
RESEARCH ARTICLE

Succession of a Southern Appalachian Mountain
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Abstract

Microtopography, which is known to play a key role in the
structure and function of wetland communities, is receiv-
ing increasing attention in wetland restoration projects.
One goal of the Tulula Wetlands Mitigation Bank, which
was the first large-scale wetland restoration project in the
Blue Ridge Province, was to restore the microtopography
in a degraded swamp forest–bog complex. This wetland
type has become increasingly rare in the southern Appala-
chians and is characterized by a distinct microtopography
of depressions and low ridges. We examined vegetation
and soils in depression and ridge plots over a 6-year
period, during which the hydrology and microtopography
of the floodplain were restored. Our results showed that

the flora of the depression and ridge plots differed, with
greater coverage by obligate wetland species in the
depression plots but greater overall taxonomic richness in
the ridge plots. The edaphic characteristics that we mea-
sured varied very little during the study period. Creating
microtopographic relief during the restoration of this wet-
land seems to have provided a variety of niches and may
have increased the likelihood that the site will succeed
back to a swamp forest–bog complex, rather than as a for-
ested terrace of Tulula Creek.

Key words: microtopography, southern Appalachian wet-
lands, succession, swamp forest–bog complex, wetland
restoration.

Introduction

Wetlands are increasingly rare landscape features in the
complex topography of the southern Appalachians. The
original acreage of wetlands in this region has diminished
greatly, and many of the remaining wetlands occur in
remote, isolated areas that are difficult to access. How-
ever, mountain wetlands have important conservation
value, as they provide critical habitat for populations of
rare, endemic, and disjunct plants and animals (Murdock
1994). Weakley and Schafale (1994) reviewed the limited
information available on nonalluvial wetlands of the
southern Blue Ridge Province, and Moorhead and Rossell
(1998) reviewed the published literature on mountain fens
of the southern Appalachians and Interior Highlands.
Both sets of authors noted that there are many unan-
swered questions about southern Appalachian wetlands,
and that quantitative data on vegetation, soils, hydrology,
and successional dynamics are scarce or lacking.

One reason that many southern Appalachian wetlands
have been eliminated or degraded is that they occupy rela-
tively flat places in mountainous landscapes, which are
desirable for agriculture and transportation corridors.

Weakley and Schafale (1994) suggested that the frequent
occurrences of wetland plants in pastures across the Blue
Ridge may represent remnants of former swamp forest–
bog complexes that were once more widespread in bot-
tomlands. They estimated that by the early 1990s, only
about 10% of an original 1,000 ha of swamp forest–bog
complexes remained in North Carolina.

Weakley and Schafale (1994) describe swamp forest–
bog complexes as a mosaic of forested thickets and
‘‘boggy’’ openings occupying a landscape of low ridges and
depressions. They also note that beaver activities may
have contributed to the formation and maintenance of
these wetlands in the landscape. Microtopographic relief
is a key factor in the structure of these and other wetlands,
as it influences not only soil moisture but also a suite of
other edaphic properties, including anoxia and soil nutri-
ent dynamics (Vivian-Smith 1997). There is increasing
recognition that wetland restoration projects need to
incorporate the restoration of microtopographic relief
if they are to recreate the structure and function of the
original wetland. For example, the success of peatland
restorations is deemed to depend in part on creating
microtopography that provides suitable hydrological con-
ditions for Sphagnum and vascular plants to establish
(Gorham & Rochefort 2003; Rochefort et al. 2004).

Rossell and Wells (1999) suggested that creating micro-
topographic heterogeneity during the restoration of
a degraded swamp forest–bog complex in western North
Carolina would strongly influence the nature of the
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ensuing plant communities. Our study examined the vege-
tation and soils in this same wetland complex during the 6
years following its restoration. Our goal was to determine
whether restoring microtopographic relief along with
hydrology would facilitate the succession of this site back
to a swamp forest–bog complex.

