1992, 1993). By determining the proximate
cues used to adjust the timing of reproduction, we can
make inferences about the selection pressures that may
have influenced the evolution of reproductive cycles
and ultimately maximized lifetime fitness.

Food availability influences the timing of reproduc-
tion in many species of birds (Perrins 1970, Drent and
Daan 1980), reptiles (Rand and Greene 1982, Wie-
wandt 1982, van Marken Lichtenbelt and Albers 1993),
mammals (Bodenheimer and Sulman 1946, Talbot and
Talbot 1963, Bunnell 1980), fish (Clifton 1995, Caceres
et al. 1994), and invertebrates (Kennish 1997). A short-
age of food prior to breeding can directly influence a
female’s ability to conceive (Bomford 1987, Cook et
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al. 2001), or indirectly affect offspring survival de-
pending on how the female apportions nutrients (i.e.,
energy) during fetal development in mammals (Thorne
et al. 1976) or vitellogenesis in birds and reptiles
(Congdon 1989). Alternatively, ashortage of food after
parturition or hatching can directly affect offspring sur-
vival (Lack 1947, Cote and Festa-Bianchet 2001). Spe-
cies that are income breeders, or do not use stored
reserves to breed, should be more sensitive to food
availability immediately before and during breeding,
whereas food availability after parturition or hatching
should be more critical for species that are capital
breeders and use stored reserves to breed. Thus, if food
is seasonally limiting for a species, natural selection
should (1) act to synchronize breeding (Rutberg 1987),
and (2) favor breeding times when food is most avail-
able for the parents directly preceding breeding (for
income breeders) or for the offspring directly following
breeding (for capital breeders).

In the course of along-term study of the Galapagos
marine iguana (Amblyrhynchus cristatus), we became
interested in the proximate environmental cues that in-
fluence the timing of reproduction in this endemic rep-
tile. Marine iguanas breed seasonally and synchro-
nously once a year, but the timing of reproduction
varies by a couple of months among the different pop-
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ulations or subspecies inhabiting each island (Wikelski
and Trillmich 1994). Although considered to be rigid
and predictable (Boersma 1983), the breeding period
can often vary by a few weeks from year to year on a
given island (M. Wikelski, personal observations).
Hatchlings emerge approximately four months after
breeding (Eibl-Eibesfeldt 1984) and, although they oc-
casionally feed on algae in the upper intertidal zone
(Dawson et al. 1977, Boersma 1983), they mainly eat
adult feces (presumably to obtain gut microbes essen-
tial for digestion as in green iguanas, Troyer 1982,
Wikelski et al. 2002) for approximately the first two
months (Boersma 1983; M. Wikelski, personal obser-
vations). Marine iguanas are unique among iguanines
in that they forage almost exclusively on marine ma-
croalgae in the intertidal zone or by diving subtidally
(Darwin 1883, Trillmich and Trillmich 1986).

Food availability has been an important selection
force in the evolution of body size in marine iguanas
(Wikelski et al. 1997, Wikelski and Wrege 2000), and
may have been equally important in the evolution of
their breeding life history (Boersma 1983, Laurie
1990). Marine iguanas are known to be food limited
(Laurie 1989), and body condition and survival are
directly impacted by food availability (Laurie 1989,
Laurie and Brown 1990b, Romero and Wikelski 2001).
These environmentally induced changes in body con-
dition caused by changes in food availability influence
breeding life history parameters such as clutch size,
clutch weight, frequency of breeding, and age of first
reproduction (Laurie 1990). Boersma (1983) suggested
that breeding in marine iguanas occurs when food
availability is highest: around the time of the annual
lowest low tide when the greatest amount of intertidal
algae is exposed. However, strong seasonal variation
in algal abundance (Houvenaghel 1978, Laurie 1989),
and presumably nutritional quality, may also strongly
influence food availability for marine iguanas and bet-
ter explain why the timing of reproduction varies from
year to year on agiven island, aswell asamong islands.
The waters around the Galapagos Islands are charac-
terized by highly seasonal currents that cause marked
changesin water temperature, nutrient levels, and water
movement patterns (Pak and Zanveld 1973, Feldman
1986, Fahrbach et al. 1991) that affect algal abundance
and growth (Houvenaghel 1978, Wikelski et al. 1997).
Thus, we hypothesize that marine iguanas may use
changes in food resources, such as food quality (i.e.,
alga nutritional quality) or food quantity (i.e., algal
abundance), associated with annual changes in water
temperature, as a cue to initiate reproduction.

