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A paleo-ecological reconstruction of long-term changes in the distribution of submersed aquatic vegetation (SAV) in a
Chesapeake sub-estuary was made using dated sediment cores on transects going from shallow (< 0.5 m) to deep (>
2 m) waters. Maynedier and Saltworks Creeks, branches of the Severn River, have had substantial losses of SAV,
similar to many parts of the upper Chesapeake Bay. Dating via 2'°Pb established that sediment accretion rates were
0.5-0.7 cm yr-! in these two systems, double the rate of sea level rise in this region. Seeds of only two SAV species
were found in the sediments despite evidence others were present at one time or another in other tributaries of the
Severn Estuary. Of the two species found, Zannichellia palustris seeds were much more abundant than Ruppia mar-
itima seeds, reflecting the high dispersibility of the former species. The vertical pattern of seed distribution in these
cores indicates that over the past 100 years, SAV (particularly Z. palustris) has been increasingly confined to shallower
water depths. Although there is less riverine pulsing in the two study creeks, than at the head of the Bay (where
previous seed records are available), both data sets are consistent with the hypothesis that decreasing light availability
due to eutrophication and sediment erosion has been a problem for SAV in Chesapeake Bay, particularly over the
last several decades. Furthermore this study suggests that historically low species diversity may be attributable to
more chronic and longer term stress in the shallows of the Severn River than present in SAV beds at the head of the
Bay.

ADDITIONAL INDEX WORDS: Eutrophication, ?2°Pb, geochronology, SAV, seeds, sedimentation rates, seagrass, shore

erosion.

INTRODUCTION

Empirical and anecdotal evidence indicates that during the
present century the distribution of submersed aquatic vege-
tation (SAV) in coastal environments has declined in many
parts of the world (GIESEN et al., 1990, CAMBRIDGE and Mc-
CoMB, 1984,). In Chesapeake Bay, submerged aquatic vege-
tation ranges from 3 to 10% of historical coverage (STEVEN-
soN and CONFER, 1978; ORTH and MOORE, 1984, BATIUK et
al. 1992). Temporal fluctuations of abundance have occurred
in part as a response to disease, the introduction of exotic
species, and storm events (BAYLEY et al., 1978). While cata-
strophic events no doubt have had an effect on SAV abun-
dance, they are not fully responsible for population declines.
In Chesapeake Bay, the primary cause of SAV loss is thought
to be deterioration of water quality from high inputs of sed-
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iments and nutrients from point and non-point sources
(KEMP et al., 1983).

Although diminished light is the overall factor limiting
SAV distribution (HutcHINsON, 1975; WETZEL and PEN-
HALE, 1983; WETZEL and NECKLES, 1986; DENNISON, 1987),
other, often co-varying perturbations, including nutrient en-
richment, salinity fluctuations, sediment loading and sedi-
ment resuspension, have been instrumental in recent de-
clines in SAV (DEN HarTOG and POLDERMAN, 1975; KEMP
et al., 1983; ORTH and MOORE, 1983; CAMBRIDGE and Mc-
CoMB, 1984; GIESEN et al., 1990). The synergistic effect of
these perturbations has altered the light regime below levels
at which SAV can effectively photosynthesize and thus sur-
vive (Moss, 1976; PHILLIPS et al., 1978; KEMP et al., 1983;
TWILLEY et al., 1985).

The Severn River, like most tributaries in the western
drainage of the Chesapeake Bay (Figure 1), no longer sup-
ports the extensive SAV beds that once existed. Aerial and
ground truth surveys of SAV abundance, conducted on the
Severn River since 1969, found only sparse populations of
Potamogeton perfoliatus (STEVENSON and CONFER, 1978),
Zannichellia palustris (ORTH et al., 1987), and Ruppia mar-
itima (ORTH et al., 1990). Prior to these surveys, only records
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Figure 1. Map showing station locations of Maynedier Creek (MC) and Saltworks Creek (SW), sub-estuaries of Chesapeake Bay, U.S.A. Sediment cores
for seed and sedimentation rate analyses were collected along water depth transects indicated by solid lines adjacent to MC and SW. Inset; Severn River

within Chesapeake Bay.

of species occurrence had been kept, with little documenta-
tion regarding the extent of their cover and progression of
their decline.

