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Abstract Tidal freshwater wetlands are complex, species-
rich ecosystems located at the interface between tidal estuaries
and nontidal rivers. This study conducted on the Patuxent
River estuary in Maryland was designed to assess vegetation
dynamics over several decades to determine if there were
directional changes in the dominant communities. Aerial
photographs (1970, 1989, and 2007) documented broad-scale
spatial changes in major plant communities. The coverage of
areas dominated by Nuphar lutea and Phragmites australis
expanded; mixed vegetation and scrub–shrub habitats were
essentially unchanged; and Typha and Zizania aquatica
communities fluctuated in coverage. Data collected between
1988 and 2010 from permanent plots and transects were used
to examine fine-scale changes. Shifts in the importance of
some species through time were observed, but there were no
directional changes in community species composition. The
lack of directional change as measured at a fine scale is
characteristic of tidal freshwater wetlands in which variations
in the abundance of individual species, especially annuals, are
responsible formost short-term change in species composition.
Changes in the composition of plant communities are
interpreted as responses to variations in vertical accretion,

stability of habitat types, invasive plant species, and herbivores.
In the future, vegetation changes are likely to occur as a result
of the intrusion of brackish water and increased flooding
associated with global climate change and sea level rise. This
long-term study establishes a baseline from which potential
future changes to tidal freshwater wetlands can be better
understood.

Keywords Tidal freshwater wetlands . Plant communities .

Succession .Annuals .Perennials .PatuxentRiver .Sea level
rise

Introduction

Tidal freshwater wetlands are located at the interface between
nontidal freshwater riverine ecosystems and estuarine intertidal
wetlands (Anderson et al. 1968; Simpson et al. 1983; Odum
1988; Pasternack and Brush 1998; Barendregt et al. 2009), and
because of their position in the coastal landscape, they have
been directly and indirectly impacted by human activities. In
Europe, humans have managed tidal freshwater wetlands for
thousands of years, resulting in significant losses, primarily
due to reclamation schemes (Zonneveld and Barendregt
2009). In North America, tidal freshwater wetlands have been
impacted by human activities for hundreds of years, especially
changes that converted wetlands into agricultural fields (e.g.,
Baden et al. 1975) or that increased sedimentation associated
with forest clearing and subsequent increases in farming
activities, and the consequences of the development of major
urban centers (Khan and Brush 1994; Hilgartner and Brush
2006). Dams and eutrophication have had major impacts on
tidal freshwater wetlands in North America and Europe over
the past several hundred years (e.g., Simpson et al. 1983;
Orson et al. 1992; Leck and Crain 2009; Van den Bergh et al.
2009). Tidal freshwater wetlands will continue to be impacted
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by changing environmental conditions associated with rising
sea levels and the subsequent intrusion of brackish water
(Boesch 2008; Neubauer and Craft 2009; Perry et al. 2009).

Analyses of pollen, seeds, and nutrient concentrations in
sediment cores have demonstrated that there have been major
changes in the vegetation of tidal freshwater wetlands that have
been associated with the direct and indirect factors cited above
(e.g., Khan and Brush 1994; Hilgartner and Brush 2006). For
example, on the Patuxent River, the rates of sedimentation
following forest clearing increased over fivefold from the
1600s to the mid-1800s, converting open water areas to low
marsh and causing low marsh areas to change to high marsh
(Khan and Brush 1994). In contrast, there have been few
studies (see succeeding references provided) of vegetation
changes in tidal freshwater wetlands over shorter time scales,
especially changes that might be associated with the increasing
rate of sea level rise. Plant communities in tidal freshwater
wetlands may also be influenced by other climate change
factors, such as decreasing freshwater input from rivers (Scavia
et al. 2002), rising atmospheric CO2 levels (Neubauer and
Craft 2009; Sharpe and Baldwin 2009), and intrusion
of brackish water into freshwater habitats (Brinson et al. 1985;
Perry and Hershner 1999; Whigham et al. 2009).

Other factors make tidal freshwater wetlands ideal for
studying the consequences of changing environmental
conditions. These wetlands are composed of a diversity of
plant communities that are distributed over a tidally influenced
gradient of low to high marsh habitats (Simpson et al.
1983; Odum et al. 1984) and are influenced by a series
of biogeomorphic controls (Pasternack et al. 2000; Pasternack
and Brush 2001, 2002).

The importance or relevance of autogenic successional
processes in the dynamics of tidal freshwater wetland
vegetation over shorter time periods have rarely, to our knowl-
edge, been examined, but paleoecological studies suggest that,
in modern times, communities have been relatively stable in
terms of species composition (Hilgartner and Brush 2006). The
few studies of vegetation changes over time based on sampling
plots in the field have focused on changes in vegetation
following the intrusion of brackish water due to sea level rise
(e.g., Brinson et al. 1985; Perry and Hershner 1999; Krauss
and Duberstein 2010; Schuyler et al. 1993) or to the extraction
of groundwater (Higinbotham et al. 2004). In contrast, Salter
and Baden (1994) found little evidence for vegetation changes
over a 20-year period following the abandonment of wetlands
that had been converted into rice fields in South Carolina, but
Field and Philip (2000) used aerial photos of a series of
Delaware River freshwater tidal wetlands to determine
that low marsh increased from 9 % in 1977 to 34 % in
1998. Rice et al. (2000) examined a sequence of aerial photo-
graphs taken over a span of 60 years and found no evidence
of succession resulting in the shift of herb-dominated
communities toward dominance by woody species or the

replacement of Phragmites-dominated areas by other types of
herb-dominated communities.

Tidal freshwater wetland plant communities are charac-
terized by a high diversity of annual and perennial plant
species resulting in dramatic seasonal changes in species’
dominance patterns (e.g., Whigham and Simpson 1978;
Simpson et al. 1983). Some researchers have described
distinct communities (Odum et al. 1984; Pasternack et al.
2000), but others have found a lack of marked zonation
patterns (Leck et al. 2009; Perry et al. 2009). These charac-
teristics make it difficult to assess long-term trends in spe-
cies abundance or shifts in species distribution, especially if
change is being evaluated by resampling sites using differ-
ent plots each time that the vegetation is monitored.

