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ABSTRACT: The influence of community structure on the seagrass Thalassia testudinum was studled 
in 3 distinct communities- low and high density monocultures, and patches intermixed with Halodule 
wrightii, in Cockroach Bay, Tampa, Florida. T. testudlnum shoot-specific leaf mass and growth were  
significantly higher in low density n~onocultures, and both variables were  negatively correlated with 
short-shoot density. Intraspeclfic, competition-density effects in high-density seagrass beds may be  
respons~ble for the relatively lower shoot-speclfic leaf mass and growth rates, possibly due  to the reduc- 
tion of available light from dense leaf canopies. These observations are supported by significantly 
higher T testudinum leaf C .N  and 6I3C in low density monocultures, which suggests that high rates of 
growth are  coupled with high C and N demands and reduced discrimination of C Lower 7 testudinum 
shoot-specific leaf mass and growth in mixed species patches may be  partially explained by interspe- 
cific competition with H. wrightii; however, the exact mechanisms by which these species interact were 
not discovered. Differences among communities in sediment NH,' and PO," and T testudinum leaf 
C:N:P and 6151\' suggest that community structure in seagrass meadows plays an  important role in sed- 
iment nutrient dynamics and,  potentially, nutrient availability. However, low leaf C:N and C:P ratios 
suggest that nutrients are  not limiting In this system. This study shows that intraspeclflc competition, 
and to a lesser degree,  interspecific interactions with H. wr~ghtii ,  a re  mpor tant  determinants of T tes- 
tudlnum productivity and,  potentially, seayrass cornnlunlty structure in Cockroach Bay. 

KEY WORDS. Seagrass . Thalassia testudinum . Heterogeneous . Community structure . Intraspeciflc 
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INTRODUCTION 

The seagrasses Thalassia testudinum Banks ex 
Konig and Halodule wrightii Ascherson grow along 
the coastlines of the Caribbean and Gulf of Mexico in 
dense monocultures and mixed-species communities. 
Seagrass community structure (i.e. species diversity 
and abundance) may reflect fine scale variability in 
resource availability, abiotic factors, and/or bioturba- 
tion and meteorological disturbances. Localized envi- 
ronmental conditions have a direct effect on seagrass 
d~stribution patterns and growth (e .g .  Zieman et al. 
1989, Erftemeijer & Herman 1994, van Tussenbroek 
1995), and may indirectly promote and increase the 
importance of biotic interactions by reducing species' 
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realized niches (en sensu Hutchinson 1957). Intra- and 
interspecific competition may be important processes 
that structure these communities. 

Intraspecific competition In seagrasses has not been 
well studied (but see South 1983). A series of classical 
experiments in terrestrial plant literature (Kira et al. 
1953, Koyalna & Klra 1956, Yoda et al. 1963) provide 
the foundation for the current understanding of 
intraspeclfic con~petition, which include competition- 
density effects, altered population structures, and the 
self-thinning rule. Determining the importance of 
intraspecific competition relative to interspecific com- 
petition in structuring plant communities has not been 
adequately tested due to poor experimental designs, 
problems associated with modeling monocultures, and 
the inconsistency of common intraspecific effects (e.g. 
self-thinning rule) in all communities (Antonovics & 
Levin 1980, Firbank & Watkinson 1990, Goldberg & 

Barton 1992). On the other hand, interspecific competi- 
tion has been widely investigated and reviewed (e.g. 
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Connell 1983, Shoener 1983, Fowler 1986, McCreary 
1991, Goldberg & Barton 1992). although its impor- 
tance and role in shaping plant communities is de- 
bated (Grace 1991, Turkington et al. 1993, Huisman 
2994). 

Competition in plant communities generally occurs 
via direct interference with neighbors (e.g,  allelopa- 
thy), passive interactions by blocking access to 
resources, or indirectly by exploiting shared resource 
pools (Connell 1990). Direct interference competition, 
or allelopathy, has not been observed in seagrasses. 
However, de Villele & Verlaque (1995) observed die- 
backs of Posidonia oceanica (Linnaeus) Delile in the 
Mediterranean that were associated with the invasion 
of the green macroalga Caulerpa taxifolia (Vahl) C. 
Agardh. This alga produces toxic secondary metabo- 
lites that inhibit the growth and expansion of interspe- 
cific competitors (Lemee et al. 1993). In the absence of 
allelopathy, seagrasses may compete for sediment 
nutrients, light, or space (Williams 1987), by either 
physically blocking access to resource pools or by 
reducing the availability of limiting resources. Compe- 
tition for available substrate occurs between crustose 
algae and species of the seagrass Phyllospadix in the 
intertidal zone along the northwest coast of the United 
States (Turner 1985, Stewart 1989). Further, seagrasses 
also compete with phytoplankton, epiphytes, and 
macroalgae for light and nutrients (Sand-Jensen & 
Borum 1991, Duarte 1995). These interactions reduce 
seagrass distribution and growth in areas of high nutri- 
ent loading and reduced water quality (e.g. Silberstein 
et al. 1986, Tomasko & Lapointe 1991, Neckles et al. 
1993, 1994, Lapointe et al. 1994, Duarte 1995, Sturgis & 
Murray 1997). 

