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This  study  documents  relationships  between  plant  nutrient  content  and  rhizome  carbohydrate  content
of a  widely  distributed  seagrass  species,  Thalassia  testudinum,  in  Florida.  Five  distinct  seagrass  beds  were
sampled for  leaf  nitrogen,  leaf  phosphorus,  and  rhizome  carbohydrate  content  from  1997  to 1999.  All
variables  displayed  marked  intra-  and  inter-  regional  variation.  Elemental  ratios  (mean  N:P  ±  S.E.)  were
lowest  for  Charlotte  Harbor  (9.9  ±  0.2)  and  highest  for  Florida  Bay  (53.5  ±  0.9),  indicating  regional  shifts
in  the nutrient  content  of plant  material.  Rhizome  carbohydrate  content  (mean  ± S.E.) was  lowest  for
Anclote  Keys  (21.8  ±  1.6  mg  g−1 FM),  and  highest  for  Homosassa  Bay  (40.7  ±  1.7  mg  g−1 FM).  Within  each
region,  significant  negative  correlations  between  plant  nutrient  and  rhizome  carbohydrate  content  were
detected;  thus,  nutrient-replete  plants  displayed  low  carbohydrate  content,  while  nutrient-deplete  plants
hizome sugars
eagrasses

displayed  high  carbohydrate  content.  Spearman’s  rank  correlations  between  nutrient  and  carbohydrate
content  varied  from  a minimum  in Tampa  Bay  (�  =  −0.2)  to a  maximum  in Charlotte  Harbor  (�  =  −0.73).
Linear regressions  on  log-transformed  data revealed  similar  trends.  This  consistent  trend  across  five  dis-
tinct regions  suggests  that  nutrient  supply  may  play  an  important  role  in  the  regulation  of carbon  storage
within  seagrasses.  Here  we  present  a new  hypothesis  for studies  which  aim  to  explain  the  carbohydrate
dynamics  of benthic  plants.
. Introduction

The ability of plants to endure disturbance events strongly
epends upon their capacity to support essential growth and main-
enance functions during unfavorable environmental conditions.
on-structural carbohydrate reserves play an important role in

he resilience of perennial plants by serving as a “rescue mecha-
ism”, allowing plants to sustain respiration or rebuild damaged
issue in response to disturbance (McPherson and Williams, 1998;
andhausser and Lieffers, 2002; Poorter et al., 2010). Thus, under-
tanding the dynamics of carbon storage, and the factors which
nfluence carbohydrate reserves in plants may  help elucidate their
otential for resilience in disturbance-prone environments.

Non-structural carbohydrates build within plant storage organs
y two distinct processes: true reserve formation and reserve
ccumulation (Chapin et al., 1990). The former process involves a

etabolically regulated formation of storage carbohydrates at the

xpense of current plant growth, while the latter process results
n a passive buildup of carbohydrates due to environmental factors

∗ Corresponding author. Tel.: +1 305 206 3575; fax: +1 919 345 4030.
E-mail address: jcamp013@fiu.edu (J.E. Campbell).

304-3770/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.aquabot.2012.02.002
© 2012 Elsevier B.V. All rights reserved.

(i.e. water and/or nutrient limitation) which constrain growth and
reduce carbon demand (Chapin et al., 1990). Thus, the availabil-
ity of external resources can strongly regulate storage dynamics,
particularly in the latter case of reserve accumulation. In terrestrial
plants, declines in nutrient availability can inhibit the production of
new biomass, and increase stores of non-structural carbohydrates
(Mooney et al., 1995; Wyka, 2000; Knox and Clarke, 2005). While
the dynamics of carbohydrate storage have been studied for some
marine plants, few studies have addressed the role that nutrients
might play in regulating storage reserves.

Seagrasses allocate a substantial portion of their biomass to
belowground storage organs (rhizomes), and like terrestrial plants,
these structures serve as a carbohydrate reserve to support plant
growth and maintenance during periods of low photosynthetic
capacity (either due to shading events or losses to herbivory). The
extensive allocation of biomass to belowground structures suggests
that these organs play an important role in the carbon dynamics of
these plants, and may  similarly be subjected to the processes of
reserve accumulation.
This study examines the relationship between plant nutrient
content and rhizome carbohydrate content in the seagrass, Thalas-
sia testudinum,  across multiple spatial scales in Florida. Here we
present preliminary observational data to suggest that, in addition

dx.doi.org/10.1016/j.aquabot.2012.02.002
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
mailto:jcamp013@fiu.edu
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o other abiotic factors, nutrients may  play an important role in
egulating the size of carbohydrate reserves. Due to reserve accu-
ulation, we hypothesized that nutrient-poor seagrasses would

isplay increased rhizome carbohydrate content as compared to
utrient-replete seagrasses. Nutrient–carbohydrate relationships
ere examined by sampling T. testudinum within five spatially dis-

inct regions in Florida, and quantifying both the seagrass nutrient
ontent and rhizome carbohydrate content across multiple years.
ur observations suggest that future studies may  need to consider

he process of reserve accumulation, and the role of nutrient avail-
bility in the regulation of carbohydrate reserves.

