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Abstract

Nutrient levels in the nearshore waters of the Florida Keys have increased over the past few decades concomitant with a decline in the
health of Florida�s reef system. Phosphorus is a particular concern in the Florida Keys as it may be the limiting nutrient in nearshore
waters. We demonstrate that the upside-down jellyfish, Cassiopea xamachana, decreases its rate of phosphate uptake following exposure
to elevated levels of dissolved inorganic phosphate. We also show that this subsequent suppression of uptake rates persists for some time
following exposure to elevated phosphates. Using these attributes, we experimentally investigated the use of C. xamachana as a bioin-
dicator for dissolved inorganic phosphates in seawater. Our results show that these animals reveal comparative differences in environ-
mental phosphates despite traditional testing methods yielding no detectable phosphates. We propose that C. xamachana is a
bioindicator useful for integrating relevant information about phosphate availability in low nutrient environments.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Florida�s coral reef ecosystem is declining in coral cover
and is at risk for further degradation (Porter and Meier,
1992; Porter et al., 2002). One cause for the decline is
increased turbidity and nutrient loading resulting from
interconnectedness between the offshore reefs and near-
shore waters, including Florida Bay (Porter et al., 1999;
Cook et al., 2002). Elevated nutrients are implicated in
the localized deterioration of coral reefs and they act
together with other stressors to contribute to the decline
of coral reefs globally (Szmant, 2002). Increased nutrient
inputs reduce coral growth and reproduction and contrib-
ute to macroalgae proliferation and overgrowth, leading to
changes in reef community structure (Simkiss, 1964;
Hughes, 1994; Koop et al., 2001; Loya et al., 2004).
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The source of rising nutrients in the Florida Keys
remains unresolved (Boyer and Jones, 2002; Lapointe
et al., 2002). Nutrients are intimately associated with sew-
age and the dissolved organic forms found in sewage are
easily remineralized to more readily available inorganic
forms favored by plants and algae (Szmant, 2002). Shinn
et al. (1994) showed that injected wellwater rapidly migrates
both vertically and horizontally in porous Florida lime-
stone; nutrient-rich contaminated groundwater seeps into
coastal and ocean waters. Viral tracer studies corroborate
this rapid movement of wastewater from on-site sewage dis-
posal systems toward the coral reef systems in the lower
Florida Keys (Paul et al., 2000). Additionally, Patterson
et al. (2002) reported that the white pox coral disease afflict-
ing the Elkhorn Coral, Acropora palmata, is caused by Ser-

ratia marcescens, a bacterium commonly found in human
intestines. However, other authors offer the contrasting
evidence that elevated nutrient levels found on reefs
are likely not a result of shore-based or Florida Bay-influ-
enced sources, but instead derive from resuspension of
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nutrient-rich sediments by offshore upwelling (Szmant and
Forrester, 1996; Leichter et al., 2003). Regardless of the
source, it is important to understand the distribution and
impact these nutrients have on reefs in the Florida Keys.

Phosphorus is a particular concern in the Florida Keys as
it may be the limiting nutrient in nearshore waters (Lapointe,
1989; Cook et al., 2002). However, if uptake of phosphates
by the surrounding biota is rapid, then measurement of
nutrient concentrations alone may not adequately assess
nutrient availability in the habitat (Koop et al., 2001). Thus,
a potentially more informative way of monitoring for
increased environmental nutrients is through the use of bio-
indicators. Bioindicators are commonly used for detecting
in situ pollution or the extent of anthropogenic influence
on an environment. Examination of stable isotope ratios
of d15N/d14N in reef organism tissues is one method of deter-
mining the level of human sewage inputs to reef systems
(Yamamuro et al., 2003). Other analyses that rely on bioin-
dicators to determine relative nutrient enrichment include
examining chlorophyll a activity in coastal waters (Harding
and Perry, 1997), detecting alkaline phosphatase in phyto-
plankton (Lapointe, 1989), and assaying seaweeds and sea-
grasses to determine nutrient enrichment and limitation in
surrounding seawater (Lapointe et al., 1994).