In this study, we determined whether changesin algal
quality and/or quantity associated with seasonal chang-
es in water temperature affected the timing of repro-
duction. We studied a single population on the island
of Santa Fé for one breeding season and looked for
changes in food quality, food quantity, and foraging
behavior that coincided with the timing of reproduction
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and correlated with changes in sea surface temperature.
We then used data from six additional breeding seasons
from the same population to confirm the relationship
between sea surface temperature (as a correl ate of food
availability) and the timing of reproduction in the Ga-
|&pagos marine iguana (see Plate 1).

METHODS
Study site and environmental measures

Marine iguanas were continuously monitored on
Santa Féisland (90°02" W, 0°50" S), one of the central
islands in the Galgpagos, from 11 November 1999 until
11 January 2000 (during a La Nifia event with below-
average water temperatures). Our study site at Miedo
Beach consisted of a steep, rocky beach coastline, ~75
m long, with intertidal zone flats abundant with two
species of red macrophytic algae, Centroseras sp. and
Gelidium sp., and one species of green algae, Ulva sp.
(Wikelski et al. 1993). Although marine iguanas feed
on all three species (Wikelski et al. 1993, Wikelski and
Wrege 2000), the preferred diet on Santa Fé was red
algae, particularly Gelidium (Wikelski et al. 1993).
Times for high and low tide were obtained for the
neighboring island of San Cristobal at Bahia de Agua
Dulce (89°37" W, 0°54’ S). Sea surface temperatures
were recorded to the nearest 0.2°C using a glass ther-
mometer.

Algal sampling

We sampled the three dominant species of algae five
times from 11 November 1999 to 1 February 2000 in
four areasin thelower intertidal zone that were visually
distinct in their algal composition. We used a standard
tape measure to estimate the intertidal depth of each
area, which was calculated as the vertical distancefrom
the high tide line to the nearest 1 cm (increasing in-
tertidal depth is defined as moving from the high tide
lineto thelow tideline, i.e., closer to the water). Three
samples of each species from each area were collected
within 3 m of a transect line that ran perpendicular to
the high tide line and then cleaned of all epiphytic algae
and microorganisms. Changesin algal blade length are
the best estimate for changes in algal abundance, or
quantity, because algal abundance does not change un-
til its blade length is less than 1 mm (Wikelski et al.
1997). Algal length was measured to the nearest 1 mm
using a ruler.

Nutrient analyses

We assessed food quality by measuring carbon con-
tent (%C), nitrogen content (%N), and the C:N ratio.
In macroalgae, carbon content is highly correlated with
energy content (Kaehler and Kennish 1996, Rico and
Fernandez 1996) and nitrogen content with protein con-
tent (Rico and Fernandez 1996). The ratio of C:N has
been used as a more general estimate of food quality
(Niell 1976, Sterner and Hessen 1994). Samples were
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PLAaTE 1. Territorial marine iguana in the midst of a successful copulation. Photo credit: D. R. Rubenstein.

dried at 60°C for 48 h and freeze-dried for another 48
h until dry mass was stable. Homogenized samples of
0.9-1.0 mg were combusted using a Finnegan Carlo
Erba Automatic Combustion System (CHN analyzer;
Fisons Instruments, Milan, Italy) and analyzed on a
Finnegan MAT 252 gas source mass spectrometer (Fin-
negan, Bremen, Germany; accuracy for C, +0.87% and
for N, £0.19%).