Fossil pollen and seed assemblages have been used to de-
termine long-term trends in SAV populations in response to
changing climatological and water quality conditions (WATTS
and WINTER, 1966; BIRKS et al., 1976; BIrRKsS, 1980;, BRUSH
et al., 1980; BRUSH and DAvis, 1984, Davis, 1985). For ex-

ample, at the head of Chesapeake Bay, Davis (1985) showed
that despite floods and hurricanes dating from the colonial
era, communities of SAV remained surprisingly intact from
early European settlement (~ 1730) until the early 1970’s.
In 1972, tropical storm Agnes scoured the Susquehanna flats
and caused massive deposition of silts and clay further down
the Bay. In addition, the massive runoff from Agnes intro-
duced large quantities of nutrients and other materials (in-
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cluding herbicides) into the water column at the head of the
Bay. Thereafter SAV were absent in freshwater portions of
the Upper Bay such as Susquehanna flats and adjacent Fur-
nace Bay where DAvis’ (1985) cores came from. In the pre-
sent study, we use 2°Pb-derived rates of sedimentation and
SAV seed abundance to determine if the scenario for the up-
per Bay was repeatable in mesohaline environments where
the species composition of SAV is different and where the
area more is protected from high Susquehanna River flows.
We also focus on the question of whether there is any dis-
cernable difference in seed assemblages attributable to water
depth. After the 1970’s, as SAV was becoming scarce in deep-
er waters in many parts of the Chesapeake, it appeared to be
more abundant in the shallows (< 0.5 m) in mesohaline por-
tions of the upper Bay. Unlike previous Chesapeake Bay
studies where depth of water was not actually noted, we were
particularly interested to know whether this phenomenon
could be quantified using the sedimentary record.

Study Site

Two mesohaline sub-tributaries of the Severn River were
selected based on the presence of reduced levels of SAV and
well-preserved seed banks. Maynedier Creek (39° 01.93" N;
76° 34.30' W) is a small (~ 0.19 km?), shallow (2.0-2.5 m)
creek which drains into Little Round Bay, Round Bay, and
the Severn River (Figure 1). The drainage west of Maynedier
Creek exhibits a sloping terrain with grades up to 15% and
a maximum elevation of 30 m. The mean summer salinity at
this site was 7-8%c (ARNOLD, 1992). Deep Ditch Branch, a
small creek that receives large inputs of pulp, sawdust, and
wood chips from a saw mill, is the primary terrestrial surface
water input. Maynedier Creek’s watershed covers 4.2 km?
and consists primarily of low density residential and forested
areas. The study transect at Maynedier Creek extended from
a small Spartina saltmarsh adjacent to Deep Ditch Branch
to the center of the creek.

Saltworks Creek (39°01.99 N; 76°34.90’ W) is a narrow em-
bayment which is connected to the Severn River ~ 7 km
southeast of Maynedier Creek. It was chosen as a comparison
site because of its similarity to Maynedier Creek in terms of
size, watershed area, and tidal/salinity ranges. Its watershed
contains higher density residential areas, an industrial park,
and impermeable surfaces associated with watershed devel-
opment. The study site at Saltworks Creek extended from a
small Spartina saltmarsh to the middle of a protected cove.

METHODS

A transect was extended in each creek from mean low wa-
ter to a water depth of 200 cm. Water depth was recorded at
5 m intervals in order to determine bathymetry along the
transect. Overlying sampling depths at the sample locations
were 0, 50, 100, 150, and 200 cm below mean low water
(mlw). Sediment cores (50 cm long) were collected using a
McAuley corer (BRICKER-URSO et al., 1989). Care was taken
to ensure that the cores were collected with minimal distur-
bance to the sediments. Sediment floc at the uppermost lay-
ers of the core indicated that the core integrity was main-

tained (BRUSH et al., 1982). The core samples were immedi-
ately extruded at 2 cm intervals into plastic bags.

Seed abundance was determined by rinsing the remaining
sediment through a 1 mm sieve, with material on the sieve
being thoroughly examined for SAV seeds. Seed abundance
was expressed per gram sediment dry weight. Seed viability
was estimated in a 4 week, 25 °C incubation after rinsing the
seeds in a 10% solution of chlorine bleach for 5 seconds to
minimize problems with fungi and bacteria. Samples were
incubated in a petri dish containing 5%. seawater, reflecting
mean annual salinity in the Round Bay vicinity of the Severn
River (R. WALEY, unpublished data and W. BoiCOURT per-
sonal communication).

