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Abstract

Although physical and biogeochemical properties of an environment determine distribution and health of
biota, some organisms modify habitat conditions through complex interactions with their surroundings. We
quantified effects of the canopy-forming submersed plant species Stuckenia pectinata on local hydrodynamics and
explored resulting positive and negative feedbacks on plant growth. Measurements of waves and tidal currents
were made outside, at the edge of, and within a plant bed located in the mesohaline region of Chesapeake Bay.
Clear feedback effects on light, nutrients, and sediments were observed, and were found to vary seasonally with
plant growth cycle. During the June period of peak plant biomass, significant wave heights were attenuated by ,
37% within the plant stand; this resulted in an , 60% reduction of total suspended solids, which was stable and
relatively unaffected by periods of high wind speed or water depth. Deployments of artificial substrates showed
that epiphytic accumulation was greatly reduced within the plant bed, further increasing available light for plants
to 25% of incoming irradiance (as compared to 0.2% outside the plant bed). In addition, higher particle trapping
rates and sediment organic content augmented bed pore-water nutrient pools (CO2, NH z

4 , PO 3{
4 ) sufficiently to

satisfy plant demands. These processes generated negative feedback effects on plant growth, including elevated
pore-water sulfide (. 700 mmol L21) and depressed water-column O2 concentrations (, 2 mg L21), but levels
were ephemeral and generally outside reported stress thresholds. Dominant positive feedbacks provide an
explanation for bed survival in this environment despite degraded water quality during summer months.

Seagrasses and other submersed angiosperms are the
foundation for some of the world’s most diverse and
productive ecosystems, providing significant services rele-
vant to human interests (Costanza et al. 1997). Beds of
these submersed plants represent valuable coastal habitats
that serve as food and refugia for a variety of ecologically
important benthic and pelagic animals (Lubbers et al. 1990;
Hemminga and Duarte 2000). Submersed plant communi-
ties are also sites of enhanced nutrient cycling, facilitating
the stabilization of nutrient levels in coastal systems
(Caffrey and Kemp 1992; McGlathery et al. 2007).
Unfortunately, many coastal waters worldwide (including
Chesapeake Bay, Maryland) have experienced degraded
water quality due to increased anthropogenic loading of
nutrients and sediment (Kemp et al. 2005). The resulting
decreased light penetration and overgrowth of algal
epiphytes on leaf surfaces have led to large-scale declines
in submersed plants (Duarte 1995; Orth et al. 2006).

Established beds of submersed plants can modify their
physical environment by attenuating wave and current
energy through leaf-associated frictional drag (Gambi et al.
1990; Peterson et al. 2004). Canopy-forming species are
known to be particularly effective in attenuating waves
(Fonseca and Cahalan 1992). This important group of
submersed plants, which commonly inhabits estuaries and
coastal bays, often exhibits two seasonally shifting growth
forms: a dense highly branched reproductive form with tall
flowering shoots occurring in summer, and a shorter
vegetative (nonflowering) form that occurs throughout
the year (van Wijk 1988).

Modification of local hydrodynamics by plant beds can
alter environmental conditions in ways that enhance growth
though ‘‘positive feedbacks’’ or retard it through ‘‘negative
feedbacks’’ (de Boer 2007; van der Heide et al. 2007). One
important positive feedback is increased water clarity and
light penetration due to enhanced sinking of suspended
particles (Ward et al. 1984) and reduced resuspension within
the plant bed (Gacia and Duarte 2001). Decomposition of
this trapped particulate organic material tends to increase
nutrient recycling and augment sediment pore-water nutrient
pools (Kemp et al. 1984; Hemminga et al. 1991). However,
decomposition can also increase pore-water concentrations
of phytotoxic metabolites, including hydrogen sulfide, the
accumulation of which represents a negative feedback on
plant growth (Holmer and Bondgaard 2001). Little is known
about conditions that influence the presence and magnitude
of feedbacks in canopy-forming plant beds, but plant-growth
form has been previously identified as being particularly
important (Rybicki et al. 1997; Hasegawa et al. 2008).

Although substantial research has demonstrated the
influence of submersed plants on individual factors such as
nutrients or sediment type, few studies have assessed a full
suite of physical and biogeochemical processes in natural
plant communities. Additionally, many studies detailing
hydrodynamics within plant beds have been conducted in
flumes and have focused on meadow-forming seagrasses
(Fonseca 1996). Given the importance of submersed plants
to the coastal environment, studies of complex interactions
within plant beds are necessary to understand and preserve
bed health and stability. The aims of this study were,
therefore, to explore positive and negative feedback effects
on light, nutrients, and sediments in an established canopy-
forming submersed plant bed and to assess seasonal
changes in feedbacks related to plant-growth form.
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Methods

Study site—This study spanned a 17-month period (June
2007–October 2008) and involved intensive sampling of a
0.15-km2 monospecific stand of the canopy-forming
submersed plant Stuckenia pectinata (previously known as
Potamogeton pectinatus). The plant bed was located on the
northern shore of the Choptank River estuary adjacent to a
small embayment (Fig. 1). To support sampling equip-
ment, three wooden platforms were placed along a cross-
bed transect forming station locations at: (1) the dense
inner portion of the bed , 200 m inside the seaward
perimeter (‘‘Bed’’), (2) a patchy vegetated region , 60 m
inside the seaward perimeter (‘‘Edge’’), and (3) an
unvegetated site , 150 m outside the bed’s seaward
perimeter (‘‘Bare’’). Despite the transect length, water

depths were similar among Bare, Edge, and Bed stations at
1.40, 1.14, and 1.13 m mean low low water (MLLW),
respectively.