. Methods

.1. Study site and sampling

Five distinct regions in Florida were selected to examine the
elationship between nutrient and carbohydrate content of T.
estudinum: Homosassa Bay (N28◦45′, W82◦44′), Anclote Keys
N28◦12′, W82◦47′), Tampa Bay (N27◦40′, W82◦42′), Charlotte Har-
or (N26◦48′, W82◦08′) and Florida Bay (N24◦58′, W80◦50′). Within
ach region, 30 spatially distributed, randomly selected points (dis-
ributed over a 0.25 km2 grid) were sampled during the summer
easons of 1997, 1998, and 1999 (see Carlson et al., 2003 for gen-
ral description). At each sampling point, intact seagrass shoots
ere collected using a single, 6-in. diameter sediment core, trans-
orted back to the lab on ice, and frozen until further chemical
nalyses. Secchi depth, temperature, and salinity were additionally
ecorded at each site. To quantify water clarity, the ratio between
ecchi depth and site depth (Secchi ratio) was calculated; thus val-
es near unity indicate conditions whereby the Secchi disc was
isibly resting on the bottom. A portion of these data was  previously
sed to assess regional indicators of seagrass health (Carlson et al.,
003), and examine large-scale patterns in relative nutrient avail-
bility across the eastern Gulf of Mexico (Fourqurean and Cai, 2001).
he analyses presented herein are novel applications of these
ata.

.2. Plant chemical analysis

Seagrass shoots were washed free of sediment, and separated
nto aboveground and belowground material. Leaf material was
ently cleaned of epiphytes using a razor blade, dried to a con-
tant weight at 80 ◦C, and ground to a fine powder. Carbon (C)
nd nitrogen (N) content of leaf material was analyzed in duplicate
sing a CHN analyzer (Fisons NA1500). Leaf phosphorus (P) content
as determined through a dry oxidation, acid hydrolysis extraction

ollowed by a colorimetric analysis (Fourqurean et al., 1992). All ele-
ental ratios were calculated on a mole: mole basis. Belowground,

hizome non-structural carbohydrate content (sucrose and hexose)
as determined using sequential extraction methods (Zimmerman

t al., 1995).

.3. Statistical methods

Spearman’s rank correlation and standard linear regression
ere used to test the strength of the relationship between seagrass

eaf nutrient content and rhizome carbohydrate content across all
ampling years. Linear regressions on log transformed data were

roduced for the nutrient (either N or P) which provided the highest
orrelation with rhizome carbohydrate content for each respective
egion. Residuals from all linear regressions were tested for nor-
ality with a non-parametric Kolmogorov–Smirnov test (a = 0.05).
otany 99 (2012) 56– 60 57

3. Results

3.1. Site characteristics

Site depths displayed minor variation amongst the five sampling
regions. Depths were generally lowest for Tampa Bay, and highest
for Anclote Keys (Table 1). Due to the shallow depths and relatively
clear water, most regions displayed Secchi ratios near 1, and exhib-
ited minor intra-regional variation. Regional comparisons reveal
that water clarity was  highest for Tampa Bay, Homosassa Bay, and
Florida Bay. Anclote Keys and Charlotte Harbor displayed slightly
reduced water clarity, whereby average Secchi depths were 65%
and 79% of the recorded site depth, respectively. Site tempera-
tures were lowest for Homosassa Bay, and highest for Tampa Bay,
while salinity was lowest in Charlotte Harbor and highest in Florida
Bay.

3.2. Plant chemical characteristics

The nutrient and carbohydrate content of T. testudinum dis-
played significant intra- and inter- regional variation for all
sampling years (1997–1999). Across all regions, leaf nitrogen con-
tent (%N of dry mass) ranged from 1.60% to 3.96%, while leaf
phosphorus content (%P of dry mass) ranged from 0.06% to 1.08%.
Within each region, both leaf %N and %P were highest in Charlotte
Harbor and lowest in Florida Bay (Table 1). Across all sites, carbon
content displayed relatively little variation. Throughout the study,
%P had higher coefficients of variation (0.16–0.26), as compared to
%N (0.09–0.17) and %C (0.04–0.06). Regional variation in leaf N and
P content produced marked variation in seagrass N:P ratios, which
were lowest in Charlotte Harbor and highest in Florida Bay.

Rhizome carbohydrate content additionally displayed consider-
able variation across all sampling years. Carbohydrate content was
highest for Homosassa Bay and lowest for Anclote Keys. Within
each region, carbohydrate content displayed higher coefficients of
variation (0.31–0.71) relative to nutrient content (0.09–0.26).