The analysis of 2!°Pb activity was conducted on the first,
third and fifth transect cores corresponding to water depths
of 0, 100, and 200 cm from each creek. The activity of 21°Pb
(t,, = 22.3 d) was determined by analysis of its daughter nu-
clide, 2'°Po (t,, = 138 d). Secular equilibrium was assumed.
Sediments were dried at 70 °C to determine percent water
content. Analysis of 2'°Po followed Sugar (1990).

Calculations of sediment accumulation rates were made us-
ing a “constant rate of supply” (CRS) model (APPLEBY and
OLDFIELD, 1978). All model calculations were made using cu-
mulative mass as a depth scale, with the cumulative mass
estimated from the percent water data and an assumption of
sediment dry bulk density of 2.5 g cm 3. The APPLEBY and
OLDFIELD (1978) model requires the determination of “un-
supported” 2'°Pb, with 226Ra-supported 2'°Pb activity estimat-
ed from the asymptotic 2°Po concentration at depth. The ma-
jor assumption of this model is that 2!°Pb fluxes into the sed-
iment are constant while the rate of sedimentation can vary
(ApPLEBY and OLDFIELD, 1978). To determine the age of a
sediment at a given depth, we calculated the cumulative
amount of unsupported 2'°Pb at a given point within the core
(RoBBINS, 1978), and sediment ages were calculated using
the following formula:

t =[In(1 — T M/Z )k (D

where 3 M is the cumulative amount of unsupported 2°Pb
(dpm m~2) above a given core section, % o is the total excess
219Ph inventory in the core (dpm cm~2), and t is the time (yr).
Sediment ages for cores that were not analyzed for 2'°Pb were
estimated from the mean age of adjacent cores on each tran-
sect.

RESULTS

The cores collected from both creeks consisted primarily of
silts and clay with relatively high (> 80%) water content.
Surficial sediment layers appeared oxidized, with some deep-
er horizons black from the presence of iron monosulfides. Ma-
crobenthos, mostly annelid worms, were apparent only in the
oxidized sediment horizons. Deeper sediment horizons in
Maynedier Creek cores often contained large quantities of
plant detrital material and wood chips. Although the more
recent horizons of the shoreward cores were fine-grained,
deeper horizons often consisted of compacted clay or coarse
grained sand, which were interpreted as beach sand.

The 21°Po profiles generally decreased with depth (except
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Figure 2. Vertical profiles of 2/°Po activity (dpm g ') in the top 50 cm of
sediment from six cores from Maynedier Creek (MC) and Saltworks
Creek (SW) collected from 0, 1.0 and 2.0 m water depths (mean low water)
using a McAuley corer.

core SW3), with cores SW1 and SW5 having the highest sur-
ficial 21°Po activity (Figure 2). Most cores reached an asymp-
totic activity level, though in SW5 the supported activity was
assumed to be similar to that in cores SW1 and SW3. Most
of the sediment profiles did not fit a simple exponential decay
model, perhaps due to variable sediment input, so the con-
stant rate of supply sedimentation model was used. The con-
stant rate of supply estimated model years are not well con-
strained at ages greater than ~ 80 years because the calcu-
lation becomes increasingly sensitive to small errors in the
assessment of 2!°Pb inventories. The age depth curves of cores
MC1, MC3, SW1 and SW5 were similar in recent sediments
(Figure 3), with the exception of MC5 which had a lower sed-
imentation rate than the other cores. No ages were calculated
from the SW3 2!°Po data because of the anomalous 2°Po
depth profile. The sediment accretion rate over the past 100
yr averaged 0.7 cm yr ! for Maynedier and 0.5 cm yr ' for
Saltworks Creek. This rate is substantially above relative sea
level rise over the last 100 years (KEARNEY, 1996) in this
region (0.25-0.35 c¢cm yr~') and suggests rapid infilling of
these tributaries. These rates are consistent with the fact
that Maynedier Creek is the upriver site and more proximal
to the fluvial sediment sources from the upper watershed.
Also the transect at Maynedier extended outward from a >
10 meter high eroding cliff face. MarcUs and KEARNEY
(1991) have shown that in the nearby South River, 4-12
times as much sediments comes from cliff erosion as from
riverine sources.

