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ABSTRACT: We continuously measured dissolved silicate concentrations and fluxes discharged from various Rhode 
River subwatersheds for a period of 14 yr from 1984 to 1998 and for 15 mo in 1971-1972. We also measured dissolved 
silicate concentrations along a transect from the head of the tide in Rhode River estuary to Chesapeake Bay. The average 
concentration of dissolved silicate discharged from the Rhode River watershed was 10.8 mg Si I-'. There were consistent 
and significant differences in silicate concentrations discharged over time and space among subwatersheds. Mean annual 
silicate flux from the watershed was 26.6 kg Si ha-' and 93% of this occurred during the winter and spring seasons. 
There were large interannual variations in silicate flux, due primarily to differences in precipitation and water discharge, 
rather than silicate concentration. Land use had little or no effect on silicate flux from various subwatersheds. Silicate 
concentrations discharged from a subset of subwatersheds in 1995-1996 were 25% to 35% lower than in a period with 
similar precipitation in 1971-1972. Mean annual concentrations of silicate discharged from nine subwatersheds have 
been declining about 1.5% yr-I or by 0.21-0.26 mg Si 1-' yr-I over the last 25 yr. Despite high average silicate fluxes 
from the watershed, at times the Rhode River estuary developed low dissolved silicate concentrations, which could have 
been limiting to the growth of diatoms. Examples were in the spring after a winter with low watershed discharge (as low 
as 0.019 mg Si I--' in 1995) and after protracted drought (as low as 0.041 mg Si 1-' in 1993). 

Introduction changed phytoplankton species composition seems 

By weight, about 28% of the Earth's crust is com- to be fairly common in both freshwater and marine 

posed of silicon, most of which is present as alkali ecosystems but has not been widely studied. 
and aluminum silicate minerals (Cotton and Wil- DSi concentrations may be reduced seasonally 
kinson 1966). As these minerals undergo biogeo- due to diatom growth in natural waters. In small 
chemical reactions, silicon is gradually released as unshaded streams such as Canajoharie Creek in 
ortho-silicate (Si0,-4), which is present as the un- New York, diatom growth in the periphyton re-
dissociated silicic acid (H4Si04) at the pHs of most duced DSi concentrations from 4 to 5 mg Si 1-' in 
receiving waters (Hutchinson 1957). This dissolved the nongrowing season to one or less during the 
silicic acid is commonly referred to as silicate and growing season (Wall et al. 1998). The effects of 
we follow that convention and use the abbreviation eutrophication on DSi dynamics in Chesapeake 
DSi. Bay were first noted by D'Elia et al. (1983), who 

Phosphorus and nitrogen are widely accepted as found that DSi behaved nonconservatively in the 
the key elements that may become limiting to phy- summer and fall with concentrations sometimes 
toplankton growth in aquatic systems (Ryther and declining as low as 0.028 mg Si 1-'. In the James, 
Dunstan 1971; Likens 1972; Correll 1998). With York, and Rappahannock Rivers (major tidal trib- 
the pervasive, world-wide occurrence of eutrophi- utaries to Chesapeake Bay), DSi concentrations ap- 
cation of surface waters, caused by high levels of P proach zero when large diatom blooms occur (An-
and N (Carpenter et al. 1998), silicon has increas- derson 1986). These findings were further docu- 
ingly become a limiting element for the growth of mented for Chesapeake Bay by Fisher et al. (1988, 
diatoms and other silicon-requiring algae. This ef- 1992) and Conley and Malone (1992). Similar DSi 
fect, first noted by Schelske and Stoermer (1971) dynamics were also found in Delaware Bay (Sharpe 
in studies of Lake Michigan and reviewed by Con- et al. 1982), San Francisco Bay (Cloern 1996), 
ley et al. (1993), where DSi depletion led to Ochlockonee Bay, Florida (Kaul and Froelich 

1984), the Bay of Brest (Ragueneau et al. 1994), 
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sediments. Laboratory studies of dissolution rates 
(weathering) of various minerals under various 
conditions (e.g., Holdren and Speyer 1986; Sver- 
drup and Warfvinge 1988), may not be relevant 
from a relatively short-term, non-geologic perspec- 
tive. For example, in forests in eastern France, little 
silicon was found in plant biomass, but soils had 
335,000 kg Si ha-' that was readily available for 
weathering, most in the form of soil biogenic sili- 
cate (Bartoli 1983). These deposits of non-crystal- 
line, relatively easily dissolved material seem to be 
the immediate source of dissolved silicate in many 
watershed discharges. Watershed discharges in- 
clude both DSi and particulate biogenic silicate. 
Some of this biogenic silicate may derive directly 
from the soils, but some also results from biologi- 
cal processes in streams and rivers. For the Rhode 
River, biogenic silicate constituted < 4% of the to- 
tal silicate discharge, but some large rivers dis- 
charged as much as 74% of their total silicate as 
biogenic silicate (Conley 1997). 