Competition between seagrasses has mostly been 
inferred from field observations where short shoot (SS) 
densities, leaf mass, and/or growth were lower in 
mixed communities relative to monocultures (John- 
stone 1984, l r k m a n  1985, Orth & Moore 1987, 
Tomasko 1992). Nomme & Harrison (1991) observed 
positive responses by Zostera japonica Ascherson 8 
Graebner when Z. marina L. was removed from mixed 
communities. Other field studies Rave focused on the 
mechanisms by which coexisting species interact, 
specifically by manipulating resource avajlability. 
Williams (1987) reported that Thalassia testudinum 
outcompeted Syringodium filiforme Kiitzing for both 
sediment nutrients and light, as S. filiforme SS density 
and biomass increased with higher resource availabil- 
ity. The resource-ratio hypothesis (Tilman 1982, 1988) 
was invoked to investigate the interactions between T 
testudinum and Halodule wrightii in Florida Bay 
(Fourqurean et al. 1992b, 1995). In the latter study, 
monocultures of T. testrrdinum were eventually 
replaced by dense monocultures of H. wrightii after 

8 yr of enrichment, reflecting the higher nutrient re- 
quirements of H. wrightii (Powell et al. 1991, Four- 
qurean et al. 1992b). During enrichment, H. wrightii 
was released from nutrient limitation and formed a 
dense canopy of aerial runners (en sensu) and SS in the 
water column above the seagrass bed. The authors 
suggested that light was subsequently reduced below 
the minimum for 7: testudinum, though this was not 
further examined. 

In the present study, we examined the importance 
of intra- and interspecific competition and resource 
availability in structuring a heterogeneous Thalassia 
testudinum and Halodule wrightii seagrass commu- 
nity. The focus of the present study is on the domi- 
nant T. testudinum, and thus H. wrightii will only be 
mentioned in reference to its effects on the distribu- 
tion, growth, and physiological characteristics of T 
testudinum. Our objectives were 2-fold: (1) to deter- 
mine if intra- or interspecific interactions affected the 
abundance, leaf morphology, and growth of T. tes- 
tudinum in a heterogeneous seagrass bed; and (2) to 
elucidate the mechanisms involved In structuring 
mixed T. testudinum and H. wrightii seagrass com- 
munities. The effects of intra- and interspecific com- 
petition were inferred from correlations of growth 
measures with density of intra- and interspecific 
neighbors (Harper 1977), and the spatial organiza- 
tion of T testudinum and H. wrightii within mixed 
communities (Rejm6nek & LepS 1996). T testudinum 
shoot-specific leaf morphology, mass, growth, and 
stable C and N isotopic values were also measured to 
determine the effects of seagrass community struc- 
ture on 7: testudinum eco-physiological processes. 
Total sediment NH,+ and Pod3-  and T. testudinum 
leaf tissue C:N:P ratios were measured to identify the 
relationships between nutrient availability and sea- 
grass community structure. 

METHODS 

Site description. This study was conducted in Cock- 
roach Bay (27"40'N, 82"31'W), a shallow (ca 0.5 to 
1.5 m), mangrove-lined estuary located along the 
southeastern edge of Tampa Bay, Florida. The benthos 
in Cockroach Bay is dominated by large stands of Tha- 
Iassia testudinum, intermixed with the seagrasses 
Halodule wrightii and Halophila engelmannii Ascher- 
son, the macroalga Caulerpa prolifera (Forsskbl) Lam- 
ouroux, bare patches, and boat propeller scars. The 
study site consists of a heterogeneous seagrass 
meadow (ca 1.5 ha) containing monocultures of T tes- 
tudinum and H. wrightii and patches where both spe- 
cies coexist. In August 1994, we identified 4 distinct 
seagrass communities based on species composition 
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and abundance: low-density, moilospecific stands of T 
testudinum (LOW) with SS densities <l00 m-2; high- 
density, nlonospecific stands of T. testudinurn (HIGH) 
with SS densities >200 m-2; monospecific patches of H. 
wrightii (HW); and intermixed stands containing both 
species (MIX; also presented as T-MIX and H-MIX 
when referring to T. testudinum and H. wriyhtii indi- 
vidually in this community). SS densities ranged from 
0 to 496 SS m-2 for T testudinurn and 0 to 2896 SS m-2 
for H. wrightii throughout the study area (Rose 1996). 
Five sites of each con~munity were randomly selected 
from a larger pool of potential sites. All sites were 10 m 
in diameter, but only the innermost 6 m of each site 
were sampled to insure differentiation between com- 
munities and to avoid edge effects. Additionally, the 
innermost 25 cm were excluded from the sampling 
area due to the placement of a 1.91 cm (diameter) PVC 
pipe inserted to mark the center of the sites. Because 
Cockroach Bay seagrasses are highly variable and 
exhibit strong seasonal responses (Dawes et al. 1997), 
we conducted the majority of our sampling during 
times of maximal (June 1995) and reduced (October 
1994) seagrass productivity. All collections were con- 
ducted by snorkeling, and care was taken to prevent 
disturbing the study area by minimizing walking and 
use of anchors. 

Seagrass density and spatial interspecific interac- 
tions. Thalassia testudinum SS densities in LOW, 
HIGH, and MIX, were calculated in October 1994 and 
June 1995 by sampling each site 20 times with a 
0.0625 m-2 quadrat. Halodule wrightii SS were also 
counted in MIX. SS counts from both species in MIX 
were used to describe their spatial distribution patterns 
and measure their association strength. Spatial pat- 
terns were described using Lloyd's (L) index of patchi- 
ness (Pielou 1977, Rejmanek & LepS 1996), where 

variance/(mean - 1) 
L = l +  

mean 

and the mean and variance refer to the calculated 
mean and variance of the number of individual ranlets 
(i.e. SS) in each quadrat for each species. When L < 1, 
individuals are uniformly distributed; for L - 1, individ- 
uals approximate a random distribution; and if L > l ,  
individuals exhibit a clumped distribution. 