Surprisingly, only two species of SAV were represented in
the seed assemblages of both study sites (Figure 4). The most
abundant seeds were those of Zannichellia palustris (Horned
Pondweed) which were found in every core. The seeds of Rup-
pia maritima (Widgeon Grass) were also represented in a ma-
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Figure 3. Sediment age at various sediment depths calculated from con-
stant rate of supply model of 2°Pb distribution (APPLEBY and OLDFIELD,
1978) for sediment cores collected at Maynedier Creek (MC) and Salt-
works Creek (SW). Sediment cores collected at water depths of a) mean
low water (MC1; SW1), b) 1.0 m (MC3), and ¢) 2.0 m (MC5; SW5).

jority of the cores. None of the seeds of R. maritima were
found to be viable. Only the Z. palustris seeds from the shal-
low portions of the cores were viable, with the highest ger-
mination rate of 14% in a single sample. In Maynedier Creek,
only sparse Z. palustris was found growing and in Saltworks
Creek, both dense Z. palustris and sparse R. maritima were
found. No Potamogeton perfoliatus was observed at either
site, even though historic records indicated this species was
present nearby. In Maynedier Creek, seed abundance was
highest for both species in the core collected at 50 cm water
depth. Average abundance in this core was 2.4 Z. palustris
seeds gdw ! and only 0.5 R. maritima seeds gdw'. In gen-
eral, seed abundance was lowest in cores collected at greater
water depth. In Saltworks Creek, the seeds of Z. palustris
were most abundant (mean = 3.8 seeds gdw~!) with the seeds
of R. maritima most abundant (mean = 0.33 seeds gdw 1) in
core 2.

The greatest abundance of Z. palustris seeds generally oc-
curred progressively deeper in the core as water depth in-
creased (Figure 4). In Saltworks Creek, this trend was par-
ticularly obvious with the peaks in seed abundance occurring
deeper in the core as water depth increased. The occurrence
of R. maritima seeds at both sites was very sporadic. Al-
though disturbances associated with biota in the root zone of
oxygenated sediments in SAV beds is sometimes a problem
in paleo-ecological studies, the Severn River cores generally
had minimal bioturbatation (as indicated by the radionuclide
profiles). However, there is a possibility of grazing on seeds
accounting for sparse distributions. In Maynedier Creek, R.
maritima seeds were found only in the most recent sediments
of core MC1 and were entirely absent from core MC5. Cores
MC2 and MC3 contained the largest quantities of the seeds
with the greatest concentration occurring deep in the core.
The episodic abundance of R. maritima seeds was most evi-
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Figure 4. Vertical profiles within top 50 cm of sediments of submerged aquatic vegetation (Zannichellia palustris; Ruppia maritima) seed abundance in
(a) Maynedier Creek and (b) Saltworks Creek. Sediment cores obtained along a water depth transect (0, 0.5, 1.0, 1.5, and 2.0 m). Approximate sediment
ages, determined by 2'°Pb dating and represented as years, of the peaks in seed abundance are indicated.
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Figure 5. Schematic representation of submersed aquatic vegetation distribution in Maynedier and Saltworks Creeks over ~ 100 year time frame.
Abbreviations: RSR = Relative Sea Level Rise, mlr = mean low water. Zannichellia palustris is represented by the dichotomously branched plant and
Ruppia maritma has alternate leaves with a terminal infructescence where the seeds are formed after fertilization. SAV Detritus is from senescing

Zannichellia palustris during the summer.

dent in cores MC3 and MC4, with distinct peaks of R. mari-
tima seed abundance interspersed with no seeds. In Salt-
works Creek, peak abundance of R. maritima seeds also ap-
peared deeper in the cores as water depth increased. R. mar-
itima was absent from core MC5 and occurred only at one
place in core MC3.

DISCUSSION

Determining sediment ages is particularly difficult in shal-
low-water nearshore estuarine sediments. Resuspension from
storms, physical mixing, compositional changes and episodic
inputs from the surrounding terrestrial ecosystem are all po-
tential difficulties in any dating procedure (HIRSCHBERG and
SCHUBEL, 1979). In addition, bioturbation by infauna could
a) redistribute SAV seeds and b) affect dating techniques.
Despite such difficulties, shallow water habitats are impor-
tant for study because they are the first zones of estuaries
affected by anthropogenic inputs and are more susceptible to
long term environmental changes, such as sea-level rise, than
deeper waters. The overall trends in seed distribution and
210Po profiles with sediment depth indicate reasonable con-
sistency between cores and between creeks sampled. Hence,
interpretations of historical sedimentation and SAV distri-
butions were made despite the potential caveats of the avail-
able dating techniques in these shallow water environments.