The region where this study was conducted (hereafter
referred to as Jug Bay) has undergone modification over
the past 250 years related to high rates of sedimentation
originating in the upper watershed caused by forest clearing
for tobacco farms and, more recently, to urban and suburban
development, as well as from the construction of a railroad
levee in the 1890s across the study marsh. Additionally, Jug
Bay is located in a region characterized by high rates of
relative sea level rise (RSLR) as a result of regional subsi-
dence (Boon et al. 2010). Although the rate of RSLR in Jug
Bay is not known, in the Chesapeake Bay, it ranges from
2.91 to 5.80 mmyear−1 (Boon et al. 2010); in some areas,
this rate is more than twice the estimated global average of
1.8 mmyear−1 (Zervas 2001). This region of the Patuxent
River has also experienced an increase in salinity spikes
(readings over 0.5 ppt), particularly during summer and fall,
which appear to be related to changes in river discharge in
dry versus wet years (Whigham et al. 2009; Harris, personal
communication). Finally, grazing by recently established
resident Canada Geese (Branta canadensis) on the young
shoots of wild rice (Zizania aquatica) over the past two
decades had significantly reduced the prevalence of this
important plant throughout the Jug Bay wetlands (Haramis
and Kearns 2007).

Given the large number of factors that could influence
vegetation patterns in tidal freshwater wetlands, the major
goal of our study was to evaluate plant community dynam-
ics over the past 25 to 45 years and to establish a baseline
from which future changes could be evaluated. At a broad
scale, we used aerial photographs to examine vegetation
change over a span of almost four decades. At a fine scale,
we evaluated species occurrences and vegetation change
over the past two to three decades by monitoring plants in
permanent plots and along transects established in different
vegetation communities. Considering the highly dynamic
nature of tidal freshwater wetlands, we expected that
changes in vegetation would be caused by increases or
decreases in the abundance of species that would most likely
respond to four factors: salinity changes due to increased
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intrusion of brackish water caused by RSLR; increased
flooding caused by RSLR; the ability of wetlands to accrete
vertically; and impacts from the invasion of non-native
plants and by herbivorous animals.

Study Area

This study was conducted on the Patuxent River in the Jug
Bay Wetlands Sanctuary (North 38°46′54″; West -76°42′30″)
in Anne Arundel County, Maryland. This shallow bay, a
component of Maryland’s Chesapeake Bay National Estua-
rine Research Reserve, is in the tidal fresh region of the
estuary about 65 km upriver from the mouth. The study area
encompassed about 85 ha of a 489-ha wetland complex
(Fig. 1). The tidal wetlands consist of about 134 perennial
and 11 annual emergent plant species (Swarth, unpublished
data). Dominant species in the lowest level of the marsh
(referred to hereafter as low marsh; Simpson et al. 1983)
included Nuphar lutea, Pontederia cordata, and Z. aquatica.

Dominant species in the herb-dominated portion of high
marsh habitats were Leersia oryzoides, Hibiscus moscheutos,
Peltandra virginica, Phragmites australis, Polygonum arifo-
lium, and Typha × glauca. The common species in high marsh
and in swamp forest habitats dominated by trees or shrubs
were Acer rubrum, Bidens laevis, Cephalanthus occidentalis,
Cornus amomum, Dioscorea villosa, Fraxinus profunda, Ilex
verticillata, and Mikania scandens. The species identified in
the permanent plots and transects, along with their growth
form and occurrence in the plant communities, are shown in
the Appendix. The standard reference for species nomencla-
ture is the US Department of Agriculture (USDA) (2011)
Plants Database.

Semidiurnal tides at Jug Bay have an amplitude that
averages about 0.75 m and salinity is generally <0.5 ppt.
Water temperature varies from 0 to 35 °C and winter ice
scour occurs in shallow areas. The sediments are high in
organic matter and are composed of varicolored silts and
clays with brown to dark gray lignitic silty clay. The
study area is bisected by an 800-m-long levee built in the
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Fig. 1 Aerial photograph of the study area showing 28 permanent plots
and 10 transects. For plant transects (white bars), E along community
ecotone,Hwithin homogenous community, I across inundation zone. For

further descriptions of transect communities, see Table 1. Aerial image
from Google Earth; 29 August 2010
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1890s for a short-lived railway line; the levee runs in an
east–west orientation across the wetland and river (see
Fig. 1). Levee construction caused localized sedimentation
(Khan and Brush 1994) and its position has altered the
hydrology and rates of wetland vertical accretion (Delgado et
al., this volume). The wetland north of the levee is called North
Glebe Marsh and that to the south is South Glebe Marsh.

Methods

Broad-Scale Measurements

Plant communities were mapped and their coverage measured
using aerial photographs taken during the growing season in

1971, 1989, and 2007 (Fig. 2).We identified six communities:
N. lutea-dominated; Typha-dominated; mixed vegetation; Z.
aquatica-dominated; P. australis-dominated; and scrub–shrub
dominated by woody vegetation. Nuphar-, Typha-, and Ziza-
nia-dominated communities included monospecific stands.
Areas that contained additional species were defined as
Nuphar mix, Typha mix, and Zizania mix, and for purposes
of aerial coverage calculations, we combined similar groups
(for example, Nuphar with Nuphar mix). Aerial photographs
were digitized at an average scale of 1:2,000 and then inter-
preted by delineating polygons representing the six commu-
nities. Individuals who had over 20 years of experience
with Jug Bay plant communities reviewed results of the pho-
tographic interpretation. After a first review, a second or
third round of polygon edits were made until the delineation

1971

Wetland Plant Communities

Mixed Vegetation

Nuphar/Nuphar Mix

Phragmites
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Zizania/Zizania-mixed

0 100 200 30050 Meters 1989

0 100 200 30050 Meters
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Patuxent River

Patuxent RiverPatuxent River

0 100 200 30050 Meters
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Fig. 2 Major wetland plant
communities as determined from
study area aerial photographs
taken during the growing season
in 1971, 1989, and 2007
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best represented the different communities. All images were
georeferenced to the Maryland State Plane NAD83 meters.
The 1971 and 2007 photographs were provided by the Mary-
land Department of Natural Resources (http://dnrweb.dnr.
state.md.us/gis/data/data.asp). The 1989 photograph was pro-
vided by Air Photographics, Inc. and was taken at 12.5 μm
from imagery acquired at 12,000 ft elevation, 1:24,000 scale,
by the Virginia Institute ofMarine Science. Orthophotography
for 2007 was obtained from the National Agriculture Imagery
Program (NAIP). The NAIP true color image was collected at
1:40,000 scale and was scanned at 25 μm.

