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a b s t r a c t

Salt marshes are widely studied due to the broad range of ecosystem services they provide including
serving as crucial wildlife habitat and as hotspots for biogeochemical cycling. Nutrients such as nitrogen
(N), phosphorus (P), and carbon (C) are well studied in these systems. However, salt marshes may also be
important environments for the cycling of another key nutrient, silica (Si). Found at the landesea
interface, these systems are silica replete with large stocks in plant biomass, sediments, and porewater,
and therefore, have the potential to play a substantial role in the transformation and export of silica to
coastal waters. In an effort to better understand this role, we measured the fluxes of dissolved (DSi) and
biogenic (BSi) silica into and out of two tidal creeks in a temperate, North American (Rowley, Massa-
chusetts, USA) salt marsh. One of the creeks has been fertilized from May to September for six years
allowing us to examine the impacts of nutrient addition on silica dynamics within the marsh. High-
resolution sampling in July 2010 showed no significant differences in Si concentrations between the
fertilized and reference creeks with dissolved silica ranging from 0.5 to 108 mM and biogenic from 2.0 to
56 mM. Net fluxes indicated that the marsh is a point source of dissolved silica to the estuary in the
summer with a net flux of approximately 169 mol h�1, demonstrating that this system exports DSi on the
same magnitude as some nearby, mid-sized rivers. If these findings hold true for all salt marshes, then
these already valuable regions are contributing yet another ecosystem service that has been previously
overlooked; by exporting DSi to coastal receiving waters, salt marshes are actively providing this
important nutrient for coastal primary productivity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Salt marsh ecosystems have long been valued for a variety of
important ecosystem services. Among many other services they
provide essential nursery habits, mitigate storm surges, and
sequester carbon (e.g. Farber and Costanza, 1987; Peterson and
Turner, 1994; Moeller et al., 1996; Chmura et al., 2003; Zedler and
Kercher, 2005; Costanza et al., 2008). In addition, these environ-
ments arewell known hotspots for nitrogen (N) and phosphorus (P)
cycling (e.g. Valiela and Teal, 1979; van Wijnen and Bakker, 1999;
Brin et al., 2010). However, salt marshes may also be critical to
the cycling and ultimate transport of another important nutrient,
silica (Si; Struyf and Conley, 2009).

Si is a terrestrially sourced nutrient that comes from physical
and chemical weathering of silicate minerals. It is the second
most abundant element in the earth’s crust, and is naturally
All rights reserved.
found in three different forms, lithogenic (LSi), amorphous (ASi),
and dissolved (DSi) (Conley, 2002; Cornelis et al., 2011a). LSi is
composed of crystalline quartz particles and other inorganic
aluminosilicates that can be found in rocks and soils (McKyes
et al., 1974). ASi comprises both non-crystalline, inorganic Si
precipitates that occur under very specific conditions (e.g. high
alkalinity) as well as biogenic silica (BSi; SiO2nH2O), composed of
Si precipitates that accumulate in living organisms (Cornelis et al.,
2011a). Finally, DSi, or silicic acid (H4SiO4), is the aqueous and
bioavailable form of silica (Cornelis et al., 2011a). In this study we
focus on the dynamics of BSi and DSi in two temperate salt marsh
tidal creeks.

Traditionally, research on Si in the marine environment has
been focused on its importance as a limiting nutrient for diatoms
(Egge and Aksnes, 1992; Dugdale and Wilkerson, 1998). Coastal
diatoms are responsible for the majority of the 43 Tmoles of BSi
production in the global coastal ocean annually (Laruelle et al.,
2009); this biogenic form of Si comprises the diatom silica shell,
or frustule. These phytoplankton are a key food source for many
commercially valuable fisheries, and have been shown to support
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some of the world’s most productive food webs (Ryther, 1969;
Townsend and Cammen, 1988; Conley et al., 1993). Unlike
nitrogen (N) and phosphorus (P), there is no substantial anthro-
pogenic source of silica (Sferratore et al., 2006). Therefore, N and P
enrichment in coastal systems has been shown to cause eutrophi-
cation and a subsequent depletion of Si in coastal waters which, in
turn, induces a shift in phytoplankton populations from diatom to
flagellate communities, thus affecting the entire coastal food web
(Schelske and Stoermer, 1971; Conley et al., 1993; Lancelot, 1995).
Human activities have additionally been shown to decrease Si
availability in watersheds, and therefore influence coastal primary
production, through the damming of rivers (Van Bennekom and
Salomons, 1981; Humborg et al., 1997; Conley et al., 2000) as well
as changes in land use and cultivation practices (Struyf et al., 2010;
Carey and Fulweiler, in press). To this end, much research has
explored the transport of Si from rivers to the ocean (Conley et al.,
2000; Triplett et al., 2008), and the impact of changing ratios of
silica to other nutrients on phytoplankton species composition
(Smayda, 1990; Egge and Aksnes, 1992).