Water quality—Water samples (, 800 mL) were
collected using automated discrete samplers (Teledyne Isco,
Model 6712) secured to each platform. Programmed
collection occurred at 2–4-h intervals for week-long
deployments during June 2007, August 2007, and May
2008. Sampler intakes were positioned at mid–water-
column depth (, 70 cm above sediment surface), and each
sampler contained an ice block to preserve samples, which
were retrieved daily, placed on ice, and transported to the
laboratory for immediate processing.

Water samples were shaken to homogenize them and
passed through preweighed and ashed filters (0.45 mm GF/

Fig. 1. Locations of sampling platforms and wave gauges at the Irish Creek study site
(Stuckenia pectinata bed perimeter shown in black). Bare (1), Edge (2), and Bed (3) stations are
shown for 2007 (circles) and 2008 (squares). Black X’s indicate the locations of Bare, Edge, and
Bed station wave gauges (when deployed) in 2008.
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F). Filters were rinsed with deionized (DI) water to remove
salt and then dried to determine total suspended solid (TSS)
concentrations. Weight loss of filters on combustion (4 h
at 550uC) provided an estimate of percent particulate
organic material (%POM). An additional known volume of
water sample (60–120 mL) was passed through filters,
which were then frozen in darkness for chlorophyll a
(Chl a) analysis. Within 6 months of collection, the filters
were thawed, extracted in the dark with 100% acetone,
sonicated, filtered, and read on a fluorometer (10-AU,
Turner Designs). Additional filters were retained for
analysis of particulate carbon (PC) and nitrogen (PN)
(Exeter Analytical, CE-440) and particulate phosphorus
(PP). Filters retained for PP analysis were ashed, digested
in 1 mol L21 HCl (Aspila et al. 1976), and analyzed
colorimetrically for phosphate (PO 3{

4 ) (Technicon Auto
Analyzer II). Concentrations of dissolved ammonium
(NH z

4 ), nitrate (NO {
3 ), and PO 3{

4 in filtrate were also
determined colorimetrically (U.S. EPA 1993a,b).

During water-sample retrieval in June, vertical profiles
of photosynthetically available radiation (PAR, LICOR,
LI-1000 hand-held 2p sensor) were taken at each site to
calculate diffuse downwelling attenuation coefficients (Kd).
Because light measurements made at the Bed station
included shading from the plant canopy, profiles were also
taken in an adjacent patch (1 m2) with aboveground plant
tissue removed.

To detect high-frequency changes in selected water-
quality variables, data sondes (YSI 6600, Yellow Springs
Instruments) equipped with a series of sensors for turbidity,
chlorophyll, conductivity, temperature, pH, dissolved
oxygen (O2), and water depth were deployed at each
station; sensors were placed adjacent to water sampler
intakes and programmed to record every 15 min. Sondes
were deployed 1–2 weeks coincident with water samplers
and for 2 additional weeks in August and October 2008.
The latter deployments included additional data-logging
sensors (YSI 600XLM) placed 5 cm above the sediment
surface at Bare and Bed stations.

Plant canopy—Aboveground plant material was collected
monthly (twice in May 2008) in triplicate from June 2007
through August 2008. Quadrat frames (0.25 m 3 0.25 m)
were tossed haphazardly between Bed and Edge stations,
and all biomass within the frame was clipped at the sediment
surface, bagged, and chilled. Within 3 d of collection,
samples were washed in freshwater, scraped free of
epiphytes, and 10 reproductive (flowering, when present)
and vegetative (nonflowering) shoots were selected for
length measurement. During the months of August and
September, with the onset of senescence, shoots were no
longer oriented vertically but tended to lie prone near the
sediment surface in a compact mat. In order to quantify
vertical space occupied by the canopy, ‘‘effective canopy
height’’ was defined as the mean shoot length (presenescent
period, April through July) or the mean in situ height of the
mat (senescent period, August and September). Finally,
tissue samples were dried (60uC overnight) and weighed to
determine aboveground biomass, and , 1 g was set aside for
particulate C, N, and P analysis (as conducted previously).

Physical measurements—During the May 2008 instru-
ment deployment, a data-logging anemometer (Campbell
Scientific) was placed at the Bare station atop a pole 3 m
above the water surface. In addition, wind data were
downloaded for each deployment from a long-term land-
based station on the south side of the Choptank River
estuary, 13.5 km away (Chesapeake Bay Observing System,
Horn Point Weather Station). For the study site, which was
partially protected by land, only winds directed from 155u
to 280u had significant fetch (1–10 km).