Changes in the coverage of plant communities over time
were calculated using the equation for the intrinsic rate of
natural population growth (Ricklefs 1990) that was used by
Rice et al. (2000) in the their studies, which included Jug
Bay. In this equation:

N ¼ N0e
rt

where the known terms of the equation were defined as
follows: N is the total area of plant community at time 1, N0

is the total area of plant community at time 0, e is a constant,
2.718281828, the base of the natural logarithm, and t is the
difference in years between time 1 and time 0. This equation
was then solved for r, the intrinsic rate of growth.

Fine-Scale Measurements

Permanent Plots

In 1988, 18 permanent 1×1-m plots were established in 3
communities: Typha (7 plots), scrub–shrub (6 plots), and Z.
aquatica (5 plots). In 1997, two new communities were sam-
pled: mixed vegetation community that was not clearly dom-
inated by any single species (five plots) and P. australis-
dominated community (two plots). Three more plots in
Typha-dominated areas were also added in 1997. Permanent
plots were not established in Nuphar communities. Eighteen
plots were located in North Glebe Marsh and 10 were located
in South Glebe Marsh (Fig. 1). Plots were located from 4 to
87 m (mean030m) from the upland edge of the wetland (high
tide line) and were marked with tall PVC poles. We did not
determine the specific identity of Typha, however, the taxon at
Jug Bay appears to be Typha × glauca, a hybrid between
Typha angustifolia and Typha latifolia.

Plots were monitored annually between July and September
from 1988 to 1999 and again in 2010 for a total of 225 plot
visits. In the plots, the percent cover of each species was
estimated based on four cover categories: 0–10, 10–40, 40–
70, and 70–100 %. For analytical purposes, the midpoint of
each percent cover category was used. Importance values (IV)
for each plant community for each year of sampling were
calculated as the sum of the relative frequency and relative

cover divided by two. The variation in the seasonal timing of
plot surveys did not impact our findings.

Species IVs for the permanent plots were analyzed with
nonparametric, nonmetric multidimensional scaling (NMS)
in PCOrd (McCune and Medford 2006). The ordination was
run using a variety of scenarios in which we eliminated the
combinations of plots and species that had a minimal num-
ber of data appearances. The final version of the ordination
that was selected included all of the permanent plots and
species that appeared more than three times (n053). We
analyzed the data using different numbers of iterations and
the best fit to the data resulted from 500 iterations. Other
features of NMS that were used included a comparison of
the ordination using real data and random data. The results
of the ordination using real data provided significantly more
reduction in stress (p<0.004) for the first three axes. The
starting coordinates for the ordination were random with a
step length of 0.20 and the distance matrix that is part of the
procedure was calculated using Sørensen’s dissimilarity.
The x-axis matrix was normalized. The stability was
0.9154 and was determined by comparing the standard
deviation of the stress over the final 10 iterations. The
ordination resulted in three axes, which accounted for
93.3 % of the variance. Two axes accounted for approxi-
mately the same amount of variance (31.2 and 31.8 %) and
the third axis accounted for 23.3 %. For purposes of pre-
sentation and interpretation, we used the two axes that
accounted for the highest percentages of the variance.

Line Transects

Ten line transects were established in 1994 (Fig. 1): five in
North Glebe Marsh and five in South Glebe Marsh. Transect
length ranged from 15 to 57 m (mean030.3 m) and each
was divided into 3 m intervals. Transects were placed in
wetland areas where species composition could be assessed
under different conditions. Four transects were placed with-
in homogenous vegetation composed entirely of either a
single species or a single community type; four transects
were established perpendicular to inundation zones from
low to high marsh; and two transects were placed parallel
to and along the ecotone or boundary between two commu-
nities. Descriptions of the transects are provided in Table 1
and their locations are shown in Fig. 1.

Transect surveys were made in 1994 and 1995 and in
2007 and 2008; however, for the analysis, we used the 1994
and 2008 data to maximize the time interval between meas-
urements. Data were collected in late July or early August.
A meter tape was stretched along the transect, and the line–
intercept method was used to measure the length of each
individual plant leaf or stem that intercepted the transect line
(Cox 1985). For species with multiple stems (clumps), such
as N. lutea, P. virginica, P. cordata, and Sagittaria latifolia,
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each clump was considered an individual plant. The total
number of individual plant stems, leaves, or clumps was
recorded for each species to estimate the density index.
Transect cover data for each species were used to calculate
IVs for each species following procedures in Cox (1985). A
nonparametric Wilcoxon–Mann–Whitney test (signed rank
test) was used to compare the transect IVs. This analysis
tests for differences between pairs of observations, indicat-
ing changes in species composition and dominance. Statis-
tical comparisons were performed using SAS 9.1® (Proc
ANOVA).

Environmental Data

To determine trends in river discharge for the Patuxent
River, data from 1978 to 2010 were obtained from the US
Geological Survey (USGS 2011) gauge station at Bowie,
MD, located about 20 km upriver from the study area and
just upstream of the head of tide. Local water level data were
obtained from a continuous water quality monitoring station
(station RR) that used a YSI V2 sonde data logger located at
the Jug Bay River Pier (National Oceanic and Atmospheric
Administration (NOAA) 2012; see Fig. 1). Salinity data
were obtained at the River Pier station (NOAA 2012) and
from the long-term monitoring station at Jackson Landing
(TF1.4) on the western edge of the study area (Chesapeake
Bay Program 2011).

Results

The plant communities sampled varied from low marsh
areas, comprised largely of a single species (for example,

N. lutea) to high marsh habitats that were dominated by
Typha × glauca and P. virginica, but also included as many
as 22 other species. Most of the sites that were sampled have
remained remarkably stable since the late 1980s. In contrast
to the lack of any obvious directional change in vegetation
at the fine scale, interpretation of aerial photographs over a
period of approximately 37 years suggests dynamic shifts in
the location and extent of some community types.

Broad-Scale Change

Aerial photographs spanning almost four decades revealed
changes in the coverage and spatial distribution of plant
communities (Fig. 2). For example, in 1971, Typha domi-
nated a large area south of the railroad levee between the
river on the west and areas dominated by Nuphar. By 1989,
this area was dominated by Z. aquatica; however, by 2007,
the same area had become dominated by Phragmites, Typha,
and mixed vegetation. Nuphar-dominated areas expanded in
both North Glebe Marsh and South Glebe Marsh over the
four decades. P. australis, on the other hand, expanded only
slightly in the area adjacent to the levee, but by 2007, new
patches appeared on the edge of the river.