The transport of DSi in rivers is estimated to be 5 Tmol Si yr�1,
representing 80% of the total transport of DSi from terrestrial
systems to the ocean (Treguer et al., 1995). The flux of silica to the
ocean is modified, at least in part, by the uptake of silica by
terrestrial vegetation (Bartoli, 1983; Conley, 2002; Derry et al.,
2005; Fulweiler and Nixon, 2005a; Conley et al., 2008). Plants
take up DSi and store it in biogenic forms (BSi) known as phytoliths
where it serves to enhance plant rigidity and structure as well as to
protect against stressors such as predation, desiccation, and metal
toxicity (Raven, 1983; Hodson et al., 2008). The silica content of
plants ranges, but is typically found at levels similar to and some-
times exceeding those of many macronutrients (Epstein, 1999).
While most plants contain some silica, grasses are active Si accu-
mulators, and thus contain large amounts of silica (Raven, 1983;
Takahashi et al., 1990; Struyf and Conley, 2009). For example,
Spartina alterniflora, the cordgrass that dominates the salt marsh in
this study, has been found to contain 5.1e9 mg g�1 Si (Norris and
Hackney, 1999; Hou et al., 2010).

Marshes exist as borderlands linking terrestrial and marine
ecosystems. Tidal marshes have historically been suggested to be
sources of DSi to coastal receiving waters (Gardner, 1975; Scudlark
and Church, 1989). More recent work has shown freshwater
marshes to have substantial silica stocks in their soil and plant
biomass (Struyf et al., 2005a, 2007) and to be important sources of
dissolved silica to the surrounding estuary. These marshes were
also shown to be larger importers of BSi on the same magnitude,
making them net recyclers of silica (Struyf et al., 2006; Jacobs et al.,
2008). Due to their high rates of chemical weathering and density
of Si accumulating plants, salt marshes also have the potential to
play a crucial role in Si recycling and export (Scudlark and Church,
1989; Norris and Hackney, 1999; Hackney et al., 2000; Struyf et al.,
2005a), and therefore to influence coastal primary production
(Hackney et al., 2000). However, the role of salt marshes in regu-
lating the amount of Si to and from coastal receiving waters, as well
as the mechanisms by which they do so, remains largely unex-
plored (Struyf and Conley, 2009).

The goal of this study was to quantify the exchange of dissolved
and biogenic silica (DSi and BSi, respectively) between salt marsh
tidal creeks and an estuary at the Plum Island Estuary Long Term
Ecological Research site (PIE LTER, http://ecosystems.mbl.edu/pie/)
in Rowley, Massachusetts, USA. In addition, we wanted to deter-
mine if a long-term nutrient fertilization of the marsh could affect
marsh silica fluxes. DSi and BSi fluxesweremeasured over three full
tidal cycles in two tidal creeks in July 2010. This high-resolution
summer snapshot highlights the importance of salt marshes as
a source of silica to estuarine waters.
2. Materials and methods

2.1. Site description

Water column samples for this study were taken from the tidal
creeks of an extensive salt marsh system in Rowley, Massachusetts
(Fig. 1). RowleyMarsh connects to the Gulf of Maine via Plum Island
Sound (average salinity¼ 27.4), and is home to the Plum Island
Estuary Long Term Ecological Research site (http://ecosystems.mbl.
edu/pie/). With a total area of 39.8 km2, this marsh is the largest
intertidal marsh in New England (Buchsbaum et al., 2009). As in
most temperate salt marshes, Rowley marsh is dominated by
Spartina alterniflora along the creeks and Spartina patens on the
high marsh. The marsh itself experiences semi-diurnal tides and
receives freshwater input primarily from the Parker, Rowley, and
Ipswich rivers with a total discharge of 89�106 m3 to the sound
(Buchsbaum et al., 2009). Two tidal creeks (42�440N, 70�500W)
were sampled over three full tidal cycles in mid July 2010 (Fig. 1).
Despite freshwater input to the greater marsh, both creeks are tide
dominated and receive negligible freshwater input (Drake et al.,
2009). One creek (Site 1) has been enriched with liquid fertilizer
(w70 mMNO3

