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Abstract. Our study quantified the nutrients and energy introduced into the nesting
beach at Melbourne Beach, Florida, from distant foraging grounds by loggerhead sea turtles,
Caretta caretta. The fate of eggs deposited into 97 nests was determined by monitoring
nests throughout incubation. The organic matter, energy, lipid, nitrogen, and phosphorus
content of fresh eggs, eggs at successive stages of development, hatchlings, and hatching
remains were determined. From these analyses, we estimated the flow of energy and nutrients
introduced into the 14 305 nests (~1.6 X 10° eggs) deposited in a 21-km stretch of Mel-
bourne Beach in 1996. We quantified the amount of energy and nutrients incorporated into
each of four pathways: ingested by nest predators; consumed by detritivores, decomposers,
and plants; lost as metabolic heat or gases during embryological development and hatching;
or returned to the ocean as hatchlings. Each nest introduced a mean of 688 g of organic
matter, 18 724 kJ of energy, 151 g of lipids, 72 g of nitrogen, and 6.5 g of phosphorus into
the beach. Twenty-five percent of the organic matter, 27% of the energy, 34% of the lipids,
29% of the nitrogen, and 39% of the phosphorus introduced into the nests returned to the
ocean as hatchlings. Quantities of energy and nutrients transported by the turtles are com-
parable to quantities moved by other important biological transporters. Human activities
have substantially altered the quantity of energy and nutrients transported, and the distri-
bution of those nutrients on the beach. By introducing nutrients into beach ecosystems, sea
turtles may help maintain stable dune systems that are critical to their reproductive success.

Key words:  allochthonous flow; beach ecosystem,; Caretta caretta; energy flow; loggerhead sea
turtle; marine turtles; Melbourne Beach, Florida; nesting beach; nutrient and energy transport; nutrient

cycling and enrichment.

INTRODUCTION

The availability of nutrients and energy within an
ecosystem plays an important role in shaping the com-
munity dynamics of that system and can be influenced
by the introduction of nutrients and energy from other
ecosystems. These subsidies can result from biological
transport when animals carry nutrients from one system
to another (Likens and Bormann 1975), and can sig-
nificantly impact the receiving system by influencing
the distribution and abundance of organisms (Powell
et al. 1991, Polis and Hurd 1996, Rose and Polis 1998),
by impacting food web interactions (Polis and Hurd
1995), and by affecting the growth and nutrient com-
position of organisms (Onuf et al. 1977, Meyer and
Schultz 1985).

The introduction of nutrients from other ecosystems
can be particularly important in island and coastal com-
munities. Both marine birds feeding at sea and mac-
rophytes and carrion washing ashore were significant
sources of marine-derived nutrients in the Great Barrier
Reef and the Gulf of California (Heatwole 1971, Al-
laway and Ashford 1984, Polis and Hurd 1995, 1996).
These introduced marine nutrients were found to in-
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crease faunal densities and affect food web interactions
in the nutrient-stressed island and coastal communities.
Additionally, Rose and Polis (1998) found that coyote
distribution and abundance were significantly higher in
coastal areas than in inland areas due to the introduction
of nutrients from the sea. They summarized studies
describing other terrestrial mammals that subsidize
their diets by nutrients introduced into coastal com-
munities from the marine ecosystem.

Sea turtles nest in temperate and tropical coastal and
island communities throughout the world, and could
serve as important biological transporters by moving
nutrients and energy from marine foraging grounds to
nesting beaches. All seven species of sea turtles migrate
long distances from widely dispersed feeding grounds
to congregate in large numbers at relatively small nest-
ing beaches to reproduce (Meylan 1995). Because they
consume little food during the migration and nesting
period (Bjorndal 19974, b), the energy and nutrients
invested in reproduction originate in the marine feeding
grounds, and are transported to the nesting beaches via
the turtles. Perhaps the longest and most impressive
migration is that of leatherbacks, Dermochelys cori-
acea, that feed on jellyfish near the Arctic circle and
nest on tropical beaches (Bjorndal 1997b).

When sea turtles nest, they introduce nutrients and
energy in the form of eggs into the relatively nutrient-
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poor beach environment. Nesting aggregations at a single
beach can be very dense and result in the concentration
of tremendous quantities of nutrients from widely dis-
persed foraging grounds. For example, The Archie Carr
National Wildlife Refuge together with adjacent beach-
es along the coast of Florida supports one of the largest
loggerhead (Caretta caretta) nesting aggregations in
the world (National Research Council 1990). Logger-
head sea turtles migrate there from foraging grounds
that range up to 1500 km away from the nesting beach
(Meylan et al. 1983). The nutrients consumed in these
vast foraging grounds are then concentrated in ~120
km of beach on the east coast of central Florida, where
~28000 nests (each with ~100 eggs) are deposited
each year (Meylan et al. 1995).

Nutrients and energy contained in a sea turtle nest
may follow several paths. For those eggs that success-
fully hatch, most of the nutrients return to the marine
ecosystem in the form of hatchlings. However, a small
portion of nutrients remains in the beach in the form
of chorio-allantoic fluid and egg shells. Many nests also
contain eggs at various developmental stages that fail
to hatch. Nutrients that remain in the nest chamber will
enter detrital and decomposer food chains through or-
ganisms such as bacteria, fungi, ants, fly and beetle
larvae, and crabs (Dodd 1988). Nest contents may also
be consumed by predators, such as ants, crabs, foxes,
and raccoons, that prey upon incubating nests (Fowler
1979, Stancyk 1995), or be absorbed by plant roots that
grow into nests and penetrate the shells of developing
or decomposing eggs (Witherington 1986).