The 2'°Po profiles in the present study illustrate the diffi-

culties of radiometric dating in environments where the his-
tory of SAV distributions are of interest. Particularly, the ide-
alized exponential decrease in activity is generally not found.
The constant rate of supply model is the sedimentation ac-
cumulation rate model best suited for handling variable sed-
imentation rates, though it is difficult to put error bars on
the age—depth relationship. The overall sedimentation rates
calculated from the present study (0.5-0.7 cm yr—') were sim-
ilar to other studies in other mesohaline Chesapeake Bay su-
bestuaries; South River (0.3-1.0 cm yr~—!; MARcUS and KEAR-
NEY, 1991), the Potomac River (0.8 * 0.5 cm yr—!; BRUSH et
al., 1982), and the Choptank River (0.2-0.8 cm yr !; YARBRO
et al., 1983). The time-versus-depth curves (Figure 3) were
generally linear for the last 30-40 yr, but a break in the slope
is evident for older sediments. This suggests that sediment
accretion rates are presently higher than they were earlier
in the century, though changes in porosity and the break-
down in model stability may account for part of the differ-
ence.

Using 2°Pb-derived sedimentation rates, abundance pat-
terns of SAV seeds, and present rate measurements of sea-
level rise (approximately 2.5 mm yr-!; KEARNEY and STE-
VENSON, 1991), historic SAV beds were reconstructed rela-
tive to sea level and benthic topography at both sites (Figure
5). Since ~ 1890, rates of sedimentation have exceeded sea
level rise, resulting in the Severn River becoming more shal-

Journal of Coastal Research, Vol. 16, No. 1, 2000



194 Arnold et al.

low. This is particularly evident in the protected coves off the
main stem of the Severn where we would expect sedimenta-
tion is greatest. The sandy, coarse grained sediments from
the historic shoreline have been covered by silt, but still can
be found deep in the core samples. This pattern of deposition
is characteristic of shores of many tributaries on the western
side of Chesapeake Bay (STEVENSON and KEARNEY, 1996)

The trends of seed assemblages indicate that, over time,
SAV beds have migrated shoreward in response to environ-
mental factors. Over the past century, peak seed abundance,
particularly in Saltworks Creek, occurred in progressively
younger sediments as water depth decreased. This shoreward
migration probably occurred as a result of increased light at-
tenuation due to suspended particulates in the water column
(OrTH and MOORE, 1983). As light became less available in
deeper areas, seed germination and plant survival primarily
occurs in the shallower areas. Zannichellia and Ruppia have
been found to be fast colonizers (STEVENSON et al. 1993)
when water quality can support growth. Although Davis’
(1985) analysis of seed density and settling behavior suggests
limited transport of seeds, his study neglected the mode of
transport of Zannichellia. Although Zannichellia seeds sink
rapidly when the peduncle is disconnected from the stem of
the plant, HURLEY (1990) notes that seeds of this species (un-
like Ruppia) are actually transported with the plants as they
senesce and float on the surface of the estuary in late June
and July. Eventually the plants (including seeds) may come
to rest many kilometers from their origin (Stevenson personal
communication).

The data generated from seed bank analysis provides in-
sight into historic SAV distribution and diversity in the Sev-
ern River, but the distribution of Zannichellia seed can not
be interpreted as strictly local in origin. Maynedier Creek has
had recent reports (ORTH et al., 1990) of Zannichellia palus-
tris (Horned Pondweed), however, only sparse amounts of liv-
ing Z. palustris were found when we sampled the creek in
1991. The comparatively large amount of seed may have been
advected from Round Bay or Little Round Bay or other near-
by areas of the Severn where Zannichellia populations were
more evident. The absence of P. pectinatus from the seed
banks at both locations could have been due to the poor pres-
ervation qualities of its seed (Davis, 1985) and/or sporadic
distributions not encountered by the limited core sampling.