Data-logging wave gauges (MacroWave Pressure Gauge,
Coastal Leasing) were deployed monthly (April–October
2008) inside and outside the plant bed (Fig. 1) and burst-
sampled pressure at a frequency of 5 Hz. Raw data were
Fast-Fourier transformed to determine significant wave
height (Platt and Denman 1975). Relative wave attenuation
(%WA) by the plant canopy was calculated as

%WA~ 1{
HsBed

HsBare

ffiffiffiffiffiffiffiffiffiffi
cBed

cBare

r� �
|100, ð1Þ

where Hs is significant wave height, and c is group velocity

(
ffiffiffiffiffiffiffiffiffiffi
g|h
p

, where h 5 water depth) (Koch et al. 2006).
Additionally, the effect of shoaling could be measured by
predicting Hs at a station using

HsBed~HsBare|

ffiffiffiffiffiffiffiffiffiffi
hBare

hBed

4

s
ð2Þ

and comparing predicted to measured values of significant
wave height. Assuming waves were linear, wave orbital
velocity was calculated as

u~
A

h

ffiffiffiffiffiffiffiffiffiffi
g|h

p
, ð3Þ

where wave amplitude (A) is one-half of Hs. In addition,
tidal current speed and direction were burst-sampled at a
frequency of 2 Hz using an acoustic Doppler current
profiler (Nortek AS, AquaDopp) at Bare and Bed stations
(within the devegetated patch).

Epiphytes—To provide an index of epiphytic material
effects on light availability to plants, epiphytes were
sampled using artificial substrates during each week of
automated sampler deployment. Plant leaf mimics were
fastened to the sediment surface near platforms and
collected after 8–10 d (Gruber 2009). Mimics were then
scraped of all accumulated material and rinsed with DI
water. This homogenized mixture was passed through pre-
ashed filters (Stankelis et al. 2003) for total and inorganic
epiphyte dry weight (dry wt) and Chl a analysis (as
conducted previously).

Sediment—During each deployment period, triplicate
surface sediment samples (upper 1 cm) were collected at
each station with a cutoff 60-mL syringe (2.6 cm diameter).
Sediment bulk density was measured with dry and wet
weights, and sediment organic matter was measured as
weight loss on ignition. Sediment grain size was determined
through a combination of wet and dry sieving of sand (63–
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500 mm) plus silt and clay (, 63 mm) fractions (Ingram
1971).

Triplicate dialysis pore-water samplers (‘‘peepers’’) were
installed during the automated sampler deployments in
random locations near each station. Peepers contained five
holes covered by a polycarbonate membrane (0.2 mm)
centered at 5, 8, 11, 15, and 20 cm below the sediment
surface (Hesslein 1976). Peepers were filled with deoxygen-
ated DI water and inserted into the sediment for 10 d until
equilibration was achieved (Hesslein 1976). Pore-water
samples were filtered (Acrodisc, 0.25 mm), aliquoted into
vials for NH z

4 and PO 3{
4 analysis, placed on ice, and

immediately frozen upon return to the laboratory. Nutrient
analyses followed the same procedures as for water-column
samples. Additional pore-water aliquots were made for
hydrogen sulfide analysis; these were immediately fixed
with diamine reagent (Cline 1969) and stored at room
temperature until reading with a spectrophotometer
(Shimadzu UVmini 1240).

Statistical methods—Measurements were tested for
significant differences among stations within each month
at a 5 0.05 using ANOVA. Assumptions of homoscedas-
ticity and normality were met as indicated by Levene’s test
and Shapiro–Wilk normality test, respectively, and by
visual assessment of residuals. For some variables, trans-
formation was necessary to meet ANOVA assumptions,
and back-transformations were applied to means and their
95% confidence limits. Post-ANOVA testing included all
possible pairwise comparisons (Ryan’s Q or Tukey–
Kramer Honestly Significant Difference, depending on
evenness of sample size). Multiple one-way Model II
ANOVA was used for time-series water-quality data, with
time treated as a random factor, and one-way Model I
ANOVA was applied to pore-water, sediment, wave, and
epiphyte data. Different measures of variance are reported
for means, including standard error (SE, used for small n),
standard deviation (SD, used for high-frequency measure-
ments), and 95% confidence limits (95% CL, used for back-
transformed means). Differences in TSS (Bare–Bed) from
data taken with automated samplers and grab samples

(July, October) were regressed against aboveground plant
biomass with Model I linear regression.

Turbidity (nephelometric turbidity units, NTU+) col-
lected by data sondes was converted to equivalent TSS
(mg L21) using significant regression equations generated
for these data and concurrent direct measurements of TSS
in May (Y 5 1.41X + 8.53, n 5 107, R2 5 0.72, p , 0.0001)
and June (Y 5 1.04X + 3.00, n 5 72, R2 5 0.47, p ,
0.0001). To assess the interaction between suspended
particles and physical processes, TSS attenuation (%TSSA)
was defined as

%TSSA~ 1{
TSSBed

TSSBare

� �
|100 ð4Þ

and was compared across multiple levels of wind speed (winds
from 155u to 280u only) and water depth (entire time series).

Results

Physical conditions at the study site showed seasonal
trends typical of Chesapeake Bay. Daily maximum water
temperatures were measured in midsummer (27.3uC 6
1.27uC, mean 6 SD), and daily mean salinity increased
from lowest values in spring (10.3 6 0.29) to highest values
in fall (17.8 6 0.97) (Table 1). During the study period,
mean wind speeds tended to be high during spring months,
decrease during summer, and increase again in the fall. For
spring and summer instrument deployment periods, winds
were directed out of the south and west (coinciding with the
axis of the study transect , 200u). During the fall, winds
reversed and were directed primarily out of the north and
east. Mean significant wave height (Hs) varied between 0.14
and 0.18 m by deployment, with the maximum measured in
July 2008 (0.66 m) (Table 1).