In this study, we quantified the nutrients and energy
introduced into the nesting beach at the Archie Carr
National Wildlife Refuge on the east coast of Florida,
and determined to what extent they were incorporated
into the following four pathways: (1) consumed by nest
predators, (2) made available to decomposers, detriti-
vores, and plants, (3) lost as metabolic heat or gases
(e.g., CO, or N,) during embryological development
and hatching, or (4) returned to the ocean as hatchlings.

MATERIAL AND METHODS
Study site

Field work was conducted at the Archie Carr Na-
tional Wildlife Refuge at Melbourne Beach, Florida
(28.0° N, 80.5° W), from 5 June to 2 October 1996.
The refuge includes 21 km of high-energy barrier island
beach. This study was conducted on a 2.5-km portion
of the beach located in the southern region of the refuge
between Floridana Beach and Sebastian Inlet. This area
has a typical dune habitat interspersed with houses and
condominiums. The dune vegetation included sea oats
(Iniola paniculata), sea grape (Coccoloba uvifera), and
beach morning glory (Ipomoea pes-caprae).

Nest success

To trace the path of the nutrients and energy intro-
duced into the beach by loggerhead sea turtles, 97
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marked nests were monitored throughout their incu-
bation period. Beginning on 5 June, 10 nests were
marked per week for 10 weeks (until 9 August) with
the exception of the fifth, seventh, and ninth weeks, in
which nine nests were marked. We marked nests
throughout the peak loggerhead nesting season and
from the high tide line to the vegetation.

All marked nests were monitored daily throughout
the incubation period, to observe any disturbance by
nest predators, primarily raccoons, Procyon lotor. In
the event that a nest was depredated, it remained ex-
posed as left by the predator, until the end of the in-
cubation period, when it was excavated and inventoried
in the same manner as undisturbed nests.

Each nest was excavated three days after the hatch-
lings emerged from the nest, or 65 days after ovipo-
sition. Because the incubation period at Melbourne
Beach is ~50 days, waiting 65 days ensured we would
not disturb the nest prematurely. The following nest
remains were quantified at each excavation: (1) the
number of hatched and unhatched eggs, (2) the number
of pipped eggs containing either dead or live hatch-
lings, and (3) the number of live and dead hatchlings
remaining in the nest. Additionally, the number of eggs
depredated by ghost crabs, Ocypode quadrata, was es-
timated by counting those eggs that had a small circular
section of the eggshell removed. Generally, these eggs
were almost hollow, and the remaining contents were
desiccated. Finally, we noted how many eggs or egg-
shells had plant roots associated with them, and how
many nests were infiltrated by plant roots.

All unhatched eggs were opened to determine the
stage at which development had ceased. All eggs were
classified as one of four stages or as unidentifiable.
Stage 1 referred to those eggs in which no development
was visible to the naked eye, whereas stages 2—4 cor-
responded to ~50%, 75%, and 100% of development
(Miller 1985, Bouchard 1998). Unidentifiable eggs
were decomposed to the extent that stage of develop-
ment could not be determined.

Based on these inventories, clutch size was deter-
mined for each nest by summing the number of hatched
and unhatched eggs. To test the accuracy of these es-
timates, based on piecing together eggshell fragments,
we inventoried nine nests of known clutch sizes (X =
109 eggs) and determined the counts to be accurate to
*+5 eggs. Mean clutch size of nondepredated nests was
used to estimate clutch size for raccoon-depredated
nests.

Analysis of transported nutrients and energy

Collection and preparation of samples.—We quan-
tified the organic matter (ash-free dry mass), energy,
lipid, nitrogen, and phosphorus content in: (1) fresh
eggs, (2) unhatched eggs at the four stages of devel-
opment described above, (3) hatchlings found dead in
the nest chamber, and (4) hatching remains, or shells
and chorio-allantoic fluid remaining after a turtle
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hatched. Two fresh eggs were collected each week, one
from each of two females, for 10 wk from 13 June
through 11 August 1996. Samples of dead hatchlings
and unhatched eggs remaining in each nest were col-
lected: 23 hatchlings from 16 nests, 32 stage-1 eggs
from 16 nests, 34 stage-2 eggs from 17 nests, 22 stage-
3 eggs from 18 nests, and 28 stage-4 eggs from 17
nests. All eggs and dead hatchlings were weighed,
placed in a 65°C drying oven, and dried to constant
mass.

To collect the hatching remains (chorio-allantoic flu-
id and shells left behind by successful hatchlings), an
additional 31 loggerhead nests were marked. Approx-
imately three days before hatching, eggs were removed
from these nests and placed into glass jars on aluminum
egg holders. After the eggs hatched, all the fluid and
shell remaining in the container was collected and dried
to constant mass at 65°C. Hatchlings were released on
the beach after their yolk sacs were internalized.

After drying, all samples were ground for nutrient
and energy analyses. Because of the high lipid content
of most samples, they were ground in a mill (C.W.
Brabender Instruments, Incorporated, South Hacken-
sack, New Jersey) with dry ice to ensure complete mix-
ing. Because of their small size, hatchlings from the
same nest were combined, as were hatching remains
from eggs of the same nest. This ensured there would
be sufficient sample to complete all nutrient analyses.

Nutrient and energy determinations.—In this paper,
we define the term nutrient in a nutritional ecology
sense, as representing nutritional components, not as
elemental nutrients that cannot be further decomposed.
Dry matter content was determined by drying subsam-
ples overnight at 100°C. Organic matter content was
then determined by combustion of the subsamples at
500°C for three hours. Energy content was determined
with a Parr bomb calorimeter (Parr 1960); lipid content
was determined through ethyl ether extraction using a
Goldfisch apparatus (Association of Official Agricul-
tural Chemists 1960). Nitrogen and phosphorus anal-
yses were performed using a modification of the stan-
dard Kjeldahl procedure. Samples were digested for
four hours at 400°C using 10 ml of H,SO, and 2 ml of
H,0, (Gallaher et al. 1975). Nitrogen and phosphorus
content of the digestate were determined with the
Technicon Autoanalyzer II by semiautomated color-
imetry (Hambleton 1977).