�) that has been added directly to the creek water
column since 2004 as part of the long-term nutrient addition study,
TIDE (Deegan et al., 2007, Johnson et al., 2009). The fertilization
targets the growing season and runs as a direct liquid addition to
site 1 from mid-May to mid-September every year influencing
roughly 12.4 ha of marsh area (Drake et al., 2009). The second creek
(Site 2) has served as the reference creek for this study. Sites 1 and 2
are 1.9 km apart and are 1.4 and 0.9 km from the nearest major
channel, respectively. Each tidal cycle sampled experienced
a different tidal range, first neap (2.2 m), followed by mid (3.1 m),
and spring (3.6 m) tides (Table 1; NOAA).

2.2. Tidal creek silica sampling

SIGMA and ISCO auto samplers were used to collect water
samples for nutrient analysis. The instruments were secured on the
marsh platform with intake tubes staked approximately 15 cm
above the creek bed. The auto samplers filled two 500 mL sample
bottles every hour for twelve hours over three tidal cycles (July 9,15,
and 17, 2010) for a total of three sets of twelve replicate samples in
each creek. Samples were temporarily stored in coolers on ice to
keep them cool and dark, and were then filtered through 0.4 mm
Millipore polycarbonate filters within 6 h of collection. Both the
filter and the filtrate were retained for biogenic and dissolved silica
analysis, respectively.

2.3. Flow data and discharge calculations

Profiling acoustic current meters (Nortek Aquadopp Pro and
Nortek Aquadopp Pro HR) were deployed in the thalweg of the
channel in order to calculate the flux of water through each creek
over the tidal cycle. To maximize the depth of the water column
that wasmeasured, the instruments were fixed directly to the creek
bed and minimal blanking distances were used such that the
velocity profiles started at 28 cm and 17 cm above the bed at the
fertilized and control creek, respectively. Velocity profile data were
collected upward through the water column in 40 � 10 cm bins at
the fertilized site and 33 � 3 cm in the control creek. Both water
depth and velocity profiles were collected at 10 min intervals over
the sampling period. Slight variation in placement and collection
between the two meters was a result of the two instruments being
different models. However, the difference in placement was less
than one measuring bin of data and both regions were interpolated
based on a log profile and the lowest measurement, therefore, there
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Fig. 1. Map of Southern New England (a) including the Plum Island Sound Long Term Ecological Research Site (PIE LTER, http://ecosystems.mbl.edu/pie/; b). Site 1 has been fertilized
since 2004 and site 2 is the non-fertilized, reference site.
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was no missing data. The cross sectional area of the channel was
measured close to each current meter using a standard elevation
survey. Tidal discharge (m3s�1) for each 10 min interval was then
calculated by applying the velocity at each depth in the profile over
the appropriate channel width based on the cross section data, and
integrating over the creek depth. The errors associated with this
method of measurement vary through the water column. When
water is high the accuracy of this measurement is high, while there
is much greater error at low water. However, because there is little
water and, therefore little discharge, the impact of this error is not
very large. Overall, we assume a conservative error of� 10 cm
when calculating bank position and cross sectional area. Based on
this estimate we have calculated and assigned an average error of
14% (3e24%) to our discharge data.

2.4. Silica analysis

Dissolved silica (DSi) data were obtained colorimetrically by
running the sample filtrate on a SEAL AutoAnalyzer 3 using
Table 1
Water balance table for both salt marsh tidal creeks sampled. Tidal range is from the near
standard error.

Site Channel
depth, m

Channel
width, m

Dist. from
channel, m

Tide Salinity,
ppt

Tidal
range, m

1 1.9 13.4 1350 Neap 26.1 2.2
Mid 26.9 3.1
Spring 26.4 3.6

2 2.2 14.4 890 Neap 24.2 2.2
Mid 28.3 3.1
Spring 25.3 3.6
standard colorimetric techniques (Strickland and Parsons, 1968;
Grasshoff et al., 1983). Dried sodium hexafluorosilicate (Na2SiF6)
was used as the silicate standard (Strickland and Parsons, 1968).
This standard was compared with an external standard from HACH
company which was also a sodium hexafluorosilicate solution with
a concentration of 50 mg L�1 SiO2. We ran the HACH external
standard in 10 and 15 mM solutions against our in-house standard
and obtained values of 10.3� 0.06 and 15.8� 0.22 mM, respectively.