Benthic regeneration of DSi has been inferred 
or measured in several ways. In the Rappahannock 
River estuary (Anderson 1986) and the Hudson 
River estuary (Clark et al. 1992), positive depar- 
tures from conservative behavior in axial transects 
were used to infer significant summertime benthic 
releases, but insignificant releases in the nongrow- 
ing season. Benthic exchange chambers were used 
in Narragansett Bay (McCaffrey et al. 1980), the 
Bay of Brest (Ragueneau et al. 1994), and the Bay 
of Morlaix (Lerat et al. 1990) to measure mean 
rates of DSi release of 22, 1.9, and 1.1 mg Si m-' 
hr-l, respectively. On the Chesapeake Bay, both 
chambers and axial gradient analysis indicated that 
benthic regeneration exceeded riverine inputs of 
DSi by at least five-fold (D'Elia et al. 1983). 

What concentration of DSi is limiting for diatom 
growth in receiving waters? For Lake Michigan 
plankton assemblages enriched with phosphate 
and nitrate, silicate uptake ceased at about 0.023 
mg Si 1-' (Schelske and Stoermer 1972). During 
diatom blooms, when DSi concentrations reach a 
minimum of about 0.014 to 0.028 mg Si lV1, the 
diatom bloom dissipates (e.g., Lerat et al. 1990; 
Conley and Malone 1992; Ragueneau et al. 1994). 

This paper examines DSi fluxes from the Rhode 
River watershed and their potential effect on the 
phytoplankton of the Rhode River estuary. We ad- 
dress the following questions: What are the effects 
of interannual variations in precipitation? Are 
there any measurable effects of land use? Does DSi 
concentration change with water discharge rate? 
Are the fluxes of DSi changing over time as a result 
of such factors as decreasing atmospheric deposi- 
tion of acids? 

Methods 

The watersheds studied are all subwatersheds of 
the Rhode River, a small tidal tributary on the mid- 
western shore of Chesapeake Bay in Maryland, 
U.S. (38"511N, 76'32'W) on the inner Atlantic 
Coastal Plain (Fig. 1).  The watershed has sedimen- 
tary soils from the Pleistocene Talbot formation at 
low elevations on the eastern portion, Eocene Nan- 
jemoy formation soils at low elevations further 
west, Miocene Calvert formation soils at interme- 
diate elevations, and Pleistocene Sunderland for- 
mation soils at the highest elevations. The soils are 
fine sandy loams and the mineralogy of the soils is 
fairly uniform, with a high level of montmorillonite 
and quartz, intermediate levels of illite and kaolin- 
ite, and low levels of gibbsite, chlorite, potassium 
feldspar, and plagioclase (Correll et al. 1984). Bed- 
rock is about 1,000 m below the surface, but the 
Marlboro Clay layer forms an effective aquiclude 
slightly above sea level throughout the watershed 
(Chirlin and Schaffner 1977), causing each sub- 
watershed to have a perched aquifer and overland 
storm flows, interflow, and groundwater discharges 
move to the channel draining the subwatershed. 
The slopes of the subwatersheds average between 
5% and 11% and the subwatersheds range in size 
from 6.1 ha to 1157 ha (Table 1).  The subwater- 
sheds also differed in land use from heavily row- 
cropped to completely forested (Table 1).  For 
more detailed descriptions of the watershed see 
Correll (1981) and Correll and Dixon (1980). 

The Rhode River estuary is 550 ha in area and 
averages 2 m in depth, with a maximum depth of 
4 m. The mean tidal range is 30 cm, and salinity 
varies from 0 % ~  at the head of the estuary in 
spring to about 2 0 % ~  at the mouth in fall during 
years of low rainfall. Mixing processes in the lower 
Rhode River are driven by changes in salinity in 
the surface layer of Chesapeake Bay (Han 1974) as 
in many subestuaries of Chesapeake Bay (Schubel 
and Pritchard 1986). 