Dramatic changes were observed in this submersed plant
bed over the growing season, with minimal difference
between summers of 2007 and 2008; thus, results are
presented out of chronological order to emphasize distinct
phases of the annual growth cycle. Monthly aboveground
plant biomass and effective canopy height increased during

Table 1. Summary of physical measurements over the 2007 and 2008 periods of instrument deployment.

Deployment date
Length

(d) Salinity*
Temperature

(uC)*

Wind{ Hs{

Direction
(true)

Mean speed
(m s21)

Max speed
(m s21)

Mean
(m)

Max
(m)

25 Jun 2007 8 11.0(0.07) 27.3(1.27) 214(24.6) 1.80(0.752) 5.07 — —
20 Aug 2007 8 14.9(0.20) 25.9(1.68) 103(25.9) 1.86(0.787) 5.26 — —
01 May 2008 10 — — 258(21.4) 2.36(1.110) 6.46 0.17(0.091) 0.50
23 May 2008 14 10.3(0.29) 21.4(1.64) 278(23.3) 2.44(0.982) 5.22 — —
25 Jun 2008 17 — — 283(22.2) 1.89(0.895) 5.14 0.18(0.087) 0.66
08 Aug 2008 15 11.5(0.24) 26.5(0.87) 331(21.6) 2.20(1.151) 5.40 0.14(0.055) 0.36
05 Sep 2008 7 — — 151(20.5) 2.53(1.400) 8.19 0.16(0.092) 0.59
16 Oct 2008 8 17.8(0.97) 17.3(2.48) 22(19.5) 2.63(1.991) 8.65 0.18(0.096) 0.47

All values are mean (SD).
* Measured by data sonde deployed at Bare station.
{ Recorded at long-term land-based station.
{ Significant wave height, measured by gauge deployed near Bare station.
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spring, reached maximum values during June (mean 6 SE
of 641 + 21 g dry wt m22 and 106 6 7 cm, respectively),
and decreased with fall senescence (Fig. 2). Aboveground
plant material was composed of 34.9% 6 0.3% C, 2.08 6
0.09% N, and 0.19 6 0.02% P (mean 6 SE).

Average wave attenuation within the plant bed was
greatest (37% 6 13.0%, mean 6 SD) during the maximum
biomass period of late June (Fig. 3), and was measured up
to 85% during that time. Wave attenuation also occurred to
a lesser extent in late August (17% 6 5.7%). Multiple wave
gauges contemporaneously deployed at Bare, Edge, and
Bed stations during August (Fig. 1) showed significantly
greater mean Hs (6 SD) at Edge (0.16 6 0.053 m) than
Bare (0.14 6 0.055 m) or Bed (0.12 6 0.044 m) stations
(ANOVA, p , 0.0001). The early May period of low
biomass and short canopy corresponded to greater and
highly variable significant wave heights within the plant
stand (220% 6 23.4%). During the September period of
senescence, there was little difference in wave height inside
and outside the bed (23% 6 18.9%) (Fig. 3). Large wave
attenuation was also measured during October (21% 6
5.2%), when landmasses sheltered the Bed site from strong
northerly winds (Table 1). Tidal current velocities were
fairly low (4–6 cm s21, max 9 cm s21) inside and outside the
plant bed (data not shown); wave orbital velocities
exceeded tidal current velocities, averaging 26.4 cm s21

during June.
Mean suspended particle concentrations (TSS and Chl a)

decreased significantly along the transect (Bare . Edge
. Bed) in June and August, although this trend was less
pronounced in May (Fig. 4, p , 0.0001 for all months).
The greatest differences between Bare and Bed in both TSS

and Chl a (9.2 mg L21 and 4.11 mg L21, respectively)
occurred during June. An inverse pattern was observed for
%POM, where organic material composed a significantly
larger fraction of suspended particles at the Bed station as
compared to the Bare station (p , 0.0001 in all cases). As a
result of reduced TSS and Chl a concentrations within the
plant bed, water clarity increased during June, with average
Kd values of 0.88 m21 at Bed station (within clipped patch)
and 1.20 m21 at Bare station. Within the plant stand,
overall light attenuation was much stronger (Kd 5
3.21 m21) due to shading by the dense canopy. During
May and August, patterns in water clarity were similar to
those for suspended particles.

Concentrations of dissolved NO {
3 , NH z

4 , and PO 3{
4

were low and not significantly different among stations
each month, with means in June of 0.28 6 0.04 mmol L21,
1.73 6 0.25 mmol L21, and 0.17 6 0.02 mmol L21,
respectively (6 SE). On the other hand, suspended
particulate nutrients (PC, PN, and PP) followed patterns
similar to TSS, which were significant in June (p , 0.007 in
all cases) and significant for PN in August (p , 0.04).
Values of pH were elevated at the Bed station during May
(data not available for June), a mean (6 SD) of 8.6 6 0.56
(max 9.6) as compared to 7.9 6 0.01 (max 8.6) at the Bare
station. Accumulation of epiphytic material also exhibited
seasonal patterns paralleling those of suspended material.
In July and August, accumulated epiphytic material was
mainly inorganic and significantly heavier at Bare as
compared to Edge and Bed stations when measured by
total dry wt and Chl a (p , 0.003) (Fig. 5).