Water column biogenic silica (BSi) values were determined
using the wet alkaline method, in which the polycarbonate filter
was digested in a 1% Na2CO3 solution at 85�C for five hours (Conley
and Schelske, 2001). Subsamples were taken after 3, 4 and 5 h, and
BSi concentration was then calculated by linear extrapolation
through the three sample points in order to correct for the disso-
lution of mineral silicates (DeMaster, 1981). Though this method
results in the dissolution of other amorphous and mineral silicates,
it remains the most accurate method of measuring BSi (Liu et al.,
2002; Saccone et al., 2007; Cornelis et al., 2011b). All laboratory
equipment used in the processing of both the DSi and BSi samples
est (w4 km from sample sites) and is relative to mean low water (MLW). All error is

Volume flood, m3 Volume ebb, m3 Max discharge
flood, m3 s�1

Max discharge
ebb, m3 s�1

17,460� 481 7777� 787 1.87� 0.7 1.79� 0.5
21,587� 657 15,622� 841 2.90� 0.9 2.41� 0.7
17,575� 594 14,686� 878 2.36� 0.8 2.30� 0.4

12,046� 336 23,562� 1078 1.23� 0.4 3.68� 0.3
22,134� 294 20,577� 1075 1.22� 0.1 2.97� 0.2
9536� 313 18,817� 1175 1.27� 0.1 2.98� 0.3

http://ecosystems.mbl.edu/pie/


Fig. 2. Average dissolved (closed symbols) and biogenic (open symbols) silica
concentrations (as SiO2) over the average of all three tidal cycles. Circles, squares, and
triangles signify the neap, mid, and spring tidal ranges, respectively. Hours one and ten
are low tide and hour 5 is high tide. Error bars signify standard error.
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was polyethylene or polypropylene rather than glass so as not to
contaminate the samples.

2.5. Data analysis

DSi and BSi fluxes were calculated by multiplying the concen-
tration at each hour by the average of the discharge values over the
same hour. We report standard errors for all concentration and flux
data. The percent BSi flux was calculated by summing the DSi and
BSi fluxes for each hour in order to arrive at a total, hourly flux of
silica. The BSi flux for each hourwas then divided by the total Si flux
from the same hour to get the %BSi of the total silica flux. Statistical
analysis was done using R; tests for statistical significance between
creeks were done using one-way analysis of variance (ANOVA), and
the relationship and significance between flux and discharge was
done using linear and exponential regression models. ANOVAs
were carried out to test for statistical differences in DSi and BSi
concentrations and fluxes both between the two creeks and
between the three tidal cycles. Linear regressions were used on the
DSi and BSi fluxes on the flood and ebb tides separately, and
exponential regressions on the DSi concentrations on the flood tide.

3. Results

3.1. Statistics

Despite six years of nutrient addition to Site 1, there was no
significant difference between the Site 1 and Site 2 in DSi concen-
tration (p¼ 0.59, Fcrit¼ 2.41, F¼ 0.75, N¼ 54), BSi concentration
(p¼ 0.11, Fcrit¼ 2.44, F¼ 1.96, N¼ 47), DSi flux (p¼ 0.85, Fcrit¼ 2.41,
F¼ 0.39, N¼ 54), and BSi flux (p¼ 0.91, Fcrit¼ 2.44, F¼ 0.29,
N¼ 47). We also did not observe any statistical differences in DSi
concentration (p¼ 0.91, Fcrit¼ 3.40, F¼ 0.10, N¼ 27), BSi concen-
tration (p¼ 0.61, Fcrit¼ 3.50, F¼ 0.50, N¼ 23), DSi flux (p¼ 0.53,
Fcrit¼ 3.40, F¼ 0.66, N¼ 27), and BSi flux (p¼ 0.83, Fcrit¼ 3.50,
F¼ 0.19, N¼ 23) over the sampled tidal ranges (neap, mid, and
spring; Table 1).

3.2. Dissolved silica

DSi concentrations followed a very clear pattern with tidal
height. Concentration was highest at low tide with a maximum
value of 108 mM and decreased steadily until high tide where it
reached a minimum value of 0.5 mM (Fig. 2). When plotted against
creek discharge, DSi concentrations show different patterns on the
flood and ebb tides. On the flood tide, DSi concentration exhibits
a negative, exponential relationship with discharge, while there is
no clear relationship on the ebb tide (Fig. 3A). Despite no statisti-
cally significant differences in DSi concentration with tidal range,
we did observe certain patterns on the flood tide. The amount of
DSi coming into the creeks was lowest during the neap and highest
during the mid tide (Fig. 3A). The DSi fluxes from the varying tidal
ranges were also not significantly distinct. The fluxes did not
exhibit a significant relationship with creek discharge on the flood
tide, but did have a significant, positive, linear relationship with
discharge on the ebb tide (Fig. 3B).

