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Despite marked gradients in nutrient availability that control the abundance and species composition of
seagrasses in south Florida, and the importance of nutrient availability in controlling abundance and
composition of epiphytes on seagrasses in other locations, we did not find that epiphyte load on the dom-
inant seagrass, Thalassia testudinum, or that the relative contribution of algal epiphytes to the epiphyte
community, was positively correlated with nutrient availability in the water column or the sediment
in oligotrophic seagrass beds. Further, the abundance of microphytobenthos, as indicated by Chloro-
phyll-a concentration in the sediments, was not directly correlated with concentrations of nutrients in
the sediments. Our results suggest that epiphyte and microphytobenthos abundance are not unambigu-
ous indicators of nutrient availability in relatively pristine seagrass environments, and therefore would
make poor candidates for indicators of the status and trends of seagrass ecosystems in relatively low-
nutrient environments like the Florida Keys.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Increases in resource availability shift the competitive balance
from slow-growing to fast-growing organisms. In nutrient-limited
aquatic and marine systems, increases in nutrient supply leads pre-
dictably from dominance by slow-growing rooted macrophytes, to
progressively faster-growing primary producers like free-living
and epiphytic macroalgas, culminating in dominance by single-
celled algae and light limitation at very high nutrient loads (see
Duarte (1995) and Burkholder et al. (2007) for reviews). In seagrass
beds, increases in the abundance of epiphytes – the plants and ani-
mals growing on the surfaces of the slower-growing seagrass
leaves (Borowitzka et al., 2006) – are stimulated by nutrient load-
ing (e.g. Borum, 1985; Silberstein et al., 1986; Neckles et al., 1994;
Balata et al., 2008) and these increases in abundance have been
implicated as the cause for declines of seagrasses during eutrophi-
cation (e.g. Orth and Moore, 1983; Cambridge et al., 1986). Concen-
tration of nutrients in the water column may not increase
throughout the eutrophication process until after the slow-grow-
ing, rooted macrophytes disappear (Cambridge et al., 1986), so
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concentrations of nutrients in the water column are poor indica-
tors of eutrophication in oligotrophic systems. Owing to the rela-
tionships between nutrient availability and epiphyte abundance
observed in these and other systems, abundance of epiphytes
and other fast-growing primary producers may provide a useful
indicator of the relative availability of nutrients in macrophyte-
dominated coastal systems.

Microphytobenthos are an additional, important primary pro-
ducer in shallow coastal ecosystems, whose productivity can be
substantial in both phytoplankton-dominated (e.g. Schreiber and
Pennock, 1995) and macrophyte-dominated systems (e.g. Moncre-
iff et al., 1992). In areas of high light availability, nutrient addition
enhances the biomass of the microphytobenthos (Dizon and Yap,
1999; Hillebrand et al., 2000; Herbert and Fourqurean, 2008), so
biomass of microphytobenthos may also be indicative of nutrient
availability.

There are few regions where seagrass beds are as extensive as
found in south Florida (Fourqurean et al., 2002), and south Florida
has a large and rapidly growing coastal human population. Across
the shallow coastal marine ecosystems of south Florida, there are
pronounced gradients in the relative availability of nitrogen (N)
and phosphorus (P), and a qualitative change in the limiting nutri-
ent (Fourqurean and Zieman, 2002). In general, enclosed estuarine
waters in the region are exceedingly P-limited owing to the lack of
P with respect to N in freshwater runoff and long water residence
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times (Fourqurean et al., 1992a, 1993), while P availability
increases in an offshore direction (Szmant and Forrester, 1996;
Fourqurean and Zieman, 2002), leading to N limitation of seagrass-
es along the back side of the Florida Keys barrier reef. The generally
low-nutrient concentrations in costal water of south Florida result
in clear water with enough penetration of solar energy to the ben-
thos to support extensive seagrass beds and coral reefs. The grow-
ing human population, and the concomitant increases in nutrient
discharge, put these oligotrophic marine communities at risk.

In Florida Bay, an enclosed estuarine embayment to the north of
the Florida Keys, epiphyte load is positively, but weakly, correlated
with measures of P availability in that generally P-limited environ-
ment, but near point sources of P supply epiphyte loads are much
higher than elsewhere in the ecosystem despite lack of increases in
nutrient concentrations in the water column (Frankovich and Four-
qurean, 1997). Experimental fertilizations in Florida Bay have
shown that the response of the epiphytic and microphytobenthic
community to increased nutrient availability are complex, and that
these communities sometimes respond to increased nutrient avail-
ability with increased abundance and sometimes they do not
(Armitage et al., 2006). Reliance on chlorophyll-a (Chl-a) abun-
dance as an indicator of microalgal biomass may miss important
changes in the structure of the community caused by changes in
the abundance of algal taxa that contain other pigments in addition
to Chl-a (Armitage et al., 2006; Frankovich et al., 2009).

Given the observed relationships between nutrient loading and
the abundance of epiphytes and microphytobenthos observed in
seagrass ecosystems from around the world, and the perceived
threat to water quality owing to human population, the abundance
of epiphytes and microphytobenthos in seagrass beds may prove to
be a valuable metric for assessing both the current status and
trends of the seagrass beds. In this paper, we present data on epi-
phyte and microphytobenthos abundance collected at 30 benthic
monitoring sites in the Florida Keys National Marine Sanctuary
(FKNMS), and compare these data to nutrient concentration in
the water column and to the N and P content of the seagrass leaves
which has been shown to be a reliable indicator of nutrient avail-
ability in the region (Fourqurean et al., 1992a; Fourqurean and Zie-
man, 2002), with a goal of assessing the viability of using epiphyte
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Fig. 1. Map of the study are showing stat
and microphytobenthos abundance as indicators of nutrient avail-
ability in south Florida. Specifically, we test the hypotheses that
epiphyte and microphytobenthos abundance is correlated with
concentrations of nutrients in the water column, sediments and
seagrass tissues. We also examine the time series of epiphyte
abundances from these 30 sites for intra-annual trends.
2. Methods

Thirty sites were selected within the 9600 km2 of the FKNMS to
serve as permanent monitoring locations for benthic habitats
(Fig. 1). These sites were a randomly selected subset of a more spa-
tially-intensive water quality monitoring program. The water qual-
ity monitoring sites were selected using a stratified-random
procedure, where strata were determined by both hydrogeograph-
ic province and distance from shore (see Boyer and Jones (2002) for
detailed description). Both benthic habitat and water quality mon-
itoring have been conducted at these sites four times per year since
1995, but the water quality and the benthic habitat sampling ef-
forts are not temporally coincident.