All analyses were performed in duplicate except for
those of hatching remains. For the hatching remains,
there was insufficient sample to run duplicates for the
dry matter, organic matter, and energy determinations.
Lipid determinations were not performed because of
the small quantity of sample and the very low lipid
content.

Data analyses and calculations.—Differences in en-
ergy and nutrient content among stages were evaluated
with a nested ANOVA and Tukey’s post hoc test using
the Statistical Package for the Social Sciences (SPSS),
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version 7.5. Samples from the same nest were nested
within stage because eggs and hatchlings removed from
the same nest were not independent of one another. To
determine the mean energy and nutrient values for each
sample type, means were first calculated for eggs and
hatchlings on a per nest basis. These means were then
averaged to determine a value for each sample type.

The fate of the energy and nutrients introduced into
the beach was calculated on a per nest basis (Table 1)
using the results of the energy and nutrient analyses
and the nest inventories. The nutrient and energy com-
position of different developmental stages were com-
pared to assess if significant changes in composition
occurred during development. Because no significant
losses occurred in the first three stages, the energy and
nutrient content for fresh eggs was used for all cal-
culations involving eggs in stages 1-3. However, be-
cause the organic matter and energy content of stage-
4 eggs were significantly less than those of fresh eggs,
the values for stage-4 eggs were used in calculations
for these components. The decision to use fresh-egg
values for the earlier stages instead of stage-specific
values is supported by the fact that oxygen consump-
tion by loggerhead embryos increases slowly in the first
portion of the incubation period, and exponentially in
the latter part (Ackerman 1981). Thus, more energy
and nutrients are metabolized in later stages of devel-
opment, and substantial changes in composition would
not occur until then.

The energy and nutrients lost as metabolic heat and
gases for unhatched eggs were calculated by subtract-
ing the composition of each stage from the composition
of fresh eggs (Bouchard 1998). For hatched eggs, the
metabolic heat and gas loss was calculated by sub-
tracting the energy and nutrient composition of hatch-
lings plus that of the hatching remains from the com-
position of fresh eggs.

Calculations on a per .nest basis were extrapolated
to estimate the energy and nutrient contribution of log-
gerheads to the terrestrial ecosystem for a 21-km stretch
of beach located in the Brevard County portion of the
Archie Carr National Wildlife Refuge. The mean en-
ergy and nutrient contribution per nest was multiplied
by the total number of nests (14305; L. M. Ehrhart,
personal communication) deposited into the beach in
1996. The energy and nutrient contribution per area of
beach was calculated by multiplying the beach length
(21 km) by the width of beach into which eggs were
deposited (11 m). The beach width is the maximum
distance from dune to nest for the 97 nests monitored
in our study.

RESULTS

A total of 10 608 loggerhead sea turtle eggs were
deposited into 97 nests, with a clutch size of 109 *
20.9 eggs (mean * 1 sp, range of 56-152). Of those
nests, 35% were depredated by raccoons, 48% were
depredated by ghost crabs, 3% were disturbed by other
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TABLE 1. Calculations used to determine path of energy and nutrients introduced into Melbourne Beach, Florida, on a per-

nest basis.

Pathway of energy and nutrient flow

Calculationst

Introduced into beach

Nest predators
Raccoons

Ghost crabs

Detritivores, decomposers, and plants
Hatched eggs
Unhatched eggs (stages 1-4)

eggs)
Unhatched eggs (unidentifiable)

clutch size X ENC fresh eggst

eggs eaten X (ENC eggs at stage when depredated — ENC hatching
remains)
eggs eaten X (ENC fresh eggs — ENC hatching remains)

hatched eggs X ENC hatching remains
(stage-1-3 eggs X ENC fresh eggs) + (stage-4 eggs X ENC stage-4

unidentifiable eggs X [(stage-1-3 eggs/[unhatched — unidentifiable

eggs]) X ENC fresh eggs] + [(stage-4 eggs/[unhatched — uniden-
tifiable eggs]) X ENC stage-4 eggs]

Pipped eggs

Hatchlings trapped in nest

Eggs killed by nesting turtles

Remains from raccoon/ghost crab predation
Returned to ocean as hatchlings

pipped eggs X (ENC hatchlings + ENC hatching remains)
hatchlings X ENC hatchlings

eggs disturbed X ENC eggs at stage when disturbed

eggs eaten X ENC hatching remains

introduced into beach — [(nest predators) + (detritivores, decompos-

ers and plants) + (metabolic heat and gases)]

+ The placement of sample type (i.e., eggs eaten, stage-1 eggs, or unidentifiable eggs) into an equation indicates that the
number of that particular sample type in that clutch should be inserted.

1 ENC represents the energy and nutrient composition of that sample type. Values for fresh eggs were used for all eggs
in stages 1-3 and for the lipid, nitrogen, and phosphorus calculations for stage-4 eggs. Stage-4 values were used for the
organic matter and energy calculations for stage-4 eggs. See Table 3 for the corresponding values.

nesting sea turtles, and 23% were invaded by plant
roots. Forty percent of all eggs produced hatchlings
that successfully emerged from the nest, whereas 34%
of all eggs were destroyed by either raccoons, ghost
crabs, or other nesting females (Table 2). Most un-
hatched eggs were classified as stage 1; the fewest were
in stage 3 (Table 2). All data are expressed as means
+ 1 sp. Hatching success per nest (percentage of eggs
that hatched) was 42.5 = 36.8% (range of 0-98.1), and
emergence success (percentage of eggs that produced

TaBLE 2. Fate of eggs (n = 10 608) deposited in loggerhead
sea turtle nests (n = 97) at Melbourne Beach, Florida.