3.3. Biogenic silica

BSi concentrations were lower and had a smaller range
(2.0e56 mM) than DSi. BSi generally experienced a steady decrease
through out the tidal cycle, except on the spring tide where the
opposite trend was observed (Fig. 2). Concentrations of BSi for each
tidal range were not statistically distinct, and showed no significant
relationship with discharge on either the flood or ebb tides
(Fig. 3C). However, there were discernable patterns in the
percentage of total silica as BSi with the different tidal ranges.
During the neap tide, BSi comprised the largest percentage of the
total silica flux (nearly 60%) andmade up the smallest percentage of
the flux during the spring tide (23%). This pattern is particularly
amplified on flood tides where the BSi flux comprised over 80% of
the total silica flux into the creeks on the neap tide, but less than
20% during the spring tide. As with concentration, there were no
significant differences in BSi fluxes between the three tidal ranges
sampled. BSi fluxes exhibited positive, linear relationships with
discharge on both the flood and ebb tides; however, the relation-
ship on the flood tide was stronger (Fig. 3D). Additionally, the net
BSi flux is highest (most positive) on the neap tide and lowest (most
negative) on the spring tide (Table 2).

4. Discussion

To our knowledge, simultaneous DSi and BSi fluxes have been
published from only one other salt marsh site in the world (Struyf
et al., 2006). As a result, wewill make several comparisons between
our fluxes and those of Struyf et al. (2006); however, it should be
noted that there are many important differences between this
marsh and the one in this study. The marsh in the Struyf et al.
(2006) study is a polder, or area of coastal reclaimed land sur-
rounded by dikes with engineered water flow, fringing Schelde
Estuary in Northern France. This wetland ismuch smaller, hasmuch
less vegetated area, and experiences less water exchange than
Rowleymarsh (Dausse et al., 2005; Struyf et al., 2006). Additionally,
this polder is only in the early stages of colonization by salt marsh
vegetation (Struyf et al., 2006). Therefore, this is the first study of
DSi and BSi fluxes published from an established, intact salt marsh
ecosystem. The differences between the sites are numerous and
undoubtedly explain some of the variation in concentration and
flux values between the salt marsh of Schelde and that of Plum
Island Sound. Finally, the Struyf et al. (2006) study has seasonal
data that this study does not; we will therefore focus our
comparisons on the summertime data of that study.

4.1. Dissolved silica

We hypothesize that the high concentrations of DSi found in the
marsh creeks are the result of high DSi concentrations in salt marsh
porewater. Typically, marsh porewater is enriched in DSi due to



Fig. 3. Dissolved silica (DSi; as SiO2) concentration (A) and flux (B) as well as biogenic silica (BSi) concentration (C) and flux (D) with creek discharge. Filled in symbols represent
values on the flood tide and open symbols are values on the ebb tide. Circles, squares, and triangles signify data for the neap, mid, and spring tidal ranges, respectively. For dissolved
silica concentrations (A) exponential regression models were the best fit for the flood data on the neap (R2¼ 0.60, p< 0.01, Fcrit¼ 10.04, F¼ 15.1, N¼ 11), mid (R2¼ 0.68, p< 0.01,
Fcrit¼ 11.26, F¼ 17.2, N¼ 9), and spring tides (R2¼ 0.67, p< 0.01, Fcrit¼ 11.26, F¼ 16.4, N¼ 9). For dissolved silica fluxes (B), linear regression models were used on the ebb (R2¼ 0.70,
p< 0.01, Fcrit¼ 8.18, F¼ 45.3, N¼ 20) and flood data (R2¼ 0.32, p< 0.01, Fcrit¼ 8.53, F¼ 14.9, N¼ 32). The same was done for biogenic silica fluxes (D) on the flood (R2¼ 0.72,
p< 0.01, Fcrit¼ 7.64, F¼ 70.6, N¼ 29) and ebb tides (R2¼ 0.60, p< 0.01, Fcrit¼ 8.68, F¼ 22.3, N¼ 16). In A the gray square is a statistical outlier (tcrit¼ 1.73, t¼ 1.80, a¼ 0.1).

Table 2
Average dissolved and biogenic silica concentrations and fluxes (as SiO2) for the
three tidal rangesmeasured. Negative values indicate flowout of the creeks. All error
is reported as standard error.