Water quality data were collected quarterly at each site begin-
ning in 1995, please see Boyer and Jones (2002) for a complete
description of the water quality sampling program’s field and lab-
oratory methods. We restrict our analyses in this paper to data col-
lected during the period 2001–2007. At each station, depth profiles
of salinity, temperature and available light were obtained using a
CTD, and grab samples of surface water were collected approxi-
mately 25 cm below the surface. Duplicate unfiltered water sam-
ples were collected in 120 ml HDPE bottles for analysis of total
nutrient concentrations. Duplicate water samples for dissolved
nutrients were filtered (25 cm diameter Whatman GF-F) by hand
in the field into 60 ml HDPE bottles. The filters were extracted in
90% acetone/water for Chl-a analysis.

Sediment data were collected bi-annually from June 2001 to
January 2003 to capture summer and winter conditions. Four sed-
iment cores (1.15 cm diameter, 2.61 cm depth) were collected at
each site. Two sediment cores were used to estimate microphyto-
benthos abundance via determination of Chl-a content of the
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Table 1
Water quality summary for quarterly sampling at the 30 monitoring sites, 2001–
2007.

Median Min Max n

Chl-a (lg l�1) 0.15 0.00 9.01 838
NO�3 (lM) 0.12 0.00 4.16 840
NO�2 (lM) 0.05 0.00 0.37 840
NHþ4 (lM) 0.33 0.00 6.07 840
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sediment [(mg Chl-a)(m�2)]. Sediment samples were transferred
into 20 ml glass scintillation vials and placed on ice in the dark.
Ten ml of 100% acetone was added to the wet sample to extract
Chl-a; concentrations of Chl-a were measured fluorometrically
(Strickland and Parsons, 1972) on a Guilford Fluoro IV Spectrofluo-
rometer (excitation = 435 nm, emission = 667 nm). Two additional
sediment cores were used to analyze sediment porosity, bulk den-
sity, organic content and elemental content (C, N, P). Sediment was
transferred into pre-weighed 20 ml glass scintillation vials and wet
weight was calculated. The sample was dried at 70 �C for 48 h to
obtain a dry weight. An aliquot of each sample was ashed at
500 �C for 5 h and organic content was calculated as loss on igni-
tion (LOI). Dry sediment samples were ground using a ceramic
mortar and pestle and total nutrients (CNP) were determined.
Powdered samples were analyzed in duplicate for carbon and
nitrogen content using a CHN analyzer (Fisons NA1500). Ashed
sediments were also analyzed for total inorganic carbon (IC) and
the percentage of organic carbon was calculated as the difference
between IC and total carbon (TC). Phosphorus content was deter-
mined by a dry-oxidation, acid hydrolysis extraction followed by
a colorimetric analysis of phosphate concentration of the extract
(Fourqurean et al., 1992b). Elemental content was calculated on a
dry weight basis; elemental ratios were calculated on a mole:mole
basis.

At each sampling site, six intact short shoots of the dominant
seagrass Thalassia testudinum were haphazardly collected from a
10 m2 area. These short shoots were returned to the lab, where
all attached green leaves were cut from the short shoots, measured
for length and width, and cleaned of adhering epiphytes by gently
scraping with a razor blade. Leaf area was calculated by multiply-
ing leaf length by leaf width, corresponding to a one-sided leaf area
calculation. All leaves from a site were pooled and dried at 80 �C.
Because the mass of seagrass leaves per area of seagrass leaves
has been suggested as an indicator of nutrient availability and
eutrophication (Lee et al., 2004), we calculated this based on the
one-sided leaf area and the dry mass of the collected seagrass short
shoots. Dried leaves were ground to a fine powder using a ceramic
mortar and pestle, and analyzed for C, N and P content following
the procedures outlined above.

Epiphyte data were collected 2–4 times a year from June 2001
to March 2009. From the six short shoots of T. testudinum collected
for elemental analysis, we formed three replicate sets of two
shoots. The epiphytic material that was scraped from the shoots
was placed into pre-weighed 20 ml glass scintillation vials and
stored at �20 �C. Epiphytes were freeze-dried to obtain a dry
weight. Twenty ml of 90% acetone were added to each vial, shaken
and stored at �20 �C for a minimum of 72 h. Chl-a content of the
acetone extracts was measured fluorometrically as described
above. We calculated epiphyte load as the dry mass of epiphytes
per cm2 of seagrass leaf area, epiphyte Chl-a load as the mass of
Chl-a in epiphyte extracts per cm2 of seagrass leaf area, epiphyte
and epiphyte Chl-a abundances as mass per seagrass short shoot,
and epiphyte autotrophic index (AI) as the mass of Chl-a (lg) per
dry mass of epiphytes in mg (Frankovich and Fourqurean, 1997).
Dissolved inorganic nitrogen (lM) 0.54 0.03 6.35 840
Total organic nitrogen (lM) 11.06 0.00 212.89 839
Total nitrogen (lM) 12.21 0.34 213.21 839
Soluble reactive phosphorus (lM) 0.03 0.00 0.22 840
Total phosphorus (lM) 0.20 0.01 1.78 834
Total organic carbon (lM) 154.46 28.81 1310.83 836
Si(OH)4 (lM) 0.86 0.00 125.03 831
Turbidity (NTU) 0.75 0.00 7.38 833
Salinity (PSU) 36.26 28.12 39.50 830
Temperature (�C) 27.28 16.00 33.16 830
Dissolved oxygen (mg l�1) 5.51 1.56 13.81 830
Kd (m�1) 0.13 0.00 2.89 474
DIN:SRP 19 1 1445 806
TN:TP 56 1 2591 833
3. Statistical methods