Behavioral observations

We marked 119 marine iguanas (101 males and 18
females) of all sizes with temporary paint numbers,
which do not affect the behavior of the animals (Par-
tecke et al. 2002; M. Wikelski and D. Audet, unpub-
lished data), on their flanks for identification (see Plate
1). Behavioral observations were made continuously
from 0730 hours until 1730 hours from 14 November
1999 until 9 January 2000. We recorded all successful
copulations (those that lasted longer than 2 min; Wi-
kelski and Baurle 1996). Since females tend to copul ate
only once per season (Wikelski et al. 1996), we esti-
mated the timing of reproduction as the median cop-
ulation date because it represents the time when most
of the animalsin the population were breeding. We had
four observers continuously monitoring the study area,
so we are confident that we were able to see most of
the copulations and that certain animalswere not biased
with respect to observer time. Foraging observations
were made by the same observer from 11 November
1999 until 9 January 2000 and spanned three complete
tidal cycles. For every foraging bout made by each
marked animal, we recorded (1) the start time (when
the animal entered the intertidal zone or water to feed),
and/or (2) stop time (when it left the intertidal zone or
climbed to a high point and stopped feeding for more
than 2 min), and (3) whether it foraged intertidally or
subtidally (Wikelski and Trillmich 1994).

Data analysis

We tested for differences in nutritional quality (ni-
trogen content, carbon content, and C:N ratio) among
the three species of macroalgae using analysis of var-
iance models. We included speciestype, intertidal area,
sampling period, and all possible interaction terms in
the models, but we only report the statistics for species
type. We used independent contrasts on the least square
means to test for significant differences among species
pairs. A correlation between sea surface temperature
and date was used to confirm the expected seasonal
changes in water temperature. Multiple regression
models were used to determine the effects of sea sur-
face temperature and intertidal depth on (1) food qual-
ity (carbon content, nitrogen content, C:N ratio) and
(2) food quantity (algal blade length). Linear and qua-
dratic terms were used in all of the models. Date was
not included as an independent variable because it cor-
related strongly (r = 0.97) with sea surface tempera-
ture.

We used regression analyses to examine the rela-
tionship between mean intertidal foraging start time
and the time of low tide, as well as between mean
subtidal foraging start time and the time of high tide.
Only days when =10 foraging start times were ob-
served were used in the analysis. A chi-square good-
ness of fit test was used to determine if males foraged
subtidally more often than females, and an analysis of
covariance was used to determine if the length of in-
tertidal foraging bouts differed between males and fe-
males over the course of the breeding season. Since
foraging bout length did not differ between the sexes,
we combined observations and used regression anal-
yses and at test to examine the relationship between
mean foraging bout length and date during (1) the pe-
riod before the first copulation occurred and (2) the
period after the first copulation occurred.
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We used a multiple regression model to determine
if the mean sea surface temperature for the month of
December, the date of the lowest December low tide,
and their interaction terms were related to the median
copulation date. Only those independent variables that
were significant at P < 0.05 were used in the final
model and reported in the results. We cal culated a 90%
confidence interval around the relationship between
mean December sea surface temperature and median
copulation date to determine if values from two anom-
alous years with strong El Nifio events fell within the
interval.

REsuLTS
Food quality

Carbon content was positively correlated with nitro-
gen content in each of the three algae species (corre-
lations: Gelidium, F,5; = 438.13, r = 0.94, P < 0.0001,
Centroseras, F,5 = 197.34, r = 0.88, P < 0.0001,;
Ulva, F; 5 = 100.16, r = 0.79, P < 0.0001). However,
there were significant differences in carbon content,
nitrogen content, and C:N ratio among the three species
(ANOVA, only statistics for species type are reported:
carbon content, F, 1,0 = 198.90, P < 0.0001; nitrogen
content, F, 9 = 101.94, P < 0.0001; C:N, F; 9 =
262.31, P < 0.0001; Fig. 1). Since (1) our foraging
observations suggested that marine iguanas fed mainly
on Gelidium, and (2) an examination of 625 freshly
laid feces samples indicated that they foraged exclu-
sively on red algae and primarily on Gelidium (Ulva
was present in 0 of 625 samples), we only present data
for Gelidium in the rest of our analyses.