Tide Tidal
range

[DSi] [BSi] DSi flux BSi flux

Ebb Neap �43.69� 10.4 �10.6� 2.1 �154.54� 64.0 �29.42� 9.5
Mid �57.97� 9.6 �8.03� 0.8 �161.57� 48.4 �41.7� 15.8
Spring �64.66� 9.2 �9.52� 1.1 �287.72� 66.8 �50.34� 18.7

Flood Neap 24.17� 10.5 27.05� 3.7 5.95� 1.6 43.86� 11.1
Mid 43.78� 10.6 19.33� 2.6 49.73� 11.8 46.52� 18.9
Spring 33.35� 8.9 10.56� 2.0 41.93� 8.7 24.93� 7.9

Net Neap �19.52� 7.6 16.45� 3.0 �148.59� 28.2 14.44� 11.5
Mid �14.19� 7.3 11.3� 1.9 �111.84� 31.3 4.82� 15.8
Spring �31.31� 6.7 1.04� 1.2 �245.79� 42.7 �25.41� 12.4
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chemical weathering of the soil and dissolution of BSi from plant
phytoliths and diatom frustules with a reported range of
105e345 mM (Gardner, 1975; Norris and Hackney, 1999; Carey
unpublished data). Therefore, we hypothesize that, at low tide the
seepage of marsh porewater is the primary water source to the
nearly dry creeks, and is responsible for the high DSi signature at
low tide (Fig. 2). Similar mechanisms have been proposed for other
tidal marshes (e.g. Gardner, 1975; Struyf et al., 2006). The DSi
concentration values we found in themarsh tidal creeks are slightly
lower than those that have been found in freshwater marsh
systems, but are similar to the few salt marsh silica values available
as well as with those of many of the world’s river and estuarine
systems (Table 3).

The tidal creek DSi concentration patterns we see can be
explained by simple sourcewater dilution. We hypothesize that the
decline of DSi with the rising tide is a result of silica deplete estu-
arine waters flooding the creeks and diluting the porewater signal.
We can calculate how low the concentration of DSi would have to



Table 3
Worldwide measured values of dissolved and biogenic silica in marshes, rivers, and estuaries.

Location [DSi] high (mM) [DSi] low (mM) [DSi] average [BSi] high (mM) [BSi] low (mM) [BSi] average

Schelde Estuary freshwater marshe,f 338.3 186.9 42.7 0.0
302.6 7.1 124.6 49.9

Tielrode freshwater marsh (Schelde)f 320.4 74.8 128.2 0.0
Carmel Polder salt marsh (Schelde)f 124.6 35.6 74.8 14.2
Amazon Riverc 138� 3.5 73.9� 17.6
Congo Riverc 185 38.3� 4.84
Lena River, Russiac 71.9� 3.3 8.01� 1.1
Mississippi Riverc 97.7� 10.3 14.1� 1.9
Rhine Riverc 49.1� 4.8 23.4� 1.9
Danube Riverc 55.1 18.1
Atchafalaya Riverc 113� 2.7 24.7� 2.1
Columbia Riverc 116� 12.2 37.4� 2.1
Susquehanna River, Marylandc 52.3� 6.7 22.7� 2.1
Connecticut Riverc 120� 1.0 31.1� 1.7
Little Falls Branch, Marylandc 150 2.86�.5
German Branch, Marylandc 393 19.3� 5.0
Rhode River Watershed, Marylandc 414 16.7� 2.1
Jiaozhou Bay, North Chinag 19.6 0.5 7.2 0.1
Chesapeake Baya 90 0.8
Schelde Estuaryb 220 0.0
South China Sead 2.8 0.2 1.3� .98

a Conley and Malone (1992).
b Boderie et al. (1993).
c Conley (1997) citing Admiraal et al. (1990), Giresse et al. (1990), and Heiskanen and Keck (1996).
d Liu et al. (2005).
e Struyf et al. (2005b).
f Struyf et al. (2006).
g Liu et al. (2008).
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be in the surrounding sound water to adequately account for this
decline. The average concentration of DSi at low tide at Site 1 was
107 mM and the volume of water in the creek at this time was
0.65 m3. At high tide the volume of the creek increased to 39.5 m3.
To account for the observed drop in creek DSi the incoming sound
water would have to have a concentration of approximately 1.8 mM.
To date, there has only been one study reporting the DSi concen-
tration of Plum Island Sound; Holmes et al. (2000) found the mean
DSi concentration of the sound to be approximately 2 mM based on
15 samples over a two-month period (Holmes et al., 2000). This
concentration is close to the one we calculated, supporting our idea
that dilution drives the DSi signal in the marsh creeks. The same
trend of source water dilution has also been seen in Belgian fresh
and saltwater marshes (Struyf et al., 2006; Jacobs et al., 2008).
However, in this summertime study, we see a point source dilution
pattern of DSi on the flood tide (Fig. 3A).