Cassiopea xamachana is a jellyfish symbiotic with zoo-
xanthellae, unicellular dinoflagellates of the genus Symbi-

odinium (Freudenthal, 1962). Like other symbiotic
cnidarians, these jellyfish acquire dissolved nutrients from
the surrounding seawater to meet the needs of their photo-
synthetic partners (Pomeroy and Kuenzler, 1969). Addi-
tionally, high levels of available nutrients have been
shown to negatively affect the subsequent nutrient uptake
rates by both host animals and the symbionts (Jackson
and Yellowlees, 1990; Belda and Yellowlees, 1995; Kelty
and Lipschultz, 2002). We tested the hypothesis that expo-
sure to elevated dissolved inorganic phosphate (DIP) causes
a decrease in the subsequent uptake rate of C. xamachana.

In a second experiment, we used lower concentrations of
elevated DIP in the experimental seawater, but increased
the length of time that C. xamachana were exposed to the
solutions in order to test the hypotheses that uptake rates
would decrease with increasing phosphate concentrations
and increasing lengths of exposure to those concentrations.
We performed a third experiment to determine the length of
time that reduced uptake rates would persist following
exposure to elevated DIP. We performed our fourth exper-
iment to demonstrate the application of C. xamachana as a
bioindicator of DIP in seawater by transplanting the ani-
mals to local reef environments and comparing subsequent
uptake rates following four days of exposure.

2. Materials and methods

2.1. Animal collection

C. xamachana were collected from a nearshore man-
grove lagoon on the Atlantic coast of Key Largo, FL
(24�59 0N, 80�22 0W) near highway US 1 mile marker 99.5.
This mangrove lagoon is ocean fed from both ends, allow-
ing tidal currents to enter and exit. Ambient levels of DIP
were typically less than 0.1 lM as measured using the
methods described below. All animals were collected within
a few meters from each other with the assumption that they
had a shared nutrient history. Animals were transported to
the lab in water collected at the site and used in experi-
ments within the hour unless otherwise indicated. Medusae
were selected within a narrow size range (4.5–6.0 cm bell
diameter) in order to reduce size-related variability in
uptake rates. Bell diameters were recorded to the nearest
tenth of a centimeter while extended. Animals were blotted
dry once and wet weights were obtained by weighing on a
Metler scale to the nearest hundredth of a gram.

2.2. Quantifying phosphate uptake rates

Phosphate uptake rates for cnidarians are typically cal-
culated as the rate of phosphate depletion from seawater
(Pomeroy and Kuenzler, 1969; D�Elia, 1977; Belda and
Yellowlees, 1995). These methods were followed with
minor modifications as described below. C. xamachana jel-
lyfish were placed into acid-washed glass Petri dishes of
adequate size so that the bell of the animal could com-
pletely extend. Each Petri dish contained 200 ml of Instant
Ocean(r) seawater (35 ppt). The seawater was mixed to
contain approximately 2.0 lM phosphate in the form of
dissolved KH2PO4. This concentration was chosen to min-
imize the likelihood that an animal would completely
deplete all DIP from the seawater before the end of the
10-min assay. Three 50 ml samples of the starting solution
were collected to determine the precise initial concentration
for the mixture. Animals were allowed to deplete the dis-
solved KH2PO4 from the medium for only 10 min to min-
imize the likelihood that exposure to the 2.0 lM DIP assay
solution would affect the final calculated uptake rates.
Duplicate 25 ml water samples were collected at the conclu-
sion of the assay and all samples were immediately placed
in a �20 �C freezer. Less than 24 h later, samples were
thawed and prepared for DIP determination using the
addition of a molybdate compound and following the het-
eropoly blue formation method (Strickland and Parsons,
1972). The change in the concentration of DIP over
10 min was used to determine the uptake rates of the
animals.