From June 1984 through May 1998, discharges 
of water and DSi were measured from nine Rhode 
River subwatersheds with a total area of 2,050 ha 
(Table 1) or 62% of the total area of the Rhode 
River watershed. Discharges of water from 7 sub- 
watersheds were measured with sharp-crested V-
notch weirs, whose foundations were in contact 
with the Marlboro Clay aquiclude (Correll 1977). 
All of these weirs were 120" notches, except for 
watershed 111, which was 150". Each weir had an 
instrument building and a stilling well. Depths 
were measured to the nearest 0.3 mm with floats 
and counterweights and were recorded every 5 
min for subwatersheds 101, 109, 110, and 111 and 
every 15 min for subwatersheds 102, 103, and 108. 
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Fig. 1. Map of the study area (38"511N, 76"32'W). An inset shows the location of the Rhode River on Chesapeake Bay. The Rhode 
River tidal axis is shown as a heavy dashed line with the distances marked in km from the head of the tide. Subwatersheds studied 
are marked and numbered (see Table 1) and the stream network and subwatershed boundaries are shown. 

For DSi flux measurements, water samples were 
composited and volume-integrated for 1-wk inter- 
vals. Weekly fluxes were summed to obtain season- 
al and annual fluxes (winter = December, January, 
February; spring = March, April, May; summer = 
June, July, August; fall = September, October, No- 
vember). Until the summer of 1996, a Stevens, 
model 61R, flow meter actuated the sampling of 
an aliquot once every 154 m3 of flow on the second 
order streams and once every 77 m3 of flow on the 
first order streams. Beginning in the summer of 
1996, a Cambell Scientific data logger (model CR- 
10) was used to control volume-integrated sam-
pling. 

Subwatersheds 119 and 120 were tidally influ- 
enced at the locations where discharges were mea- 
sured. Concrete 2.3 and 3.6 m-wide tidal flumes 
(for watersheds 119 and 120, respectively) with 
shallow V-shaped sills, were equipped with custom 
tide gauges, electromagnetic current meters 
(Marsh-McBirney model 711), and electronic in- 
terfaces which computed water flux and integrated 
it over time (Correll 1981). The current meter sen- 
sor was mechanically held in the middle of the wa- 
ter column by a linkage to the tide gauge. Water 
samples, of volumes proportional to water fluxes, 
were taken every 30 min. These samples were com- 
bined to produce volume-integrated (flow-weight- 

TABLE 1. Characteristics of Rhode River subwatersheds. The Rhode River watershed is located at 38"511N, 76"32'W. 

Land Cse' 
% Pasture and Hav 

Watershed Stream Order Area' (ha) % Forest IRow Crops Fields W Residential '% Old Fields 

Correll 1977. 

Until 1989 when it was planted in pine, Correll et al. 1995. 
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TABLE 2. Summary statistics for dissolved silicate concentrations in weekly spot samples taken from Rhode River subwatersheds for 
the period from summer 1984 through spring 1998. Values are arithmetic mean mg Si I-' (1 SE). 

Watershed Mean 

101 9.25 (0.10) 
102 11.04 (0.08) 
103 12.85 (0.09) 
108 14.44 (0.10) 
109 15.60 (0.11) 
110 13.35 (0.11) 
11 1 14.97 (0.11) 
119 11.68 (0.12) 
120 10.88 (0.13) 
Rhode River (area-weighted) 10.77 (0.10) 

ed) samples for 1-wk periods as in the case of the 
V-notch weirs. Flooding and ebbing tidal water 
samples were collected in separate containers. 

Spot samples of stream water were also collected 
from all watersheds at various stage heights and 
different times of year. This facilitated the charac- 
terization of the concentrations of DSi as a func- 
tion of water discharge rate. Spot samples were also 
taken weekly from September 1971 through No- 
vember 1972 at stations 101,102,103, and 119 (Ta- 
ble 1). 

Estuarine water samples were periodically col- 
lected at a series of stations along the tidal axis of 
Muddy Creek (a tidal creek through which most 
of the Rhode River watershed drainage is trans- 
mitted), the Rhode River, and Chesapeake Bay ad- 
jacent to the mouth of Rhode River (Fig. 1; Jordan 
et al. 1991). 

Rainfall volume was measured at the Smithson- 
ian Environmental Research Center's weather sta- 
tion on subwatershed 101. All of the watershed 
drainage under study was within 6 km of the weath- 
er station. Rainfall volumes were measured with 
standard manual rainfall gauges, and with a Belfort 
weighing gauge. 