3.3. Relationships between plant nutrient and carbohydrate
content

All sampled regions displayed significant negative correlations
between leaf nutrient content (%N and %P) and rhizome car-
bohydrate content. Intra-regional correlations (Spearman’s rank)
between nutrient and carbohydrate content were strongest for
Charlotte Harbor (� = −0.73, p < 0.01) and weakest for Tampa
Bay (� = −0.28, p < 0.01). Intermediate correlations were displayed
for Homosassa Bay (� = −0.53, p < 0.01), Anclote Keys (� = −0.66,
p < 0.01), and Florida Bay (� = −0.46, p < 0.01). Within each site, cor-
relations were generally strongest for the nutrient which was in
least supply for that respective region. Thus, regions with seagrass
N:P ratios below 30 demonstrated higher correlation coefficients
with %N as opposed to %P (with the exception of Anclote Keys). Con-
versely, regions with seagrass N:P ratios above 30 demonstrated
highest correlations with %P. Linear regressions between carbohy-
drate and nutrient content revealed similar negative relationships
for all regions (Fig. 1).

4. Discussion

Intra- and inter-regional variations in the leaf nutrient content
of T. testudinum were detected during our sampling period, as pre-
viously documented in prior studies for seagrasses within these

regions (Fourqurean and Cai, 2001). Between-region variation in
leaf nutrient content was larger than within-region variation,
generating significant differences in the nutrient content of T. tes-
tudinum across broad spatial scales. For example, leaf N:P ratios
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were low in Charlotte Harbor, indicating low nitrogen relative to
phosphorus content. Conversely, Florida Bay displayed high N:P
ratios, indicating high nitrogen relative to phosphorus content.
These large scale changes may  be due to a number of attributes. Pre-
vious work has documented shifts in the nutrient content of benthic
plants, attributable to variation in the environmental availability
and/or supply rates of nitrogen and phosphorus (Fourqurean et al.,
1992; Fourqurean and Zieman, 2002). We  suggest that similar vari-
ation in nutrient supply may  be responsible for our observed shifts
in plant nutrient content. Changes in nutrient supply can result
from either changes in nutrient loading rates or shifts in a num-
ber of abiotic factors (i.e. sediment mineralogy, sediment grain size,
water clarity, or water depth) (Fourqurean and Zieman, 2002). Such
factors likely contributed to variation in plant nutrient content at
both local and broad spatial scales.

Relationships between the leaf nutrient and rhizome carbohy-
drate content of the seagrass T. testudinum were detected during the
course of a 3 year sampling period in Florida. While the strength of
these relationships displayed regional variation, all sampling sites
demonstrated significant negative correlations between leaf nutri-
ent content (%N and %P) and rhizome carbohydrate content within
each region. Here, we hypothesize that within each region, nutrient
content may  have influenced the carbohydrate storage reserves of
this benthic plant because of the process of reserve accumulation
that has been described in terrestrial plants (Chapin et al., 1990).
While the role of light availability certainly must be considered,
we  argue that the relatively consistent depths and Secchi values
within each region suggest that these nutrient–carbohydrate rela-
tionships are not driven by large gradients in light availability.
Terrestrial studies have documented that nutrient-limited plants
are constrained in their ability to produce new biomass, thus car-
bon gain exceeds carbon demand, promoting the accumulation
of storage compounds (Chapin, 1980; Chapin et al., 1990; Wyka,
2000). Based upon our observations, we  hypothesize that a simi-
lar mechanism may operate for T. testudinum.  Prior work with the
freshwater macrophyte, Berula erecta has experimentally demon-
strated increased carbohydrate storage with nutrient limitation,
and decreased carbohydrate storage under nutrient-replete condi-
tions (Puijalon et al., 2008). Our field observations for T. testudinum
follow similar trends, and we suggest that these preliminary obser-
vations warrant further manipulative experimentation.

The strength of these nutrient–carbohydrate relationships dis-
played inter-regional variation, as Spearman’s rank correlations
were highest for the Charlotte Harbor region, and lowest for the
Tampa Bay region. Such variation may  be attributable to large
scale, regional differences in a number of abiotic factors (i.e. light,
temperature, and/or salinity), which may  regulate the strength
of the nutrient–carbohydrate relationship. Previous work has
demonstrated a number of factors which can impact seagrass car-
bohydrate content: for example season (Vichkovitten et al., 2007),
light availability (Burke et al., 1996; Zimmerman and Alberte, 1996;
Lee and Dunton, 1997; Carlson et al., 2003; Collier et al., 2009), and
grazing (Fourqurean et al., 2010). Large-scale regional variation in
these factors may  explain why the nutrient–carbohydrate relation-
ships were relatively strong in some regions, while relatively weak
in others.

The consistency of these negative relationships between nutri-
ent and carbohydrate content within several geographically
distinct regions suggests that seagrasses, such as T. testudinum
with substantial storage organs, may  accumulate reserves when
some factor other than rates of photosynthetic carbon fixation
limit plant biomass. We  suggest that nutrient availability may

need to be incorporated into the framework of factors that reg-
ulate the carbohydrate reserves of T. testudinum,  and provide
additional insight towards the storage dynamics of this benthic
plant.
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