2.3. Experiment 1: Exposure to elevated DIP for 1 h

This experiment was conducted to test the hypothesis
that exposure to elevated concentrations of DIP in seawa-
ter causes a reduction in the phosphate uptake rates of C.

xamachana. Eighteen C. xamachana were collected and
randomly divided into six equal groups of three animals.
Each group was then exposed to a different concentration
of dissolved KH2PO4 in Instant Ocean(r) seawater
(35 ppt) for 1 h. The six predetermined concentrations
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were 0, 0.2, 0.5, 1.0, 2.0, and 20 lM DIP. These values
encompass known DIP concentrations on eutrophic reefs
as well as concentrations that have been shown to reduce
phosphate uptake in a clam-zooxanthellae interaction
(Belda and Yellowlees, 1995; Szmant and Forrester,
1996; Szmant, 2002). Phosphate concentrations in the salt
mix are known to be negligible and were undetectable by
our methods (<0.03 lM). Specimens were placed in large
glassware and kept outdoors in a naturally lit area at
25 ± 1 �C. Animals were incubated in their respective
solutions for 1 h and then removed. All specimens were
rinsed gently in filtered seawater to prevent phosphate
carry-over from incubation solutions. Assays were then
performed to quantify the uptake rates as described
above. To test the hypothesis that incubation at elevated
phosphate levels for one hour would have an effect on
phosphate uptake parameters, data were analyzed using
one-way ANOVA (a = 0.05) with the analytical software
Statistica (Statsoft, 1999). Where a significant effect was
found, Fisher�s protected least significant difference test
was used to identify differences between groups. Tests of
the assumptions underlying the analyses were made prior
to performing each analysis (Zar, 1998). No serious viola-
tions of the assumptions were evident at the level
a = 0.05.
2.4. Experiment 2: Increased length of exposure to

moderate levels of DIP

This experiment was conducted to determine if length-
ier exposures to moderately elevated DIP levels would
negatively affect subsequent uptake rates. Forty-five
medusae were collected for the experiment and three sep-
arate environmental tanks were established with 0.1, 0.2,
and 0.5 lM dissolved KH2PO4. These levels are lower
than those used in the first experiment and they were cho-
sen because they are more representative of actual phos-
phate levels recorded in reef environments (e.g., Szmant
and Forrester, 1996; Szmant, 2002). The environmental
tanks were placed outdoors in a naturally lit area and
kept at 25 ± 1 �C. Repeated addition of KH2PO4 to the
three tanks throughout the experiment kept phosphate
concentrations relatively constant as verified through peri-
odic water testing. The 45 individuals were divided into
three equal groups of 15 and randomly assigned one of
these tanks. Exposure was initiated at 10:00 AM and
three individuals from each tank were removed and
assayed to determine uptake rates 1, 3, 6, 12, and 24 h
after placement in the tank. Data were analyzed using
two-way ANOVA (a = 0.05) with the analytical software
Statistica (Statsoft, 1999) to test the hypotheses that
DIP uptake rates would decrease with increasing phos-
phate concentrations and with increasing lengths of expo-
sure to elevated phosphates. Where a significant effect was
found, Fisher�s protected least significant difference test
was used to identify differences between groups. Again,
no serious violations of the assumptions were evident at
the level a = 0.05.

2.5. Experiment 3: Duration of nutrient uptake signature

Fifteen C. xamachana were collected in the mangrove
lagoon 10 m from shore and transported in a cooler filled
with water from the collection site to Athens, GA, USA
where this experiment was conducted the following day.
C. xamachana were kept at 25 ± 1 �C under constant arti-
ficial light for the duration of this experiment. C. xama-

chana were exposed to 2.0 lM dissolved KH2PO4 for 1 h.
Following 1 h of exposure, the animals were removed
and rinsed gently with artificial seawater to prevent phos-
phate carryover before being placed into a holding tank
of Instant Ocean(r) artificial seawater with no dissolved
phosphates. Three animals were immediately used to deter-
mine phosphate uptake rates following elevated DIP expo-
sure, and three additional animals were randomly removed
1, 5, 24, and 48 h later to determine their phosphate uptake
rates. Data were analyzed using one-way ANOVA
(a = 0.05) to test the hypothesis that removal from expo-
sure to elevated DIP would result in a return to normalcy
of phosphate uptake rates. Where a significant effect was
found, Fisher�s protected least significant difference test
was used to identify differences between groups. No serious
violations of the assumptions were evident at the a = 0.05
level.