We calculated median values for water quality parameters at
each of the 30 monitoring sites because medians are a better than
means as representations of central tendencies in water quality
from this region because of infrequent high values in some of the
parameters. For seagrass morphology, nutrient content and epi-
phyte values, we calculated site means based on the period of re-
cord of each parameter for examination of spatial pattern. We
calculated the mean for each sampling period across all 30 stations
for analysis of temporal pattern. We tested for cyclical annual pat-
terns in the data by fitting a sine function to the data of the form
Y = Ybar + asin(DOY + U), where a is the amplitude, DOY is the
day of the year expressed in radians (365d = 2p radians), and U
is a phase angle that sets the timing of the sine wave, using a
non-linear least-squares regression procedure. This model has
been shown to describe seasonality in many aspects of seagrass
community dynamics in south Florida (Fourqurean et al., 2001).
The analyzed data were deemed seasonal if the parameter estimate
for a was significantly different than 0. We analyzed data for
correlations using bivariate Pearson’s correlation; we also further
analyzed the relationships between some variables with linear
regression.
4. Results

In general, the waters in the Florida Keys National Marine Sanc-
tuary were clear and warm with relatively low concentrations of
dissolved nutrients and phytoplankton (Table 1). The median
water temperature was 27.28 �C, with winter lows of 16.00 �C
and summer highs of 33.16 �C. The median salinity was 36.26,
but salinity fluctuations did occur in the shallow waters of the Gulf
of Mexico side of the Florida Keys; the lowest salinity we measured
was 28.12 and the highest was 39.50. Most of the nutrients in the
water column were in organic forms. Total nitrogen concentrations
had a median value of 12.21 lM, while dissolved inorganic nitro-
gen (DIN) concentrations were two orders of magnitude lower
(median = 0.54 lM). DIN was generally dominated by NHþ4 , which
had a median value of 0.33 lM, compared to 0.12 lM for NO�3
and 0.05 lM for NO�2 . Total phosphorus (TP) concentrations had a
median of 0.20 lM, and the median TN:TP ratio was 56. A very
small portion of the phosphorus in the water column was in dis-
solved inorganic form, with median soluble reactive P values of
0.03 lM. Perhaps as a consequence of the low-nutrient concentra-
tions, phytoplankton biomass was quite low, with a median value
for the entire data set of 0.15 lg Chl-a l�1.

The median phytoplankton biomass at a site was correlated
with the median concentrations of TOC, TN and TP in the water col-
umn, but not the concentrations of dissolved inorganic forms of N
and P (Table 2). There were marked spatial patterns in water qual-
ity across the sampling area, with lower median concentrations of
TN and TP offshore on the Atlantic side of the Florida Keys, with
increasing values of TN and TP towards the Gulf of Mexico side
of the Lower Keys (Fig. 2a and b). Median phytoplankton biomass,



Table 2
Pearson’s correlations (r) among the median water quality values at the 30 stations.
Correlation coefficients are shown above the diagonal; the p value for the correlations
are below the diagonal.

Chl-a TOC DIN TN SRP TP

Chl-a 0.497** 0.321 0.545** 0.074 0.680**

TOC 0.005 0.379* 0.799** �0.109 0.615**

DIN 0.084 0.039 0.398* �0.013 0.321
TN 0.002 <0.001 0.030 �0.204 0.638**

SRP 0.697 0.565 0.945 0.279 0.026
TP <0.001 <0.001 0.084 <0.001 .891

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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as evidenced by Chl-a, followed a similar pattern, with the lowest
values on the Atlantic side of the Upper Keys and highest values to-
wards the Middle Keys and the Gulf of Mexico (Fig. 2d). Taken to-
gether, these data indicate that the fertility of the water column is
generally lowest in the Upper Florida Keys on the Atlantic Ocean
side of the Keys, with increasing fertility closer to the islands. Fer-
tility was generally higher on the ocean side of the Middle and
Lower Keys compared to the upper Keys, with the highest fertility
in the waters on the Gulf of Mexico side of the Middle and Lower
Keys. Across the whole system, none of the water quality parame-
ters exhibited a regular sinusoidal seasonality; when the water
quality data for all sites were averaged by time period our sine
function model did not describe a significant portion of the sea-
sonal variability (i.e. the parameter estimates for the amplitude
component of the sine model were not significantly different from
zero for any of the water quality parameters).

The sediments of our study area are predominantly biogenic
calcium carbonates. Site means of TC content of the sediments var-
ied from a low of 11.7% of dry weight at site 269 to a high of 12.8%
at site 296. The mean average TC content of the sediments from all
sites was 12.0 ± 0.2% (±1 SD). Porosity of the sediments ranged
from a site mean of 0.51 to a maximum of 0.88; in general porosity
decreased from inshore towards the reef tract (Fig. 3a). The LOI of
the sediments varied with the porosity (Pearson’s r = 0.849,
p < 0.001); the lowest organic content was 1.74% at site 309 and
the highest was 12.06% at site 296 (Fig. 3b). Both the nitrogen con-
tent (r = 0.997, p < 0.001) and phosphorus content (r = 0.839,
p < 0.001) of the sediments were highly correlated with the organic
TN median (uM)

TN:TP median

Fig. 2. Isopleth maps of the median values of total nitrogen (TN), total phosphorus (TP), T
for the period of record (2001–2007) at the thirty stations. Ratios calculated on a mole:
carbon content. The ratio of organic carbon to nitrogen in sedi-
ments averaged 10.5 ± 1.4, with site means from 7.4 to 14.1. In
general, OC:N was lower in the central portion of our study area
(Fig. 3c). The organic carbon to phosphorus ratio was more vari-
able; the site means varied from 37.4 to 405.1, with a mean of
193.1 ± 117.9 and a clear spatial pattern of low OC:P in the back-
reef sediments with increases shoreward (Fig. 3d). The ratio of N
to P in the sediments mirrored the spatial pattern seen in OC:P,
with low N:P along the reef tract and increased values shoreward
(Fig. 3e).