Percentage
Total of total

Fate of eggs number eggs

Hatchedt 4429 41.8
Hatchlings emerged from nest 4268 40.2
Hatchlings live in nest 37 0.3
Hatchlings dead in nest 123 1.2
Pipped 155 1.5
Hatchlings live in shell 2 0.0
Hatchlings dead in shell 153 1.4
Unhatched 2464 232
Stage 1 1225 11.5
Stage 2 357 34
Stage 3 129 1.2
Stage 4 272 2.6
Unidentifiable 481 4.5
Raccoon predation 2972 28.0
Ghost crab predation 269 2.5
Disturbed by other nesting turtles 319 3.0

+ Fifty-nine hatched eggs had plant roots growing within
the shell.

hatchlings able to leave the nest) was 41.0 = 35.7%
(range of 0-95.4). For those nests undisturbed by pred-
ators or other nesting turtles, hatching success on a per
nest basis was 63.1 * 29.0% (range of 0-98.1), and
emergence success was 61.0 * 28.4% (range of 0—
95.4).

For total lipid, nitrogen, and phosphorus content,
there were no significant differences found between
fresh eggs and developmental stages 1-4. The organic
matter and energy content of fresh eggs was signifi-
cantly different from those of stage-4 eggs (Table 3).

Each nest introduced a mean of 688 g of organic
matter, 18 724 kJ of energy, 151 g of lipid, 72 g of
nitrogen, and 6.5 g of phosphorus into the beach. Twen-
ty-five percent of the organic matter, 27% of the energy,
34% of the lipids, 29% of the nitrogen, and 39% of
the phosphorus introduced returned to the ocean as
hatchlings (Fig. 1). The proportions of nutrients and
energy that followed the remaining pathways varied
(Fig. 1). For example, a greater proportion of nitrogen
flowed to detritivores, decomposers, and plants than to
nest predators, whereas the reverse was true for lipids.
The results were extrapolated to the entire 21-km
stretch of beach at the Archie Carr National Wildlife
Refuge (Table 4).

DISCUSSION

Nutrient and energy pathways within
Melbourne Beach

Nesting sea turtles introduce large quantities of nutri-
ents and energy into beach ecosystems. These nutrients
may be particularly important for dune vegetation and
for terrestrial predator populations. At Melbourne
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TaBLE 3. Nutrient and energy composition of loggerhead sea turtle eggs and hatchlings.
Mean (1 sD)
Egg or  Organic matter Energy Lipids Nitrogen Phosphorus
hatchling per egg or per egg or per egg or per egg or per egg or
Sample type dry mass (g) hatchling (g) hatchling (kJ) hatchling (g) hatchling (g) hatchling (g)
Fresh eggs 7.712 (1.00)  6.30* (0.86) 171.21° (24.70) 1.382" (0.28) 0.66* (0.08) 0.059% (0.008)
(n = 20 eggs, 20 nests)
Eggs with stage 4 embryos  6.97* (0.89) 5.41° (0.56) 145.08° (15.22) 1.47* (0.17) 0.59* (0.07) 0.066* (0.014)
(n = 28 eggs, 17 nests)
Hatchlings 4.93 (0.66) 4.20¢ (0.58) 113.53¢(17.18) 1.17°(0.28) 0.47° (0.06) 0.057* (0.007)
(n = 23 turtles, 16 nests)
Hatching remainst} 1.51 (0.24) 0.71 (1.12) 14.90 (2.48) 0.107 (0.021) 0.002 (0.001)
(n = 51 eggs, 31 nests)
Fs 1007 25.419 23.113 26.612 7.578 16.068 2.183
P values <0.001 <0.001 <0.001 <0.001 <0.001 0.062

Notes: See Methods for explanation of how means were calculated. The F statistic and P values are from nested ANOVAs
comparing fresh eggs, eggs with stage-1-4 embryos, and hatchlings. Values for stage-1-3 embryos are not presented because
they were not significantly different from fresh eggs. Different superscript letters within a column indicate significant

differences between fresh eggs, eggs with stage-4 embryos,
+ Hatching remains were not included in the ANOVA.

Beach, 29-40% of all nutrients were made available
to detritivores, decomposers, and plants, whereas nest
predators consumed 26-31% of all nutrients (Fig. 1).

These two groups constitute the primary terrestrial nu-

trient pathways in this study.
Nutrients and energy derived from sea turtles can
directly impact plant ecology when plant roots invade

and hatchlings.

nest chambers. At Melbourne Beach, loggerhead nests
were concentrated near dune vegetation (X = 1 sp =
2.2 = 3.0 m from dune, Wood and Bjorndal 2000).
Twenty-three percent of nests were invaded by plants
with roots growing both within and around eggs, as
found in other studies (Lazell and Auger 1981, With-
erington 1986). Studies on the eggs of diamondback

26.8% E
249% M

S Beach
Dune Metabolic Heat
Vegetation and Gases
11.6%
10.2%
34.0% E 27.7% E
37.8% M 5.4% 27.2% M
28.7% L 30.5% L
1 40.4% N 25.6% N -
Detritivores ) 31.6%P 29.6% P ),
and ] ///////////////////////% Sea Turtle Nests %/////////////////////////////4/ Predators
Decomposers 9 /

. 34.0% L Hatchlings
Leaching 28.7% N
38.9% P
<5 %

FiG. 1.

Movement of nutrients and energy introduced into nests at Melbourne Beach, Florida, by loggerhead sea turtles.

