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Abstract. The primary source of nutrients for seagrass
growth is consideredto be the sedimentporewater. Porewater nutrient concentrations were measured in 18 seagrassbedsacrossFlorida Bay, USA, a shallow, seagrassdominated subtropical embayment, during the summers
of 1987and 1988.Concentrations of nutrients in porewater varied widely, with median values of 0.34 ~M for soluble reactive phosphorus (SRP) and 78.6 ~M for NH: .
SRPand NH: concentrations were positively correlated.
Due to spatial heterogeneity, there were no apparent
trends with sediment depth (down to 40 cm) in the porewater nutrient concentrations. The SRP concentration of
the porewater was highest in areas supporting Halodule
wrightii, intermediate in areas of Thalassia testudinum,
and lowest in sedimentswithout seagrasses.
There was no
similar relationship with NH:. Porewater SRP, but not
NH:, was significantly correlated with total seagrass
standing crop. Elemental content (both Nand P) of green
leaves of L testudinumwas a function of the concentration of the nutrients in the porewater. Standing crop of L
testudinumwas correlated with phosphorus content, but
not with N content, of the seagrassleaves. The results
support the hypothesis that sedimentporewaters are the
most important source of nutrients for seagrassgrowth.
In this subtropical carbonate environment, the availability of phosphorus in the porewater limits the development, and controls the speciescomposition, of seagrass
beds.

Introduction
Nutrient and light availability are consideredtwo of the
primary physical factors limiting seagra$sdistribution
(see Dennison 1987 and Short 1987 for reviews). Sea* Presentaddress:Tiburon Centerfor EnvironmentalStudies,San
Francisco State University, P.O. Box 855, Tiburon, California
94920,USA
** Presentaddress:RARE Centerfor Tropical Conservation,1529
Walnut Street,Philadelphia,Pennsylvania19102,USA

grassesare faced with a paradox in their environmental
requirements: as autotrophs, they need light to survive,
but they are rooted -underwater, a medium that attenuates light much more strongly than air. In addition to
light, they require mineral nutrients to photosynthesize
and build tissue. Increases in nutrients in the overlying
water column increasethe attenuation of light in the water column as a result of plankton growth, often leading
to extirpation of seagrassbeds (Zieman 1975, Orth and
Moore 1983, Cambridge and McComb 1984, Giesen
et al. 1990, Larkum and West 1990, and others). Seagrassesare therefore usually found in areaswith relatively low nutrient concentrations in the surface water.
Seagrasses
may take up nutrients through their leaves,
which are bathed in this relatively nutrient-poor surface
water (McRoy and Bardsdate 1970), but leaf uptake is
likely to be of secondaryimportance, sinceseagrassroots
penetrate the more nutrient-rich medium of the sediments. Unlike macroalgae, submerged vascular plants
have true roots, evolutionarily descendantfrom the roots
of terrestrial plants, which have retained the functions of
the roots of terrestrial plants, including nutrient absorption (Agami and Waisel 1986). Root uptake of nutrients
from the sedimentsis considered to be the most important source of nutrients for seagrasses
(seeShort 1987for

review).

Short (1987) suggesteda regional dichotomy as to
which nutrient limits seagrassgrowth. With few exceptions (Orth 1977, Harlin and Thorne-Miller 1981), seagrassesgrowing in temperate climates and terrigenous
sediments are nitrogen-limited (Short 1987, Dennison
et al. 1987). Seagrassesgrowing in tropical climates and
biogenic carbonate sediments, on the other hand, are
often phosphorus-limited (Short et al. 1.985,1990, Powell
et al. 1989, Fourqurean et al. 1992). This difference may
be a result of the geochemistryof phosphate and carbonate minerals (Short 1987),since biogenic carbonate sediments commonly bind inorganic phosphate (Berner 1974,
DeKanel and Morse 1978).
Measuring the availability of nutrients to macrophytes is not easy (Chambers and Fourqurean 1991).
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Fig. 1. Map of Florida Bay, Florida, USA