The strength of interspecific association between 
Thalassia testudinum and Halodule wrightii were 
measured via 2 methods. Pearson correlation coeffi- 
cients (r) were calculated from the number of T tes- 
tudinum and H. wnghtii SS (log transformed) present 
in each of the 100 quadrats sampled from all 5 MIX 
communities. The 100 quadrats used to sample the 5 
MIX communities were divided into 4 categories, 
based on the concurrent presence or absence of T. tes- 
tudinum and H. wrightii. These values were used in an  

ordinary 2 X 2 contingency table to determine the Vco- 
efficient (Pielou 1977), which is calculated as follo\vs- 

( a d -  bc)  x 2  v = 
lad - bcl \ 

where a,  b, c, and d,  are frequencies in the 2 X 2 table; 
x2 is the chi-square statistic; and N is the total number 
of sampling units. Absolute values of V >  0.20 indicate 
a significant association between species for N = 100 
samples at a 0.05 significance level (Rejmanek & LepS 
1996). 

Thalassia testudinum leaf characteristics and 
growth. Leaf growth was measured in  sltu for Thalas- 
sia testudinum using a modification of Zieman's (1974) 
hole-punching technique in October 1994 and June 
1995. Approximately 30 SS were marked with 2 holes 
by a 20 gauge syringe needle directly above the basal 
meristem, tagged with a plastic wire tag around the 
base of the SS, and harvested 8 to 14 d after they were 
marked. SS were stored on ice and processed within 48 
h.  Epiphytes were gently scraped from the blades, 
dried to a constant mass (ca 24 h at 60°C), and 
weighed. The number of blades, l-sided leaf area,  and 
total leaf mass were recorded. One-sided leaf area was 
measured on a Leaf Area Meter (CI-201, CID). Stand- 
ing crop (g  dry weight [dwt] m-2) was estimated from 
the measures of leaf mass and SS density, and 3 mea- 
sures of productivity were determined: shoot-specific 
(mg dwt SS-' d- ' ) ,  leaf relative growth rate (mg dwt g-' 
d-l), and area1 (g dwt m-' d-l). 

Sediment characteristics. In March 1995, a prelimi- 
nary survey of sediment nutrient concentrations were 
conducted in LOW, HIGH, MIX, and HW communities. 
Five sediment cores (3 cm i.d., 10 cm length) were col- 
lected from 3 sites for each community; for a total of 
15 cores community-'. Cores were immediately placed 
in plastic bags, transported back to the lab on ice, 
homogenized, and frozen (-15°C) until analyzed. Visu- 
ally identifiable plant material and detritus (21 cm) 
were removed from the cores during homogenization. 
Approximately 30 g of homogenized wet sediment 
were dried at  105°C to constant mass and ashed for 4 h 
at 500°C to determine total organic matter (TOM). 
Ammonium was extracted froin wet subsamples 
(ca 5 g) with 2 M KC1 (Bremmer 1965) and measured 
colormetrically (Kempers & Zweers 1986). Phosphate 
was extracted from wet subsamples (ca 5 g )  with 0.5 M 
sodium bicarbonate (Na2HC03) and was also mea- 
sured colormetrically (Olsen & Sommers 1982). In June 
1995, 5 sediment cores were collected (concurrently 
with the growth studies) from each site in LOW, HIGH, 
and MIX for a total of 25 cores community-'. Cores 
were similarly processed. 

Thalassia testudinum elemental and isotopic com- 
position. Five SS of Thalassia testudinum were col- 
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Fig. 1. Mean (+l SD) seagrass (A) short shoot (SS) density and 
(B) standing crop of LOW, HIGH, and MIX communities sam- 
pled in October 1994 and June 1995. Note that data for both 
Thalassia t e s t u d ~ n u m  (T-MIX) and Halodule wrightii (H-MIX) 
in MIX communities are provided only for SS d.ensities, and 

not standing crop 

lected from all sites in June 1995. Blades were sepa- 
rated from the shoot, rinsed in freshwater, scraped 
clean of epiphytes, dried to a constant mass, and 
homogenized in a Wiley-Mill (screen no. 40). Carbon 
and nitrogen contents were determined using a Carlo 
Erba Model 1500 CHN analyzer and phosphorus con- 
tent was measured by dry oxidation-acid hydrolysis 
(Fourqurean et al. 1992a). Carbon, N, and P were 
determined from duplicate samples. The C:N, C:P, and 
N:P molar ratios were calculated on a mol:mol basis for 
pooled shoots irom each slte. Seagrass 1.eaf 6I3C and 
6'" were measured on a stable isotope mass spec- 
trometer. Results are presented in standard delta (6) 
notation. 

Thalassia testudinum daily leaf nutxient demands. 
Three measures of daily leaf nutrient demands are 
reported for Thalassia tesfudinum: (1) on a per SS basis 
(mg nutrient SS-'.), (2) on a per mass basis (mg nutrient 
g-' leaf), and (3) on an area1 basis (mg nutrient m-'). 
Calculations were based on means from each commu- 
nity for SS density, standing crop, leaf mass, leaf pro- 
ductivity, and leaf % N and % P content measured in 
June 1995. 