In Chesapeake Bay, it is thought that Z. palustris did not
become widely established until the late 1950’s and early
1960’s (STEVENSON and CONFER, 1978). However, in the Sev-
ern River, Z. palustris was represented in the sediment cores
at depths dating back one hundred years. The presence of Z.
palustris may have been neglected by botanists earlier in the
Century because of its short spring growth period and be-
cause it may have been confined to shallow waters where
sampling was not abundant. The presence of Z. palustris and
R. maritima in the seed banks, both of which are well adapt-
ed to surviving in eutrophic systems (STEVENSON and CON-
FER, 1978), would further suggest that the Severn River has
had at least a hundred-year history of poor water quality.
However it is impossible to determine whether this was the
result of sediment input and resuspension or of nutrient load-

ings which increase plankton and epiphytic fouling on the
leaves of SAV (STEVENSON et al. 1993).

At the time of the cores were taken in 1991, water quality
in the Severn River did not favor the existence of SAV (Ar-
NOLD, 1992). Levels of light attenuation and dissolved inor-
ganic phosphorus concentrations exceeded SAV survival
thresholds for mesohaline systems (DENNISON et al., 1993;
STEVENSON et al., 1993). Unsuccessful attempts to find
healthy SAV populations in either creek supported this as-
sessment. These observations along with the increasing rates
of sedimentation inferred from sediment dating, supports the
idea that the SAV decline in this system has occurred as a
result of light attenuation due to fine-grained sediment load-
ing, sediment resuspension and, to a lesser extent, nutrient-
enhanced phytoplankton biomass.

CONCLUSIONS

Based on seed deposition in the sediments, this study sug-
gests that there have been significant changes in populations
of SAV in the Severn River over the last one hundred years.
Through the use of transects and radiometric dating, it is
obvious that as the sea-level has risen and the turbidity of
the water column has increased, one species in particular has
been able to exploit the near shore environment. The details
of how Zannichellia palustris has managed to adapt have not
been researched in detail, but the proliferation of seed we
found in these cores suggests that this is an important mech-
anism for colonization and survival of this species in Chesa-
peake Bay. Thus, although the Severn River has definite pat-
terns of change associated with deterioration of water quality
in the past, its history of low diversity sets it apart from Da-
vIs’ (1985) description of a high diversity SAV community at
Furnace Bay before 1972. The latter location has much great-
er excursions of water quality and is susceptible to extreme
events such as Tropical Storm Agnes in 1972. In contrast the
Severn River creeks we studied are more protected, but suffer
nevertheless from long term chronic water quality problems
associated with sediment inputs from eroding shorelines, as
well as fluvial inputs of sediment and nutrients.

ACKNOWLEDGEMENTS

Ken Moore helped with the identification of SAV seeds. We
thank Bob Lunsford of the Boating Administration of the
Maryland Department of Natural Resources for support of
this research. The participation of JCC was funded by in part
by the National Science Foundation Land Margin Ecosystem
Program (BSR-8814272). Karen Sundberg read the manu-
script and made several critical suggestions and helped draft
the figures.

LITERATURE CITED

AprPLEBY, P.G. and OLDFIELD, R., 1978. The calculation of 2!"Pb
dates assuming a constant rate of supply of unsupported 2'°Pb to
the sediment. Catena, 5, 1-8.

ARrNOLD, R. 1992. Historic Chesapeake Bay Submersed aquatic veg-
etation beds reconstructed using seed assemblages, sedimentation
rates, and sediment nutrient content. M.S. Thesis, University of
Maryland.

BayLEY, S.; StoTTs, V.D; SPRINGER, P.F., and STEENIS, J., 1978.

Journal of Coastal Research, Vol. 16, No. 1, 2000



Chesapeake Bay Submersed Aquatic Vegetation 195

Changes in submerged aquatic macrophyte populations at the
head of Chesapeake Bay, 1958-1975. Estuaries, 1, 73-84.

Batiuk, R.A.; OrTH, R.J.; MOORE, K.A.; DENNISON, W.C.; STEVEN-
SON, J.C.; Staver, L.W.; CArRTER, V.; RyBicki N.B.; HICKMAN,
R.E.; KOLLAR, S.; BIEBER, S., and HEAsLy, P. 1992. Submerged
Aquatic Vegetation Habitat Requirements and Restoration Tar-
gets: A Technical Synthesis. U.S. EPA CBP/TRS 83/92. Annapolis,
MD.