Microphytobenthos abundance, as indicated by the concentra-
tions of benthic Chl-a in surficial sediments, ranged from a site
average of 17.2 mg m�2 at site 216 to a maximum of 65.0 mg m�2

at site 294 (Fig. 4). The mean benthic Chl-a abundance was
39.8 ± 11.9 mg m�2. Summer and winter sampling revealed no bio-
logically significant seasonal patterns in benthic microalgal
abundance. During winter sampling, Chl-a abundance averaged
42.4 ± 17.6 mg m�2 compared to summer averages of 37.4 ±
14.0 mg m�2.

There were no significant correlations between benthic Chl-a
abundance and sediment nutrient concentrations, but there was
a tendency to find higher benthic Chl-a at sites with higher poros-
ity (r = 0.41, p = 0.025). The stations with higher mean benthic Chl-
a concentrations had higher median concentrations of TN (r = 0.70,
p < 0.001) and TOC (r = 0.56, p = 0.001) in the water column.

The morphology of the seagrass T. testudinum varied substan-
tially among the 30 sites. Mean values over the period of record
at each of the 30 sites indicated that some sites were characterized
by leaves with widths of as little as 6.6 mm and as wide as
10.6 mm; similarly, there were wide ranges in other measures of
the robustness of seagrass short shoot, including mean leaf length,
the number of leaves per short shoot, the total leaf area per short
shoot and the mass of leaves per short shoot (Table 3). The mass
per area of seagrass leaves, on the other hand, was less variable
than the other measures of morphology, from a low of 3.8 mg cm�2

to a high of 5.2 mg cm�2. Most of the measures of the size of sea-
grass short shoots were positively and significantly correlated (Ta-
ble 4), so one measure of short shoot size captures most of the
pattern in short shoot morphology across the spatial extent of
our sampling stations. Short shoots of T. testudinum tended to be
smaller (less than 100 mg SS�1) along the seaward margin of our
study area inside of the barrier reef, and increased in size shore-
TP median (uM)

Chl-a median (ug l-1)
 

N:TP ratio and phytoplankton biomass as chlorophyll-a (Chl-a) in the water column
mole basis.
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Sediment OC:PSediment OC:N

Organic content (%)Porosity

Fig. 3. Isopleth maps of the mean values of porosity, organic content, organic carbon to nitrogen (OC:N), organic carbon to phosphorus (OC:P) and N:P of the sediments from
the thirty stations. Ratios calculated on a mole:mole basis.
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Fig. 4. Station mean microphytobenthos abundance, as mg chlorophyll-a m�2, at the thirty stations.
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ward towards the Florida Keys, reaching sizes of 150–200 mg SS�1

along the Atlantic shore of the main Florida Keys (Fig. 5). Seagrass
short shoots were larger still along the Gulf of Mexico side of the
Florida Keys, reaching average short shoot sizes of over
400 mg SS�1. Short shoot size was inversely related to the density
of seagrass short shoots (Fig. 6): sort shoots from dense seagrass
beds were smaller than shoots from more sparse beds. The rela-
tionship between size and density followed a power relationship
of the form y = axb with the power parameter b equal to
�1.14 ± 0.22. The spatial pattern in the mass of seagrass leaves
per area of seagrass leaves (Fig. 7) did not coincide completely with
the spatial pattern in the mass of the short shoots.

Seagrass leaf elemental content varied substantially in both
time and space. For a detailed description of these patterns, see
Fourqurean et al. (2005). The station mean C content of leaves of
T. testudinum from the 30 sites had a narrow range, from 34.8%
to 38% of dry weight. N and P contents were more variable, with
N ranging from 1.50% to 2.33% of dry weigh (mean 1.95% ± 0.04%



Table 3
Thalassia testudinum morphology. Calculations were based on the means for the
period of record at each of the 30 sites shown in Fig. 1.

Mean SD Min Max

Thalassia testudinum morphology
Leaf width (mm) 8.5 0.9 6.6 10.6
Leaf length (mm) 145.3 46.9 86.4 291.7
# Leaves/short shoot 3.0 0.4 2.4 3.6
Leaf area/short shoot (cm2) 39.1 18.8 16.2 90.8
Leaf mass/short shoot (mg) 179.8 93.7 70.4 443.5
Leaf mass/leaf area (mg/cm2) 4.6 0.4 3.8 5.2

Epiphyte community
Epiphyte load (mg cm2 of seagrass leaf) 2.2 1.1 0.6 6.1
Epiphyte Chl-a load (lg cm2 of seagrass leaf) 0.3 0.1 0.1 0.6
Epiphyte autotrophic index (lg Chl-a (mg

epiphyte)�1)
0.21 0.08 0.09 0.43

Epiphyte abundance (mg SS�1) 84.2 36.9 42.4 37.0
Epiphyte Chl-a abundance (lg SS�1) 11.2 5.0 4.7 26.1

Table 4
Correlations among the station mean morphology measures for Thalassia testudinum.

Width Length Leaves/
SS

Area/
SS

Mass/
SS

Leaf
mass/
area

Leaf width (mm) 0.352 0.394* 0.508** 0.505** 0.334
Leaf length (mm) 0.056 0.640** 0.963** 0.942** 0.324
# leaves/short

shoot
0.031 >0.001 0.777** 0.801** 0.580**

Leaf area/short
shoot (cm2)

0.004 >0.001 >0.001 0.988** 0.426

Leaf mass/short
shoot (mg)

0.004 >0.001 >0.001 >0.001 0.547**

Leaf mass/leaf
area (mg/
cm2)

0.071 0.081 0.001 0.019 0.002

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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(±SE)) and P ranging from 0.080% to 0.166% of dry weight with a
mean of 0.125% ± 0.004%. Because of the variability in N and P con-
tent, C:N, C:P and N:P ratios were variable, with C:N ranging from
17.6 to 28.5 (mean 22.7 ± 0.5), C:P ranging from 550.4 to 1253.0
Fig. 5. Station mean size of short shoots of the seag
(mean 818.0 ± 32.6) and N:P ranging from 24.1 to 56.2 (mean
36.5 ± 1.5).