2.6. Experiment 4: Using C. xamachana as a bioindicator

Twenty-seven C. xamachana were collected in the man-
grove lagoon 10 m from shore and separated into three
random groups of equal sample size for transplantation
to one of three different environments: (1) Florida Bay
10 m from shore, (2) Admiral Reef, a patch reef approxi-
mately 4.8 km offshore, and (3) Little Grecian Reef, a fore
reef 8 km offshore. The medusae were contained in clear
plastic chambers 10 cm · 10 cm · 15 cm with numerous
1 cm diameter holes drilled in the sides and screened ends
to readily allow exchange of water and exposure to the sur-
rounding environment. Animals were collected after four
days and assayed immediately upon collection aboard the
boat to determine uptake rates. Forty animals were simul-
taneously collected from the mangrove lagoon and imme-
diately assayed (<1 h) to determine reference phosphate
uptake rates. Three water samples from each of the four
environments were also collected. Phosphate uptake rates
were analyzed with one-way ANOVA (a = 0.05) to test
the hypothesis that uptake rates of animals close to shore
would be lower than those of animals farther from shore.
Where a significant effect was found, Fisher�s protected
least significant difference test was used to identify differ-
ences between groups. Tests of the underlying assumptions
for all analytical procedures were performed prior to anal-
ysis and no significant violations were found at the level
a = 0.05.
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Fig. 2. Mean uptake ± 1 SE of C. xamachana exposed to elevated
phosphates. Means represent three animals. Exposure to the highest
phosphate concentration produced a significant reduction in uptake rates
across all lengths of exposure (p < 0.05). Uptake rates did not decrease
progressively with corresponding increases in length of exposure.
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3. Results

3.1. Experiment 1: Exposure to elevated DIP for 1 h

Phosphate uptake rates of C. xamachana decreased fol-
lowing exposure to increasing concentrations of DIP
(Fig. 1). Specimens incubated at 20 lM excreted phosphate
during the course of the assay while those incubated at
2.0 lM showed no significant uptake or excretion. Animals
incubated at phosphate concentrations less than 2.0 lM
took up phosphate during the course of the assay. The
uptake rates for the 20, 2.0, and 0.5 lM groups were signif-
icantly lower than those from the unexposed control group
(p-values < 0.05). Additionally, uptake rates for animals
incubated in 20 and 2.0 lM groups were significantly lower
than those from all other groups (p-values < 0.05). The
1.0 lM exposure group did not follow the general trend,
apparently due to an anomalous animal or problems with
an erroneous measure of that animal.

3.2. Experiment 2: Increased length of exposure

to moderate levels of DIP

Exposure to elevated phosphates significantly affected
the uptake rates of C. xamachana (p = 0.042; Fig. 2). At
each interval, jellyfish maintained in 0.5 lM phosphate
exhibited uptake rates significantly lower than those of ani-
mals incubated at 0.1 lM phosphate (p = 0.013), and ani-
mals exposed to 0.2 lM had intermediate uptake rates.
Uptake rates also varied significantly with length of expo-
sure (p = 0.007; Fig. 2). However, uptake rates did not
decrease progressively with corresponding increases in
length of exposure as predicted.
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Fig. 1. Mean uptake of dissolved inorganic phosphate ± 1 SE for C.

xamachana exposed to elevated phosphates for 1 h. Phosphate concen-
trations for each treatment are listed. * Significant effect of treatment
compared to unexposed control group (p < 0.05). ** Significant effect of
treatment compared to all other groups (p < 0.05).
3.3. Experiment 3: Duration of nutrient uptake signature

C. xamachana exhibited diminished phosphate uptake
rates following 1 h of exposure to 2.0 lM dissolved
KH2PO4, but returned to active uptake within 24 h
(Fig. 3). The three jellyfish assayed immediately upon
removal from the DIP solution had significantly reduced
uptake rates compared to jellyfish allowed to recover for
5 or more hours (p-values < 0.01). This reduction in uptake
rates was still apparent after 1 h of recovery when com-
pared to the uptake rates of animals allowed to recover
for 24 and 48 h (p-values < 0.05). Major adjustments in
the uptake rate occurred in as little as 5 h after exposure
to elevated phosphate.
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Fig. 3. Mean uptake ± 1 SE of C. xamachana following exposure to
2.0 lM dissolved inorganic phosphate. * Significantly lower uptake rates
than all other groups (p < 0.05). ** Significantly lower uptake rates than
groups removed 5, 24, and 48 h later (p < 0.05).
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Fig. 4. Mean uptake ± 1 SE for C. xamachana following environmental
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3.4. Experiment 4: Using C. xamachana as a bioindicator