Simple measuresof nutrient concentrations in sediments
or porewaters may not accurately representavailability,
since they do not take into account the turnover times of
the nutrient pools (Howarth 1988).The ratio ofC:N:P in
aquatic plant tissue is an indicator of the availability of
nutrients to the plant (Gerloff and Krombholtz 1966),
and seagrassspeciesfrom nutrient-poor areashave substantially higher ratios than those from nutrient-rich areas (Atkinson and Smith 1983). Further, the C:N:P ratio
of aquatic plant tissuesvaries with nutrient availability
within a single species,as documented both in fertilization studies (Short 1987, Short et al. 1990)and in studies
of spatial variation with respect to nutrient sources
(Fourqurean et al. 1992).
Different seagrassspeciesmay have different nutrient
requirements, but little work has beendone on the relative nutrient requirements of seagrasses
since most of the
seagrasses-nutrientstudies have beenconducted in areas
of Zostera marina monoculture. In south Florida, where
there is a more diverse seagrassflora, Powell et al. (1991)
documented concentric zones of seagrassdominated by
different speciesaround a point-source of nutrients, and
suggestedthat the zonation is caused by the variation in
the nutrient loading rate as distance from the pointsource increasesand the different nutrient requirements
of the seagrassspecies.That study also documentedshifts
in the dominance of seagrass speciesfollowing fertilization of experimental plots.
The present study examines the relationships among
sediment nutrient supplies, seagrassstanding crop, spe-

cies composition of seagrassbeds, and elementalcomposition of seagrass tissue in a nutrient-limited, seagrassdominated subtropical embayment. Since the sediments
are hypothesizedto be the primary source of nutrients for
seagrasses,
we expectedthere would be a correlation betweenseagrassstanding crop and porewater nutrient supply. Further, becausethe elemental composition of seagrassesmay indicate their nutrient supply (Gerloff and
Krombholtz 1966), we hypothesized that porewater nutrients and the C:N:P ratios of seagrassesare related.
Because of observed zonation of seagrassspeciessurrounding point-sources of nutrients (Powellet al. 1991),
we also hypothesizedthat areas supporting different species of seagrassdiffer in the nutrient characteristics of
their porewater.

Materials and methods

Studysite
This studywasconductedin Florida Bay,a large (1800km2), shallow ( < 3 m) embaymentat the southerntip of the Florida peninsula, Florida, USA (-25°N; 81oW;Fig. 1)during the summermonths
of 1987and 1988.The seagrasscommunitiesof Florida Bay have
beendescribedby Ziemanet al. (1989).Florida Bayis carpetedwith
seagrasses,
whichrangein densityfrom verysparsein the northeasternend of the bay to verydensealong the westernedgeof the bay.
Tha/assiatestudinumis the dominant seagrassacrossthe bay, but
localareasare dominatedby Ha/odu/ewrightii and/or Syringodium
fi/iforme. Seagrass
bedsin Florida Bayare nutrient-limited (powell
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et al. 1989,Fourqurean etaI. 1992).The sedimentsin which these
seagrasses
are rooted are composedof biogeniccalciumcarbonate
from algal and animal skeletalfragments (seeBosence1989 for
review).
The 18 sampling locations chosen for study representedthe
rangesof seagrassdensityand meadowcompositionfound in Florida Bay. Each of the sitesfrom which porewaterwas collectedwas
assigneda seagrasscover class,defined as: (1) areaswith no seagrass; (2)areaswith monotypic standsof Tha/assiatestudinum,or
(3) areasthat supportedHalodu/ewrightii. In this last cover class,
T. testudinumand Syringodiumfiliforme were sometimespresent.

Gas Port

"