The median concentration of TN in the water column, and the
mean concentrations of N in both sediments and seagrass leaf tis-
sue at the 30 sites were all significantly and positively correlated
(Pearson’s r > 0.655, p < 0.001 for all comparisons). Similarly, sedi-
ment and seagrass leaf tissue P concentrations were correlated, but
neither measure of P availability in the benthic system was signif-
icantly correlated to the median concentration of P in the water
column (Fig. 8).

Site mean seagrass morphology was significantly related to the
N content of seagrass leaf tissue (linear regression, p < 0.001,
Fig. 9), but not the P content (p = 0.233). Larger, more robust short
shoots of T. testudinum had higher N content than smaller short
shoots. On the other had, the thickness of seagrass leaves, as as-
sessed by the mass of seagrass tissue per area of seagrass tissue,
was not significantly related to N content (linear regression,
p = 0.269, and was negatively related to the P content of seagrass
leaf tissue (p = 0.050, Fig. 9).
50 100 150 200 250 300 350 400

Mean Short Shoot size
(mg (dry wt leaves)/short shoot) 

 

rass Thalassia testudinum, at the thirty stations.
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The mean epiphyte load on seagrass blades varied by an order
of magnitude across the 30 sites (Table 3, Fig. 10). The lowest mean
load was 0.6 mg (dry weight of epiphytes) cm�2 of seagrass leaf,
and the highest was 6.1 mg cm�2; the mean of the station means
was 2.2 ± 1.1 mg cm�2 (±1 SD). Epiphyte loads were higher on the
Atlantic Ocean side of the Florida Keys than on the Gulf of Mexico
Fig. 7. Station mean mass of seagrass leaves per unit area of seagrass
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mean epiphyte load and epiphyte Chl-a load (Table 5), the spatial
pattern in the mean load of epiphytic Chl-a was similar
(Fig. 10b). However, because seagrass shoot size was largest in
the gulf of Mexico and smallest in the back-reef environment,
the pattern in epiphyte abundance (i.e. the mass of epiphytes per
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Table 5
Correlations among the station mean measures of epiphyte community abundance.

Epiphyte
load

Chl-a
load

Epiphyte
abundance

Chl-a
abundance

AI

Epiphyte load 0.684** 0.606** 0.176 �.525**

Epiphyte Chl-a
load

<0.001 0.459* 0.565** �0.057

Epiphyte
abundance

<0.001 0.011 0.726 �0.104

Epiphyte Chl-a
abundance

0.352 0.001 <0.001 0.433*

Epiphyte
autotrophic
index

0.003 0.767 0.583 0.017

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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seagrass short shoot) showed a maximum in the protected waters
of the lower Florida Keys and in the back-reef environment of the
upper Florida Keys (Fig. 10c). Interestingly, the AI tended to be low-
est in the offshore sites with the highest mean epiphyte load, and
highest in the Gulf of Mexico side of the keys where total and epi-
phyte Chl-a loads were lowest (Table 5, Fig. 10d).

The mean epiphyte load across stations varied seasonally
(Fig. 11). A seasonal sine model fit the data of the mean epiphyte
load (mg (dry weight of epiphytes) cm�2) at each sampling interval
fairly well, describing 32% of the variance in the data. The mean
load for the entire dataset was 2.02 mg cm�2, with a 95% confi-
dence interval of 1.72–2.32. The amplitude of the sine wave was
0.67 mg cm�2, indicating that, on average, there was 1.34 mg cm�2

difference between seasonal minima and maxima. The timing of
the sine wave indicated that peak epiphyte loads occurred at
0.04 + p/2, or on the 91st day of the year (April 2) and minimum
epiphyte loads occur on the 273rd day of the year (October 4). In
contrast, we detected no seasonality in either the epiphyte Chl-a
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Because station-average epiphyte load, epiphyte Chl-a load and
epiphyte abundance were all significantly correlated (Table 5), we
used the epiphyte load as a proxy for these variables when exam-
ining the relationships between water column, sediment, seagrass
morphology and seagrass nutrient content indicators of nutrient
availability across the study area. We separately examined the
relationship of the epiphyte autotrophic index to these other nutri-
ent availability indicators. The mean epiphyte load at a station was
significantly, but negatively, related to the median water column
TN concentration, the mean sediment N content, and the mean N
content of seagrass leaves (Fig. 12), contrary to the positive rela-
tionships expected if N availability were controlling the epiphyte
load. In contrast, mean epiphyte load was not related to the
median water column TP concentration nor the mean P content
of seagrass leaves. There was, however, a significant but inverse
relationship between sediment P content and epiphyte load
(Fig. 12). We found no significant relationships between the mass
per area of seagrass leaf and water column, sediment or seagrass
leaf N and P concentrations (linear regression, p > 0.05 in all cases).
Further, we found that larger seagrass shoots had lower epiphyte
loads than smaller shoots (Fig. 13). And, despite the lack of signif-
icant correlation between epiphyte autotrophic index and epiphyte
load (Table 5), the same significant linear relationships, with the
same sign for the slopes, found between nutrient availability and
epiphyte load were also found between autotrophic index and
nutrient availability (relationships not shown).
5. Discussion

Water column, sediment and seagrass indicators of nutrient
availability generally told the same story, of relatively low N avail-
ability offshore and low P availability nearshore across our study
area, as has been documented previously for the water column
(Boyer and Jones, 2002), sediments (Szmant and Forrester, 1996)
and seagrass nutrient content (Fourqurean et al., 2005). Despite
these well documented gradients in nutrient availability that con-
trol the abundance and species composition of seagrasses in our
study area (Fourqurean et al., 1995; Fourqurean and Zieman
2002; Ferdie and Fourqurean 2004), and the importance of nutrient
availability in controlling abundance and composition of epiphytes
on seagrasses in other locations (e.g. Borum, 1985; Cambridge
et al., 2007; Balata et al., 2008), we did not find that epiphyte load
on the dominant seagrass, T. testudinum, or the relative contribu-
tion of algal epiphytes to the epiphyte community at our study
sites, was positively correlated with nutrient concentrations in
the water column or the sediment. This suggests that, at least in
the relatively low-nutrient waters surrounding the Florida Keys,
epiphyte load is a poor indicator of nutrient availability. This lack
of a relationship may mean that the gradient we observed in nutri-
ent availability was all below some threshold value for stimulating
epiphyte communities, or that controls other than nutrient avail-
ability are important determinants of epiphyte load in this area.
In fact, the intra-annual differences in epiphyte load at a site
(Fig. 11) are of the same order of magnitude as the variation in
the mean epiphyte load across our study area. Further, the abun-
dance of microphytobenthos, as indicated by Chl-a concentration
in the sediments, was not directly correlated with concentrations
of nutrients in the sediments. Our results suggest that epiphyte
and microphytobenthos abundance are not unambiguous indica-
tors of nutrient availability in relatively pristine seagrass environ-
ments, and therefore would make poor candidates for indicators of
the status and trends of seagrass ecosystems in relatively low-
nutrient environments like the Florida Keys.