Samples were filtered through prewashed Milli- 
pore 0.45-pm filters prior to analysis. Stream sam- 
ples prior to spring of 1991 and all estuarine sam- 
ples were analyzed manually for DSi by reaction 
with ammonium molybdate and colorimetry 
(Strickland and Parsons 1972). Subsequently, 
stream samples were analyzed for DSi by reaction 
with ammonium molybdate in a Technicon Auto- 
Analyzer I1 (method 696-82W). 

Results 
DSI DISCHARGES FROM THE WATERSHED 

Mean DSi concentrations from the 9 subwater- 
sheds ranged from 9.25 to 15.6 mg Si 1-' (Table 2) 
with an average for the area-weighted overall wa- 
tershed of 10.8 mg Si lk'. There were consistent 
differences among the watersheds, and all of the 

Confidence Range 

N 95W 9 9 1  

650 9.04-9.45 8.98-9.51 
602 10.88-1 1.20 10.83-1 1.25 
620 12.67-13.03 12.62-13.08 
593 14.24-14.65 14.18-14.71 
576 15.38-15.82 15.32-15.89 
480 13.14-13.56 13.07-13.63 
727 14.75-15.18 14.69-15.25 
728 11.43-1 1.92 11.35-12.00 
728 10.62-11.13 10.54-1 1.21 
664 10.57-10.96 10.51-1 1.03 

differences were significant (most at p < 0.01), 
with the exception of watersheds 102 and 120 (Ta- 
ble 2). Week to week changes in DSi concentration 
among watersheds over time were also highly sig- 
nificantly correlated, as indicated by paired t-tests. 
While DSi concentrations in spot samples were of- 
ten significantly correlated with rate of water dis- 
charge, these correlations only explained a few 
percent of the variability in DSi concentration 
(e.g., for watershed 101; DSi concentration = 
0.0672Q + 8.78; r2 = 0.03, p < 0.0001). To test 
this relationship more rigorously, 50 samples taken 
for watershed 101 during five storm events at dis- 
charges from 0.01 1 ha-' s-' to 4.7 1 ha-' s-' were 
analyzed for silicate concentration with similar re- 
sults (DSi concentration = -0.367Q + 6.35; r2 = 
0.05, p = 0.12). 

Mean annual DSi fluxes ranged from 20 to 36.5 
kg Si ha-' (Table 3) with an area-weighted mean 
for the overall watershed of 26.6 kg Si ha-'. The 
largest mean seasonal fluxes were in the spring, 
when 51% of the annual flux occurred, followed 
by the winter (43%). This seasonal pattern was 
found on all 9 subwatersheds. There were large 
interannual differences in seasonal and yearly DSi 
flux. For the overall watershed, annual DSi flux was 
58.6 kg Si ha-' in 1989 and only 14.6 kg Si ha-' in 
1995. Overall watershed annual DSi flux was highly 
correlated with the volume of water discharged 
(DSi flux = 0.0892Q + 1.27; r2 = 0.89, p < 
0.0001). While volume-weighted mean DSi concen- 
trations varied from 8.01 mg Si 1-' in 1994 to 12.5 
mg Si 1-' in 1985, there was no significant corre- 
lation with the volume of water discharged. The 
variations observed in annual DSi fluxes were pri- 
marily the results of interannual variations in water 
discharge. 

Interannual variability in seasonal DSi flux was 
highest in the summer and fall and lowest in the 
winter. In the fall of 1993, overall watershed DSi 
flux was nearly zero (0.090 kg Si ha-'), while in 
the fall of 1989 the flux was 138-fold higher (12.5 
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TABLE 3. Flow-weighted mean dissolved silicate fluxes from Rhode River subwatersheds for the period from summer 1984 through 
spring 1998. Values are kg Si ha-' (1 SD). 

Watershed Winter Sorlna Summer Fall Annual 

101 
102 
103 
108 
109 
110 
111 
119 
120 
Rhode 

9.74 (3.91) 
9.54 (3.56) 

10.28 (4.27) 
13.72 (7.00) 
9.99 (4.16) 
6.51 (4.69) 
9.13 (5.01) 

11.88 (4.46) 
11.11 (4.11) 

River (area-weighted) 11.34 (4.36) 

kg Si ha-'). In the summer of 1988, overall water-
shed DSi flux was 0.199 kg Si hak1but in the sum-
mer of 1989 the flux was 105-fold higher (20.9 kg 
Si ha-'). Even though there was less variability in 
the winter and spring, over four-fold variations 
were observed in 14 yr. As in the case of annual 
fluxes, these variations in seasonal DSi flux were 
highly correlated with the volume of water dis-
charged, and volume-weighted mean DSi concen-
trations were not significantly correlated with water 
discharge. 