Methods

Study Site

The study site is part of the Tulula Creek wetlands com-
plex (lat 35�179N, long 83�419W), which lies in the flood-
plain of Tulula Creek (800 m elevation), in Graham
County, North Carolina. Mean annual precipitation for
the surrounding area is 160 cm (Moorhead 2003). Histori-
cally, Tulula was characterized as a swamp forest–bog
complex (Weakley & Schafale 1994). The site was part of
the Nantahala National Forest until the mid-1980s but,
despite its regional and ecological significance, was traded
to developers for conversion to a golf course. Tulula
Creek was channelized and parts of the floodplain were
drained, filled, and graded for golf fairways, and several
golf ponds were excavated. The project failed before its
completion, and the site was purchased by the N.C.
Department of Transportation (NCDOT) in 1994. Over
the next decade, NCDOT worked toward restoring the
site for use as a wetlands mitigation bank. A detailed
description of site history and restoration techniques is
available in Moorhead et al. (2001). The Tulula Wetlands
Mitigation Bank is the first large-scale wetland restoration
project in the Blue Ridge Province. Other mitigation
banks and restoration projects in North Carolina are out-
side of the mountain region and involve ecosystems with
considerably different hydrology and ecology (Moorhead
et al. 2001).

After the golf course was abandoned, the Tulula flood-
plain was characterized by stands of mature and immature
Red maple (Acer rubrum L.) and White pine (Pinus stro-
bus L.), streamside thickets of Tag alder (Alnus serrulata
(Ait.) Willd.), dense patches of Brambles (Rubus argutus
Link), and early-successional fields dominated by Asters
(Aster spp.) and Goldenrods (Solidago spp.). The area of
the floodplain that we studied was dominated by Brambles
and early-successional species prior to the initiation of
restoration activities. A more complete list of the pre-
restoration flora is available in Rossell et al. (1999) and
Warren et al. (2004a).

The restoration of the Tulula floodplain occurred in two
phases. The first phase (October 1999–June 2000) com-
menced with the removal of fill from the golf fairways.
This exposed 4.7 ha of hydric soils that had been buried
since the mid-1980s. The floodplain was then graded and
recontoured, and a mosaic of elevations was intentionally
created across a former golf fairway. Rather than creating
individual hummocks and hollows, an attempt was made
to contour the floodplain to reflect the ‘‘low ridges and

depressions’’ that characterize swamp forest–bog ecosys-
tems (Weakley & Schafale 1994). After the final grading,
there was a 40–80 cm difference between the bottoms of
the depressions and the tops of the low ridges. The
NCDOT sowed a standard seed mixture containing Red-
top grass (Agrostis stolonifera L.), White clover (Trifolium
repens L.), and Annual rye (Secale cereale L.) across the
floodplain in February 2000 to minimize soil erosion dur-
ing this phase of restoration.

During the second phase of restoration (summer 2001–
summer 2002), the relict stream channel that once mean-
dered across the Tulula floodplain was recreated, and
drainage ditches that had been excavated in the 1980s
were blocked and filled, in order to raise the water table
across the floodplain. Water was redirected into one sec-
tion of the meandering recreated channel at a time, start-
ing in September 2001. Water release into the entire
channel was completed by July 2002. Overbank flooding
was limited to narrow areas adjoining the channel, and
our study site never flooded directly.

Before Tulula was disturbed for the golf course, Gaddy
(1981) reported that it was one of only a few intact swamp
forest–bog complexes remaining in western North Caro-
lina. Because wetland complexes in the mountains are
known to vary considerably with elevation and hydrology
(Weakley & Schafale 1994), we found no comparable wet-
lands with the same elevation, soils, annual precipitation,
or geomorphology to use as a reference system. We do,
however, have an aerial photograph from 1976 showing
that the Tulula floodplain was largely forested, with scat-
tered early-successional openings that we deduce were the
boggy gaps that are characteristic of a swamp forest–bog
complex. From Weakley and Schafale’s (1994) treatise on
wetlands of the southern Blue Ridge, we have an idea of
what a typical swamp forest–bog complex would look like.
They describe a system with poorly drained alluvial soils
removed from regular flooding, with a visible microtopog-
raphy of ridges and depressions. It would be forested, with
a closed or open canopy dominated by A. rubrum or
Tsuga canadensis (L.) Carr. and other overstory species
such as Betula lenta L., Quercus alba L., and P. strobus.
The shrub layer would be dominated by species such as
Rhododendron maximum L. and Leucothoe fontanesiana
(Steud.) Sleumer, along with Salix sericea Marsh., A. ser-
rulata, and Ilex ambigua (Michx.) Torr. var. montana
(T. & G.) Ahles. Small boggy openings in the depressions
would be characterized by herbaceous species such as
Solidago patula Muhl., Aster novae-angliae L., Osmunda
cinnamomea L., Carex stricta Lam., Sagittaria latifolia
Willd., and scattered mats of Sphagnum spp.