The lack of a positive relationship between epiphyte loads and
nutrient availability we found is not unprecedented, despite the
observations that epiphyte loads are often elevated in very eutro-
phic environments (e.g. Tomasko and Lapointe, 1991). Within
15 m of a point source of nutrients in Florida Bay, epiphyte loads
are much higher than found across the rest of the bay, but across
the bay as a whole the relationship between epiphyte loads and
nutrient availability explains only 14% of the variation in epiphyte
loads (Frankovich and Fourqurean, 1997). Similarly, epiphyte loads
on Posidonia oceanica in the Mediterranean are not clear indicators
of nutrient availability. Neither Terrados and Pons (2008) nor Piaz-
zi et al. (2004) found differences in epiphyte loads between control
and anthropogenically eutrophied P. oceanica meadows. In con-
trast, other authors do report increased epiphyte loads in areas
near urban shores (e.g. Balata et al., 2008). Moreover, decreases,
rather than the expected increases, in epiphyte loads have been
documented in areas affected by fish farm nutrient loading (Ruiz
et al., 2001). The lack of response of epiphytes to gradients in nutri-
ent concentration, as we have shown here, or to experimental
nutrient loading, may be an expected consequence of the relative
growth rate of epiphytes relative to seagrasses. Because macroalgal
and microalgal relative growth rates are so much faster than those
of seagrasses, only increases in availability above some threshold
defined by the inability of slow-growing seagrasses to utilize the
supply would likely stimulate increased biomass of the faster-
growing algal competitors. Clearly, epiphyte loads are not effective
indicators of nutrient availability in oligotrophic seagrass mead-
ows; factors other than nutrient availability must also play large
roles in controlling epiphyte abundance.

Given that epiphyte loads are determined by both bottom-up
forces that affect rates of production and top-down forces that con-
trol rates of removal of epiphyte biomass, it is likely that, at least
for the range of nutrient availability that we encountered in the
FKNMS, top-down forces may obscure any influence of nutrient
availability on the epiphyte community. Grazing of epiphytes has
been shown many times to be as important, or more important,
than nutrient supply in determining epiphyte loads (e.g. Hootsman
and Vermaat, 1985; Neckles et al., 1993; Williams and Ruckels-
haus, 1993; Short et al., 1995; Heck et al., 2000). However, in oligo-
trophic environments, epiphyte grazers may have a limited impact
on epiphyte biomass but a major impact on the community com-
position of the epiphyte community (Keuskamp, 2004).

The ranges in nutrient concentrations in the water column and
the spatial patterns in water quality we report are similar to the
patterns described previously by Szmant and Forrester (1996)
and Boyer and Jones (2002). In the upper Florida Keys, P is supplied
to coastal habitats largely by upwelling of deep P-rich water from
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the Florida Straits (Leichter et al., 1996), and in the lower Keys, P
supply comes from relatively high-P water from the Gulf of Mexico
(Boyer and Jones, 2002). In contrast, N is likely supplied by terres-
trial runoff, and is found in higher concentrations in nearshore
than offshore waters. Hence, N:P ratios in the water column tend
to be relatively high close to shore and on the Gulf of Mexico side
of the Florida Keys, and lower offshore. This pattern is also present
in sediments of the region: N concentrations tend to decrease from
onshore to offshore, while P concentrations increase from onshore
to offshore; hence the N:P of sediments has been shown to de-
crease with distance offshore (Szmant and Forrester, 1996;
Fig. 3). Seagrass leaf N:P follows this same regional pattern,
prompting Fourqurean and Zieman (2002) to hypothesize that sea-
grass primary productivity in the region is limited by P in Florida
Bay and close to shore in the Florida Keys, and limited by N further
offshore. Experimental tests of this hypothesis have largely borne
out these stoichiometric predictions (Ferdie and Fourqurean,
2004; Armitage et al., 2005). Further, these experiments have
shown that epiphyte abundance increases in Florida Bay in re-
sponse to P addition (Armitage et al., 2005) and that the autotroph-
ic index of the epiphyte community increases in response to N
addition offshore (Ferdie and Fourqurean, 2004).

Epiphyte loads reported here are very similar to the values re-
ported elsewhere for oligotrophic areas in the Gulf of Mexico and
the Caribbean. In Florida Bay, to the north and east of our study site,
Frankovich and Fourqurean (1997) found a median epiphyte load of
376 mg (dry weight of epiphytes) g�1 (dry weight of seagrass
leaves), with a range of 23–1569 mg g�1. Our median epiphyte load
in these units was 393.7 mg g�1. Across the Veracruz Reef System in
Mexico, epiphyte loads are 310–560 mg g�1 and increase as dis-
tance from shore increases (Terrados et al., 2008). In more eutro-
phic locations, epiphyte abundances can be much higher.



Short Shoot Size (mg SS-1)
0 100 200 300 400 500

E
pi

ph
yt

e 
lo

ad
 (

m
g 

dr
y 

w
t 

cm
-2

)

0

1

2

3

4

5

6

7

y = -0.005x + 3.171
p = 0.007
r2 = 0.233

Fig. 13. Station mean epiphyte load decreases as the size of short shoots of the
seagrass Thalassia testudinum increase. Lines are significant linear regression with
95% confidence intervals.