Values are percentages of energy (E) and each nutrient (M = organic matter, L = lipids, N = nitrogen, and P = phosphorus)
that followed each pathway. Shaded arrows indicate pathways for which values have been determined. Open arrows indicate

pathways for which the quantities of nutrients and energy h

ave not been estimated.
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TABLE 4. Fate of nutrients and energy deposited into 14 305 loggerhead sea turtle nests in a 21-km stretch of beach in
Brevard County, Florida, in 1996, assuming a mean emergence success of 41% per clutch.

Total introduced

Total not returned to ocean as hatchlings

Variable into beach Total Total/m of beach  Total/m? of beacht
Organic matter (g) 9841 840 7391222 352 32
Energy (kJ) 267 846 820 196 063 872 9336 849
Lipids (g) 2160055 1425636 68 6
Nitrogen (g) 1029960 734361 35 3
Phosphorus (g) 92983 56813 3 0.3

1 Using beach width of 11 m.

terrapins, Malaclemys terrapin, demonstrated that at
least one dune grass, Ammophila breviligulata, has the
ability to absorb nutrients from turtle eggs (Stegmann
et al. 1988).

Dune plants can survive under low-nutrient condi-
tions, but require significant amounts of nitrogen, phos-
phorus, and potassium for high production (Kachi and
Hirose 1983, Hawke and Maun 1988). By supplying
high concentrations of nutrients during the spring and
sumimer, sea turtle eggs may increase plant production.
Secondarily, increased plant growth rates and nutrient
concentrations in the leaves and stems may influence
the distribution of herbivores (Onuf et al. 1977).

In addition to plants, nutrients derived from sea tur-
tles also directly impact predators that consume eggs
and hatchlings. In this study only egg predators were
quantitatively assessed, although hatchlings en route to
the ocean were also consumed by predators, such as
raccoons, ghost crabs, and night herons, Nyctanassa
violacea and Nycticorax nycticorax. Once hatchlings
reach the ocean, avian predators feeding at sea may
consume them and transport those nutrients back to the
terrestrial system (Witherington and Salmon, 1992).
Because hatchling predation on the beach and in off-
shore waters was not quantified in this study, the con-
tribution of nutrients and energy to the beach ecosystem
by loggerheads was underestimated.

Some of the nutrients and energy consumed by pred-
ators was transferred into the dune environment through
predator movements (McLachlan 1991). Defecation by
predators as they move, as well as the decomposition
of predator carcasses, redistributes the nutrients
throughout the dune. These processes make nutrients
and energy derived from sea turtles available to a greater
percentage of the vegetation. Both this indirect acqui-
sition of nutrients by plants, and the direct acquisition
through root penetration into nests, can positively in-
fluence vegetative dune succession and plant growth.
In this way, sea turtles may play a role in stabilizing
the dune and thus their own nesting environment.

Extrapolations to other sea turtle nesting beaches

To extrapolate the results of this study to other log-
gerhead nesting beaches, variation in nesting param-
eters that influence nutrient and energy flow must be
considered. For example, the percentage of nests dep-

redated among years and among beaches can vary from
zero to nearly 100% (Talbert et al. 1980, Witherington
1986, National Research Council 1990, Johnson et al.
1996). Measures of emergence success incorporate var-
iation in predation as well as other factors influencing
hatchling production (e.g., weather). In this study,
mean emergence success per nest was 41%. This is
slightly lower than the 50-80% typically found among
other sea turtle nesting beaches (National Research
Council 1990). It is also lower than other values found
at Melbourne Beach in 1993 and 1994 (69% and 53%
respectively, Johnson et al. 1996) and in 1985 (75%,
Witherington 1986). The difference in emergence suc-
cess was primarily due to increased raccoon nest pre-
dation in this study.

Equations that estimate the nutrient and energy con-
tribution per nest for a given emergence success allow
us to extrapolate the results of this study to other beach-
es. These lines can be generated between values of the
nutrient and energy contribution for a nest with 0%
emergence success (nutrient and energy content of
fresh eggs multiplied by mean clutch size) and 100%
emergence success (hatching remains multiplied by the
mean clutch size).

The relative distribution of these nutrients and en-
ergy, however, cannot be extrapolated directly to other
sea turtle species because the nesting patterns of dif-
ferent species will influence the flow of energy and
nutrients. For example, green turtles, Chelonia mydas,
at Melbourne Beach nest farther into the dune than do
loggerheads, and may contribute more nutrients to dune
vegetation (Witherington 1986).

Significance of nutrient and energy transport
by sea turtles

Beaches are transition ecosystems between marine
and terrestrial environments. Thus, nutrients and en-
ergy in beach food webs can come from a variety of
sources (McLachlan 1990). Studies have quantified
some of these sources including surf diatoms (Lewin
and Shaefer 1983), macrophytes of stranded wrack
(Hayes 1974, McLachlan and McGwynne 1986), car-
rion (McGwynne 1980), groundwater and rain (Mc-
Lachlan 1990), and, now, sea turtles (this study).

When sea turtles nest they deposit large nutrient
loads into beach ecosystems. For example, in recent



August 2000

years, a 36-km stretch of beach at Tortuguero, Costa
Rica, averaged 80 000 green turtle nests with a mean
clutch size of 112 eggs (Bjorndal and Carr 1989, Bjorn-
dal et al. 1999). Even denser nesting is found among
olive ridley, Lepidochelys olivacea, nesting aggrega-
tions known as arribadas. In 1984, along 880 m of
beach at Ostional, Costa Rica, three of five arribada
nesting events numbered 47 200 nests, 74 900 nests,
and 130 000 nests with a mean clutch size of 107 eggs
(Cornelius et al. 1991). It is likely that these nesting
sea turtle populations contribute even greater quantities
of energy and nutrients than were measured in this
study.