Of the six plant communities analyzed, two increased
substantially in coverage, two were stable, and two fluctu-
ated (Table 3). Nuphar-dominated areas expanded the most,
increasing from 22 % coverage of the study area in 1971 to
49 % in 2008. The overall rate of annual change for Nuphar-
dominated communities was 2.1 %, but the rate of change
has increased from 1.3 % between 1971 and 1989 to 2.8 %
between 1989 and 2007. P. australis only covered a small
percentage of the study area in the earliest aerial photograph,
but has expanded at an annual rate of 2.7 % between 1989

Table 1 Comparison of changes in plant communities based on transect data; 1994 to 2008

Transect
number

Transect
length (m)

Number of
intervals

14-year
comparison

Wilcoxon–
Mann–Whitney
test p value

Transect type

T1-I 57 19 Aug-94 Aug-08 0.243 Across inundation zones (low to high marsh)

T5-I 24 8 Aug-94 Aug-08 0.638 Across inundation zones (low to high marsh)

T7-I 36 12 Aug-94 Aug-08 0.685 Across inundation zones (low to high marsh)

T10-I 15 5 Aug-94 Aug-08 0.055* Across inundation zones (low to high marsh)

T2-H 21 7 Aug-94 Aug-08 NV Within homogeneous community (Nuphar)

T8-H 48 16 Aug-94 Aug-08 1.000 Within homogeneous community (Nuphar)

T4-H 24 8 Aug-94 Aug-08 1.000 Within homogeneous community (mixed vegetation)

T9-H 18 6 Aug-94 Aug-08 0.934 Within homogeneous community (swamp forest)

T3-E 42 14 Jun-94 Jun-08 0.625 Along community ecotones (Nuphar–Phragmites)

T6-E 18 6 Aug-94 Aug-08 0.110* Along community ecotones (Nuphar–Typha)

Transects are organized by vegetation community. Intervals along transects were 3 m long. TheWilcoxon–Mann–Whitney test did not generate a
p value for transect T2-H because only a single species (N. lutea) was located here.

NV no value; * represents a significant difference at p<0.1
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and 2007. The coverage of mixed vegetation and scrub–
shrub communities also changed but, because the overall
rates of population growth were closer to zero, we inter-
preted them to be stable. The Typha-dominated community
declined sharply from 1971 to 1989, but increased between
1989 and 2007. Zizania-dominated vegetation increased
between 1971 and 1989, but declined from 1989 to 2007.

Fine-Scale Change

A total of 70 species (including 4 species identified to genus
only) and 1 hybrid were sampled in the plots and transects; 51
species occurred in the permanent plots and 62 species were
identified along transects (see Appendix). Sixty species are
perennials and 10 are annuals (source: USDA (2011) Plants
Database). The variation in mean number of species per plot
(all plots combined for each community) among years in the
five communities assessed using permanent plots was as
follows: scrub–shrub020.5 (14–32 species); Typha011.0 (6–
16 species); mixed vegetation07.3 (7–8 species); Phragmites0
3.0 (2–4 species); and Zizania02 (2 species). Total species
richness within a community, based on the sum of all plots,

was 44 species in scrub–shrub; 22 species in Typha; 8 species in
mixed vegetation; 6 species in Phragmites; and 2 species
in Zizania communities. Whereas most year-to-year variation
was caused by changes in the occurrence of annuals, the
persistence of perennials also varied. Marked seasonal
changes in species dominance was a feature of the study area,
with annuals (especially the vine Polygonum arifolium) in-
creasing in importance between June and August (Swarth and
Delgado, unpublished data).

IVs for the dominant species in the permanent plots are
shown in Fig. 3. The high species richness in the scrub–shrub
community was reflected in low IVs for many species, where
no single species had a mean IV >0.16. Typha × glauca (mean
IV of 0.25) was essentially a codominant with P. virginica
(mean IV of 0.23) in the Typha community. In the mixed
vegetation community,N. lutea and P. virginica had combined
IVs exceeding 0.82. In areas where these two species co-
occurred, Nuphar was usually in low marsh areas that expe-
rienced slightly greater tidal inundation. Zizania-dominated
and Phragmites-dominated communities both exhibited low
species richness. Although areas dominated by Phragmites,
with an IV of 0.70, often appeared to consist entirely of this
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Fig. 3 Mean (±SE) IVs of dominant plants in permanent plots. IVs calculated from all years and all plots combined
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species, a number of other species were present but with IVs
mostly lower than 0.05. N. lutea occurred in all communities
sampled and was among the most widely distributed and
abundant species in the study area as indicated by high IVs
in four of the five communities sampled (Fig. 3).

NMS ordination of IVs for the permanent plots (Fig. 4)
showed that the communities were distinct from each other.
We interpreted axis 1 to represent the relative positions of
the communities within the tidal gradient. Scrub–shrub and
Phragmites communities were located at the highest eleva-
tion within the tidal regime where they received less tidal
flooding than communities at lower elevations (Swarth,
personal observations). The Zizania community occurred
in the lowest level within the tidal regime (as does the
Nuphar community), whereas Typha and mixed vegetation
communities were at intermediate locations. We interpreted
axis 2 to be related to the diversity of species in each
community. The scrub–shrub and Typha communities had
the greatest number of species (44 and 22, respectively), but
the other three communities had many fewer species (mixed
vegetation08, Phragmites06, and Zizania02). Although
permanent plots were not established in the Nuphar com-
munity, we would expect data from such plots to cluster in
the upper northwest quadrant of Fig. 4 because of the high
degree of flooding and very low species richness character-
istic of this community. For the Typha community, we
connected the years (Fig. 4) to determine if there had been

any directional changes in species composition over the
study period. The Typha example, which was typical of the
other plant communities studied, demonstrated differences
between years but no overall temporal trend in species
composition.