Seasonal changes in food quality and quantity

Sea surface temperature increased linearly over the
course of the season, from 17.5°C on 11 November
1999 to 25°C on 1 February 2000 (correlation F;; =
41.69, r = 0.97, P = 0.0075). This 7.5°C rise in sea
surface temperature is greater than for an average year
(i.e., no El Nifio or La Nifia event) on Santa Fé when
it only rises approximately 4.5°C (Wikelski et al. 1997).
Furthermore, because of the La Nifia event, the mean
December sea surface temperature was considerably
colder (21.3°C) than in December of most other years
(23°C; mean over seven years).

Carbon content in Gelidium increased with intertidal
depth and showed a significant quadratic relationship
with increasing sea surface temperature (multiple re-
gression: intertidal depth, F,5, = 8.78, P = 0.0045;
intertidal depth?, F,5, = 7.34, P = 0.0090; sea surface
temperature, F,5, = 10.36, P = 0.0022; sea surface
temperature?, F, 5, = 9.55, P = 0.0032; Fig. 2). Nitro-
gen content increased with intertidal depth, but only
showed anearly significant relationship with increasing
sea surface temperature (multiple regression: intertidal
depth, F; 5, = 10.72, P = 0.0019; intertidal depth?, F, g,
= 9.23, P = 0.0037; sea surface temperature, F, 5, =
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Fic. 1. (@) Carbon content, (b) nitrogen content, and (c)
C:N ratios differed among the three species of macroalgae.
Bars represent mean values + 1 se for each species pooled
for the four lower intertidal zones and five sampling periods.
Gelidium contained significantly more carbon and nitrogen
than Centroseras (14% and 3% higher carbon and nitrogen,
respectively; all P < 0.01) and Ulva (22% and 12% higher
carbon and nitrogen, respectively; all P < 0.0001). The C:N
ratio in Gelidium was 12% higher than Centroseras (P <
0.0001) and 11% higher than Ulva (P < 0.0001).

Centroseras Gelidium

3.72, P = 0.059; sea surface temperature?, F, 5, = 3.07,
P = 0.086; Fig. 2). The C:N ratio also tended to in-
crease with intertidal depth, and showed a significant
quadratic relationship with increasing sea surface tem-
perature (multiple regression: intertidal depth, F,5, =
3.03, P = 0.088; intertidal depth?, F,5, = 2.28, P =
0.14; sea surface temperature, F,5 = 19.530, P <
0.0001; sea surface temperature?, F;5, = 19.29, P <
0.0001; Fig. 2). We estimated the optimal growing tem-
perature (reflected in terms of carbon production, i.e.,
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C:N ratios in Gelidium changed predictably over the course
of the breeding season with increasing sea surface tempera-
ture. The approximate sea surface temperature (21.6°C) on
the median copulation date is depicted by the dotted line. The
nitrogen content continued to increase during the breeding
season, while the carbon content and C:N ratio reached a
peak and then began to decline.
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Fic. 3. Foraging behavior coincided with the tidal cycle.
Mean intertidal foraging start times (®) and mean subtidal
foraging start times (O0) are shown. Low tide (solid line) and
high tide (dashed line) cycles are also depicted. We observed
4160 bouts of intertidal foraging and 1072 bouts of subtidal
foraging over the course of 58 days. Females foraged sub-
tidally <1% of the time (5 of 718 total foraging observations),
while males foraged subtidally 24% of the time (1067 of 4514
total foraging observations; chi-square test, x> = 309.67, df
=1, P < 0.0001).

carbon content and C:N ratio; sensu Lapointe and Ry-
ther 1979, Macler 1986, Fredriksen and Rueness 1989,
Rico and Fernandez 1996) for Gelidium by taking the
derivatives of the quadratic relationships to estimate
the peaks of the curves (carbon content dx/dt = 22.3;
C:N dx/dt = 21.5; Fig. 2). Since sea surface temper-
ature was highly correlated with date, we calculated
the dates at which nutritional quality peaked in Geli-
diumas 7 January 2000 and 31 December 1999 (carbon
content and C:N ratio, respectively).