Translocation habitat had a highly significant effect on
phosphate uptake rates of C. xamachana (Fig. 4; Table
1). Translocating jellyfish from the Atlantic side of Key
Largo into Florida Bay did not significantly affect their
uptake rates compared to reference animals from the origi-
nal collection site (p = 0.67). However, translocating ani-
mals from shore and onto coral reefs produced significant
increases in uptake rates (see Table 1 for p-values). Those
jellyfish that were moved 8 km from shore to Little Grecian
fore reef exhibited the highest phosphate uptake rates of all
treatments while those placed 4.8 km from shore at Admi-
ral patch reef exhibited intermediate uptake rates (Fig. 4;
Table 1). Water samples from Little Grecian Reef and
Admiral Reef revealed undetectable phosphate concentra-
tions (<0.03 lM DIP; Table 1) compared to the collection
site on the Atlantic side (0.09 lM DIP; Table 1) and the
translocation site in Florida Bay (0.05 lM DIP; Table 1).

4. Discussion

4.1. Physiological effects of nutrients on C. xamachana

Atkinson and Bilger (1992) speculated that changes in
the physiology of phosphate uptake by cnidarians, specifi-
Table 1
Comparative phosphate levels and uptake rates as measured for the four tran

Site PO4 concentration Mean uptake rates (lmol/gww/

Collection site 0.09 0.039438
Florida Bay 0.05 0.043881
Admiral Reef Not detectable 0.063707
Little Grecian Reef Not detectable 0.099076
cally corals, could be a function of past history of nutrient
availability. Our results indicate that exposure of C. xama-

chana to elevated phosphates reduces their subsequent
uptake rates and this physiological adaptation can occur
in as little as 1 h if dissolved phosphates concentrations
are high enough. Previous studies show that both zooxan-
thellae and their associated hosts have reduced uptake rates
following exposure to increased environmental phosphates
(Dean and O�Brien, 1981; Kelty and Lipschultz, 2002). For
example, Belda and Yellowlees (1995) showed that isolated
zooxanthellae and host clams (Tridacna spp.) respond sim-
ilarly, with reduced uptake rates occurring after the organ-
isms were exposed to elevated phosphates. These
physiological adaptations occur presumably as the organ-
isms become saturated during periods of high nutrient
availability. Kelty and Lipschultz (2002) demonstrated that
zooxanthellae isolated from a host anemone (Aiptasia pall-

ida) for 24 h were able to absorb phosphate 75 times faster
per cell than were freshly isolated zooxanthellae and they
attributed this uptake suppression to higher phosphate
concentrations measured within host tissue compared to
that of filtered Bermudan seawater (Kelty and Lipschultz,
2002). Our findings corroborate these results and suggest
that this phenomenon is widespread among invertebrate-
Symbiodinium mutualisms. Additionally, we demonstrate
that the effects of elevated phosphate exposure on subse-
quent uptake rates persist for at least one hour and are
capable of returning to a typical pre-enrichment pattern
in as little as 5 h.