Data analysis. One-way ANOVA was used to test for 
differences among communities for sediment charac- 
teristics, Thalassia testudinum leaf tissue elemental 
ratios, and T. testudinum stable isotopic measure- 
ments. Differences in SS density, standing crop, leaf 
characteristics, and growth were tested among com- 
munities, sampling dates, and community X date inter- 
actions, using 2-way ANOVA. Pairwise multiple com- 
parisons among communities were made with the 
Student-Newman-Keuls method. Correlations were 
conducted with the Pearson Product Moment Correla- 
tion. All data were tested for normality and homogene- 
ity of variances, and were transformed if data were not 
normally distributed. Significance was determined a 
priori at a 95 % probability level (p I 0.05). 

RESULTS 

Seagrass density and spatial interspecific 
interactions 

Differences among communities were determined 
in preliminary surveys of the study area and were 
consistent throughout the study. Thalassia testudinum 
SS densities were significantly different among com- 
munities, where HIGH > T-MIX > LOW within and 
between sampling dates (p < 0.05; Fig. 1A). A similar 
pattern was observed for T testudinum standing 
crop, except that there was no s~gnificant variation 
between T-MIX and LOW (p > 0.05; Fig. 1B). Mean 
changes in SS density between sampling dates were 
significant for LOW (+65%; p < 0.05), but not for 
HIGH and MIX (+2.5 and +9.8%, respectively; p > 
0.05). Halodule wrightii had significantly higher SS 
densities than T testudinum in M I X ,  and exhibited a 
342% increase in SS density between sampling dates 
(p  < 0.05). 

Lloyd's lndex of patchiness indicated that both 
species exhibit spatially clumped or aggregated 
distributions in MIX during both sampling events, 
with all values of L ranging between 1.570 and 1.813 
(Table l ] .  Interspecific interactions between Thaiassia 
testudinum and Halodule wrightii were detected from 
the contingency table analysis and correlations, 
based on the spatial distribution of both species. The 
association strength (V)  of 0.28 between T. tes- 
tudinum and H. wrightii was significant for both sam- 
pling dates (p  < 0.05). This is interpreted as a strong 
interaction between the 2 species. The nature of this 
interspecific relationship may be competitive, as sup- 
ported by negative correlations between T tes- 
tudinum and H. wrightii SS numbers in MIX commu- 
nities for both October 1994 (Fig. 2A) and June 1995 
(Fig. 2B). 
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Table 1. Lloyd's (L) index of patchiness for Thalassia testudinurn and Halodule wrightii sampled in 5 intermixed sites (MIX). Val- 
ues for means and variances were determined from the number of short shoots observed in 25 cm quadrats (N = 100). Calcula- 

tions for L and determination of seagrass spatial distribution patterns are described in the text 

October 1994 
T testudinum H,  wrigh tij 

June 1995 
T testudinurn H. wrighti~ 

Mean 
Variance 
L 

Spatial pattern 

8.13 
40.30 

1.695 
Clumped 

15.28 
177.38 

1.813 
Clumped 

9.81 67.62 
52.48 2569.41 

1.607 1.570 
Clumped Clumped 

Thalassia testudinum leaf characteristics and growth Sediment characteristics 

mass were negatively correlated with SS density for 
Fig. 2. Relationship between the number of Thalassia tes- 

both sampling dates (Fig. 5A to D); however! shoot- tudjnurn and Halodule wdghtii SS sampled in 100 quadrats 
specific productivity was not significantly related to SS (25 cm) from all 5 MIX sites in both ( A )  October 1994 and [B)  

The number of blades (Fig. 3A) and l-sided leaf area Total sediment organic matter (%) ranged between 
(Fig. 3B) on individual Thalassia testudinum SS did not 1.2 and 4.8% for all communities sampled in March 
significantly differ among communities and sampling and June 1995 (Fig. 6A), and no significant differences 
dates (p > 0.05). There were significant differences for were observed among communities (p > 0.05). Total 
leaf area index (LAI) among communities and sampling sediment NH," ranged between 5.2 and 17.0 mm01 
dates, where HIGH > MIX > LOW, and LAIs were NH,+ g-' wet sediment for both March and June 1995 
higher in June 1995 than October 1994 (p < 0.001; 
Fig. 3C). Total leaf mass (mg dwt SS-') was significantly 

density in October 1994 (Fig. 5B).  June 1995 

higher in LOW, relative to both HIGH and MIX (p = - 3.0 - 
0.009; Fig. 3D). The 46 % increase in leaf mass observed 'C 4 2.5 - 
in LOW between sampling dates (p = 0.159) included a S 

U 

25 % increase in the number of blades and a 64 % in- 2.0 - 
B crease in l-sided leaf area. SS epiphytic biomass was "-E 

highly variable, ranging between 82 and 481 mg dwt $ 
- 

SS-', with a significant difference among communities T t  l , o .  
(p = 0.046), but not between sampling dates (p  = 0.648). 2 3 

Thalassia testudinum shoot-specific productivity 0 5 -  - 
varied between 2.1 and 6.2 mg dwt SS-' d-I in October o,o - 
1994, and between 3.0 and 8.7 mg dwt SS-' d-' in June z o 

on 94 
r = -0.339 
P < 0.001 
n = l W  

. .. . . . . .  
. . ..-. 

A 
1995 (Fig. 4A). Significant differences for shoot-spe- 

0.0 0.5 1 .o 1.5 2.0 
cific productivity were observed among communities, 

No. Thalassra iestudrnum SS (25cm quadrat-') 
where LOW exhibited significantly higher rates than ~ o g  Transformed 
HIGH and MIX (p = 0.002). Differences between sam- 

3.0 - 
pling dates were also significant (p  = 0.003), as shoot- -: June 95 

specific productivity increased by an average of 35 % 4 2.5 - r = -0.520 
p < 0.001 

from October 1994 to June 1995. Leaf relative growth n =  100 

rates (mg dwt g-Id-') did not significantly differ among B - @ communities (p = 0.081), but did vary between sam- 5 I 5 - 
pling dates (p = 0.002; Fig. 4B). This was primarily due g 
to a 58 % increase in MIX relative to minimal changes y y . ~  - 

& 3 of -1.1 and 5.1% in HIGH and LOW, respectively. OS. 