Birks, H.H.; WHITESIDE, C.; STARK, D.M., and BriGgHT, R.C., 1976.
Recent paleolimnology of three lakes in northwestern Minnesota.
Quaternary Research, 6, 249-272.

Birks, H.J.B., 1980. Modern pollen assemblages and vegetational
history of the moraines of the Klutlan glacier and its surround-
ings, Yukon Territory, Canada. Quaternary Research, 14,101-129.

BRrICKER-URSO, S.; NixoN, S.W.; CocHRAN, J.K.; HIRSCHBERG, D.J.,
and HunT, C., 1989. Accretion rates and sediment accumulation
in Rhode Island salt marshes. Estuaries 12, 300-317.

BrusH, G.S.; Davis, F.W., and RUMER, S., 1980. Biostratigraphy of
Chesapeake Bay and its Tributaries: A Feasibility Study. Final Re-
port to the United States Environmental Protection Agency, Ches-
apeake Bay Program, Annapolis, Maryland, USA.

Brush, G.S.; MArTIN E.A.; DEFRIES, R.S., and Ricg, C.A., 1982.
Comparisons of Pb-210 and pollen analysis for determining rates
of estuarine sediment accumulation. Quaternary Research, 18,
196-217.

BrusH, G.S. and Davis, F.W., 1984. Stratigraphic evidence of hu-
man disturbance in an estuary. Quaternary Research, 18, 91-108.

CAMBRIDGE, M.L. and McCowMmB, A.J., 1984. The loss of seagrass in
Cockburn Sound, Western Australia. 1. The time courses and mag-
nitude of seagrass decline in relation to industrial development.
Aquatic Botany, 40, 109-128.

Davis, F.W., 1985. Historical changes in submerged aquatic mac-
rophyte communities of upper Chesapeake Bay. Ecology, 66, 981-
993.

DEN HarTOG, C. and POLDERMAN, P.J.G., 1975. Changes in the sea-
grass populations of the Dutch Waddenzee. Aquatic Botany, 1,
141-147.

DENNISON, W.C., 1987. Effects of light on seagrass photosynthesis,
growth, and depth distribution. Aquatic Botany, 27, 15-26.

DENNISON, W.C.; ORrTH, R.J.; MOORE, K.A.; STEVENSON, J.C.; CART-
ER, V.; KOLLAR, S.; BERGSTROM, P.W., and BATIUK, R.A., 1993.
Assessing water quality with submersed aquatic vegetation. Bio-
science, 43, 86-94.

GIESEN, W.B.J.T.; VAN KaTwYK, M.M., and DEN HARTOG, C., 1990.
Eelgrass condition and turbidity in the Dutch Wadden Sea. Aquat-
ic Botany, 37, 71-85.

HirscHBERG, D.J. and ScHUBEL, J.R., 1979. Recent geochemical
history of flood deposits in northern Chesapeake Bay. Estuarine
and Coastal Marine Science, 9, T71-784.

HURLEY, L., 1990. Field Guide to the Submerged Aquatic Vegetation
of Chesapeake Bay. U.S. Fish and Wildlife Service, Chesapeake
Estuary Program, Annapolis MD. 51 p.

HurcHiNsON, G.E., 1975. A Treatise on Limnology, Limnological
Botany. Vol. I111., New York: Wiley.

KEARNEY, M.S. 1996. Sea level change during the last thousand
years in Chesapeake Bay. Journal of Coastal Research, 12, 977-
983.

KeARNEY, M.S. and STEVENSON, J.C., 1991. Island land loss and
marsh vertical accretion rate evidence for historical sea-level
changes in Chesapeake Bay. Journal of Coastal Research, 7, 403—
415.

Kemp, W.M.; BoynTon, W.R.; TWILLEY, R.R.; STEVENSON, J.C., and
MEeANs, J.C., 1983. The decline of submerged vascular plant in

upper Chesapeake Bay: Summary of results concerning possible
causes. Journal of the Marine Technology Society, 17, 78-79.

Kemp, W.M.; BoynToN, W.R.; TWILLEY, R.R.; STEVENSON, J.C., and
Warp, L.G., 1984. Influence of submersed vascular plants on eco-
logical processes in upper Chesapeake Bay. In: KENNEDY, V.S,
(ed.), The Estuary as a Filter, New York: Academic pp. 367-394.