The distinction between point and non-point source pollution is
often used when looking at sources of nitrogen and phosphorus to
rivers and coastal receiving waters (Kronvang, 1992; Braskerud,
2002; Fulweiler and Nixon, 2005b). Point source pollution is typi-
cally described as a source with a direct, spatially confined, and
continuous input such as a sewage inflow pipe. While non-point
source pollution is more diffuse and can encompass a variety of
sources, including agricultural fields and impervious surfaces. Both
types of pollution have specific patterns of dilution in rivers and
streams. Non-point sources have a simple linear, horizontal rela-
tionship with discharge, so that, even as flow increases, pollutant
concentration remains relatively constant, while point sources have
a negative, exponential relationship with discharge, where
pollutant concentration decreases exponentially as flow increases.

We can see these same patterns in our summer DSi concen-
trations. There is no consistent relationship between DSi and
discharge on the ebb tide, but on the flood tide, there is a negative,
exponential relationship where DSi concentration decreases as
flow increases (Fig. 3A). This is the same kind of pattern seen in the
dilution of a point source pollutant, indicating that, during the
summer, the marsh is essentially acting as a point source of DSi to
Plum Island Sound. This conclusion is further supported by the flux
data. There is only a significant relationship between DSi flux and
discharge on the ebb tide (Fig. 3B), indicating a summertime net
export of DSi from the tidal creeks to the estuary (Table 2). These
data imply that, at low tide, the marsh porewater, high in DSi, seeps
into the creek bed and as the tide rises, the low DSi sound water
floods the creeks and steadily dilutes the high porewater signal of
DSi. Later, when the tide turns and ebbs out, the diluted DSi is
exported out of the creeks to the estuary beyond. This export occurs
at such a magnitude that the DSi concentrations in the marsh
creeks exhibit the same dilution pattern as would be expected from
a point source.

4.2. Biogenic silica

We do not see the same kinds of dilution patterns with BSi
concentration as we do with DSi. Instead, we observe a relatively
steady decrease in BSi over the tidal cycle, with a reversal in this
pattern on the spring tide (Fig. 2). This same reversal is reflected in
the fluxes. BSi fluxes had a positive, linear relationship with creek
flow on both the flood and ebb tides. The relationship was stronger
(with higher flux values) on the flood tide (Fig. 3D), suggesting a net
import of BSi from the estuary to the marsh creeks. In fact, we did
see a net flux of BSi into the creeks on the neap and mid tide (14.4
and 4.8 mol h�1, respectively), but therewas a net BSi export during
the spring tidal cycle (Table 2). Struyf et al. (2006) had similar
findings from summer sampling in a salt marsh in France in 2004.
They found a net flux of BSi into themarsh of .03 mol h�1, then a BSi
flux out of the marsh of 0.3 mol h�1 three days later (Struyf et al.,
2006). Due to the smaller study site, smaller tidal volume, and
much smaller vegetated area in the Struyf et al. (2006) study, these
flux values are much lower than those we observed; however, they
do show the same pattern of BSi import followed by export that we
observed in midsummer.

Previous work has shown that total suspended solid (TSS) fluxes
can be highly correlated with the flux of BSi (Struyf et al., 2006,
2007; Jacobs et al., 2008). This relationship may be responsible
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for the export of BSi during the spring tide. During the spring tide
there is a larger volume of water moving faster through the creeks,
giving it a higher capacity to carry sediment and other particles. The
increase in velocity is especially great during the ebb portion of the
tide (0.47 m s�1 during the ebb compared to 0.19 m s�1 during the
flood), translating to a larger particulate, and therefore BSi, flux
moving out of the creeks with the tide. Additionally, the higher
volume of water during the spring tide allows for a larger area of
the marsh surface to be inundated. This higher floodwater is able to
pick up deposited diatoms and phytoliths from the marsh surface,
which would ordinarily be unreachable by the tide, and transport
them out of the marsh. We hypothesize that this is the reason for
the elevated BSi concentration on the outgoing tide and therefore
the net flux of BSi out of the creeks on the spring tide only. During
the mid and neap tide, there is less water moving into and out of
the creeks, particularly at Site 1 (Table 1), this water has a lower
velocity (0.34 and .17 m s�1, respectively), thus less particulate
matter is re-suspended. We propose that, under these lower flow
conditions, the particulate signal is diminished in thewater column
allowing for the BSi flux to more clearly show the BSi signature of
the estuarine water entering the creeks, therefore accounting for
the higher concentrations of BSi on the incoming tide. This is
supported further by the fact that BSi comprises the largest
percentage of total silica flux during the neap tide. The total silica
flux of incoming (flood) water from the sound on the neap tide was
over 80% BSi, while during the spring tide, the total silica flux into
the creeks was less than 20% BSi. Thus, the signal of the higher BSi
sound water is more pronounced during the neap tide.