Areal productivity rates (g dwt m-' d-l) significantly 4 
varied among communities (p 0.001) with HIGH 0.0- 

. . 
. . --. 

exhibiting the greatest rates (Fig. 4C). Changes in B 

area1 productivity rates from October 1994 and June o o o 5 1 0  1.5 2.0 

1995 were also significant (p < 0.001), with an average NO. l3alassia iesrudinum SS (25m quadrat-' ) 

increase >73%. Shoot-specific productivity and leaf Log Transformed 
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LOW HIGH MIX LOW HIGH M X  

L014 HIGH MIX LOW HIGH M I X  

Fig. 3. Mean (+ l  SD) (A) no. of blades. (B)  l-sided leaf area, (C) leaf area index (LAI) ,  and (D) total leaf mass, of Thalass~a 
testudinum sampled from LOW, HIGH, and MIX com.munities in October 1994 and June 1995 

. - C Oct 94 f Y f  - u " e 9 5  - i 

- - 
L 0  W HIGH MIX 

Fig 4 Mean ( + l  SD) (A) shoot-spc c ~flc ,  (B)  leaf relatlve 
growth rate, and (C) area1 productlvlty of Thalassla tes- 
tudlnum sampled from LOW, HIGH, and MIX comrnunltles in 

October 1994 and June 1995 

collections (Fig. 6B). Significant differences were 
observed among communities, where HIGH > MIX > 
LOW in March and HIGH > MIX > LOW in June.  Total 
sediment NH,' in cores collected from Halodule 
wrightii monocultures (HW) in March were only signif- 
icantly different from LOW. Total sediment PO4" for 
individual sites ranged between 0.17 and 0.61 pm01 
Pod3-  g-l wet sediment (Fig. 6C). Significant trends 
among communities were similar for both sampling 
dates, where MIX = HW > HIGH > LOW. 

Thalassia testudinum elemental and isotopic 
composition 

Elemental composition of Thalassia testudinum 
leaves did not vary among communities for C or P, but 
lea! N content in LOW was significantly lower than 
HIGH and MIX (Table 2 ) .  Differences in, leaf N con- 
tent among communities were also reflected in the 
differences in leaf C:N and N:P ratios. FI3C and F"N 
values were fairly consistent among individual sites, 
with ranges of 2 .2  and 3.4?&, respectively. LOW had 
significantly heavier isotopic values for both 613C and 
FI5N (p < 0.05; Table Z), which suggests that there are 
differences among the communities with respect to C 
and N sources, and/or utilization by 7: testudinum 
Sediment NH,+ is significantly correlated with SS 
density, leaf C:N,  and leaf N:P (p  0.05; Fig 7A to C ) ,  
whereas sediment is not significantly correlated 
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with SS density, leaf C:P, and leaf N:P (p  > 0.05; trients, and had the highest nutrient demands for N a n d  
Fig. ?D to F). P on an  area1 basis (Tables 3 & 4). No significant differ- 

ences were observed for daily nutrient demands based 
on leaf relative growth rates (mg N or P g-' leaf). 

Thalassia testudinum daily nutrient demands 

LOW exhibited a greater leaf nutrient content for DISCUSSION 
both nitrogen (Table 3) and phosphorus (Table 4),  and 
experienced the greatest nutrient demands for both N Growth of Thalassia testudlnum in Cockroach Bay ex- 
and P on a per SS basis; however, these differences hibited si~nilai- seasonal trends and ranges relative to 
were only significant for daily P demands on a per SS other areas in Cockroach Bay (Dawes et al. 1997), Tampa 
basis (p  = 0.025). HIGH exhibited a significantly greater Bay (Dawes 1981), Florida Bay (Zieman et al. 1989), 
nutrient content in the total standing crop for both nu- Florida Keys (Tomasko & Lapointe 1991), and Mexico 

350 - 350 . June 95 June 95 
r = 4 5 5 1  r = 4 627 2 300 - a p = 0 0 3 3  300 . p = 0 0 1 2  

m 1 % n =  15 . n: I 5  

250 1 250 

g l00 100 1 . 
so lC 

. . 
I 0 - , , . I 

100 150 200 250 100 750 100 450 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  100 

Leaf Mass (mg d ~ v t  SS-') Shoot-Spec~tic Product~v~ry (mg dwt SS.' d . ' )  

Fig. 5 Relationship between SS density with leaf mass and shoot-speciflc productivity of Thalassia testudlnum sampled from 
LOW, HIGH, and MIX communities in October 1994 and June  1995. Vcllues are  slte means 

Table 2 Mean (+ 1 SD) elemental and stable isotope composltlon of Thalassla testudlnuni leaf ma te r~a l  collected from 3 seagrass 
communltles (LOW, HIGH, MIX) in June  1995 C N P r a t~os  are presented as m01 mol, and stable lsotopes in " W .  Differences 
between communltles were tested wlth a l -way ANOVA, and pairwlse comparisons were  made wlth the Student-Newman-Keuls 

method Significant differences among communities ( p  5 0 05) are  denoted by supersc l~pts  