It is important to note that phosphate concentrations of
2.0 lM are an order of magnitude greater than those often
encountered in coastal and reefs waters (see Szmant, 2002
for discussion). Therefore, after establishing the response
observed in the first experiment, we tested whether expo-
sure to low levels of phosphate for lengthier periods would
increase the sensitivity of uptake rates in C. xamachana.
While animals exposed to the highest phosphate treatment
did exhibit significantly lower uptake rates than those incu-
bated at the lowest treatment across all time intervals,
increasing the duration of phosphate exposure did not pro-
gressively affect uptake rates as predicted. One possible rea-
son for this response may have been that the animals were
kept outside and fluctuations in light intensity with the pro-
gression of the day may have influenced uptake rates. Pre-
vious authors have demonstrated that light affects nutrient
uptake rates in anemones and giant clams (D�Elia, 1977;
Muller-Parker et al., 1990). This has been attributed to
the photosynthetic needs of the endosymbiotic zooxanthel-
lae (Belda and Yellowlees, 1995). In contrast, the animals
splant environments

h) p-values for uptake rate comparisons relative to collection site

–
0.67
0.01

<0.001
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in the third experiment were kept indoors under continual
artificial light and their uptake rates appeared to normalize
5 h after exposure and remained constant 24 and 48 h later.
Our data do not allow us to specifically address the effects
of light on phosphate uptake in C. xamachana. However,
we caution that future work using these animals as compar-
ative bioindicators should be conducted contemporane-
ously under similar lighting to avoid any confounding
influence that light may have on nutrient uptake rates.

4.2. Nutrient levels in Floridian nearshore environments

C. xamachana are capable of integrating past nutrient
history into a detectable uptake signature that persists for
a period of time. Animals translocated from a common col-
lection site and to Florida Bay and coral reefs revealed
comparative differences in environmental phosphates
between these sites. C. xamachana displayed the lowest
uptake rates following environmental exposure at sites with
the highest phosphate concentrations as measured by tradi-
tional instantaneous time-point sampling. Jellyfish translo-
cated from the collection site on the Atlantic side of Key
Largo and into Florida Bay experienced little change in
phosphate uptake rates, consistent with the similar dis-
solved phosphate levels in both habitats. Animals placed
on the most distant reef, Little Grecian, had significantly
higher uptake rates than those from Admiral Reef despite
the fact that phosphates were below detectable levels at
both locations using traditional analytical methods. These
findings suggest that average ambient phosphate levels
were lower at the reef farther from shore. However, it is
important to clarify that we did not replicate sites at equal
distances from shore, therefore we caution against general-
izations about phosphate levels and their relation to dis-
tance from shore based on these current data. Also, it is
not possible to precisely quantify background phosphate
levels using these data, however, inferences can be made
about the comparative phosphate levels from one location
to another based on the observed relative uptake rates.
Future investigations should focus on establishing a phos-
phate uptake response curve capable of providing more
exact approximations of environmental phosphates.

4.3. C. xamachana as a bioindicator

There are several important advantages to using C.
xamachana as a bioindicator of dissolved inorganic phos-
phates. Direct measurement of seawater samples provides
information that is inherently time-specific, and therefore
may not be indicative of overall conditions at the tested
environments. In contrast, the information obtained by
analyzing phosphate uptake rates of C. xamachana repre-
sents an integration of local phosphate conditions over a
lengthier period of time, and thus provides a more accurate
portrayal of recent phosphate levels in coastal waters. Fur-
thermore, organismal bioindicators such as C. xamachana

enable researchers to obtain ecologically relevant informa-
tion about the physiological effects of phosphate levels on
cnidarian–zooxanthellae symbioses in addition to providing
comparative information about environmental phosphates.
Traditional methods of seawater analysis produce informa-
tion regarding the ambient phosphate levels at a specific
time, but offer no insight as to the ecological impact the
nutrient may be having on local animals. C. xamachana

are particularly useful to researchers because they provide
a dynamic model that closely resembles corals. Both C.

xamachana and hermatypic corals exhibit similar patterns
of phosphate uptake related to the nutrient needs of their
endosymbionts (D�Elia, 1977). However, C. xamachana

medusae are not attached benthic organisms, thus making
them easily transplantable to different environments for
testing purposes. Unlike many corals, C. xamachana jelly-
fish are also readily abundant and are not a protected spe-
cies. Researchers can therefore examine the effects of
increased environmental phosphates on the physiology of
a symbiotic cnidarian without contributing to the detriment
of threatened coral species. Lastly, using C. xamachana

allows researchers to make comparisons on the relative con-
centrations of phosphates in different habitats even though
conventional testing methods may not yield distinguishable
differences.
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