4.3. Total silica export e a snapshot

The differences between our fluxes and the European fluxes are
likely a result of two important factors. First, as previously stated,
the vegetation and salt marshes themselves are at two completely
different stages of development. The fully established nature of
Rowley marsh vegetation, as well as its vast size allows for more
fully developed Si stocks in the sediment, porewater, and vegeta-
tion. This, combined with the larger water exchange may explain
why the fluxes from this study are much larger than those from the
European salt marsh. Additionally, this study has summertime data
only. Our flux patterns are quite similar to those found in the
Schelde salt marshes in July (Struyf et al., 2006).

The European freshwater marshes from similar studies have
been said to be silica recyclers over an annual cycle (Struyf et al.,
2005b, 2006; Jacobs et al., 2008). That is, the BSi that is imported
onto the marsh eventually settles to the sediment and contributes
to the soil silica stock, which is later dissolved, cycled through the
wetland plants and is eventually available again for export as DSi to
the surrounding estuary. In turn, this DSi would support further
growth of diatoms and thus stimulate more BSi production (Struyf
et al., 2005b, 2006, 2007). This suggests that the import of BSi and
export of DSi are generally in balance (Struyf et al., 2005b, 2006;
Jacobs et al., 2008). This is not the case in our summertime, salt
marsh study. DSi export is always much greater than BSi import,
indicating that this marsh system is a net, point source of silica to
the estuarine system, rather than a recycler of Si (Table 2). This
indicates that, during the summer, the marsh is providing large
quantities DSi to the estuary, which can then be taken up by dia-
toms and contribute to coastal primary production.We hypothesize
that the BSi flux into the creeks is much lower than the DSi flux out
at this time of year because the temperate, estuarine rates of
mesoplankton grazing have been shown to be highest in the
summer (Tamigneaux et al., 1997, 1999; Kim et al., 2007), therefore,
a smaller proportion of the estuarine diatom population may be
available to be recycled onto the marsh.
The average net DSi flux over the three tidal cycles sampled was
169 mol h�1, which is equivalent to 4 kmol d�1. If we scale this daily
flux up to the whole summer (June, July, and August), we calculate
a summerDSi export of 3.7�105 mol out of themarsh. Dividing this
by the total marsh area of 39.8 km2we find that the DSi export from
thismarsh is approximately 9.3 kmol km�2 every summer. USGSDSi
data from the closest sampling station on the Ipswich River at South
Middleton, Massachusetts (29 km South West of our study site)
shows a summer export of 11.2 kmol km�2 from the Ipswich River
(http://nwis.waterdata.usgs.gov/ma/nwis/qwdata/), and Fulweiler
and Nixon found the summer export from the Pawcatuck River in
Rhode Island to be 12.5 kmol km�2 (Fulweiler and Nixon, 2005a).
Thesecalculations showthat this saltmarsh systemhas thepotential
to provide DSi to the estuary on the same order of magnitude as
some mid-sized New England rivers. This highlights the significant
contribution marshes make to the coastal Si cycle, which has been
previously overlooked, and gives yet another reason to invest in the
continued study and protection of these systems.
5. Conclusions

Wetlands are a dynamic and understudied portion of the global
silica cycle. This observed DSi export must be an important source
of silica to the surrounding estuary, and likely contributes directly
to the growth of the estuary’s diatom population and therefore the
overall stability of the food web in the ecosystem. This may be yet
another ecosystem service provided by salt marshes that has been
largely overlooked. If these data hold true for other marshes, salt
marsh ecosystems are not only serving as a nursery habitats and
storm surge mitigators, and as sinks of carbon and removers of
nitrogen but they are also point sources of silica. Thus, salt marshes
play a crucial role in the coastal cycling of silica and in estuarine
phytoplankton community dynamics.
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