Rhode River watershed DSi fluxes were not cor-
related with land use. Watershed 109 was primarily 
cropland, watershed 110 was completely forested, 
and watershed 111 was primarily used for cattle 
grazing. When weekly integrated DSi fluxes for 
these 3 single-land-use watersheds and the area-
weighted Rhode River watershed were compared 
(Fig. 2), fluxes from the forested watershed were 
lowest, but all were quite similar. 

DSi concentrations measured for subwatersheds 
101, 102, 103, and 119 for 15 mo in 1971-1972 
were compared with concentrations measured 25 
yr later on the same watersheds. The 1995-1996 

-l.OO Area-Weighted' Rhode Rwer 

_i 

Cropland 

I-

Mature Forest Grazed Land 

Fig. 2. Comparisons of weekly dissolved silicate fluxes from 
area-weighted Rhode River watershed and three single-land-use 
small Rhode River subwatersheds. For each data set the mean, 
+ 2 SE, and + 2 SD are shown. 

time period was chosen for the comparison be-
cause the precipitation was the most similar to that 
of the earlier time period (Table 4). Although the 
second time period had about 5% more total pre-
cipitation, there was a very good match, season by 
season. The largest discrepancy in precipitation 
was in the summer (18% higher in the second time 
period). Each season the DSi concentrations for 
each subwatershed were lower in the second time 
period, 35% lower on average for the second-order 
watersheds and 25% for the larger third-order wa-
tershed 119. Linear regressions of mean annual 
DSi concentration versus measurement year had 
highly significant negative slopes for all four wa-
tersheds, whether or not the 1971-1972 data were 
included in the regressions (e.g.,Fig. 3). These re-
gressions explained from 51% to 73% of the vari-
ation in DSi concentration over time. The regres-
sion slope for subwatershed 119 was -0.248 mg Si 
lklyrkl or a decrease of about 1.5% yr-I over the 
last 25 yr. Without the 1972 data the regression had 
a slope of -0.257 mg Si lkl yrkl (r2 = 0.37, p = 
0.03). For the three second-order subwatersheds, 
the slopes averaged -0.210 mg Si 1-I  yr-I, which 
corresponded to a decrease of about 1.5% yr-l. 
Similar trends were found from 1984 through 1998 
for all Rhode River subwatersheds, regardless of 
land use. For the completely forested watershed 
110, the slope was -0.378 mg Si lk lyrkl (r2= 0.40, 
p < 0.03). 

TABLE 4. Precipitation depths (cm) for seasons when com-
parative silicate concentration data were taken on Rhode River 
subwatersheds. 

Precipitation 
Time 

Period 1971-1972 1095-1996 
Fall 38.84 39.03 
Winter 29.01 26.16 
Spring 31.34 31.81 
Summer 34.55 40.85 
Fall 32.82 34.19 

Total 166.6 175.0 
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I 2nd Order WMs Si conc. = -0.210X t 428; r 2= 0.61, p = 0.001 

- 1 6 k h ,- Wtsd 119 Si conc. = -0.248X + 505; r 2 =  0.60, p =  0.001 

8 1 1 I I 
1971 1976 1981 1986 1991 1996 

Watershed Year 

Fig. 3. Changes in mean annual dissolved silicate concentra-
tions discharged from Rhode River subwatersheds over time. 
Solid circles and broken line are annual means for subwater-
shed 119. Solid squares and solid line are annual weighted 
means for subwatersheds 101, 102 and 103. 