To assess the significance of energy and nutrient
transport by sea turtles in an ecosystem perspective,
we should determine what percentage of the total beach
nutrient budget is provided by sea turtles. However, no
nutrient budget has been constructed for Melbourne
Beach, or any other sea turtle nesting beach. Energy
and nitrogen budgets have been determined for a few
beach ecosystems (McLachlan et al. 1981, Cockcroft
and McLachlan 1993, Heymans and McLachlan 1996),
but it is difficult to compare nutrient inputs by sea
turtles to these budgets because they deal principally
with the surf and intertidal zones, whereas sea turtles
primarily nest in the dune and fore dune areas. One
study at Port Elizabeth, South Africa, did incorporate
dune ecosystem dynamics in a beach energy budget
and determined that carrion washing ashore contributed
2155 kJ-m~'yr~! (per meter refers to a linear stretch
of beach) to the dune, insects blown onto the beach
supplied 497 kJ-m~'-yr~!, and unspecified sources de-
posited 2468 kJ-m~!.yr~! (McLachlan et al. 1981). Al-
though at Melbourne Beach, some sea turtle nutrients
were leached back into the marine system or consumed
by ghost crabs in the intertidal zone, the energy that
was not returned to the ocean as hatchlings, 9336
kJ-m~!-yr~!, far exceeds that introduced into the dune
by the sum of the above mentioned sources, 5120
kJ-m~'-yr~!. Therefore, the energy introduced by sea
turtles appears to be a major source for dune ecosys-
tems.

No studies have specifically described and quantified
the introduction of nitrogen into coastal dune environ-
ments. However, McLachlan and McGwynne (1986)
quantified algal wrack as a nitrogen source for beaches
as a whole. They determined that wrack contributed
14000 g of N-m~'.yr~! to a South African beach, an
input that far exceeds that contributed by sea turtles,
35 g of N-m~'"-yr~'. However, the nitrogen in sea turtle
eggs and hatchlings is available to a wider range of
organisms and is a higher quality resource for most
animals than is the nitrogen in algal wrack. Indeed,
McLachlan and McGwynne (1986) determined there
was no net accumulation of nitrogen from the wrack
in the beach, indicating the majority was recycled into
the marine system.

Loggerhead sea turtles transport quantities of energy

SEA TURTLES AS BIOLOGICAL TRANSPORTERS

2311

and nutrients comparable to quantities moved by some
biological transporters, such as fish and birds, and less
than others (Durbin et al. 1979, Meyer and Shultz 1985,
Deegan 1993). However, direct quantitative compari-
sons are not the most effective way to compare energy
and nutrient contributions by different animals because
the receiving environments are often quite different,
either in type (e.g., aquatic, terrestrial) or in nutrient
concentration. Sea turtles may introduce less total nu-
trients than some transporters. However, because they
deposit dense packages of high quality nutrients and
because the beach is generally a nutrient-poor ecosys-
tem, sea turtle nutrients may have a greater impact on
the nesting beach than larger quantities introduced by
other biological transporters into different ecosystems.

Human impact on the movement of nutrients and
energy on sea turtle nesting beaches

Humans affect the fate of energy and nutrients
through harvest of sea turtle eggs, introduction of feral
predators, sea turtle management programs, beach de-
velopment, and reductions in the size of nesting pop-
ulations. The harvest of sea turtle eggs by humans re-
moves nutrients from nesting beaches whereas predators
introduced by humans (feral dogs, cats, and pigs) sub-
stantially alter nutrient and energy flow to nest pred-
ators. Management programs can either decrease the
nutrients available to terrestrial ecosystems by pro-
tecting nests from predation, or substantially redistrib-
ute nutrients by relocating all clutches into hatcheries.
Development along sea turtle nesting beaches can in-
fluence both the introduction and distribution of nu-
trients in the beach because structures such as seawalls
can preclude nesting, and the presence of artificial
lighting discourages nesting in those lighted areas and
increases nesting density along darker stretches of
beach (Witherington 1992).

Humans have influenced the quantities of energy and
nutrients transported by sea turtles by substantially re-
ducing the size of, and in some cases causing the ex-
tinction of, sea turtle nesting populations (National Re-
search Council 1990, King 1995, Ross 1995). Thus,
the present magnitude of energy and nutrient transport
by sea turtles does not represent past levels, and we
must be conscious of the ‘‘shifting baseline syndrome”’
(Jackson 1997) in our evaluation of the role of sea
turtles as biological transporters. In the past, energy
and nutrients transported by sea turtles played an even
greater role in beach ecology than they do today.

ACKNOWLEDGMENTS

We thank Alan Bolten and Carmine Lanciani, for their crit-
ical insights into this study. We are also grateful to William
Kunkle and Douglas Bates in the Animal Science Department
at the University of Florida for the use of their laboratory for
the ether extractions as well as Angelita Mariano for her
assistance in performing the analyses. Additionally, Lynn
Sollenberger allowed us access to'the University of Florida
Forage Support Lab, and Richard Fethiere assisted with the
nitrogen and phosphorus analyses. We thank Llewellyn Ehr-



2312

hart and his students for providing data on the number of
turtles nesting at Melbourne Beach. Kirsten Weir provided
invaluable assistance throughout the field portion of this pro-
ject, and Robert Robins offered constructive comments on
the manuscript. The Archie Carr Center for Sea Turtle Re-
search and the Department of Zoology at the University of
Florida contributed equipment and logistical support. The
Mensa Education and Research Foundation provided financial
support. The Florida Department of Environmental Protection
and the Institutional Animal Care and Use Committee at the
University of Florida issued permits for this research.