Key sediment characteristics differed among stations
during the months studied (Table 2). Sediment wet bulk
density (WBD) was significantly lower at the Bed station in
June and August, and organic content was also elevated at
this station during these months (p , 0.003 for all). A
significant difference in percent silt and clay (p , 0.0001) was
measured among stations during August (replicates not
available for June). Vertical profiles of nutrients and sulfide
showed similar patterns of significantly elevated concentra-
tions (p , 0.01) and high variability within the plant bed
during June (Fig. 6), with no significant differences during
May (data not shown). Low O2 concentrations were recorded
near the sediment surface at the Bed station for nearly the
entire sonde deployment in August 2008 (Fig. 7), and hypoxic
conditions (O2 , 2.0 mg L21) were observed for 2.8% and
0.3% of this period at Bed and Bare stations, respectively.

Seasonal variability in suspended material at Bare and
Bed stations was evident in a regression relating above-
ground plant biomass (B) to differences in directly
measured TSS (bare – bed) over five different months
(TSSBare–Bed 5 0.034 B 2 9.28, R2 5 0.52, p , 0.0001).
Additionally, the pattern of reduced TSS at the Bed station
persisted regardless of water depth or wind speed (a proxy
for wave height) in June (Fig. 8). In May, TSS concentra-
tions at the Bed station significantly (p , 0.03) exceeded
those at the Bare station (%TSSA , 0) above wind speed
and water depth thresholds of 4 m s21 and 1.8 m, res-
pectively. Wind speeds reaching 4–5 m s21 were infrequent,
occurring just 4% of the time during the years 2007 and
2008; typically, wind speed remained between 1 and 2 m s21.

Fig. 2. Aboveground plant biomass (bars) and effective
canopy height (points) during the study period (means 6 SE).
Collection occurred once monthly (n 5 3), except in May (sampled
twice). Aboveground biomass included all live plant material, and
effective canopy height consisted of the average vertical space
occupied by plants, accounting for horizontal shoot orientation
during fall months. Note that seasonal patterns are emphasized in
presenting data by month rather than chronologically.
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Discussion

Effects on hydrodynamics—The presence of this Stuck-
enia pectinata bed had a clear effect on wave height, which
was inversely related to plant presence. Peak wave
attenuation (37% in June) was similar to previous reports
from laboratory studies of canopy-forming species (Fon-
seca and Cahalan 1992). In our study, however, water
depth typically exceeded shoot height, making the large
effect of the plant canopy on Hs even more remarkable.

Although plants were expected to reduce tidal current
velocities (Fonseca et al. 1982), this was not observed at our
study site. Wave orbital velocities greatly exceeded tidal
current velocities, indicating that site hydrodynamics were
primarily dominated by waves (Worcester 1995; Koch and
Gust 1999). Tidal current directions changed as expected
with tidal phases, but current speed was variable and not
related to phase of tide. Reproductive shoots of this S.
pectinata bed were thin and cylindrical for most of their
length, but became highly branched approaching the
water’s surface (van Wijk 1988). Given this vertical

structure, we expected to find higher current speeds in the
lower portion of the water column, where plant surface
area was minimal (Verduin and Backhaus 2000). The
absence of flow intensification in the lower portion of the S.
pectinata canopy is consistent with our conclusion that the
hydrodynamic regime of this site was wave-dominated.

Positive feedbacks: Light—Water-quality conditions at
the study site were relatively poor during summer
deployments; mean TSS levels measured during June were
elevated above the maximum value (15 mg L21) associated
with submersed plant survival in Chesapeake Bay (Denni-
son et al. 1993). However, concentrations of suspended
material and attenuation of diffuse downwelling light were
significantly reduced within the plant bed as a consequence
of the plant canopy (see Fig. 9). This pattern, which has
been reported in previous in situ studies (Moore 2004), can
be attributed to two complementary mechanisms. Wave
action within the plant stand is reduced, and resuspension
of previously deposited material is decreased (Terrados and
Duarte 2000; Gacia and Duarte 2001). Suspended particles

Fig. 3. Contrast in wave attenuation by the plant canopy in (a) June and July (peak plant biomass) and (c) September (senescence).
Dashed lines represent a 1 : 1 relationship between Bare and Bed station measurements of significant wave height (Hs). Solid lines
represent significant linear regressions of wave height relationships for (a) (y 5 0.46x + 0.03, R2 5 0.70) and (b) (y 5 0.79x + 0.03, R2 5
0.93). Examples of time-series Hs measurements at both stations during the periods of (b) peak biomass and (d) senescence are also shown.
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are intercepted by plant leaves and subsequently deposited
(Agawin and Duarte 2002; Palmer et al. 2004).

Light attenuation by epiphytes was also reduced within
this plant bed by retarded accumulation of epiphytic
material; accumulation rates were an order of magnitude
less at the Bed as compared to Bare station during peak
plant biomass (0.62 and 8.47 g dry wt m22 d21, respec-
tively). Epiphytic accumulations were primarily composed
of inorganic particles, especially outside the plant stand,
which highlights the importance of algal biofilms as
collectors of suspended particles (van Dijk 1993). There
are many potential explanations for plant bed control on
epiphyte growth, including reduced nutrient uptake,
shading by the plant canopy, increased herbivorous
grazing, and increased mechanical removal (Lavery et al.
2007), but our goal was simply to quantify this effect.