Sampling

Port

/

Porewatercollectionand analysis
Porewaterwas collectedusing in situ suction lysimeters,or "sediment sippers" (Fig. 2), modified from the designof Montgomery
etaI. (1979)and Chambersand Odum (1990). The sipperswere
constructedof a top pieceof 4.0 cm i.d. and bottom pieceor 1.6cm
i.d. (1y," and y," u.s. Schedule40, respectively)
PVC pipe connected with a slip-fit reducerbushing. Any cornersin the bushing that
could trap and hold water were filled with polyesterresin. The
length of the 1.6 cm pipe sectiondeterminedthe samplingdepth of
the sipper,and the bottom of the 1.6cm pipe wascoveredwith a cap
of fritted polyethelene(30 J.lmpore size)A #9 two-hole rubber
stopperpluggedthe top of the 4.0 cmpipe section.A samplingport
wasmadeby extendinga lengthof plastictubing throughone of the
holesto the fritted cap. The secondhole servedas a gasport. Both
holes in the stopperwere fitted with luer-lock stopcocks.
At eachsampling location, five sipperseachat sedimentdepths
of10, 20,30and 40 cmwererandomlydistributed in a 10m x 10m
square.Thesedepthsallowedthe samplingof porewaterthroughout
the rhizosphere of Thalassiatestudinummeadows.Sipperswere
pushedinto the sedimentuntil the reducerbushing was flush with
the sediment,and argongaswas usedto force all of the water out
of the sipper through the samplingport. With the sampling port
closed,suctionwas applied to the gas port using a line running to
a battery-operatedvacuumpump on the boat. This suction slowly
drew porewater in through the fritted cap. After about 4 h, the
porewatersamplewas collectedusing argon-gaspressureto force
the sample out through the sampling port into a 60 ml syringe.
Sampleswere filtered through 0.45 J.lmmembranefilters into evacuated collection tubes,and transported back to the laboratory on
ice in the dark for chemicalanalysis.
In the laboratory, the samplevials were uncapped,acidified to
pH = 2 using 6 N HCl, and spargedwith argonto drive off H2S.
Further analysis was done on these spargedsamples.Dissolved
inorganic nutrient concentrationsof thesespargedsampleswere
determinedcolorimetricallyusing the ascorbatemethod for soluble
reactive phosphate (SRP)and the indo-phenol blue method for
ammonium(NH:) givenin ParsonsetaI. (1984).All nutrient analyseswerecompletedwithin 6 h of samplecollection.

-Fritted

Cap

Fig. 2. Diagram of inexpensive,in-situ "sedimentsippers" (suction
lysimeters)usedto collect porewaterfrom seagrass
bedsof Florida
Bay

modification of the method presentedin Solorzano and Sharp
(1980)for particulate total phosphorusdetermination. Duplicate
subsamplesof eachsamplewere weighed(5 to 20 mg) into tared
glass scintillation vials. 0.5 mI of 0.17M Na2SO4and 2.0 mI of
0.017M MgSO4 wereaddedto eachvial, and the vials weredried
in an oven at 90°C. Standardswere treated identically. Dry vials
containing samplesand standardswere ashed at 500°C for 3 h.
After cooling,5.0mI of 0.2 NHCl wasaddedto eachvial, the vials
werecappedand placed in an oven at 80°C for 30min. Each vial
wasdiluted with 10.0mI of deionizedwater, shaken,and allowedto
stand overnightto allow the ashto settle.The SRPconcentration
of the solution in the vials was determinedcolorimetricallyas describedabove. This method yielded 95 to 103% of the reported
phosphoruscontent of NBS (National Bureauof Standards)-standard orchard leaves.The elementalratios C:P, C:N and N:P were
calculatedon a mol:mol basis.

Plant collection and processing

Results

Coretubes(15cm diam)wereusedto collectthreereplicatesubsampies from eachsamplinglocation. Seagrassbiomasswas separated
by species,and greenleaf tissuewas separatedfrom the non-photosyntheticbiomassin the core. The leaveswere gentlyscrapedand
washedin flowing tap waterto removeepibiontsand sedimentsthat
had adheredto the leaves.Thesewashedsampleswerelyophilized
to a constantweight.Standingcropwascalculatedasthe dry weight
of greenleavesper area of Florida Bay bottom, expressedasg (dry
wt) m~2.
For determinationof the elementalcontent of seagrassleaves,
the dried leaveswere first homogenizedby milling them to a fine
powder. Carbonand nitrogencontentwasdeterminedfor duplicate
subsamplesof eachsample by oxidation in a Carlo Erba Model
1500 CHN analyzer. Phosphoruscontent was measuredusing a

There was large variation in nutrient concentrations of
porewater from Florida Bay sediments. For individual
sippers, SRP conceI:ltrations ranged from below detection (0.05 J.1M)to 33.8 J.1Mand NH: concentrations
ranged between 6.3 and 2400 J.1M.The values were not
normally distributed, but showedextreme positive skewnesstowards low values (Fig. 3). The median concentrations were 0.34 J.1Mfor SRP and 78.6 J.1Mfor NH: .Due
to the extreme positive skewness of the distributions,
statistical comparisons of porewater data were done using log transformations for the ammonium data and log
([SRP]+ 1) transformations for the SRP data.
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Individual sippersamplesthat had high SRPconcentrations also tendedto have high NH: concentrations
(Fig. 4). TransformedporewaterSRPand NH: concentrations were significantlycorrelated,with a Pearson's
correlation coefficientof 0.48 (n=286, p<0.001). The
medianporewatermolarNH: : SRPratio of all individual sippersampleswas217.
At eachsite,the SRPand NH: concentrationsof all
the individual sippersat eachdepth were averagedto-