% C  O/o N %P C:N C.P N P I3C l5N 

LOW 36.57 t 0.47 1.93 t 0 13" 0.41 * 0.02 22.13 + 1.32" 230 84 + 8.35 10.48 i 0 73'' -15.08 t 0.70" -0.70 t 0.51" 
HIGH 36.52 t 0.72 2 33 + 0 16b 0.43 t 0.01 18 29 t 0.90" 220.80 * 6.65 12.12 i 0 83'' -15.96 + 0 33b 0 21 t 0 86h 
MIX 36.42 t 0.38 2 19 + 0 1 8 ~  0.42 + 0.01 19 55 t 1 68" 224.30 + 7.74 11.56 * 1 19""15.85 + 0 37b 1 12 2 0 . 5 3 ~  
F2. 12 0 109 8 213 2 323 10.658 2.399 3.968 4 72 9.67 
P 0.898 0 006 0.140 0.002 0.149 0.048 0.031 0 003 
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3 5 - ~- P- - - -  greater in HIGH, relative to LOW and MIX These dis- 
ESP March 95 

2 5 .  

parities are primarily due to differences among commu- 

1 nities in individual SS leaf mass and density. 
The effects of community structure appear to play an 

important role in regulating the size and growth of 
Thalassia testudinum in a heterogeneous environ- 
ment. Intraspecific competition in seagrass communi- 
ties has not been widely studied. South (1983) 
observed relatively higher rates of leaf growth in T. 

LOW HIGH MIX HW 

Fig. 6. Mean (+l  SD) (A) total organic matter (TOhl), IBI total 
extractable NH,', and (C) total extractable PO,\ampled 
from LOW, HIGH, MIX, and HW in March and June 1995. 

Note that HW was on.ly sampled in March 1995 

(Tussenbroek 1995). Observations from the present 
study also suggest that seagrass growth may vary with 
community structure, although significant differences 
among communities were not consistent. Shoot-specific 
productivity rates were greatest in LOW, relative to 
HIGH and MIX. Leaf relative growth rates did not sig- 
nificantly differ among communities across both sam- 
pling dates, and area1 productivity was significantly 

testudinum in a low-density grass bed relative to areas 
of higher density in Bermuda, and differences in T. tes- 
tudinum leaf growth rates with respect to density have 
also been observed in northwest Florida (Vargas & 
Miller unpubl. data). In the absence of space limitation, 
intraspecific competition for nutrients and light may 
explain the differences observed in T. testudinurn leaf 
characteristics, growth, and C:N:P and isotopic compo- 
sition between LOW and HIGH in Cockroach Bay. It is 
generally accepted as plant density increases leaf 
canopy thickness also increases and light availability is 
reduced (Harper 1977, Tilman 1988, Bazzaz 1996). T. 
testudinum growing in HIGH may have been light- 
limited due to the effects of self-shading. This may 
explain the negative correlations between leaf mass 
and shoot-specific growth with SS density, and the sig- 
nificantly higher shoot-specific growth rates observed 
in LOW. Negative correlations between plant mass 
and density are referred to as competition-density 
effects (Kira et al. 1953), and have been bbserved else- 
where (Firbank & Watkinson 1990). In the context of 
the self-thinning rule, seagrasses are clonal plants in 
which individual SS (or ramets) along a genet are 
physiologically integrated (Tomasko & Dawes 1989), 
thus having the benefits of shared resources. When the 
number of genets increase, ramet performance (i.e. 
growth, size) may decrease-although this relation- 
ship is not firmly established (Antonivics & Levin 1980, 
Firbank & Watkinson 1990). In the present study, we 
did not attempt to count the number of gen.ets due to 
the depth of the rhizomes and the high degree of inter- 
mixing within the rhizome mat. 

Table 3. Mean (* 1 SDI leaf content and daily demand of n~trogen for Thalassia t~s tud inum collected from 3 seagrass communi- 
ties (LOW, HIGH, MIX) in June 1995. Differences between communities were tested with a l-way ANOVA and pairwise com- 
parisons were made with the Student-Newman-Keuls method. Significant differences among communities (p  5 0.05) are denoted 

by superscripts 

N leaf content 
(mg N SS-') 

LOW 5.56 + 2.05 
HIGH 3.93 r 0.55 
hlIX 3.76 + 0.57 
F?. : 2  3.09 
P 0 083 

N in standing crop 
(9 N m-2) 

0.50 + 0.18" 
1.11 5 0 . 1 6 ~  
0.59 + 0.13" 

22.10 
<0.001 

Dally N demand 
(mg N SS ') 

0 12 + 0 03 
0 09 5 0.02 
0.10 + 0.02 

2.39 
0 134 

Daily N demand 
(mg Y g-  ' leaf) 

0.47 ? 0.56 
0 56 * 0.06 
0.59 + 0.10 

2.87 
0.096 

Daily N demand 
(mg N m-') 

11.32 * 3.21d 
26.19 * 2.7!jb 
15.37 t 3.34" 

30.50 
<0.001 
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mmol NH,,' g '  wet sediment pno l  PO,)' g" wet sediment 

Fig. 7. Relationship between sediment NH4+ and with SS density and leaf C:N:P of Thalassia testudinum for all sites sam- 
pled in LOW, HIGH, and MIX communities in June 1995. Values are site means 