Algal quantity (i.e., blade length) did not change
over the course of the breeding season as sea surface
temperatureincreased, but it did increase with intertidal
depth (multiple regression: intertidal depth, F,5, =
11.81, P = 0.0011,; intertidal depth?, F,5, = 7.86, P =
0.007; sea surface temperature, F;5, = 1.53, P = 0.22;
sea surface temperature?, Fy5, = 1.34, P = 0.25). As
the season progressed, the red algae, Gelidiumand Cen-
troseras, became bleached and disappeared from the
upper intertidal zone, but little bleaching occurred in
the lower intertidal zone (where all of our sampleswere
collected).

Foraging behavior

Iguana foraging behavior was closely tied to the tidal
cycle (Fig. 3). Time of mean daily intertidal foraging
bout was related to the time of low tide (regression,
Fiss = 796.48, r2 = 0.94, P < 0.0001), and time of
mean daily subtidal foraging bout was related to the
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Fic. 4. The mean foraging bout length varied over the
course of the breeding season. The day the first copulation
occurred (16 December 1999) is depicted by the dotted line.
In the beginning of the breeding season (before the first cop-
ulation occurred) the mean foraging bout length increased
linearly as the season progressed. However, after copulations
began, this linear relationship disappeared.

time of high tide (regression, F,,, = 13.84, r2 = 0.42,
P = 0.0015). We found no difference between males
and females in the mean length of intertidal foraging
bout (ANCOVA: sex, F,4 = 3.43, P = 0.067; date,
F.e = 12.07, P = 0.0008; interaction, F,¢ = 2.82, P
= 0.97). Marine iguanas increased their mean foraging
bout length up until the day the first copulation oc-
curred (regression, F, ,; = 14.84, r2 = 0.36, P = 0.0007;
Fig. 4), at which time the relationship disappeared for
the remaining portion of the breeding season (regres-
sion, F;;5 = 0.032, r2 = 0.002, P = 0.86; Fig. 4).
Moreover, the mean foraging bout length was greater
during the period before the first copulation occurred
than the period after copulations began (t,; = 3.77, P
= 0.0005).

Copulation date, sea surface temperature,
and low tide

Using the regression equation from the relationship
between date and sea surface temperature, we reliably
estimated the sea surface temperature as 21.6°C on the
median copulation date (Fig. 5). We also examined data
collected during the breeding season on Santa Fé from
six additional years to look for a relationship between
sea surface temperature, low tide, and copulation date.
Since marine iguanas on Santa Fé always breed during
December, we used the mean December sea surface
temperature and the date of the lowest low tide of the
month in our model. There was no effect of low tide
date, but we did find that as the mean sea surface tem-
perature for the month of December increased, the me-
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Fic. 5. Copulations (n = 310) observed from 16 Decem-
ber 1999 to 9 January 2000. The arrow depicts the median
copulation date (29 December 1999). The median copulation
date from seven years of observations was 23 December
(=4 days, mean = 1 sp). The dip in copulations around 31
December 1999 was caused by extremely rough ocean con-
ditions highlighted by strong waves that caused most males
to temporarily abandon their territories and retreat to higher
ground for a few days.

dian copulation date occurred earlier (regression, F, g
= 52.95, r2 = 0.91, P = 0.0008; Fig. 6).

To help determine if iguanas might directly use sea
surface temperature or food quality as a cue to initiate
breeding, we used limited data from this Santa Fé pop-
ulation from two years (1982 and 1997) that experi-
enced strong El Nifio events, and thus extreme fluc-