LITERATURE CITED

Ackerman, R. A. 1981. Oxygen consumption by sea turtle
(Chelonia, Caretta) eggs during development. Physiolog-
ical Zoology 54:316-324.

Allaway, W. G., and A. E. Ashford. 1984. Nutrient input by
seabirds to the forest on a coral island of the Great Barrier
Reef. Marine Ecology Progress Series 19:297-298.

Association of Official Agricultural Chemists. 1960. Official
methods of analysis of the Association of Official Agri-
cultural Chemists. Ninth edition. Association of Official
Agricultural Chemists, Washington, D.C., USA. |

Bjorndal, K. A. 1997a. Fermentation in reptiles and am-
phibians. Pages 199-230 in R. I. Mackie and B. A. White,
editors. Gastrointestinal microbiology. Volume 1. Gastro-
intestinal ecosystems and fermentations. Chapman and
Hall, New York, New York, USA.

Bjorndal, K. A. 1997b. Foraging ecology and nutrition of
sea turtles. Pages 199-232 in P. L. Lutz and J. A. Musick,
editors. The biology of sea turtles. CRC Press, Boca Raton,
Florida, USA.

Bjorndal, K. A., and A. E Carr. 1989. Variation in clutch size
and egg size in the green turtle nesting population at Tor-
tuguero, Costa Rica. Herptologica 45:181-189.

Bjorndal, K. A., J. A. Wetherall,. A. B. Bolten, and J. A.
Mortimer. 1999. Twenty-six years of green turtle nesting
at Tortuguero, Costa Rica: an encouraging trend. Conser-
vation Biology 13:126-134.

Bouchard, S. S. 1998. Nutrient and energy transport from
marine to terrestrial ecosystems by loggerhead sea turtles,
Caretta caretta, at Melbourne Beach, Florida. Thesis. Uni-
versity of Florida, Gainesville, Florida, USA.

Cockcroft, A. C., and A. McLachlan. 1993. Nitrogen budget
for a high-energy ecosystem. Marine Ecology Progress Se-
ries 100:287-289.

Cornelius, S. E., M. A. Ullao, J. C. Castro, M. M. del Valle,
and D. C. Robinson. 1991. Management of olive ridley sea
turtles (Lepidochelys olivacea) nesting at Playas Nancite
and Ostional, Costa Rica. Pages 111-135 inJ. G. Robinson
and K. H. Redford, editors. Neotropical wildlife usé and
conservation. University of Chicago Press, Chicago, Illi-
nois, USA.

Deegan, L. A. 1993. Nutrient and energy transport between
estuaries and coastal marine ecosystems by fish migration.
Canadian Journal of Fisheries and Aquatic Sciences 50:
74-79.

Dodd, C. K., Jr. 1988. Synopsis of the biological data on the
loggerhead sea turtle Caretta caretta (Linnaeus 1758). U.S.
Fish and Wildlife Service, Biological Report 88(14).

Durbin, A. G., S. W. Nixon, and C. A. Oviatt. 1979. Effects
of the spawning migration of the alewife, Alosa pseudo-
harengus, on freshwater ecosystems. Ecology 60:8—17.

Fowler, L. E. 1979. Hatching success and nest predation in
the green sea turtle, Chelonia mydas, at Tortuguero, Costa
Rica. Ecology 60:946-955.

Gallaher, R. N., C. O. Weldon, and J. G. Futral. 1975. An
aluminum block digester for plant and soil analysis. Soil
Science Society of America Proceedings 39:803-806.

Hambleton, L. G. 1977. Semiautomated method for simul-
taneous determination of phosphorus, calcium and crude

SARAH S. BOUCHARD AND KAREN A. BJORNDAL

Ecology, Vol. 81, No. 8

protein in animal feeds. Journal of the Society of Official
Agricultural Chemists 60:845-852.

Hawke, M. A., and M. A. Maun. 1988. Some aspects of
nitrogen, phosphorus, and potassium nutrition on three col-
onizing beach species. Canadian Journal of Botany 66:
1490-1496.

Hayes, W. B. 1974. Sand beach energetics: importance of the
isopod Tylos punctatus. Ecology 55:838-847.

Heatwole, H. 1971. Marine dependent terrestrial biotic com-
munities on some cays in the coral sea. Ecology 52:363—
366.

Heymans, J. J., and A. McLachlan. 1996. Carbon budget and
network analysis of a high-energy beach/surf-zone ecosys-
tem. Estuarine, Coastal and Shelf Science 43:485-505.

Jackson, J. B. C. 1997. Reefs since Columbus. Coral Reefs
16:523-S32.

Johnson, S. A., K. A. Bjorndal, and A. B. Bolten. 1996.
Effects of organized turtle watches on loggerhead (Caretta
caretta) nesting behavior and hatchling production in Flor-
ida. Conservation Biology 10:570-577.

Kachi, N., and T. Hirose. 1983. Limiting nutrients for plant
growth in coastal sand dune soils. Journal of Ecology 71:
937-944.

King, E W. 1995. Historical review of the decline of the
green turtle and the hawksbill. Pages 183-188 in K. A.
Bjorndal, editor. Biology and conservation of sea turtles.
Revised edition. Smithsonian Institution Press, Washing-
ton, D.C., USA.

Lazell, J. D., and P. J. Auger. 1981. Predation on diamond-
back terrapin (Malaclemys terrapin) eggs by dunegrass
(Ammophila breviligulata). Copeia 1981:723-724.

Lewin, J., and C. T. Schaefer. 1983. The role of phytoplankton
in surf ecosystems. Pages 381-389 in A. McLachlan and
T. Erasmus, editors. Sandy beaches as ecosystems. Junk
Publishing, The Hague, The Netherlands.