DSI CONCENTRATIONSIN THE RHODERIVER 
ESTUARY 

Discharges of DSi from Rhode River watershed 
are highly variable over time (Fig. 4). They are nor-
mally high in the winter and spring, then decline 
to a minimum in the fall. During periods of ex-
tended drought, as in 1993,watershed discharge is 
very low (Fig. 4) and DSi concentrations in the 
water column of the Rhode River estuary become 
depressed. Figure 5a illustrates this depletion in 
time and space along the tidal axis of the Rhode 
River at four times in 1993. On day 244 of 1993, 
DSi concentrations varied from 1.67 to 3.89 mg Si 
1-I  along the 8.2-km transect, but by day 279 DSi 
concentrations were depressed all along the tran-
sect with a minimum of 0.041 mg Si 1 - I  at from 3 
to 5 km (Fig. 5a). On day 307, DSi concentrations 
had increased, especially in the upper part of the 
transect, but were about 0.50 mg Si I-' in the down-
stream part of the transect. By day 335, DSi con-
centrations were again depressed to a minimum of 
0.069 mg Si 1-I at 5 km (Fig. 5a). A similar but less 
protracted sequence was observed in 1995 (Fig. 
5b),following an unusually low winter seasonal dis-
charge (Fig. 4). On day 81, DSi concentrations at 
the upper end of the transect were 4.8 mg I-', but 
declined to about 0.5 mg I-' at 2.5-3 km, then in-
creased somewhat farther down the transect (Fig. 
5b). By day 108,while DSi concentrations were still 
from 3-8 mg Si 1-I  at the upper end of the transect, 
they had declined to 0.058, 0.019, and 0.092 mg Si 
1-' at 3, 5, and 7 km, respectively, then increased 
somewhat farther down the transect. By day 136, 
DSi concentrations were from 6.8 to 9.5 mg Si I-' 
at the upper end of the transect, declined to 1.0 
mg Si 1 - I  by km 3 and 0.49 mg Si I t 1  at km 8 (Fig. 
5b). Rhode River watershed DSi fluxes for these 

I 1 I 

90 91 92 93 94 95 96 97 98 

Year 

Fig. 4. U7eeklydissolved silicate fluxes from the Rhode River 
watershed into the Rhode River estuary. 

two time periods are shown in more detail in Fig. 
6. In the case of the 1993 sequence (Fig. 6a), there 
had not been any fluxes of more than 0.01 kg Si 
ha-' wk-I since day 172 and DSi delivery was es-
sentially zero until day 335. In the 1995 sequence 
(Fig. 6b), DSi flux from the watershed varied from 
0.25 to 0.50 kg Si ha-' wk-I and the highest flux 
preceding the sequence of transects was about 1.0 
kg Si ha-' wk-' at day 73. 

Discussion 
Mean DSi concentrations in discharges from the 

Rhode River subwatersheds averaged 10.8 mg Si I-' 
(Table 2). This is higher than values reported for 
other parts of the Chesapeake Bay watershed: al-
most five times higher than the Valley and Ridge 
province and over three times higher than the 
northern Piedmont (Table 5). Rhode River water-
shed DSi concentration seemed to decline some-
what at times of high water discharge, but dis-
charge only explained a small percentage of the 
variability in DSi concentration. Smith et al. (1996) 
also found no significant relationship between DSi 
concentration and water discharge and O'Brien et 
al. (1993) found small but noticeable declines in 
DSi concentration at the height of storm events. 
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TABLE 5 .  Comparison of mean annual dissolved silicate concentrations (mg Si I - I )  in discharges from watersheds in various phys- 
iographic provinces of the Chesapeake Bay watershed. 

Physiographic Province Description Silicate Source 

Valley and Ridge Shenandoah Valley, Virginia 2.2 O'Brien et al. (1993) 
Blue Ridge Catoctin Mountains, Maryland 4.2 O'Brien et al. (1993) 
Northern Piedmont Baltimore and Carroll Counties, Maryland 3.3 Jordan et  al. (1997b) 
Coastal Plain Eastern Shore, Maryland 5.4 Jordan et al. (1997a) 
Coastal Plain Rhode River, Maryland 10.8 this study 

The DSi fluxes found in this study are consistent plained only 27% of the variation in mean DSi con- 
with those from other parts of the world (Table 6). centrations in watershed discharges and only had 
The low DSi flux in northern California and the a p = 0.09. If atmospheric deposition of hydroni- 
very high fluxes from the Caribbean are probably um ions is the main driving mechanism in soil 
primarily the result of low and very high precipi- weathering releases of DSi, then the effects seem 
tation in those regions, respectively (Meybeck to be averaged out over a period of years. 
1979). The steady decline in DSi concentrations in wa- 