Vegetation Sampling

Six 10 3 10–m plots were established in the restored
floodplain in August 2000 (the first growing season after
the site was cleared and graded). Three plots were estab-
lished in a 0.4-ha depression, which formerly was a low
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spot in a golf fairway. The other three plots were placed at
a slightly higher (approximately 50 cm) elevation on two
low ridges that had been created in a different area of the
same fairway (size of this area ¼ 0.3 ha). Within each area,
plots were situated so that they encompassed similar land-
scape features (e.g., all of the plots in the depression con-
tained pools of standing water). Three plots were the most
we could fit into each area and still have each plot repre-
sent similar landscape features. Our original study plan
was to compare the nature of succession in plots with and
without planted riparian trees. Consequently, each 10 3

10–m plot was divided in half, so that one subplot could
be planted with trees. However, logistics precluded the
planting of any trees after we had collected several years
of data. Thus, the data we present here are from all of the
53 10–m subplots within each area.

Vegetation was inventoried in mid-August in 2000,
2001, 2002, 2003, and 2005. During each inventory, a
0.25-m2 quadrat was centered around five random points
within each subplot (total of 30 points in the depression
and 30 on the low ridge). Each point was marked with
polyvinyl chloride (PVC) pipe so that it could be relocated
the following season. We used a 0.25-m2 quadrat size
because the sites were very open at the start of the study,
and we expected that herbaceous species would dominate
for a number of years. All plants within each quadrat were
identified, and the percent of the quadrat occupied by
each species was visually estimated. Plants were identified
using Radford et al. (1968) and Wofford (1989). Voucher
specimens were deposited in the herbarium of the Univer-
sity of North Carolina at Asheville.

Hydrology and Soils

Twelve manual water table wells were installed at ran-
domly selected locations in the six plots (one per subplot)
in August 2000. Wells were constructed from 3.8-cm diam-
eter PVC pipe with horizontal slits at 2-cm intervals from
the bottom up to 76 cm on the pipe. Wells were installed
at a depth of 84 cm using a 7.6-cm diameter dutch auger.
The annular space between the pipe and the augered hole
was filled with river gravel and the surface was sealed with
subsurface soil (clay content 30–40%) that was mounded
to enhance run-off away from the well. Manual wells were
read two to four times a month from September 2000 to
December 2005. Precipitation was measured at the same
intervals using a standard rain gauge located near the cen-
ter of the Tulula Creek wetlands complex.

Soils in the Tulula floodplain are mapped primarily as
a Nikwasi loam (Cumulic Humaquept) (USDA Natural
Resources Conservation Service, unpublished data). A
soil probe was used to collect samples (2 cm diameter 3
20 cm depth) at 12–15 random points in each of the six
plots in August 2000 and August 2005. Samples for each
plot were consolidated, air dried, and sieved to remove
debris and inorganic material greater than 2.00 mm. Soils
were analyzed for organic C (Nelson & Sommers 1982),

pH, and particle size distribution (Gee & Bauder 1986).
The pH of each soil was measured in a 1:1 soil and water
(weight to volume, respectively) slurry.

Data Analysis

Each plant species was classified according to its region 2
(Southeast) wetland indicator status (U.S. Fish and Wild-
life Service 1996; U.S. Department of Agriculture 2001).
Wetland indicator status categories describe wetland affin-
ities as follows: obligate wetland plants (OBL) occur in
wetlands more than 99% of the time, facultative wetland
plants (FACW) occur in wetlands 67–99% of the time,
facultative plants (FAC) occur in wetlands 34–66% of the
time, facultative upland (FACU) plants occur in wetlands
1–33% of the time, and upland plants (UPL) occur in wet-
lands less than 1% of the time.

The percent cover of plants with each wetland indicator
status category was summed for each quadrat. A
repeated-measures mixed analysis of covariance model
was performed to determine whether the summed cover
of wetland indicator categories differed among areas
(depression vs. ridge) or years (2000–2005). A repeated-
measures model was used because observations in quadrats
during successive years were expected to be correlated.
An autoregressive first-order correlation structure was
assumed for repeated observations over multiple years.
The effect of wetland area (ridge or depression) repre-
sents the difference between the areas at time 0, and the
year variable represents the average slope of the depen-
dent variable versus year. The two-way interaction effect
of area and year represents differences in the slope of the
dependent variable versus year for the two areas. A signif-
icance level of 0.05 was used as criteria of statistical signifi-
cance for all tests. Only naturally occurring plant species
were considered for this analysis. The three species sown
by NCDOT in the erosion control mixture (A. stolonifera,
S. cereale, and T. repens) were not included, as they were
intentionally introduced, and their presence in the study
plots diminished quickly over the first two growing sea-
sons. A two-factor analysis of variance was performed to
determine whether any of the soils variables differed
between area (depression and ridge) or year (2000 and
2005). Statistical Analysis Systems programs were used
for all analyses (SAS Institute, Inc. 1990).