Marcus, W.A. and KearNEYy, M.S,, 1991. Upland and Coastal Sed-
iment Sources in a Chesapeake Bay Estuary. Annals of the Asso-
ciation of American Geographers, 81, 408-424.

Moss, B., 1976. The effects of fertilization and fish on community
structure and biomass of aquatic macrophytes and epiphytic algal
populations: An ecosystem experiment. Journal of Ecology, 64,
313-342.

ORTH, R.J. and K.A. MoORE. 1983. Chesapeake Bay: An unprecent-
ed decline in submerged aquatic vegetation. Science, 222, 51-53.
ORTH, R.J. and MoOoORE, K.A., 1984. Distribution and abundance of
submerged aquatic vegetation in Chesapeake Bay: A historical

perspective. Estuaries, 7, 531-540.

OrTH, R.J.; FriscH, A A.; Nowak, J.F., and Moorg, K.A., 1987.
Distribution of Submerged Aquatic Vegetation in the Chesapeake
Bay and Tributaries and Chincoteague Bay. Final Report to the
USEPA, Chesapeake Bay Program, Annapolis, MD.

OrTH, R.J.; Nowak, J.F.; FriscH, A.A.; KiLEY, K.P., and WHITING,
J.R., 1990. Distribution of Submerged Aquatic Vegetation in the
Chesapeake Bay and Tributaries and Chincoteague Bay. Final Re-
port to the USEPA, Chesapeake Bay Program, Annapolis, MD.

PHiLLIPS, G.L.; EMINSON, D., and Moss, B., 1978. A mechanism to
account for macrophyte decline in progressively eutrophicated
freshwaters. Aquatic Botany, 4, 103-126.

RoBBINS, J.A., 1978. Geochemical and geophysical applications of
radioactive lead. In: NRriaGu, J.0., (ed.), The Biogeochemistry of
Lead in the Environment, Amsterdam: Elsevier, pp. 286-393.

STEVENSON, J.C. and CoNFER, N.M., 1978. Summary of Available
Information on Chesapeake Bay Submerged Aquatic Vegetation.
U.S. Fish and Wildlife Service Office of Biological Services FWS/
OBS- 78/66.

STEVENSON, J.C.; STAVER, L.W. and Staver, K.W., 1993. Water
quality associated with survival of submersed aquatic vegetation
along an estuarine gradient. Estuaries, 16, 346-361.

STEVENSON, J.C. and KEARNEY, M.S. 1996. Shoreline dynamics on
the windward and leeward shores of a large temperate estuary.
In: NorpsTROM, K.F and Roman, C.F., (eds.) Estuarine Shores,
Evolution, Environments and Human Alterations, New York: Wi-
ley.

Suagar, S.F., 1990. Transport and sediment accumulation of 2'°Pb
and '¥Cs in two southeast Alaskan fjords. Estuaries, 13, 380-392.

TwiLLEY, R.R.,; KEmP, W.M.; STAVER, K.W.; STEVENSON, J.C., and
BoynToN, W.R., 1985. Nutrient enrichment of estuarine sub-
merged vascular plant communities. 1. Algal growth and effects
on production of plants and associated communities. Marine Ecol-
ogy Progress Series, 23, 179-191.

Warts, W.A. and WINTER, T.C., 1966. Plant macrofossils from
Kirchner Marsh—A paleoecological study. Geological Society of
America Bulletin, 77, 1339-1360.

WEeTZEL, R.J. and NECKLES, H.A., 1986. A model of Zostera marina
photosynthesis and growth: Simulated effects of selected physical-
chemical variables and biological interactions. Aquatic Botany, 26,
307-323.

WETZEL, R.G. and PENHALE, P.A., 1983. Production ecology of sea-
grass communities in the lower Chesapeake Bay. Journal of the
Marine Technology Society, 17, 22-31.

YarBRrO, L.A.; CarLsON, P.R.; FisHER, T.R.; CHANTON, J.P., and
Kemp, W.M.,, 1983. A Sediment Budget for the Choptank River
Estuary in Maryland, USA. Estuarine, Coastal and Shelf Science,
17, 307-323.

Journal of Coastal Research, Vol. 16, No. 1, 2000