31 Dec

26 Dec—

21 Dec—

Median copulation date

16 Dec 1 T ] |
21 22 23 24 25
Mean December sea
surface temperature (°C)

Fic. 6. The median copulation date vs. mean December
sea surface temperature. The breeding season began earlier
in years when the water temperature was warmer.
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tuations in water temperature. In 1982, the few animals
that tried to reproduce did so around 15 December (me-
dian copulation date; W. A. Laurie, unpublished data)
when the mean December sea surface temperature was
27.2°C. In 1997, the median copulation date was rough-
ly around 17 December, and the mean December sea
surface temperature was 28.3°C (M. Wikelski, unpub-
lished data). These values fall outside a 90% confi-
denceinterval around the relationship between Decem-
ber sea surface temperature and copulation date as de-
termined from the seven non-El Nifio years (Fig. 6),
indicating that during El Nifio years, the timing of re-
production is not related to sea surface temperature.
Moreover, during the 1997 El Nifio year, algal coverage
was still high in December even though it normally
declines when water temperatures get that warm (M.
Wikelski, personal observations). We did not have cor-
responding observations from the 1982 EIl Nifio event.

Discussion
Seasonal patterns of food quality and quantity

Marine iguanas preferred Gelidium, which had great-
er carbon content, nitrogen content, and C:N ratio than
Centroserasor Ulva, and foraged primarily in the lower
intertidal zone where Gelidium abundance and quality
was highest. These results are consistent with Wikel ski
et al. (1993) who found red algae, a combination of
Centroseras and Gelidium, to be higher than green al-
gae in both protein (nitrogen content) and energy (car-
bon content). In general, both carbon and nitrogen con-
stitute only a small proportion of marine macroalgae,
sometimes as little as 15% of the combined dry mass
(Niell 1976). Wikelski and Wrege (2000) found that a
mixture of the red and green macroal gae contained 3%
nitrogen and 32% carbon, and many other studies have
found similarly low values for other species of red and
green algae (Niell 1976, Hanisak 1979, Duarte 1992,
Rico and Fernandez 1996). Gelidiales, however, are
known to be one of the more energy rich species of
macroalgae (Patterson 1977). C:N ratios in macroal gae
have been reported to vary from 5 to 40 (Niell 1976,
Hanisak 1979), but critical values lie between 10 and
15 (Fredriksen and Rueness 1989). Lower values in-
dicate a period of active growth and nitrogen storage
(Niell 1976), while higher valuesindicate nitrogen lim-
itation (Lapointe and Ryther 1979). Our resultsindicate
that while nitrogen content was generally low, it may
not have been limiting for any of the three algae spe-
cies. Thus, significant differences in energy content,
reflected in the carbon content and C:N ratio, among
the three species of macroal gae might explain why Gel-
idium was preferred by marine iguanas.

Although the quantity (algal abundance) of Gelidium
did not change over the course of the breeding season,
the nutritional quality varied predictably. While nitrogen
content continued to increase throughout the season, car-
bon content and the C:N ratio peaked and then began
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to decline. Thisis consistent with most other species of
macroal gae, which show seasonal changesin nutritional
quality reflected as periodic patterns in carbon and ni-
trogen content that tend to increase or decrease at rough-
ly the same time (e.g., Black and Dewar 1949, Hanisak
1979, Rico and Fernandez 1996, Kennish 1997).

Both macroalgae abundance, a measure of food
quantity, and growth, ameasure of food quality, depend
on a complex interaction among factors such as irra-
diance, water temperature, nutrients, and water move-
ment (Lapointe and Ryther 1979, Oliger and Santelices
1981, Macler 1986, 1988, Santelices 1991). Gelidiale
growth, however, may be most impacted by sea surface
temperature (Hernandez-Guerrero et al. 2000). Al-
though the sea surface temperature increased linearly
over the course of the breeding season, the Gelidium
quality (best expressed as the C:N ratio; Niell 1976,
Sterner and Hessen 1994) only increased until the sea
surface temperature reached approximately 21.6°C.
This peak corresponds with the optimal temperature
growth range (i.e., carbon production) in tropical Gel-
idiales (17-25°C; Fralick et al. 1990) and in two species
of lower intertidal Chilean Gelidiales (20—21°C; Oliger
and Santelices 1981).