The light attenuation coefficient of epiphytic material
(Ke) was estimated with the empirical relationship, Ke 5
0.07 + 0.32 3 (Be/Bde)20.88, where Bde and Be represent
epiphyte mass and Chl a (respectively) normalized to plant
mass (Kemp et al. 2004). The percent of light passing
through the water column (PLW) was estimated as
PLW~eKd z|100, assuming a depth (z) of 1.2 m; the
percent of light reaching the leaf surface (PLL) was
estimated as PLL~eKeBde|PLW . During June, 25% of
incident light reached the leaf surface within the plant bed,
as opposed to 0.2% for a plant growing outside the bed
without the benefits of feedbacks. The light climate outside
the bed was clearly insufficient to support the growth of
most submersed plants, which require at least 15% of
incident light (Kemp et al. 2004). Therefore, feedback
effects in this bed relieved light limitation and allowed for
plant growth that could not otherwise have occurred.
Canopy development of this species occurred during the
spring period of clearer water, initiating feedbacks before
the onset of poor summer water quality.

Positive feedbacks: Sediment and nutrients—Key sedi-
ment characteristics at the study site revealed evidence of
bed-induced alterations, which reflect feedback mecha-
nisms enhancing nutrient cycling (see Fig. 9). Compared to

Fig. 4. Mean values for suspended particles including (a)
TSS, (b) Chl a, and (c) particulate organic material (%POM)
collected with automated samplers at Bare (white), Edge (gray),
and Bed (black) stations by month. Error bars indicate the 95%
confidence intervals around means, and uppercase letters indicate
significant differences among stations (ANOVA, p , 0.0001)
within May (n 5 55), June (n 5 78), and August (n 5 42).

Fig. 5. Accumulation of epiphytic material on artificial
substrates measured in (a) dry wt and (b) Chl a per substrate
surface area during May (n 5 3), June (n 5 3), and August (n 5
5). Error bars indicate the 95% confidence interval around back-
transformed means. Uppercase letters indicate significant differ-
ences among stations within each month.
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Bare, Bed sediments in June had lower WBD, higher %
organic matter, and smaller grain size. The differences
between stations were less pronounced early in the season,
but became large and significant with peak plant biomass in
June. These observations, coupled with patterns along the
transect, indicate that high plant biomass had the effect of
enhancing particle deposition and reducing resuspension
within the plant bed, thereby increasing accumulation of
lighter organic material within the plant bed.

Enhanced deposition and decomposition of organic
particles in plant bed sediment generated relatively high
pore-water concentrations of NH z

4 and PO 3{
4 to support

plant growth (Barko et al. 1991; Lee and Dunton 1999).
Pore-water NH z

4 concentrations during June were well
above levels limiting growth for submersed plants (Denni-
son et al. 1987), and PO 3{

4 was significantly elevated in the
upper sediment layers. Although we did not measure rates
of sediment nutrient production, plant uptake represents a
large nutrient sink that would tend to lower pore-water
concentrations in Bed sediments (compared to Bare)

(Caffrey and Kemp 1990). Thus, pore-water pools under-
represent differences in sediment nutrient availability inside
vs. outside the bed. Based on measurements of tissue
nutrient content, this S. pectinata bed was not limited by N
or P (Gerloff and Krombholz 1966), despite low water-
column concentrations (van Wijk 1989) and quiescent
hydrodynamic conditions that likely retarded plant uptake
(Morris et al. 2008). Therefore, particle trapping augment-
ed nutrient recycling and pore-water pools, providing a
critical nutrient source for plant growth (Wigand et al.
2001).

Negative feedbacks—High rates of dissolved inorganic
carbon (DIC) uptake coupled with reduced water mixing
within the plant stand resulted in relatively elevated pH
values in May (data not available for June). S. pectinata
does not utilize bicarbonate as readily as other macro-
phytes (Sand-Jensen 1983), and bicarbonate and carbonate
species dominate DIC at the observed mean pH of 8.6
(, 99%) and peak pH of 9.6 (, 100%) (Stumm and

Table 2. Summary of key sediment properties by month at each station.

Month Property*

Station

Bare Edge Bed

May 2008 WBD (g cm23) 1.84(1.77–1.90) 1.82(1.72–1.93) 1.77(1.61–1.94)
% organic 0.84(0.64–1.03)A 0.72(0.56–0.87)A 1.10(0.94–1.25)B

% silt and clay 3.9(1.0–6.8) 6.6(0–17.8) 9.8(7.0–12.5)
Jun 2007 WBD (g cm23) 1.77(1.74–1.81)A 1.82(1.79–1.85)B 1.68(1.64–1.72)C

% organic 0.72(0.66–0.77)A 0.74(0.66–0.81)A 1.42(1.27–1.57)B

% silt and clay 6.6{ 7.2{ 13.4{
Aug 2007 WBD (g cm23) 1.87(1.83–1.91)A 1.88(1.82–1.94)A 1.69(1.52–1.85)B

% organic 0.90(0.29–1.51)A 0.76(0.61–0.90)A 1.52(1.16–1.88)B

% silt and clay 4.0(3.0–5.1)A 7.4(4.7–10.2)A 20.3(13.6–27.1)B

All values are means with 95% confidence intervals in parentheses (n53). Superscript letters denote
significant differences among sites within months (ANOVA, p,0.05).
* WBD, wet bulk density.
{ Single sample (n51).