gether to provide one estimate of the porewater nutrient
concentrations at each depth. Average porewater depth
profiles for SRP and NH: for each seagrasscover class
were then made by averaging thesevalues across all stations in eachcoverclass(Fig. 5). There were, however, no
consistent trends evident with depth in either SRP or
NH: concentrations for all cover classes.
Becauseof the lack of discernable trends in nutrient
concentrations with depth, a single depth-averagedvalue
for porewater SRP and NH: was determined at each
porewater collection site by averaging the mean values
for each depth. The molar ratio of NH: :SRP for each
site was determined using these depth-averaged values.
There were significant differences in the depth-averaged
porewater SRP concentrations betweenthe cover classes
(Table 1). Areas with no seagrasshad the lowest porewater SRP(0.10:t0.10 ~M), areas that supported Thalassia
testudinumalone had intermediate SRP concentrations
(0.49:t0.10 ~M), and areas that supported Halodule
wrightii had the highest SRP concentrations
(3.09:t 1.74 ~M). In contrast, there were no significant
differences in depth-averaged porewater NH: concentrations betweencover classes.Becauseof the significant
differences in SRP, there were significant differences in
the NH:: SRP ratios among cover classes.The lowest
ratios, 93:t31, were found in areas that supported H.
wrightii, and the highest ratios, 895:t 320, were found in
areas with no seagrass.T. testudinum-onlyareas had intermediate ratios of 232:t 54.
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Table1. Means::!: 1 SE of depth-averagedsoluble reactive phosphorus (SRP)and ammonium(NH:) concentrationsin porewater
andNH:: SRPratios of porewaterin areassupportingno seagrasses, Tha/assiatestudinumalone, and areas with Ha/odu/ewrightii.
Statisticsfor one-wayANOVAs for comparisonbetweengroupsare
also given. Due to positive skewnessin data, ANOVAs were performed on 10g([SRP]
+ 1)and 10g[NH:] transformations.Asterisks
indicate comparisonbetweengroups significant at p~O.O5
Seagrass
coverclass

(n)

Depth-averagedporewaternutrients
SRP (~M)

No seagrasses
Tha/assiatestudinumonly
Halodulewrightii
ANOYA F
p

(~M) NH::SRP

(2) 0.10:t0.10 150.3:t92.8
(11) 0.49:t0.10

98.0:t29.5

(5) 3.09:t1.74160.3:t40.7
7.1
1.6
<0.01
.
0.23

895:t 320
232:t54
93:t31
13.0
< 0.001 *

Seagrassstanding crop at the 18 porewater sampling
sites ranged from 0 to 279.4 g dry wt m-2, with a mean
of 115.5:!::18.9 g dry wt m -2 (:!::1 SE). There was a statistically significant relationship between total seagrass
standing crop at the sampling sites and the depth-averaged SRP concentration of porewater (R2 = 0.57,
P< 0.001, Fig. 6). Note that the sampling sites in the Thalassia testudinum-onlycover classtended to have a lower

Fig. 7. Tha/assiatestudinum.Relationshipsbetweenelementalratios of green leaf tissue and porewater SRP and NH: and
NH: :SRPratio. Statisticsof linear regressionanalysesare givenin
Table2

standing crop than areas that supported Ha/odu/e
wrightii. There was no significant relationship between

seagrassstandingcrop and the depth-averaged
NH:
concentration of porewater (R2=O.O3,p=O.47, Fig. 6).
Relationships betweenthe nutrient content of leaves
of Tha/assiatestudinumand the concentration of nutrients in the porewater were statistically significant (Fig. 7,
Table 2). High concentrations of P in the porewater, as
indicated by SRP, were associatedwith low C:P ratios of
leavesof T. testudinum.A low C:P correspondsto a high
phosphorus content of the leaves.Similarly, high concentrations of nitrogen in the porewaterwere associatedwith
high concentrations of nitrogen in the leaves of T. testudinum.There was a much greaterrange in leaf C:P than
C:N. C:P values ranged from 549 to 1725,a difference of
3.1-fold, while there was only a 1.5-fold difference in the
maximum (22.8) and minimum (15.6) C:N ratios. There
was a positive relationship betweenthe ratios of N to P
in the leavesand porewater: high NH: : SRPratios in the
porewater were associated with high N:P ratios of the
leaves(Fig. 7 and Table 2).