Atmospheric acid deposition is sometimes in- tershed discharges is difficult to explain. If this de- 
voked as the causal element in the release of DSi cline were to continue at the same rate for another 
from watershed soils (e.g., Holdren and Speyer 25 yr, mean DSi concentrations would fall to only 
1986; Sverdrup and Warfvinge 1988). The weight- 3.54 mg Si 1-' (36% of present concentrations). 
ed mean concentration of hydronium ions in bulk Some authors (e.g., April et al. 1986) argue that 
atmospheric deposition from 1984 through 1998 increased weathering rates in recent years could be 
at Rhode River was 65.4 Feq 1-' and the mean flux the result of increases in acid deposition. The high- 
of hydronium ions was 732 eq ha-' yr-' (Jordan et est atmospheric deposition flux of hydronium ions 
al. 1995; and unpublished data). Essentially all of at Rhode River was in 1979 (1340 eq ha-' yr-'; 
these hydronium ions are consumed in various bio- Jordan et al. 1995). A linear regression of mean 
geochemical reactions on the watershed (Correll annual hydronium ion concentration in bulk pre- 
et al. 1984; Weller et al. 1986). A one-to-one release cipitation versus year for the period of 1984-1998 
of DSi from reactions of hydronium ions with soil had a slope of -3.16 (r2 = 0.53, p = 0.003; Fig. 
minerals would release 18.3 mg Si 1-' and a flux of 7). This is a decrease in hydronium ion concentra- 
20.5 kg Si ha-' yr-', which is close to the measured tion of about 2% yr-' and might help explain our 
mean of 10.8 mg Si 1-I  (Table 2) and flux of 26.6 trend of decreasing DSi concentrations rather di- 
kg Si ha-' yr-I. Two of the most abundant minerals rectly. Other explanations are also possible. Per- 
on the watershed, montmorillonite and kaolinite, haps the more readily weathered silicon com-
give 2 and 1 mole of DSi per mole of hydronium pounds in the watershed soils are becoming de- 
ion consumed, respectively (Correll et al. 1987). pleted? If Bartoli (1983) is right about the sources 
We do not know what chemical form of silicon is and pools of readily weatherable silicon in the 
reacting with the hydronium ions in atmospheric soils, it would take on the order of 10,000 yr to 
deposition, but DSi fluxes (Table 3) are in the deplete this pool at our present rate. In a model 
right range to be the product of weathering by of soil silicate weathering, verified in several loca- 
acidic atmospheric inputs. Year-to-year fluctuations tions, the ratio of hydronium ion to dissolved alu- 
in the concentrations of hydronium ions in wet minum is a critical factor (Sverdrup and Warfvinge 
and bulk atmospheric deposition were only weakly 1988). The hydronium ions in rain at the Rhode 
correlated with DSi concentrations in watershed River site are utilized in geochemical reactions 
discharges. A linear regression of mean annual hy- near the surface releasing high concentrations of 
dronium ion concentration in wet deposition ex- aluminum (Correll et al. 1987). The released alu- 

TABLE 6. Comparison of fluxes of dissolved silicate (kg Si ha-' yr-') from various watersheds. 

S o ,  of 
Water- Years of 

Location Vegetation sheds Study Silicate Flux Source of Data 

Northeast Scotland - 2 1 30.7, 38.5 Creasey et al. 1986 
England and Wales Grass, Forest 2 no data 11.2, 6.72 Hornung et  al. 1986 
Northern California Grazing Land 1 7 12.6 Smith et  al. 1996 
Caribbean Forest 3 2 267 McDowell et al. 1995 
Maryland Mixed, Cropland, Forest, Grazing 7 14 26.6, 27.8, 20.1, 24.0 this study 
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Fig. 3, Dissolved silicate concentrations along axial transects 
of the Rhode River estuary. Panel A = 1993, Panel B = 1995. 
Times of individual transects are given in Julian dates. The 
headwaters of the Rhode River branch into two tidal creeks. 

minum ions then might greatly inhibit the weath- 
ering of silicates below this thin surface layer of 
soil.,Several decades of acid deposition may have 
begun to deplete the most readily weatherable 
forms of amorphous silicates in a thin layer of sur- 
face soils. 

How do our declines in DSi concentrations com- 
pare to other sites? The USGS Water Quality Mon- 
itoring Network (WQN; Alexander et al. 1996) had 
one site on the Coastal Plain part of the Chesa- 
peake Bay watershed, at Greensboro, Maryland on 
the upper Choptank River watershed, where DSi 
was measured from 1973 through 1994 (Fig. 8). 
These DSi concentrations declined over time at a 
rate of about 0.7-0.8% yr-' (p < 0.02), which is 
lower than the rate at the Rhode River watershed 
(1.5% yr-I). WQN DSi concentrations from 1978 
through 1995 for the Susquehanna River at Con- 
owingo (the largest watershed on Chesapeake Bay) 
had no significant trend over time. Unlike the 
Rhode River and Choptank River watersheds, the 
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Fig. 6. Rhode River watershed dissolved silicate fluxes. Panel 
A = summer of 1993, Panel B = spring of 1993. Days of estu- 
arine axial transect samplings are noted. 