Fig. 6. Vertical profiles of means and 95% confidence limits of sediment pore-water dissolved (a) sulfide, (b) ammonium, and (c)
phosphate concentrations at each station (n 5 3) during June. Depths are below the sediment surface (0 cm). Asterisks indicate significant
differences between means (ANOVA, p , 0.05). The negative lower confidence limits of (b) are not shown for clarity.
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Morgan 1996). The massive production and accumulation
of plant biomass, however, suggest that DIC limitation was
an ephemeral factor, likely confined to late afternoons
under low-mixing conditions. In addition, trapped organic
material probably fueled high respiration rates and CO2

production in the plant bed (Gacia et al. 2002), circum-
venting carbon limitation.

Rapid decomposition of organic material and associated
oxygen consumption within the bed contributed to frequent
but brief hypoxic events measured near the sediment
surface in August (Fig. 7). Oxygen depletion has been
reported in submersed plant beds (Caraco and Cole 2002;
Goodwin et al. 2008) and is known to be deleterious to
seagrass health (Holmer and Bondgaard 2001). However,
S. pectinata is relatively tolerant of low-O2 conditions in
freshwater systems, and anoxic sediment can even stimulate
tuber germination (Dixon et al. 2006). Thus, it is likely that

hypoxic events recorded in this study had little detrimental
effect on plant growth.

The sediment organic content measured in this plant bed
was much lower than levels reported to be deleterious for
most submersed plant species (Koch 2001) and S. pectinata in
particular (van Wijck et al. 1992). Despite this, microbial
decomposition of organic material was rapid and resulted in
elevated (. 700 mmol L21) and highly variable levels of
sediment pore-water sulfide (Fig. 6). Threshold values for
sulfide toxicity vary by species, but concentrations
. 1000 mmol L21 are known to negatively affect plant
growth (Koch 2001). Although S. pectinata may be relatively
tolerant of high sulfide levels (van Wijck et al. 1992),
photosynthetic inhibition has been reported for some
submersed plants at concentrations , 400 mmol L21 (Good-
man et al. 1995). Effects of plant root-release of dissolved
oxygen (Kemp and Murray 1986; Pedersen et al. 2004) tend to
reduce sulfide concentrations in microzones around roots
(Lee and Dunton 2000; Holmer et al. 2005), leading to an
under-representation of sulfide production rates. Therefore,
the accumulation of pore-water hydrogen sulfide as a
consequence of organic particle trapping within this plant
bed represents a potential negative feedback that may,
however, be balanced by increases in O2 loss from plant roots.

Controls on feedbacks: Plant canopy—Strong seasonal
patterns in feedbacks attributable to the changing plant
canopy were observed in this S. pectinata bed. Although
earlier studies have suggested that cylindrical seagrasses do
little to reduce sediment movement (Fonseca and Fisher
1986), our results demonstrate that under variable wave-
dominated field conditions, suspended material concentra-
tions were strongly regulated by biomass in this S. pectinata
bed. In addition, differences among stations in key
properties of sediments (e.g., pore-water nutrient and
sulfide concentrations) and suspended material (TSS and
%POM) were less pronounced in May when only vegetative
shoots were present. However, differences in the same

Fig. 7. Time series of dissolved oxygen concentrations
measured by data sondes deployed during August near the
sediment surface at Bare (light gray) and Bed (black) stations.
Concentrations , 2.0 mg L21 (dashed line) are considered
hypoxic.

Fig. 8. TSS attenuation (see Eq. 4) by the plant bed over a range of (a) wind speeds and (b) water depths in June (filled circles) and
May (open circles). Values are means, and error bars represent 95% confidence limits. The dashed line at 0% represents TSSBare 5
TSSBed. Only winds directed from 155u to 280u were included (proxy for wave height), while water depths consisted of the entire time
series (atmospheric and tidal components).
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properties were much greater in June when a tall
reproductive canopy had been formed. These observations
can be attributed to the morphology of S. pectinata
reproductive shoots, which have a large biomass and are
highly branched (Stevenson and Confer 1978), enabling
more effective particle trapping (Harvey et al. 1995). As a
consequence, the partitioning of biomass in canopy-
forming plants can have major effects on suspended
particles, greatly enhancing feedbacks during reproductive
periods.

Controls on feedbacks: Physical perturbations—Physical
conditions associated with high-energy storm events can
exceed the plant canopy’s capacity to reduce wave energy
and modulate bed effects on hydrodynamics and TSS
(Ward et al. 1984). Therefore, the effect of waves and water
depth on within-bed TSS levels (James and Barko 1994;
Granata et al. 2001) can provide a measure of feedback
strength and persistence, elucidating thresholds at which
feedbacks cease to operate.

In this study, plant bed effects on TSS attenuation did
not vary with wind speed (a proxy for wave height) during

June peak plant biomass (Fig. 8). This suggests that plant
canopy friction was sufficient to enhance particle sinking
and reduce shear stress at the sediment surface, maintaining
low within-bed turbidity even under higher-energy condi-
tions (James et al. 2004). During the May period of lower
biomass, however, TSS concentrations within the bed
gradually approached those at the Bare station as wind
speed increased beyond 2 m s21, and Bed concentrations
eventually exceeded Bare concentrations (%TSSA , 0) at
wind speeds . 4 m s21. The source of this additional
suspended material was likely previously deposited fine-
grained particles (Bos et al. 2007), as well as particles
trapped on plant leaves in algal epiphyte matrices (Agawin
and Duarte 2002). Winds during the June deployment were,
however, always , 3 m s21, and therefore a full
comparison with May is not possible.