J.
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independentof leaf nitrogencontent,therewasa strong
relationbetweenleaf N:P ratio and standingcrop.
Discussion
This study documents the strong relationship between
porewater nutrient concentrations and the standing crop
and speciescomposition of seagrassbeds in Florida Bay.
The elementalcomposition of seagrasseswithin the beds
is also a function of porewater nutrient concentration.
Theserelationships indicate that concentrations of phosphorus, not nitrogen, in the porewater limit the development and control the species composition of seagrass
beds in Florida Bay.

Porewaternutrientconcentrations

Co
...

U

OJ"
C'

.-E
"t:J

C""
."
~

2501
I
200.
150.

(/»

...
CI)"t:J
CI)
." OJ
OJ

."

100

50

j

Q)

(/)

:zo

40

60

80

100

Thalassia Leaf N: P
Fig. 8. Total seagrass
standingcrop (all species)
asa function of the
C: P, C: Nand N: P ratios of green leaf tissue of Thalassiatestudinum.Statisticsfor linear regressionanalysesare givenin Table 2

Table2. Results of linear regressionanalysisfor relationshipsbetweendepth-averagedconcentrationof nutrients in porewater,elemental ratios of Thalassiatestudinumleaves,and total seagrass
standing crop (all speciescombined).Asterisks indicate relationships significant at p<O.O5
Dependent
variable

Independentvariable
Slope Intercept

R2 F

p

LeafC:P ratio Log([SRP]+1)-881.3 1264.2 0.29 4.8 0.05*
LeafC:N ratio Log[NH:]
-3.2
25.1 0.33 5.8 0.03*
Leaf N:P ratio NH: :SRP
0.1
40.3 0.34 6.1 0.03*
Standing crop Leaf C:P ratio
Standing crop Leaf C:N ratio
Standardcrop LeafN:P ratio

-0.1
284.2 0.59 17.5 0.001*
9.6 -42.5 0.05 0.6 0.44
-2.8 294.1 0.66 23.2 0.001*

The concentration of phosphorus in Thalassia testudinumleaveswas significantly related to the total standing crop of seagrass at a site (Fig. 8 and Table 2). At high
phosphorus content, or low C:P, standing crop was high.
There was no similar relationship betweennitrogen content of leavesand standing crop. Since standing crop was
positively correlated with leaf phosphorus content and

The concentrations of SRP and NH: in the porewater of
Florida Bay seagrassbeds were similar to values from
other seagrassbeds in carbonate sediments. Short et al.
(1985,1990)reported SRPconcentrations of <2 j.lM and
NH: concentrations of", 100 j.lM in beds of Syringodiumfiliforme in the Bahamas.In a seagrassbed composed
of Thalassiatestudinumand S. filiforme in St. Croix, US
Virgin Islands, NH: concentrations were between10 and
100 j.lM (Williams 1990). Our results differ significantly
from one previous measureof porewater SRP in Florida
Bay, however. Using core squeezers,Rosenfeld (1979)
reported SRP concentrations of 5 to 30 j.lM from a bare
mud area on a shallow bank in Florida Bay. The only
places we encountered SRP values this high in Florida
Bay were immediately adjacent to bird rookery/nesting
islands, which are large point-sources of nutrients in the
system(Powell et al. 1991).One explanation for this differencemay lie in the different techniquesused to collect
the porewater.
Studies of porewater nutrient concentrations from
seagrassbeds in carbonate sediments show general increasesin concentration with depth (Short et al. 1985,
Williams 1990).The lack of this trend in our data may be
a function of the spatial heterogeneity of seagrassbeds.
When porewater nutrient profiles were measured at particular spots within seagrassbeds in Florida Bay using
vertical arrays of porewater equilibrator chambers,concentrations of both SRP and NH: increasedwith depth
(Fourqurean and Carlson unpublished data). The variation within the 10 m x 10 m plots in which sediment
sippers were deployed in this study generally eradicated
any signal of increasing porewater nutrient concentrations with depth.