Reproductive timing, food quality, and sea
surface temperature

Although marine iguana foraging was closely tied to
the tidal cycle, foraging patterns changed over the
course of the breeding season. Mean foraging bout
length increased linearly up until the day the first cop-
ulation occurred, but this relationship disappeared in
the period after copulations began. This also coincided
with the time when food quality began to decline, and
suggests that part of this change in foraging behavior
could have been due to the change in food quality.
Alternatively, it could simply reflect a trade-off in the
amount of time spent foraging and on territories once
breeding began.

The median copulation date corresponded with the
peak in Gelidium nutritional quality, suggesting a re-
lationship between algal quality and the timing of re-
production. If marine iguanas alter their foraging be-
havior and vary the timing of reproduction in response
to subtle changes in food quality caused by seasonal,
but annually variable, changes in water temperature,
then we would expect a correlation between the timing
of reproduction and sea surface temperature across
years. Data from seven years of study on this popu-
lation showed a highly significant relationship between
sea surface temperature and the median copulation
date; the warmer the water in December, the earlier the
breeding season began. Without a direct test, it is dif-
ficult to unravel the correlation between sea surface
temperature and food availability to determine which
of these two alternate hypotheses is more likely. We
do know, however, that the timing of reproduction does
not appear to coincide with the lowest low tides of the
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month of copulation when the most algae should be
exposed, as has been previously suggested (Boersma
1983). Similarly, the idea that the breeding cycle may
be adapted to avoid the cool and dry garua season
because the eggs may become too cold or dry to hatch
(Carpenter 1966) al so seems unlikely because the garua
season is highly unpredictable from year to year and
begins many months after breeding occurs on Santa Fé.

Since ambient temperature and seasonal fluctuations
in thermoperiod are thought to help modulate reptile
circadian cycles via melatonin release from the pineal
gland (Underwood and Calaban 1987, Underwood
1992, Foa et al. 1994, Tosini et al. 2001), it is con-
ceivable that direct temperature cues could be used to
regulate reproductive timing. However, it is unlikely
that marine iguanas cue directly on sea surface tem-
perature, given the high frequency and intensity of El
Niflo events in the Galapagos Islands (every 3.8 yr;
Quinn et al. 1987, Laurie 1989) that cause large within
and among year variation in sea surface temperatures
(Laurie 1989). Even in years with relatively weak El
Niflo events, the sea surface temperature anomaly, or
the degree of variation from the mean monthly sea
surface temperature, can be quite large and indirectly
affect marine iguana reproductive success (Laurie
1989) and survival (Wikelski et al. 2002). In strong El
Nifo years, when the sea surface temperatures become
warmer earlier in the year, we would expect iguanas
to breed earlier if seasurface temperature werethe only
cue they use. Although significantly fewer individuals
breed during EI Nifio years (Laurie 1990a; M. Wikel-
ski, unpublished data), those that do continue to breed
around the middle of December on Santa Fé. During
the two strong EI Nifio years from which we were able
to obtain copulation data, breeding was not related to
December sea surface temperature.

In contrast to the unreliable and potentially mal-
adaptive cue of sea surface temperature, food quality
would be a more reliable cue because it directly rep-
resents a resource that iguanas need to breed: energy.
Food availability can directly affect reproductive out-
put in Galapagos lava lizards (Jordon and Snell 2002),
and is known to limit the frequency of reproduction
across years in many species of reptiles (Ballinger
1977, Bull and Shine 1979). In marine iguanas, most
females who breed, and males who breed with large a
number of females, will often forgo reproduction the
following year to recover breeding condition (Laurie
1989), suggesting that not only is breeding extremely
costly in this species, but that food availability can
directly influence the decision to breed. Similarly, food
availability could also influence the decision of when
to breed. Many species of birds are known to delay
breeding until they have stored enough energy (Perrins
1970), and supplemental food given prior to breeding
can actually move up the clutch initiation date (Meijer
and Langer 1995, Kelly and Van Horne 1997, Scheuer-
lein and Gwinner 2002). Many reptiles may also delay
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breeding until necessary food and water is available
(Congdon 1989). We know from studies of body size
in marine iguanas that they are severely energy limited
(Wikelski et al. 1997) and that breeding is energetically
demanding (Wikelski et al. 2001, M. Wikelski, K. Nel-
son, M. Vitousek, and A. Woakes, unpublished data).
Thus, it is not surprising that marine iguanas would
respond more readily to changesin carbon content (i.e.,
energy) than nitrogen content during the breeding sea-
son when food abundance is high. Moreover, evidence
from other algae grazers like marine arthropods sug-
gests that many key breeding life history parameters
are strongly affected by algal quality, but not quantity
(Hemmi and Jormalainen 2002).