Analysis of the transect data showed, as with the perma-
nent plot data, an overall stability of plant communities
through time. The number of species on transects varied
from 1 (N. lutea) on T2-H to a high of 28 woody and
herbaceous species along T1-I (Fig. 1). With the exception
of two transects (T6-E and T10-I; Fig. 1), no significant
trends in species composition and dominance were observed
over the 14-year time period (Table 1). Transect T10-I,
located across inundation zones, showed shifts in species
dominance with an increase in the IVs of N. lutea, P. virgin-
ica, and Typha (Fig. 5). Also, three species not recorded
along transects in 1994 were found in 2008 (Impatiens
capensis, Leerzia oryzoides, and S. latifolia). While not
present along transects in 1994, the three species were,
however, present and often abundant in 1994 (Whigham
and Swarth, personal observations). In contrast, in transect
T6-E (located along a Nuphar/Typha community ecotone),
the number of species decreased from 13 in 1994 to 9 in
2008. Also, along this transect, major changes in species
dominance included a decrease in the IVs for Acorus cala-
mus and P. virginica and an increase in the IV of P. cordata
(Fig. 5). Even though differences were not significant, the
transects located along homogenous communities composed
of mixed vegetation (for example, T4-H; Fig. 1) or swamp
forest (T-H9; Fig. 1) showed a higher number of species and
more variability in species dominance during the 14-year
study period than the homogenous transects that were dom-
inated by a single species (e.g., N. lutea). Another indication
of vegetation stability was shown on transect T3-E, which
was dominated by Phragmites on one side and Nuphar on
the other. Phragmites is widely recognized as an aggressive
clonal species, but no significant movement by the leading
edge of the Phragmites into the Nuphar, or vice versa, was
observed over 14 years (Fig. 2).

River Discharge, Water Depth, and Salinity

We examined river discharge data (USGS 2011) into the Jug
Bay area from the nontidal portion of the Patuxent River. Mean
annual discharge ranged from 5 m3/s (1981) to 23 m3/s (2003),
with a mean of 11 m3/s, but there was no trend (r2<0.01)
of either increasing or decreasing discharge rates between
1978 and 2009. Maximum discharge occurred in March and
April, and minimum discharge occurred between July and
October. Water depth in the main river channel measured at
the River Pier station, ranged from 0.9 to 1.2 m (between 2003
and 2011) and averaged 1.1 m. Water depth did not show any
increasing or decreasing trend nor any correlation with river

Axis 1

A
xi

s 
2

Scrub-shrub

Typha

Zizania

Mixed
Phragmites

1988

2010

-1.0
-1.0

0.0 1.0

0.0

1.0

Fig. 4 NMS analysis of species IVs for the five plant communities
monitored with permanent plots between 1988 and 2010. For the
Typha community, which is representative of other communities, the
years in which plots were sampled were connected consecutively from
1988 to 2010
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discharge, probably a result of the regular and strong tidal
pulse from the estuary (Swarth, personal observation). Al-
though water levels are not monitored within the wetlands,
levels there are highly influenced by wind and regular tidal
cycles.

Salinity readings exceeding 0.5 ppt were not recorded during
monthly sampling between 1985 and 1994 (Chesapeake Bay
Program 2011). However, based on continuous sampling be-
tween 1995 and 2010 (NOAA 2012), salinity spikes exceeding
0.5 ppt were recorded in 1995, 1998, 1999, 2002, 2005, 2007,
2008, and 2009, and the frequency of spikes appear to have
increased between 2005 and 2009 (Table 2). These high salinity
events lasted from several days to 3 months. The maximum
salinity recorded was 2.4 ppt on 10 October 2007. That same
year, about 3 % of all readings exceeded 1.0 ppt. Most events
were between mid-July and October, although in 2009, high
salinity occurred in late January. The seasonal timing of these
events suggests that higher than normal salinity resulted from
low riverine discharge, which reduced the dilution effect on
estuarine waters, rather than from sea level rise. High salinity
conditions did not generally persist throughout a 24-h period but
varied with tide height; during high tide periods, salinity in-
creased when estuarine waters mixed with fresh riverine water,
but during low tide periods, salinity dropped to below 0.5 ppt.

Discussion

Temporal changes in the distribution of plant species in
different types of wetlands have been examined by a num-
ber of researchers (e.g., Crain et al. 2004; Casey and Ewel
2006; Czerepko 2008; Smith et al. 2008; Stroh et al. 2008),
including efforts to determine if plants are organized into
distinct communities or if temporal changes occur at the
level of individual species (Van der Valk 1981). Vegetation
changes in tidal freshwater wetlands have also been inves-
tigated (e.g., Perry and Hershner 1999; Rice et al. 2000;
Leck et al. 2009) but, to our knowledge, there have been no
studies in which permanent plots or transects have been
examined over a decade or more. Sediment cores have been
used to study long-term changes in tidal freshwater wetlands
in New Jersey (Orson et al. 1990, 1992), Chesapeake Bay
(Khan and Brush 1994; Neubauer et al. 2002; Hilgartner and
Brush 2006), and San Francisco Bay (Brown and Pasternack
2005). These studies have shown that most tidal freshwater
wetlands formed in the past 300 to 1,500 years and vegeta-
tion dynamics have been strongly influenced by patterns of
sediment deposition (Pasternack 2009). Analyses have dem-
onstrated that many areas now dominated by emergent plant
species were unvegetated open water or supported beds of
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submersed aquatic plants and that many tidal freshwater
wetlands similar to those at Jug Bay have only devel-
oped in the past two to three centuries (Pasternack
2009).

Broad-Scale Change

Vegetation changes in tidal freshwater wetlands have been
shown to occur as a result of increased flooding related to
rising sea levels (Orson et al. 1992), the intrusion of brack-
ish water which initiates species replacements (Perry and
Hershner 1999), increased eutrophication (Schuyler et al.
1993), herbivory by non-native animals (Haramis and
Kearns 2007), and expansion of invasive plants species,
such as P. australis (Rice et al. 2000). Other than conversion
of tidal freshwater wetlands to oligohaline and brackish
wetlands over long periods of time (Neubauer and Craft
2009), no previous studies have demonstrated any autogenic
directional changes that might be characterized as succes-
sion from one type of vegetation to another such as low
marsh to high marsh dominated by herbaceous species or
the conversion of high marsh dominated by herbaceous
species to high marsh habitats dominated by woody species
(Leck et al. 2009).