Porewaternutrientconcentrations
and seagrassstandingcrop
The seagrass
bedsof one bank dominatedby Thalassia
testudinumin easternFlorida Bay have beenshownexperimentally to be phosphorus-limited(Powell et al.
1989).The positive relationshipbetweentotal seagrass
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standing crop and porewater SRPobservedin the present
study suggeststhat unperturbed seagrassbeds are phosphorus-limited across Florida Bay. Correlation between
porewater nutrient concentration and plant standing
crop does not automatically prove that a causalrelationship exists betweenthe factors (Chambers and Fourqurean 1991). For instance, increasedinput and diagenesisof
organic matter in dense seagrassbeds would lead to increased nutrient concentrations in the porewater as a
function of the density of the seagrassbed; high porewater nutrient concentrations could be a consequence,not a
cause, of high seagrassstanding crop. In addition to the
possibly ambiguous correlation between porewater SRP
concentration and seagrassstanding crop in Florida Bay,
other evidencesupports a conclusion of phosphorus limitation. The correlations between(1) porewater nutrients
and the nutrient content of seagrassleaves, and (2) the
nutrient content of seagrassleavesand seagrassstanding
crop suggestphosphorus limitation of seagrassstanding
crop.
This work supports the generalization that seagrasses
in biogenic carbonate sedimentsare phosphorus-limited,
in contrast to the nitrogen limitation of temperate eelgrass beds in terrigeneously derived sandy and muddy
sediments(Short 1987).The relationship betweenrelative
eelgrass(Zostera marina) growth and sedimentammonium concentration suggeststhat eelgrassis nitrogen-limited in areas of sediment ammonium concentration of
< 100 ~mol NH: per liter of sediment,and nitrogen-saturated at >100~moll-1
(Dennison etal. 1987). Our
data suggest a similar relationship between porewater
SRP concentration and Florida Bay seagrass beds composed of Tha/assiatestudinumand Ha/odu/e wrightii, with
phosphorus limitation occurring in areaswhere porewater SRP is <2 ~M, and phosphorus saturation in areas
where SRP is >2 ~M.
Seagrasselemental ratios
The C:N:P ratios of plants has been used to assessthe
nutrient status of phytoplankton (Redfield 1958) and
macrophytes (Gerloff and Krombholtz 1966). The
amount of nitrogen or phosphorus, relative to carbon, in
plant tissuesis a function of the availability of N or P in
the environment. The C:P and C:N of leavesof Thalassia
testudinumdecreasedwith increasing porewater SRP and
NHI , respectively, implying that the measuresof porewater nutrient concentration made in this study can be
considered measures of nutrient availability. Moreover,
the N:P ratio of seagrassleaf tissue reflected the relative
availability of Nand P in the environment.
Seagrassstanding crop in Florida Bay was a function
of the C:P ratio, but not the C:N ratio, of the leaves of
Thalassia testudinum. This indicates that the seagrass
standing crop was associated with high phosphorus
availability (as measured by C:P). Standing crop was independentof nitrogen availability, eventhough there was
a significant positive relationship betweenthe N content
of the leavesand the N concentration in the porewater.
This relationship may have beendue to 'luxury consump-
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tion' of N; i.e., the assimilation of nutrients, above a
critical concentration, which has no effect on plant
growth (Gerloff and Krombholtz 1966). Seagrassesin
Florida Bay appearedto be saturated with respectto N.
For the ranges of Nand P content of seagrassleaves
encountered in this study, the ratio of N:P in seagrass
tissue was also a good predictor of seagrassstanding
crop: as P becamemore available with respectto N, seagrass standing crop increased.