The evolution of marine iguana breeding life history

Most reptiles, including many iguanines such as
green iguanas and Galéapagos land iguanas, are capital
breeders and more sensitive to food availability after
breeding, which can directly impact offspring survival
(Bonnet et al. 1998). Food availability prior to breeding
is not overly critical for these iguanines because they
are able to accumulate and store nutrient reserves in
their tailsfor many months prior to breeding (Burghardt
and Rand 1982, van Marken Lichtenbelt 1993). Rather,
food may be more critical for hatchlings, since hatching
occurs at the onset of the rains when the soil is easy
to dig through and new leaves are available as food for
the young iguanas (Rand and Greene 1982, Snell and
Tracy 1985, Bock and Rand 1989, van Marken Lich-
tenbelt and Albers 1993).

In contrast, marine iguanas are more likely to be
income breeders and more sensitive to food availability
prior to breeding, which can directly affect (1) a fe-
male’s ability to conceive, or (2) indirectly affect off-
spring survival depending on how the female propor-
tions nutrients. Despite the fact that some individuals
may forgo breeding in successive years to recoup
breeding condition (Laurie 1989), food availability im-
mediately preceding breeding is likely to be critical
given the high (compared to other iguanines) daily en-
ergy expenditure during foraging (Wikelski and Trill-
mich 1994, Drent et al. 1999) and breeding (Wikelski
et al. 2001). Moreover, females may indirectly influ-
ence offspring survival by how they provision yolk
during vitellogenesis. In many species of reptiles, in-
cluding other iguanas, posthatching yolk (energy stores
absorbed into the body from the egg yolk at the time
of hatching; Troyer 1983, 1987) can affect hatchling
quality (Congdon 1989) through enhancement of
growth rates and an increased energy supply for activity
(Troyer 1983, 1987). In marine iguanas, larger (weight
and size) hatchlings have higher survival (Laurie and
Brown 1990a), possibly illustrating the important fit-
ness consequences of the maternally derived yolk. Fi-
nally, since hatchlings do not forage on algae for the
first few months of life, food availability directly after
hatching is not critical. The hypothesis that marine
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iguanas are income breeders and unable to store large
energy reserves is supported by the fact that marine
iguanas die of starvation during El Nifios within 2—3
months (Laurie 1989, Laurie and Brown 1990a, b),
while Galapagos land iguanas (capital breeders) sur-
vive many months or years of drought and starvation
during La Nifa periods (H. L. Snell and M. Wikelski,
personal observations).

If energy is important for marine iguanas to with-
stand the rigors of breeding, but also to ensure high
reproductive success through increased maternal in-
vestment in yolk, then we would expect the timing of
reproduction to be regulated to maximize energy intake
directly before and during breeding. As apparent in-
come breeders, marine iguanas must, and do, take ad-
vantage of these food resources for as long as they can
before they begin to decline in quality. The decision
of when to breed coincides with the annual and inev-
itable downturn in the environment. This downturn is
measured in terms of food quality (particularly energy
content), rather than food quantity, suggesting that ver-
tebrate marine grazers, like many species of inverte-
brate marine grazers (Hemmi and Jormalainen 2002),
may rely on more subtle properties of food resources
to regulate breeding life histories. Galapagos marine
iguanas on the island of Santa Fé appear to have
evolved synchronous and predictable breeding life his-
tories in response to seasonal changes in food quality
associated with corresponding changes in water tem-
perature as a way to maximize energy intake imme-
diately prior to breeding, and ultimately fitness.
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