Our analysis identified changes at the broad-scale but no
distinct changes in vegetation based on fine-scale measure-
ments. Interpretation of the differences between the two
methods of assessment requires an understanding of the

events at Jug Bay and in the Patuxent River watershed over
the past 300 to 400 years. Khan and Brush (1994) concluded
that two events were responsible for the current physical
settings upon which today’s wetlands developed. In the
1700s and 1800s, much of the Jug Bay area was open water
and water depth was sufficient to serve as a port for ocean-
going ships. In the late 1800s, coincident with high rates of
land clearing (forest removal) in the watershed, large
amounts of sediment were deposited in Jug Bay (0.64 cm
year−1; Khan and Brush 1994) at the same time that fill
material was placed in the wetland for the railroad levee
(Fig. 1). High rates of sedimentation coincident with the
construction of the levee would have altered the patterns of
tidal flows and most likely resulted in the accumulation of
sediment in areas adjacent to the levee, resulting in the
establishment of the high marsh habitats that are now domi-
nated by scrub–shrub vegetation on both sides of the railroad
levee (Fig. 2). In addition, the high rates of sedimentation
certainly decreased the mean water depth throughout Jug Bay
to the point where emergent plants were able to expand,
resulting in the matrix of vegetation that is present today.
Similar patterns and processes of the conversion of open water
areas to habitats dominated by tidal freshwater vegetation
have been documented by Pasternack and Brush (2001)
in another tidal freshwater estuarine area in the upper
Chesapeake Bay. The main causes of sedimentation at
Jug Bay are no longer extensive forest removal. For the
past 115 years, the vertical accretion in North and South
Glebe Marshes has been largely influenced by the rail-
road levee (Delgado et al., this volume).

The aerial photographs provide evidence of changes
since the 1970s in the distribution and extent of some of
the plant communities analyzed, whereas other communities
remained almost constant (Fig. 2). The scrub–shrub com-
munities in the North and South Glebe Marshes have not
expanded. The Phragmites-dominated community has ex-
panded at the broad scale (Fig. 2), but there have been no
changes in species composition at the fine scale (Fig. 3;
Table 3). To our knowledge, there have not been any long-
term plant-monitoring studies in tidal freshwater habitats
dominated by trees and shrubs, even though these species-
rich habitats have been described previously (Rheinhardt
1992; Leck et al. 2009). Scrub–shrub and swamp forests
(globally rare habitats) are located at the upper end of the
tidal zone and experience lower sedimentation rates than
low marsh areas. Additionally, the hummocky topography
(Rheinhardt 1992) and shading from trees and shrubs cre-
ates few opportunities for seedlings of woody species to
become established. If current environmental conditions
persist, the species composition and physical characteristics
of shrub-dominated and tree-dominated habitats would not
change much over the next decades. However, under predicted
accelerated rates of RSLR throughout the Chesapeake Bay

Table 2 Maximum salinity measurements and the duration of high
salinity events for 1985 to 2010 at Jug Bay, Patuxent River, Maryland

Year Maximum salinity (ppt) Event duration

1985–1994 0.1
28 Aug–21 Sept1995 0.9

1996 0.4

1997 0.0

1998 0.6 21 Sept–8 Oct

1999 1.2 15 July–26 Aug
2000 0.1

2001 0.0

2002 1.3 13 Aug–17 Oct
2003 0.0

2004 0.0

2005 1.0 19 Sept–8 Oct
2006 0.0

2007 2.4 28 July–26 Oct

2008 1.2 20–26 Oct

2009 1.0 30 Jan–4 Feb
2010 0.0

Data courtesy of Chesapeake Bay Program, Maryland Department of
Natural Resources (1985–1994); NOAA, National Estuarine Research
Reserve, Centralized Data Management Office (1995–2010)
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(Boon et al. 2010), the stability of these communities might be
at risk.

According to Rice et al. (2000), Phragmites has been
present in Jug Bay since at least 1938. At that time, four
Phragmites stands covered only 2.5 % (about 6 ha) of the
greater Jug Bay marsh area (Rice et al. 2000). By 1971,
these stands had doubled in size to about 12 ha and one
additional stand appeared. The four stands continued to
expand between 1971 and 1985, but declined from 1985
to 1994 after the aerial application of herbicides in some
parts of Jug Bay (Kearns, personal communication). The
stand adjacent to the southeast side of the railroad levee in
our study area (Fig. 2) has expanded little since 1938 (see
Rice et al. 2000) and has remained almost constant in size
for the past four decades. An interesting aspect of that
particular Phragmites stand is that it contains a number of
other species, although (except for Nuphar) their IVs were
quite low. The species composition of areas dominated by
Phragmites would probably remain relatively stable over
time because of competition and shading by this tall plant
(Meyerson et al. 2000). One of the authors (Whigham) has
observed the site for more than 30 years and has noticed that
the height and density of Phragmites has decreased and
other species have become established. The same changes
have not occurred in other stands of Phragmites at Jug Bay,
except where herbicides have allowed the establishment of
P. virginica and other species. One possible explanation for
the changes in species diversity is that surface elevation has
increased and the site is less frequently flooded during high
tides, potentially resulting in more frequent aerobic condi-
tions in the surface sediments allowing the establishment of
seedlings of other species. Furthermore, because of its loca-
tion distant from the main river channel, the water that
reaches the site may be lower in nutrients due to nutrient
uptake by wetland vegetation that separates this Phragmites
stand from the river. Whigham and Simpson (1978) found
that nutrients were assimilated as tidal waters flowed from

the tidal creeks to high marsh areas. The combination of
less frequent flooding and lower nutrient inputs would
result in nutrient limitations and reduced growth (i.e.,
shorter and less dense ramets) of Phragmites, which
would allow more sunlight to reach the wetland surface
and subsequently a higher probability that other species
could become established. Our ideas remain to be tested, but if
correct, the long-term directional changes in the cover-
age of Phragmites are likely to occur in some parts of
Jug Bay.

The reasons for decadal variations in the extent of
Nuphar-dominated areas are unknown but a few factors
could contribute to the dynamics of this long-lived species.
The expansion we noted in South Glebe Marsh is probably
caused by positive marsh elevation change rates, which
convert deep areas devoid of Nuphar to shallower areas
where this species can spread or become established. In
contrast, the expansion of Nuphar in North Glebe Marsh is
not due to colonization of bare mudflats, but rather to a shift
from a Typha-dominated community in 1989 to one domi-
nated by Nuphar by 2007 (Fig. 2). North Glebe Marsh is not
gaining elevation (Delgado et al., this volume). As a result,
areas that were formerly shallow may have increased in
depth, causing the observed shift from Typha to Nuphar.
As Nuphar expands in coverage as a result of clonal prop-
agation, the leaves and stems trap more sediment.