Susquehanna River watershed is in the Piedmont 
and Appalachian physiographic provinces, which 
have been highly weathered over millions of years. 
DSi concentrations were much lower in discharges 
from Appalachian and Piedmont watersheds than 
in discharges from Coastal Plain watersheds (Table 
5).  

100 . Hydronium Ion = -3 04(Yr)+ 6114,r 2= 0 57, p = 0 001 
I 

I 

30 I I I I I 
1984 1986 1988 1990 1992 1994 1996 1998 

Year 

Fig. 7. Changes in weighted mean annual hydronium ion 
concentrations in bulk precipitation at the Rhode River site over 
time. 
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Fig. 8. Changes in mean annual dissolved silicate concentra- 
tions discharged from the Choptank River watershed at Greens- 
boro, Maryland over time. 

DSi concentrations in the Mississippi River had 
a significant negative correlation with rates of P 
fertilization on the watershed between 1950 and 
1987 (Turner and Rabalais 1991). This decline in 
DSi was attributed to P-stimulated increases in algal 
assimilation along the course of the river although 
1974-1994 WQN DSi concentration data at Vicks- 
burg, Mississippi showed no significant change 
over time. The negative correlation with phos-
phate fertilization rates reported by Turner and 
Rabalais (1991) does not seem to be a simple cor- 
relation with time, or was strongly influenced by 
the period 1950-1974. 

Our declines in DSi concentration over time at 
the Rhode River watershed are not related to in- 
creased fertilizer application rates. Two of the wa- 
tersheds were completely forested and were not 
fertilized at all. The others have had a slow decline 
in agricultural activity over time. Even fertilizer ap- 
plication rates on the Choptank River watershed 
have declined in recent years (Jordan et al. 1997a). 
Our findings seem to be applicable only to the At- 
lantic Coastal Plain physiographic province. It 
would be of considerable interest to look for time 
series data on DSi concentrations at other sites on 
the Coastal Plain to test the generality of our find- 
ings. 

Interestingly, even though the Rhode River wa- 
tershed has a very high average annual flux of DSi 
compared to other regions of the Chesapeake Bay 
watershed, depletion of DSi in the Rhode River es- 
tuary has been observed. The area of the Rhode 
River Estuary where these depletions occur is in- 
fluenced by discharges from two watersheds, the 
Rhode River and the Susquehanna River (via trans- 
port down-bay and tidal exchange into the Rhode 
River; Gallegos et al. 1992). The DSi concentra- 
tions in Chesapeake Bay were always lower than at 
the mouth of the Rhode River, when measured 

along axial transects (Figs. 4 and 5). At these times, 
the net transport of DSi was from the Rhode River 
to Chesapeake Bay. DSi concentrations in Susque- 
hanna River discharges, at the head of the Bay are 
much lower than those at the head of the Rhode 
River, and plankton uptake has lowered these DSi 
concentrations even further by the time these wa- 
ters reach the mouth of the Rhode River (D'Elia 
et al. 1983; Conley and Malone 1992; Fisher et al. 
1992). Benthic regeneration may have caused the 
temporary increase in DSi concentration observed 
on day 307 of 1993 at a time of essentially zero 
watershed inputs (Figs. 5 and 6). Depletions of DSi 
in the Rhode River may have occurred more fre- 
quently but were not observed due to the infre- 
quency of axial transect samplings. 

Chesapeake Bay, like many other coastal waters, 
has undergone substantial enrichment with N and 
P, sometimes resulting in DSi limitations for dia- 
tom populations. ~ h : l s  study demonstrates that 
coastal Plain watersheds are more im~ortant  as 
DSi sources to Chesapeake Bay than their areas 
would imply. These Coastal Plain DSi discharges 
are especially important to the subestuaries of the 
Bay, such as Rhode River. Monitoring of DSi fluxes 
to ' ~ h e s a ~ e a k e  Bay at the fall line of major rivers 
(the point where they enter the Coastal Plain) 
misses these important Coastal Plain sources and 
therefore underestimates total DSi flux to Chesa- 
peake Bay. Widespread declines in DSi concentra- 
tions in Coastal Plain discharges could have major 
impacts on phytoplankton populations in ~ h i s a -  
peake Bay and other similar coastal waters. More 
research is needed to discover the cause of these 
declines in DSi concentrations and to determine 
how widespread an area of the Coastal Plain is ex- 
periencing these declines. 
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