J.W. Fourqurean et al. / Marine Pollution Bulletin 60 (2010) 971–983 981
Tomasko et al. (1996) report values as high as 3500 mg g�1 from
Sarasota Bay, Florida, which receives high N loading from the wa-
tershed. At one site in the lower Florida Keys deemed to have been
impacted by sewage effluent from nearby septic tanks, total epi-
phyte loads were ca. 1000 mg g�1 (Tomasko and Lapointe, 1991).
There can also episodic blooms of epiphytes in the FKNMS; Lapointe
et al. (2004) report a summertime 1996 (before our period of re-
cord) peak in epiphyte load of greater than 3500 mg g�1 at Looe
Key, and offshore reef near our site 267 (Fig. 1). This bloom was
dominated by the brown algae Cladosiphon occidentalis and was
attributed to a transient spike in ammonium concentrations (Lapo-
inte et al., 2004). It seems clear that epiphyte loads do respond to
nutrient availability, but the lack of positive relationships between
epiphyte load and water quality in the generally oligotrophic condi-
tions normal in the FKNMS (Fig. 12), and the weak relationship
found for Florida Bay (Frankovich and Fourqurean, 1997) suggest
that at low-nutrient availability, epiphyte load is insensitive to rel-
atively small changes in nutrient availability.

We did not assess the relative dominance of different compo-
nents of the epiphyte community and whether the community
changed in response to nutrient availability. The epiphyte commu-
nity in south Florida is composed of representatives from many al-
gal groups, cyanobacteria, bacteria, and sessile and motile animals,
including Annelids, Bryozoans, Chordates, Hydrozoans, and Mol-
lusks (Frankovich and Fourqurean, 1997). One might expect auto-
trophs to increase in relative importance in areas with relatively
high nutrient availability. Some fertilization experiments have
shown shifts in relative dominance among algal species, with a
shift towards green macroalgae (Armitage et al., 2006; Cambridge
et al., 2007) and cyanobacteria (Armitage et al., 2006) under nutri-
ent enrichment. Within algal groups, shifts in species also follow
nutrient addition: Frankovich et al. (2009) documented shifts in
the relative abundance of diatoms with nutrient enrichment. In
one experimental fertilization, the AI of the epiphyte community
(the mass of Chl-a (lg) per dry mass of epiphytes in mg) increased
in response to fertilization (Ferdie and Fourqurean, 2004), but AI is
not related to nutrient availability in nearby Florida Bay (Franko-
vich and Fourqurean, 1997). Similarly, we did not find AI to be pos-
itively correlated with concentrations of nutrients in the water
column or sediment; in fact, as N availability increased, the AI de-
creased. Given that relative abundance of different components of
the epiphyte community shift with eutrophication, and that sea-
grass loss often follows eutrophication, changes in relative domi-
nance of different macroalgal and microalgal groups may prove
to be an indicator of nutrient status of seagrasses. However, Cam-
bridge et al. (2007) found that shifts in epiphyte communities so
closely preceded seagrass loss as to make the shift in species abun-
dance an impractical early warning sign for eutrophication of sea-
grass beds.

Unlike for P. oceanica meadows in the Mediterranean, which
have maximum epiphyte loads in late summer (Romero, 1988; Ter-
rados and Pons, 2008), the epiphyte load on T. testudinum in south
Florida peaked in late winter/early spring. The growth rate of
leaves of T. testudinum in the study area is markedly seasonal, with
maximal leaf growth in August and minimal growth in February,
with a difference in growth rates from about 12 mg g�1d�1 in win-
ter to 22 mg g�1d�1 in August (Fourqurean et al., 2001). This differ-
ence in growth rates translates to a difference in the turnover of
leaf tissue, which is the substrate for the mostly sessile epiphyte
community. As leaf turnover increases, old blades are shed more
quickly, reducing the epiphyte load on the seagrass shoot. It has
been hypothesized that shedding of old leaves is an evolutionary
adaptation to limit the shading effects of epiphytes on submerged
macrophytes (Littler and Littler, 1999). We did observe that epi-
phyte loads in spring, following the period of lowest leaf growth
rate and turnover, were roughly two times higher than the loads
in fall, following the season of more rapid leaf growth (Fig. 11).
However, recent experimental manipulation of the turnover rate
of artificial seagrass blades shows that a doubling of seagrass blade
turnover results in a reduction of only 20% in the epiphyte load
(Peterson et al., 2007), suggesting that factors other than turnover
of substrate contribute to the seasonality in epiphyte load. Differ-
ences in leaf turnover rate have been found to be a relatively minor
contribution to differences in epiphyte load on seagrasses com-
pared to other factors like herbivory (Borum, 1987; Frankovich
and Zieman, 2005a) or nutrient availability (Tomasko and Lapointe,
1991; Frankovich and Zieman, 2005a). We found no regular sea-
sonality in N or P concentrations in the water column across the
FKNMS, suggesting that seasonal variability in epiphyte loads were
not being driven by seasonality in nutrient availability. Perhaps
there are significant seasonal patterns in the grazing rates of epi-
phytes or in the relative growth rates of seagrass substrate and epi-
phytes that lead to our observed seasonality.

The epiphyte loads we measured in the FKNMS have a quantifi-
able, but relatively minor, impact on the amount of light reaching
the seagrass leaves. Applying the relationships between epiphyte
load and transmission of light through the epiphyte community
presented in Frankovich and Zieman (2005b) to the station-mean
epiphyte loads we measured, we estimate that as little as 61% of
the light striking the epiphytized leaves penetrates the epiphyte
community at site with the highest epiphyte load (site 216), and
as much as 95% of the light penetrates the epiphyte community
at our sites with the lowest average load (sites 284, 291). Owing
to the seasonality in the mean epiphyte loads (Fig. 11), there is also
seasonality to the mean attenuation of light by the epiphyte com-
munity, with an average of 75% of the light penetrating the epi-
phyte community during the wintertime peaks in epiphyte load
and ca. 90% of light penetrating the epiphyte community in the
low-load summer period. The coincidence of high epiphyte loads,
and therefore increased attenuation of light by the epiphyte com-
munity, with wintertime lows in solar radiation indicates that light
stress in the winter may be more severe than in summer for seag-
rasses in our region.