Causes for contraction of Nuphar from 1971 to 1989 in
South Glebe Marsh could be due to herbivory by the water
lily beetle (Galercuella nymphaeae). Herbivory by this bee-
tle can reduce leaf longevity and can lead to the complete
loss of the canopy (Kouki 1993). Beetle herbivory occurs
during the growing season when water and substrate tem-
peratures are high and the metabolically active rhizomes and
roots of Nuphar have a high oxygen demand. In T. angustifo-
lia, the loss of the leaves results in the elimination of gas
exchange with belowground structures, conditions that
resulted in substantial death of belowground biomass (Jordan

Table 3 Changes in plant community coverage (based on aerial photographs; see Fig. 2) at the Jug Bay Glebe Marsh during three periods (1971–
1989; 1989–2007; and 1971–2007)

Plant community Aerial coverage (ha) Proportion of marsh (%) Intrinsic rate of growth (%)a

1971 1989 2007 1971 1989 2007 1971–1989 1989–2007 1971–2007 Trend

Nuphar 19.9 25.2 42.3 22 32 49 1.3 2.8 2.1 Increasing

Phragmites 2.1 2.2 4.3 2 3 5 0.3 2.7 1.5 Increasing

Mixed vegetation 17.2 6.7 14.4 19 9 17 −5.2 4.3 −0.5 Stable

Scrub–shrub 4.3 5.6 5.4 5 7 6 1.5 −0.2 0.6 Stable

Typha 29.4 5.8 11.7 32 7 14 −9.0 3.9 −2.5 Fluctuating

Zizania 18.1 32.7 8.0 20 42 9 3.3 −7.8 −2.3 Fluctuating

Total coverage (ha) 91.0 78.1 85.3

a The intrinsic rate of growth is a measure of the annual change in community size
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and Whigham 1988). If this process also occurs with Nuphar,
the loss of the emergent leaves over consecutive years could
potentially result in death of rhizomes and a decrease in the
aerial extent of Nuphar clones. Wind fetch across the open
waters of Jug Bay and ice scour could also create unfavorable
conditions for the establishment of rooted macrophytes such
as Nuphar (see also Heinle and Flemer 1976), although pro-
longed ice cover has diminished in recent years (Swarth,
personal observation).

Striking changes also occurred with the Typha community,
which comprised 29 % of the wetland in 1971, but declined to
only 6 % of the wetland by 1989, an annual loss rate of 9 %.
Most of this loss occurred in South Glebe Marsh. Mammalian
herbivory could have played a role in reducing Typha abun-
dance. Typha is a favorite food of muskrats (Ondatra zibethi-
cus), rodents that are common in the Jug Bay area (Swarth,
personal observation). When muskrat populations are high,
they can create “eat outs” by devouring large areas of the
marsh (Lynch et al. 1947; Connors et al. 2000). Fortunately,
nutria (Myocastor coypus) are not established in this area
(Swarth, personal observation).

Z. aquatica is an annual grass that occurred in the tidal
freshwater portion of the Patuxent River (Scofield 1905)
from White’s Landing (13.5 km downriver from our study
area) to Leon (1.0 km above our study area). The abundance
of this species typically fluctuates annually, owing to seed
production, seed predation, changes in optimal germination
and establishment conditions, levels of herbivory, and pos-
sibly water quality. The interannual variability in coverage
and extent of this annual plant across the wetland would
generally be greater than that of perennials (Leck et al.
2009), which persist over the nongrowing season as a rhi-
zome or rootstock in the sediment. In the past three decades,
the abundance of Zizania in Patuxent River tidal freshwater
wetlands (Fig. 2) has varied tremendously in response to
grazing by resident Canada Geese and other herbivores
(Haramis and Kearns 2007). Although we do not know
which factors were most responsible for the spatial changes
in Zizania-dominated areas at Jug Bay, clearly, goose her-
bivory has been important. Zizania expanded significantly
from 2007 to near historic coverage (pre-1970s) by 2011,
after a 10-year restoration program using three methods: a
special early season hunt targeting the geese; wire mesh
fencing to protect wild rice seedlings from geese grazing
in early summer; and collecting and casting seeds in spring
(Kearns, personal observation).

The lack of temporal change in the mixed vegetation sites
may be due to the presence of a relatively high proportion of
annuals (three of eight species) that exhibit dynamic popu-
lation changes (Leck et al. 2009). Leck and Simpson (1995)
studied changes in the seed bank and extant vegetation over
a 10-year period in a Delaware River tidal freshwater wet-
land. Similar to our results, they found that there was little

variation in the abundance of the perennial species; howev-
er, most of the annuals varied from year to year with no clear
relationship between their presence in the seed bank and
emergence and/or establishment in the spring.

Fine-Scale Change

At the fine scale, the lack of evidence of directional change
in any of the plant communities examined may be due to at
least two factors. Several of the communities described
above are dominated by long-lived clonal species that are
able to persist over long periods of time because of their
location within the tidal regime or because of their ability to
dominate sites. Nuphar-dominated habitats typically occur
in the lower portion of the intertidal zone where few other
species can grow because they do not tolerate long periods
of inundation. Few other species are able to coexist in
Phragmites-dominated areas because it is a clonal species
with long-lived rhizomes that form dense stands of tall
ramets that shade other species. In a separate study of
Phragmites-dominated stands in brackish wetlands in the
Chesapeake Bay, one of the authors (Whigham) has com-
pared vegetation in patches that have been dominated by
Phragmites for more than four decades with sites that have
been colonized more recently. In recently colonized sites,
there were no other species present or the few species that
coexisted with Phragmites were small in stature and clearly
were declining in size and abundance. Sites that had been
dominated by Phragmites for more than four decades almost
always had no other species and if other species were
present, they were only found at the margins of the Phrag-
mites stand. In addition, stands of Phragmites shade the
understory and develop thick litter layers, resulting in few
opportunities for the establishment of seedlings of the an-
nual species that are common in tidal freshwater wetlands.