Porewaternutrientsand speciescomposition
The areas classified in the Halodule wrightii cover class
had higher porewater SRP concentrations than either of
the other two cover classes.This is consistent with the
observedzonation of thesespeciesaround a point-source
of nutrients in easternFlorida Bay, where H. wrightii was
dominant in an area close to the nutrient source and
Thalassiatestudinumwas dominant further from the nutrient source (Powell et al. 1991). Changing the nutrient
regime of existing seagrassbeds may affect the species
composition of the seagrass bed. Shifts in speciesdominance,fro!fl T. testudinumto H. wrightii, occurred when
areasof T. testudinumwere fertilized (Powell et al. 1991).
Two alternative hypothesesare consistent with theseobservations: (1) H. wrightii can survive in areas of higher
nutrient concentration than T. testudinum, or (2) H.
wrightii requires a greater nutrient supply than T. testudinumin order to developinto the dominant seagrassin
a bed. From this study, the clearly positive relationship
betweenporewater SRPconcentrations and the standing
crop of T. testudinumsuggeststhat higher SRP concentrations benefited T. testudinum.BecauseH. wrightii was
never found in areas of low porewater SRP concentration, we conclude that growth of H. wrightii requires a
greater nutrient supply than T. testudinum.
The relative nutrient requirements of Thalassia testudinum and Halodule wrightii provide a possible explanation of the predominance of T. testudinumin low-nutrient environments and H. wrightii in high-nutrient environments. Estimates of .the nutrient demands may be
made using production rates and the concentration of
nitrogen and phosphorus in the plant tissue. H. wrightii
has a much higher production rate than T. testudinum:
previous work in Florida Bay has estimated leaf production of 47 mg g-1 d -1 for H. wrightii (Powell et al. 1989),
and 22 mg g-l d -1 for T. testudinum (Zieman et al.
1989).On a dry weight basis,leavesof T. testudinumfrom
the area average 2.24% Nand 0.09% P (Fourqurean
et al. 1992), and leaves of H. wrightii average 2.75% N
and 0.2% P (Powell et al. 1989). From these figures, we
estimate the P required to support daily production of
newleaves(on a per gram dry leaf basis)to be 94 J.lgP g-l
for H. wrightii and 20 J.lgP g-l for T. testudinum.Similarly, the daily N demand of H. wrightii (1.3 mg N g-l) is
much higher than that of T. testudinum(0.5 mg N g-l).
Theseestimatesare of the demand for new leaf production only, and neglectthe nutrients required for producing other plant tissues.H. wrightii, which was only found
in areaswith high nutrient concentrations, had a 4.7-fold
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higher P demand, and a 2.6-fold higher N demand, than
T. testudinum,which was the dominant speciesin areasof
low nutrient concentration. This suggeststhat H. wrightii
is less efficient than T. testudinumat utilizing nutrients
when availability is low.
Halodule wrightii is considered to be the pioneering
speciesin seagrassbeds of Florida and the Caribbean,
and Thalassia testudinum dominates the "climax" seagrass community (Zieman 1982). During recolonization
of mechanically disturbed seagrassbeds, H. wrightii is
often the first seagrassto become establisheddue to its
rapid rate of sexual and vegetative reproduction. Over
the course of 5 to 15 yr, T. testudinumslowly recolonizes
these areas and replaces the other seagrasses(Patriquin
1975). In the present study, we did not investigate porewater nutrient concentrations in any "pioneering" H.
wrightii beds.
One of the generalized patterns in changes in plant
physiological ecology during successionis a change from
species with high nutrient demands to those with low
demands (Bazaaz 1979, Tilman and Wedin 1991a, b).
Florida Bay seagrasses are no exception: Halodule
wrightii, the early successionalspecies,has a higher nutrient demand than Thalassia testudinum,the late successional species.However, in most successionalsequences,
nutrient pools are lowest in early successionand increase
through time (e.g. Tilman 1982). Early successionalspecies exploit relatively nutrient-poor areas early in succession, despite their higher nutrient demand, due to their
rapid colonization rates compared to late successional
species (Platt 1975, Connell and Slayter 1977, Bazaaz
1979, Tilman and Wedin 1991b). Early successionin
Florida Bay seagrassbedsalso fits this model. H. wrightii,
the normal early successionalspecies,has a higher demand for sedimentnutrients than T. testudinum,the later
successionalspecies,but a much faster colonization rate
than T. testudinum(Fonseca et al. 1987).This rapid colonization rate enables H. wrightii to colonize relatively
nutrient-poor bare sediments in Florida Bay.
In the context of resourcecompetition theory (Tilman
1982), the replacement of Halodule wrightii by Thalassia
testudinum in the secondary successionalsequencemay
be explained by the relative efficiencies of the speciesin
utilizing a limiting resource, in this case sedimentary
phosphorus supply. If nutrient-use efficiencyis an inverse
function of the nutrient demands of the speciesas calculated above, then T. testudinumshould be able to survive
at lower P availability than H. wrightii. If the total supply
ofP remains constant in an area during secondarysuccession, then as P is incorporated into plant tissue during
increasesin biomass, P will become less available in the
environment. The minimum level to which P availability
can be lowered is a function of the nutrient-use efficiency
of the plants and the rates of remineralization of fixed P.
As biomass of T. testudinum increases in a bed of H.
wrightii, P availability will decrease,shifting the competitive edgeto T. testudinum.Stable coexistenceof the two
specieswill only occur if some other factor, suchas light,
limits the ability of T, testudinumto diminish the amount
of environmentally available P below the critical level
required by H. wrightii.
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