Mean water level varied widely during both months due
to a combination of atmospheric and astronomical tides.
Previous studies suggested that water levels elevated above
canopy height (. 1.2 m) would reduce the capacity of the
plant bed to attenuate wave energy, and would thus
increase inputs of suspended particles into the bed (Ward

Fig. 9. Summary of key feedback processes resulting from modification of local hydrodynamics by a canopy-forming submersed
plant bed. The growth of plants is principally driven by factors associated with the availability of dissolved nutrients (gray boxes) and
light (white boxes), as well as certain sediment properties (black boxes). These factors are influenced by feedbacks resulting from the
effects of plant bed friction on water flow (dotted boxes). Changes in a given variable tend to influence other variables (black arrows) in
either positive (plus) or negative (minus) ways.
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et al. 1984). Instead, variations in water level during June
had little effect on bed attenuation of TSS, suggesting that
waves were effectively reduced at all observed water levels.
During late May, the pattern of water-level effect on TSS
attenuation was similar to that of wind speed, suggesting a
combination of a reduced capacity of the plant bed to
damp waves and increased particulate inputs from overly-
ing water when water depth . canopy height. It appears
that water depth of 1.8 m represents a threshold (Fig. 8)
beyond which resuspension of fine particles surpassed
depositional processes within the plant bed. Under
conditions observed in this study, feedbacks involving
suspended particles were generally resilient to perturbation
by higher-energy events during peak plant biomass, but
were less resilient prior to canopy development.

Feedbacks at the edge—While canopy effects on hydro-
dynamics and associated feedbacks were strong and
consistent in the inner portion of the plant bed, conditions
at the bed’s edge were more variable. Previous researchers
have suggested that the edge of a seagrass bed is a dynamic
region characterized by increased deposition of suspended
particles (den Hartog 1971), and numerical model simula-
tions suggest that the seaward perimeter of submersed plant
beds is an active site of sediment accumulation (Chen et al.
2007). However, scant evidence of particle trapping in
natural bed edges exists in the literature.

Over the course of this study, some interesting edge
effects were observed that contribute to a spatially
integrated understanding of feedbacks. During the August
deployment of wave gauges at all three sites, waves were
attenuated within the plant bed as expected, but Hs was
observed to increase at the edge of the bed. Predicted values
of significant wave height due to shoaling only explained
approximately one third of this 15% increase. Previous
reports based on modeling analysis (Mendez et al. 1999)
and field studies corroborate this finding and suggest that
the leading edge of vegetation may act as an impenetrable
‘‘step’’ to waves, increasing Hs and resulting in wave
reflection (Bradley and Houser 2009). It is likely that the
effects of the June plant canopy on hydrodynamics at the
bed’s edge were even more pronounced, and further study
of natural plant communities is necessary to elucidate this
phenomenon.

If wave momentum is immediately reduced at the bed’s
edge, large particles would tend to fall out of suspension
rapidly. Significantly higher surface sediment WBD at the
Edge station suggests that deposition of larger suspended
particulate material may be focused primarily in this
region. Additionally, despite decreasing water-column Chl
a along the transect, the organic fraction of TSS steadily
increased with distance into the bed (similar to Moore
2004), further implicating the edge as a zone of intense
deposition of coarser-grained inorganic particles. Although
conclusions cannot be drawn about the mechanisms behind
these edge phenomena, this region experienced water and
sediment quality less favorable for plant growth than the
dense inner region of the plant bed. The edge region (, 0–
100 m inward from perimeter) therefore functioned as a
buffer zone where hydrodynamic modification and subse-

quent water-clarity improvement occurred during summer
months, primarily benefiting plants located in the inner bed
region. Clearly, more research is necessary to understand
edge effects and the ways in which they pertain to overall
health and resilience of submersed plant beds.

This study has demonstrated that positive and negative
feedback effects involving light, nutrients, and sediment are
highly interactive in submersed canopy-forming plant beds
(Fig. 9). Positive feedbacks affecting light penetration
(through the water column and epiphytic layer) resulted
in vigorous plant growth that could not otherwise have
occurred under the conditions of poor water clarity and
heavy epiphytic growth that characterize this region outside
the bed. Trapping and subsequent decomposition of
particulate organic material led to increases in pools of
sediment pore-water nutrients, which augmented low
water-column nutrient concentrations and helped plants
circumvent limitation. Particle trapping also resulted in the
negative feedback of sediment pore-water sulfide accumu-
lation, but concentrations were not high enough to
significantly impair plants. High productivity and quiescent
conditions within the bed resulted in low O2 levels, but
hypoxic events were likely too intermittent to negatively
affect plant growth. Wave and TSS attenuation varied
seasonally with bed biomass, and feedbacks were most
prominent and stable during peak plant biomass. These
results indicate that once established, a plant bed can
significantly modify its local environment, allowing for
growth under suboptimal conditions. However, coloniza-
tion or reestablishment of plant stands without the benefit
of feedbacks would require much more stringent initial
conditions. Further research is clearly necessary to under-
stand the influence of habitat quality and perturbations on
plant beds at various stages of succession. Ultimately,
continued growth and survival of this and other aquatic
species will depend on the balance between positive and
negative feedbacks, especially under the degraded environ-
mental conditions that characterize many aquatic systems
worldwide.
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