The lack of directional change in the other communities
(i.e., Typha-dominated, mixed vegetation, and scrub–shrub)
is most likely due to the presence of long-lived species and
the development of hummock–hollow microtopographic
conditions. Typha is also a long-lived clonal species but it
does not grow as high as Phragmites (McCormick and
Somes 1982), which likely allows enough light penetration
for other species, especially annuals, to co-occur. The lead-
ing dominant in the mixed vegetation, P. virginica, is also a
long-lived perennial but it does not spread clonally and
areas that it dominates typically develop a hummock–
hollow topography which results in a high species diversity
at the community level (e.g., Stribling et al. 2007). Similar-
ly, a hummock–hollow topography develops in the scrub–
shrub-dominated areas and the dominant woody species are
long-lived and do not spread clonally, resulting in opportu-
nities for annual species as well as other species to persist on
the hummocks and in the hollows (Rheinhardt 1992). The
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persistence of the hummock–hollow microtopographic con-
dition in parts of the wetland that are not dominated by
clonal species may be the key physical feature that allows
for the persistence of a diverse plant community that
changes little, if at all, over time.

Future Changes

The increase in flooding duration owing to RSLR and the
eventual intrusion of brackish water into tidal freshwater
wetlands will cause fundamental changes to several of these
plant communities unless species are able to adapt or to
move to higher elevations in the landscape (Neubauer and
Craft 2009). The two NOAA tide gauges nearest to the
study site (Solomon’s Island and Annapolis, MD) showed
RSLR rates between 3.41 and 3.44 mmyear−1, respectively.
Whereas salinity readings over 0.5 ppt are still uncommon at
Jug Bay, these events may be increasing. Many tidal fresh-
water wetlands plant species do not tolerate salinity above
2 ppt and some are also sensitive to increased inundation
(Baldwin et al. 2001). Our field sampling did not find
Spartina cynosuroides, a dominant oligohaline marsh indi-
cator in the Patuxent River as described by Sharpe and
Baldwin (2009).

The long-term fate of these wetlands remains unknown.
Certainly, rising salinity and increasing inundation will favor
species that are better adapted to these conditions (for example,

S. cynosuroides) and will cause declines in salt-intolerant
species, such as Zizania. Given that this tidal freshwater wet-
land currently removes 31 % of total nitrogen (via denitrifica-
tion and burial) from the Patuxent River watershed (Boynton et
al. 2008), changes to the plant communities could have a major
impact on water quality in this river.

Eventually, the tidal freshwater wetlands at Jug Bay will
likely be converted to brackish wetlands. In the short term,
changes in plant species abundance and distribution will be
triggered more by variable rates of sedimentation, by herbi-
vores, such as the water lily beetle, the emerald ash borer
(Agrilus planipennis), muskrats, and Canada Geese, and by
the gradual spread of the non-native haplotype of P. aus-
tralis. The most probable long-term changes will be the
replacement of species that are intolerant of brackish water
and increasing water depth with species that are progres-
sively more tolerant of these conditions.
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Appendix

Wetland plant species identified and measured in study area permanent plots and transects

Scientific name Common name Annual (A) or perennial (P) Growth form Community

Acer rubrum Red maple P W SS

Acorus calamus Sweet flag P H MV

Alisma subcordatum American water plantain P H MV

Alnus serrulata Hazel alder P W SS

Amaranthus cannabinus Tidal marsh amaranth P H MV, T

Apios americana Groundnut P V SS

Bidens laevis Smooth beggartick A H MV

Boehmeria cylindrica Smallspike false nettle P H SS

Carex sp. Sedge P H MV, SS

Cephalanthus occidentalis Buttonbush P W SS

Cicuta maculata Spotted water hemlock P H MV, SS

Clethra alnifolia Coastal sweet pepperbush P W SS

Cornus ammomum Silky dogwood P W SS

Cornus sericea Redosier dogwood P W SS

Cuscuta gronovii Dodder P V MV, SS, T

Decodon verticillatus Swamp loosestrife P W SS

Dioscorea villosa Wild yam P V SS
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(continued)

Scientific name Common name Annual (A) or perennial (P) Growth form Community

Echinochloa walteri Walter’s millet A H MV

Fagus grandifolia American beech P W SS

Fraxinus profunda Pumpkin ash P W SS

Galium aparine Sticky willy A H MV

Geum canadense White avens P H SS

Hibiscus moscheutos Crimson-eyed rosemallow P H MV, SS, T

Ilex verticillata Winterberry P W SS

Impatiens capensis Jewelweed A H MV, SS, T

Itea virginica Virginia sweetspire P W SS

Justicia americana American water-willow P H SS

Leersia oryzoides Rice cutgrass P H MV, Ph

Ligusticum canadense Canadian licorice root P H SS

Lilium superbum Turk’s cap lily P H SS

Lindera benzoin Spicebush P W SS

Lobelia cardinalis Cardinal flower P H MV, SS

Lonicera japonica Japanese honeysuckle P V SS

Ludwigia palustris Marsh seedbox P H MV, SS

Lycopus sp. Horehound P H SS

Mentha spicata Spearmint P H SS

Mikania scandens Climbing hempvine P V MV, SS, T

Murdannia keisak Wartremoving herb P H MV

Nuphar lutea Spatterdock P H MV, N, Ph, T, Z

Osmunda cinnamomea Cinnamon fern P H SS

Parthenocissus quinquefolia Virginia creeper P V SS

Peltandra virginica Arrow arum P H MV, Ph, T

Phragmites australis Common reed P H Ph

Pilea fontana Lesser clearweed A H MV, T

Pilea pumila Clearweed A H MV, T

Polygonum arifolium Halberdleaf tearthumb A V MV, Ph, SS, T

Polygonum hydropiper Marshpepper knotweed A H MV

Polygonum punctatum Dotted smartweed A H MV, T

Polygonum sagittatum Arrowleaf tearthumb A V MV

Pontedaria cordata Pickerelweed P H MV, T

Ranunculus abortivus Littleleaf buttercup P H SS

Rosa palustris Swamp rose P W SS

Rubus sp. Blackberry P W SS

Sagittaria latifolia Arrowhead P H MV, Ph, T

Sambucus canadensis American black elderberry P W SS

Schoenoplectus fluviatilis River bulrush P H MV

Schoenoplectus tabernaemontani Softstem bulrush P H MV

Sium suave Hemlock waterparsnip P H MV, SS

Smilax rotundifolia Greenbrier P H, W SS

Solidago sp. Goldenrod P H MV

Sparganium americanum American bur-reed P H MV, SS

Symphyotrichum puniceum Purple stemmed aster P H SS

Symplocarpus foetidus Skunk cabbage P H SS

Thalictrum pubescens King of the meadow P H SS

Thelypteris palustris Eastern marsh fern P H SS

Toxicodendron radicans Poison ivy P V, W SS
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