In addition to their role in attenuating light, epiphytes can also
negatively affect their seagrass hosts by altering flow regimes and
thereby influencing the diffusion of CO2 and nutrients to seagrass
leaves. They also increase the drag forces on seagrass blades and
therefore the vulnerability of seagrasses to uprooting, and chang-
ing the seagrasses’ susceptibility to grazing (see review by Michael
et al. (2008)). Our documentation of both spatial (Fig. 10) and tem-
poral (Fig. 11) variability in epiphyte load would suggest that these
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influences on seagrass health will also vary in space and time. Dur-
ing winter, we expect that epiphyte influences on their seagrass
hosts are maximal, so seagrasses should be more susceptible to
CO2 limitation, blocked foliar nutrient uptake, and dislodgement
by hydrodynamic forces in areas that support high epiphyte loads.

We found sediment porosity alone among our measured
parameters significantly, positively correlated with microphyto-
benthos biomass. Work along natural nutrient gradients and
experimental fertilizations have shown biomass of microphyto-
benthos is often positively correlated with nutrient availability,
both locally in south Florida (Ferdie and Fourqurean, 2004; Armit-
age et al., 2006; Herbert and Fourqurean, 2008) and elsewhere (e.g.
Dizon and Yap, 1999; Hillebrand et al., 2000). The lack of relation-
ship between microphytobenthos abundance and measures of
nutrient availability suggest that factors such as sediment stability,
bioturbation, grazing by infauna and deposit feeders, and light
penetration through the seagrass canopy have as much influence
on the biomass of microphytobenthos as nutrient availability at
the regional scale.

Unlike measures of epiphyte load and microphytobenthos
abundance, seagrass morphology and nutrient content were
strongly related to measures of nutrient availability, suggesting
these parameters could be sensitive indicators of nutrient status
and trends in seagrass beds. It is well-established that the nutrient
content of seagrass leaves reflects the availability of nutrients in
the environment (Duarte, 1990; Fourqurean et al., 1992b).We
found most measures of the size of short shoots of T. testudinum
were correlated (Table 4), and that shoot size was positively corre-
lated with N content, and negatively correlated with P content, of
seagrass leaves (Fig. 9). It is interesting to note that epiphyte load
decreased as a function of short shoot size (Fig. 13). Larger short
shoots come from regions with higher N availability, yet they have
smaller epiphyte loads than smaller shoots from areas with lower
N availability. Perhaps this is a function of greater growth rates,
and therefore faster turnover of seagrass leaf surface, of seagrass
shoots from higher nutrient areas, as documented in Florida Bay
(Herbert and Fourqurean, 2009).

The relationship between the shoot density and shoot size for T.
testudinum from our 30 permanent sites (Fig. 6) approximates the
3/2 power law of self thinning for plants (Yoda et al., 1963; White
and Harper, 1970), suggesting strong intraspecific competition for
resources among seagrass short shoots. Given the variability in the
amount of light reaching the bottom at these sites, and the marked
gradients in the availability of N and P across the study area (Four-
qurean and Zieman, 2002), it is likely that resource availability var-
ied substantially among sites. Shoot size was positively correlated
with N availability and negatively correlated with P availability
(Fig. 9), so large, widely spaced shoots were found in areas of high
N availability and smaller, more closely placed shoots were found
in areas of high P availability. Whether the relationship in Fig. 6 is
truly an example of self thinning of a population of intensely com-
peting shoots, or is driven by other environmental factors, remains
to be determined.

It has been proposed that the mass per unit area of seagrasses is
an indicator of nutrient pollution (Lee et al., 2004). Nutrient-re-
plete, fast-growing seagrass shoots have less mass per unit area
than slow growing, nutrient-depleted shoots. The mass per unit
area of leaves of Zostera marina in New England, USA varies be-
tween ca. 2 and 7 mg cm�2, and this value was negatively corre-
lated with N content of leaves in this N-limited ecosystem. While
we found no relationship between seagrass leaf mass per area
and N content, we did find a significant, albeit weak, relationship
between mass per unit area and P content of T. testudinum leaves,
with mass per area decreasing as P content increased (Fig. 9). Given
the important role that P plays in limiting plant biomass over much
of our study area (Fourqurean and Zieman, 2002; Fourqurean et al.,
2005), it is not surprising that we found mass per unit area re-
sponded to P availability. The relationship we found explained only
13% of the variation in the mass per unit, but our results support
Lee et al.’s (2004) suggestion that mass per unit area may be an
indicator of nutrient availability for seagrasses.

Despite the importance of nutrient availability in controlling
the biomass of epiphytes and microphytobenthos in seagrass eco-
systems demonstrated by field and experimental studies, we found
that biomass of these groups of organisms to be insensitive to dif-
ferences in nutrient availability in the FKNMS, a relatively oligo-
trophic costal region. Because of this, it does not seem that
epiphyte or microphytobenthos abundance would make good
monitoring parameters in a program designed to assess the status
and trends of seagrass ecosystems in response to nutrient loading
in oligotrophic systems like the Florida Keys. Observations have
been made of very high epiphyte loads in very eutrophic sites,
but we contend that epiphyte and microphytobenthos abundance
is insensitive to the changes that would occur at the beginning of
nutrient loading. Similarly, Cambridge et al. (2007) concluded that
changes in epiphyte community structure occur too late in the
eutrophication process to provide adequate warning of impending
collapse of seagrass ecosystems while there is still time to act to
prevent the collapse. Conversely, we found that sediment nutrient
content is related to water column nutrient concentration, seagrass
leaf nutrient content is an indicator of concentrations of nutrients
in the water column and sediments, seagrass shoot morphology
changes in response to nutrient availability, and the mass per unit
area of seagrass leaves decreases as nutrient availability increases.
Each of these parameters shows promise as an indicator of ecosys-
tem nutrient status in oligotrophic seagrass meadows. We propose
that nutrient content, biomass and morphology of species with low
relative growth rates, like seagrasses, are sensitive to changes in
nutrient availability in oligotrophic conditions, and not until some
tipping point, defined by a nutrient availability high enough to
satiate the needs of slow-growing species, will faster-growing spe-
cies like epiphytes and microphytobenthos respond to increases in
nutrient availability.
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