Likens, G. E., and E H. Bormann. 1975. Nutrient-hydrologic
interactions (eastern United States). Pages 7-29 in A. D.
Hasler, editor. Coupling of land and water systems. Spring-
er-Verlag, New York, New York, USA.

McGwynne, L. E. 1980. A comparative ecophysiological
study of three sandy beach gastropods in the eastern Cape.
Thesis. University of Port Elizabeth, Port Elizabeth, South
Africa.

McLachlan, A. 1990. Sandy beach ecosystems. Pages 197-
226 in A. C. Brown and A. McLachlan, editors. Ecology
of sandy shores. Elsevier Science, New York, New York,
USA.

McLachlan, A. 1991. Ecology of coastal dune fauna. Journal
of Arid Environments 21:229-243.

McLachlan, A., T. Eramus, A. H. Dye, T. Wooldridge, G. Van
der Horst, G. Rossouw, T. A. Lasiak, and L. W. McGwynne.
1981. Sand beach energetics: an ecosystem approach to-
wards a high energy interface. Estuarine, Coastal and Shelf
Science 13:11-25.

McLachlan, A., and L. E. McGwynne. 1986. Do sandy beach-
es accumulate nitrogen? Marine Ecology Progress Series
34:191-195.

Meyer, J. L., and E. T. Schultz. 1985. Migrating haemulid
fishes as a source of nutrients and organic matter on coral
reefs. Limnology and Oceanography 30:146-156.

Meylan, A. 1995. Sea turtle migration: Evidence from tag
returns. Pages 91-100 in K. A. Bjorndal, editor. Biology
and conservation of sea turtles. Revised edition. Smith-
sonian Institution Press, Washington, D.C., USA.

Meylan, A., K. A. Bjorndal, and B. J. Turner. 1983. Sea
turtles nesting at Melbourne Beach, Florida, II. Post nesting
movements of Caretta caretta. Biological Conservation 26:
79-90.

Meylan, A., B. Schroeder, and A. Mosier. 1995. Marine turtle



August 2000

nesting activity in the state of Florida, 1979-1992. Florida
Marine Research Publication Number 52.

Miller, J. D. 1985. Embryology of marine turtles. Pages 269—
328 in C. Gans, E Billett, and P. E A. Maderson, editors.
Biology of the reptilia. Academic Press, New York, New
York, USA.

National Research Council. 1990. Decline of the sea turtles:
causes and prevention. National Academy Press, Washing-
ton, D.C., USA.

Onuf, C. P, J. M. Teal, and 1. Valiela. 1977. Interactions of
nutrients, plant growth and herbivory in a mangrove eco-
system. Ecology 58:514-526.

Parr Instrument Company. 1960. Oxygen bomb calorimetry
and combustion methods. Technical Manual Number 130:
1-56.

Polis, G. A., and S. D. Hurd. 1995. Extraordinarily high
spider densities on islands: flow of energy from the marine
to terrestrial food webs and the absence of predation. Pro-
ceedings of the National Academy of Science 92:4382—
4386.

Polis, G. A., and S. D. Hurd, 1996. Allochthonous input
across habitats, subsidized consumers and apparent trophic
cascades: examples from the ocean—land interface. Pages
275-285 in G. A. Polis and K. Winemiller, editors. Food
webs: integration of patterns and dynamics. Chapman and
Hall, New York, New York, USA.

Powell, G. V. N,, J. W. Fourqurean, W. J. Kenworthy, and J.
C. Zieman. 1991. Bird colonies cause seagrass enrichment
in a subtropical estuary: observational and experimental
evidence. Estuarine, Coastal and Shelf Science 32:567-
579.

Rose, M. D., and G. A. Polis. 1998. The distribution and

SEA TURTLES AS BIOLOGICAL TRANSPORTERS

2313

abundance of coyotes: the effects of allochthonous food
subsidies from the sea. Ecology 79:998-1007.

Ross, J. P. 1995. Historical decline of loggerhead, ridley, and
leatherback sea turtles. Pages 189-195 in K. A. Bjorndal,
editor. Biology and conservation of sea turtles. Revised
edition. Smithsonian Institution Press, Washington, D.C.,
USA.

Stancyk, S. E. 1995. Non-human predators of sea turtles and
their control. Pages 139-152 in K. A. Bjorndal, editor.
Biology and conservation of sea turtles. Revised edition.
Smithsonian Institution Press, Washington, D.C., USA.

Stegmann, E. W,, R. B. Primack, and G. S. Ellmore. 1988.
Absorption of nutrient exudates from terrapin eggs by roots
of Ammophila breviligulata (Gramineae). Canadian Journal
of Botany 66:714—718.

Talbert, O. R., Jr., S. E. Stancyk, J. M. Dean, and J. M. Will.
1980. Nesting activity of the loggerhead turtle (Caretta
caretta) in South Carolina I: A rookery in transition. Copeia
1980:709-718.

Witherington, B. E. 1986. Human and natural causes of ma-
rine turtle clutch and hatchling mortality and their rela-
tionship to hatchling production on an important Florida
nesting beach. Thesis. University of Central Florida, Or-
lando, Florida, USA.

Witherington, B. E. 1992. Behavioral responses of nesting
sea turtles to artificial lighting. Herpetologica 48:31-39.
Witherington, B. E., and M. Salmon. 1992. Predation on
loggerhead turtle hatchlings after entering the sea. Journal

of Herpetology 26:226-228.

Wood, D. W,, and K. A. Bjorndal. 2000. Relation of tem-
perature, moisture, salinity, and slope to nest site selection
in loggerhead sea turtles.Copeia 2000:119-128.