Table 4. Mean (k 1 SD) leaf content and daily demand of phosphorus for Thalassia testudinum collected from 3 seagrass com- 
munities (LOW, HIGH, MIX) in June 1995. Differences between communities were tested with a l-way ANOVA and pairwise 
comparisons were made with the Student-Newman-Keuls method. Significant differences among con~munities (p 2 0.05) are 

denoted by superscripts 

P leaf content P in standing crop Daily P demand Daily P demand Dally P demand 
(mg P S-') (g  P m-2) (mg P SS-') (mg P g" leaf) (mg P m-') 

LOW 1.37 t 0.62 0.12 2 0.05* 0 030 + 0 012a 0.111 r 0.031 2.75 k 0.96a 
HIGH 0.72 t 0.08 0.21 i 0.03b 0.017 t 0.003~ 0.102 r 0.012 4.81 * 0.62b 
MIX 0.73 + 0.13 0.12 * 0.03* 0.019 -+ 0.003~ 0.112 r 0.007 2.97 * 0.66a 
F?, 12  4.02 8.44 5.12 0.374 11.00 
P 0.046 0.005 0.025 0.696 0.002 
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Trends in Thalassia testudinum leaf C:N:P and iso- 
topic composition are similar to those observed by Abal 
et al. (1994) and Grice et al. (1996). They reported that 
with high light availability, seagrass leaf mass and 
growth rates increased, concurrently, with an increase 
in leaf C:N and 613C in response to higher N and C 
demands. Significant differences in seagrass leaf 613C 
have been attributed to light availability, presumably 
due to increased growth rates, C demands, and 
reduced discrimination of heavier C isotopes (Cooper 
& DeNiro 1989, Durako & Hall 1992). Thus, relatively 
lower leaf mass (mg dwt SS-') and shoot-specific 
growth rates of T. testudinum in HIGH and MIX may 
be the result of low light availability from self-shading 
The leaf C:N and 613C content is consistent with what 
is known regarding the relationship among light avail- 
ability, leaf mass, leaf growth, and N and C demands. 

Thalassia testudinum may also be adversely affected 
by Halodule wrightii. Spatial patterns in MIX suggest 
that T. testudinum and H. wrightii are interacting in a 
way that limits the other's density. SS densities of T. 
testudinum were negatively correlated with SS densi- 
ties of H,  wrightii, and exhibited a significantly lower 
increase between sampling dates relative to LOW 
(+9.8 to +65%, respectively). The typical range of sea- 
sonal increases in ?: testudinum SS densities in Cock- 
roach Bay is between 60 and 120 % (Dawes & Ehringer 
1994), but is still substantially less than those observed 
for H. wrightii in this study. Significant values of the 
association strengths ( V )  between T testudinum and 
H. wrightii provide additional evidence for interspe- 
cific interactions in MIX. 

While spatial analyses are good descriptors of com- 
munity structure, they do not provide information 
about the intensity or importance of the interactions, or 
the mechanisms involved. Competition for space may 
be minimized by stratification of root-rhizome systems, 
as reported for mixed communities of Thalassia tes- 
tudinum and Halodule wrightii (Patriquin 1972, 
Williams 1990). Agawin et al. (1996) observed species- 
specific nutrient deficiencies between the seagrasses 
Thalassia hemprichli (Ehrenberg) Ascherson and 
Enhalus acoroides (iinnaeus i.) Royle in the Philip- 
pines. This may also have been due to the segregation 
of root-rhizome systems. Biomass cores collected in 
October 1994 and June 1995 from MIX did not exhibit 
any interspecific differentiation in stratification with 
respect to sediment depth, even though H. wrightiirhi- 
zomes were never found deeper than 5 cm (Rose 1996). 

Interspecific competition for light also does not 
appear to be a structuring force in these shallow, inter- 
mixed communities. Halodule wrightii is relatively 
more shade-tolerant and persists in the understory of 
Thalassia testudinum and other seagrasses (Wiginton 
& McMillian 1979, Iverson & Bittaker 1986, Four- 

qurean et al. 1995), and its relatively smaller size in 
Cockroach Bay would not produce a light-limiting 
canopy for T. testudinum (authors' pers. obs.). In nutri- 
ent-limited systems, T. testudinum is competitively 
dominant (Williams 1990, Fourqurean et al. 199213, 
1995). However, when H. wrightii is released from 
nutrient limitation, it has the ability to produce aerial 
runners that rise above and shade the underlying T. 
testudinum, which eventually results in the competi- 
tive exclusion of T. testudinum from areas of high 
nutrient availability (Fourqurean et al. 1995). In Cock- 
roach Bay, the production of aerial runners by H. 
wrightii has not been observed, despite high nutrient 
levels. 

Interspecific competition for sediment nutrients also 
does not appear to be an important interaction be- 
tween these species in Cockroach Bay. Halodule 
wrighfii has higher nutrient requirements than Thalas- 
sia testudinum (Fourqurean et al. 1992b), and correla- 
tions between H, wrightii SS densities and T. tes- 
tudinum leaf tissue C:N and C:P in MIX are not 
significant (p > 0.05). However, the role and impor- 
tance of sediment nutrients to T testudinum in Cock- 
roach Bay need to be further investigated because sig- 
nificant differences in sediment nutrients and T. 
testudinum leaf C:N:P were observed among commu- 
nities. Sediment nutrient concentrations do not truly 
represent nutrient availability, due to the inability of 
plants and other primary producers to utilize nutrients 
sorbed to sediment clays and mineral complexes 
(Smith 1984, Chambers & Fourqurean. 1991). Leaf tis- 
sue elemental ratios present a more accurate indicator 
of plant nutrient availability for several reasons: nutri- 
ent demands can be calculated from productivity rates 
and leaf N and P composition, retention time of nutri- 
ents is longer in plant tissue relative to sediments, and 
variations in C:N:P ratios can be used to infer nutrient 
limitation (Gerloff & Krombholz 1966, Atkinson & 
Smith 1983, Duarte 1990, Fourqurean et al. 1992a). 
Nutrient concentrations measured concurrently with 
leaf tissue elemental composition provide the neces- 
sary tools to describe the relationship between envi- 
ronmental availability and plant demands. In the pre- 
sent study, a significant negative correlation was 
observed between total sediment NH4+ and T. testu- 
dinum leaf tissue C:N, but not between total sediment 

and leaf C:P This suggests that there is a rela- 
tionship between plant nutrient demands and environ- 
mental concentrations for N, but not for P. This is not 
surprising, considering that Tampa Bay is known for 
having extremely high ~ 0 ~ ~ -  concentrations due to 
naturally high ba.ckground levels, discharges from 
phosphate mining and chemical processing, and point 
and non-point source eutrophication (Fanning & Bell 
1985). Leaf tissue % P were 2 X the reported mean and 
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median values for seagrasses (Duarte 1990), and leaf 
C:P ratios were substantially less than those reported 
by Atkinson & Smith (1983) for seagrasses and by 
Faganeli et al. (1986) for benthic marine algae. The 
minimal role of P availability is also supported by the 
lack of any significant relationships between sediment 
Pod3-  and C:P with any other seagrass community, 
morphological, or physiological parameter. 

Thalassia testudinum leaf N:P ratios were <16, 
which is indicative of N-limitation (Redfield 1958, 
Smith 1984). Lower leaf C:N and higher U/o N values 
have been reported elsewhere for T. testudinum 
(Patriquin 1972, Atkinson & Smith 1983, Duarte 1990, 
Fourqurean et  al. 1992a,b), thus suggesting that there 
is a greater potential for N uptake by T. testudinum 
than what we observed in the present study. This is 
also evident from differences among communities in 
Cockroach Bay. High shoot-specific growth rates in 
LOW, coupled with the lowest leaf % N, highest C:N, 
and lowest N:P, suggest that daily N demands are not 
being met-despite the high rates of growth exhibited 
by T. lestudinum in these communities. Perhaps lower- 
than-expected values for daily nitrogen demand (on a 
per SS basis) in LOW may be attributed to problems 
associated with describing seagrass nutrient demands 
solely on the basis of leaf characteristics, or N avail- 
ability in LOW is lower relative to HIGH and MIX- 
which corresponds to our measurements of lower sedi- 
ment NH4+ in LOW. However, due to extremely high 
sediment NH,+ and POg3- within Cockroach Bay (see 
also Dawes et al. 1997), seagrasses in Cockroach Bay 
are most likely not to be nutrient limited. Low leaf N:P 
ratios inay be due to abnormally high P availability. 
High sediment NHdi in HIGH most likely derives from 
the established relationship between plants and 
soil/sediment nutrient cycles observed in both terres- 
trial (Greig-Smith 1979, Gibson 1988) and aquatic sys- 
tems (Barko & Smart 1980, Hemminga et al. 1991). 
Seagrass meadows accumulate sediment NH,' by 
trapping small organics from the water column and 
reducing NH,+ fluxes out of the sediment via an  
increased benthic boundary layer due  to a dense blade 
canopy (Kenworthy et al. 1982, Short 1983, Dennison 
et al. 1987). Thus, high sediment NH,+ in HIGH 
appears to be the result of high seagrass density. Low 
leaf C .N ratios in HIGH may be responding to either 
the extra supply of N, or the reduced leaf growth and 
nutrient demands experienced by individual SS. Vari- 
ations in T. testudinum leaf 6I5N among communities 
also suggest that seagrass nutrient dynamics may 
exhibit community-level differences with respect to 
sources, sinks, and internal recycling (Nadelhoffer & 
Fry 1994). Therefore, despite several trends in the 
data, it would be premature to make any definitive 
conclusions about the relationship between seagrass 

community structure, nutrient demands, and sediment 
nutrient dynamics due  to the number of interacting 
variables involved-many of which were outside the 
scope of this study. 

The effects of community structure on plants may not 
always involve intra- or interspecific competition, and/ 
or localized changes in resource regimes. In Cock- 
roach Bay, Thalassia testudinum leaf characteristics, 
productivity, and C:N:P and stable isotopic composi- 
tion appear to be negatively affected by intraspecific 
competition (possibly for light) and interspecific inter- 
actions with Halodule wrigl~tii. However, though we 
observe patterns that support the role and importance 
of con~petitive interactions, other processes cannot be 
ignored. For example, low-density communities with 
high growth rates will not consistently have low densi- 
ties unless other factors are involved-such as local- 
ized disturbances and stresses. Because Cockroach 
Bay is heavily affected by boat propeller scars (see 
Dawes et al. 1997), the structure of the present-day 
communities identified in this study (i.e. LOW, HIGH, 
MIX, and HW) may be  the result of past events. Poten- 
tially, the heterogeneous landscape observed in Cock- 
roach Bay may represent different successional stages 
of seagrass meadows in this system. These differences 
in community structure, due  to either ecosystem his- 
tory or community-level processes, may also influence 
other factors including: current patterns, drift algae 
con~position, epiphyte loads, and the presence and 
activity of herbivores and other fauna. Thus, we should 
use caution and not allow our simplified preconcep- 
tions to be misdirected by apparent patterns in com- 
munity structure or competition (en sensu Holt 1977) 
that may often mask a more complex web of inter- 
actions and factors. 
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