Results

Hydrology and Soils

The water table in the depression plots ranged from above
the ground surface to 30.6 cm below the surface. On aver-
age, the water table in the ridge plots was 20–40 cm below
that in the depression plots (Fig. 1). Total precipitation
from March through late August (which is when our vege-
tation data was collected) was higher at the end of the
study period (2003–2005) than it was at the beginning
(2000–2002; Fig. 2).
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Soils did not differ substantially between the two areas
(most p values > 0.05), with the exception of organic car-
bon, which was significantly higher in the depression plots
(6.7%) than in the ridge plots (3.3%; p ¼ 0.005; Table 1).
Soil pH was the only variable that changed significantly
between 2000 (4.9 in both areas) and 2005 (4.4 in depres-
sion plots, 4.3 in ridge plots; p < 0.001).

Vegetation

Mean cover by OBL wetland species was significantly
greater in the depression plots (36.7%) than the ridge
plots (3.7%; p < 0.001). Although cover did not differ sig-
nificantly among years (p ¼ 0.178), a trend of declining
OBL cover in the depression plots is visible (Fig. 3a), par-
ticularly after 2001, when the post-restoration water table
was consistently at or very near the soil surface. The OBL
species with the greatest coverage (up to 27%) was
Arrowhead (Sagittaria latifolia Willd. var. pubescens

(Muhl.) J.G. Sm.), which occurred only in the depression
plots (Table 2).

Mean cover by FACW species did not differ between
the depression (32.0%) and the ridge plots (25.2%; p ¼
0.233), but cover did vary with year (p < 0.001). This
difference was due to an increase in the cover of FACW
species in 2002, followed by a decline (Fig. 3b). The
FACW species with the greatest coverage (up to 60%) in
the depression plots was Common rush (Juncus effusus L.;
Table 2). Common rush was also abundant in the ridge
plots (up to 21% cover), along with the herbaceous vine
Groundnut (Apios americana Medicus), which had up to
16% cover (Table 3).

Mean cover by FAC species did not differ significantly
between the depression (3.5%) and the ridge plots (6.0%;
p ¼ 0.199), but did vary among years (p ¼ 0.017). How-
ever, there was a significant area 3 year interaction (p <
0.001), with the cover of FAC species increasing in the
ridge plots (but not the depression plots) after 2001 (Fig. 3c).
The FAC species with the greatest coverage (up to 13%)
were Goldenrods (Solidago spp.), which occurred primar-
ily in the ridge plots (Table 3).

Mean coverage by FACU species differed significantly
between the depression (0.2%) and the ridge plots (7.4%;
p < 0.001) and among years (p ¼ 0.025). However, there
was a significant area 3 year interaction (p ¼ 0.026), with
higher coverage of FACU species in the ridge plots than
in the depression in 2002 and 2003 (Fig. 3d). The FACU
species with the greatest coverage (up to 10%) was South-
ern blackberry (Rubus argutus Link), which occurred
almost entirely in the ridge plots (Table 3).

Only three UPL species were recorded during our study
period. All three species occurred only in ridge plots, and
the sum of their cover was less than 1% (Table 3). Mean
cover by UPL species did not vary among years (p ¼
0.482; Fig. 3e).

Overall, taxonomic richness was highest in the ridge
plots in each year. The difference in the number of taxa in
the ridge and the depression plots was initially small (four
additional taxa were recorded in the ridge plots in 2000)
but increased by the end of the study (eight additional
taxa were recorded in the ridge plots in 2005).

Forbs were the most taxonomically rich group of plants
each year, with 14–17 taxa occurring in the ridge plots

Figure 1. Mean water table depth in depression and ridge plots at

Tulula Wetlands Mitigation Bank during the study period. Site

hydrology was restored in winter 2001.

Figure 2. Total precipitation received at Tulula Wetlands Mitigation

Bank from March to August each year during the study period.

Table 1. Mean (SD) soil properties of six depression and ridge plots

at Tulula Wetlands Mitigation Bank in 2000 and 2005.

Depression Plots Ridge Plots

2000 2005 2000 2005

Sand (%) 55.5 (7.5) 54.5 (5.7) 48.7 (4.4) 54.0 (4.1)
Silt (%) 34.2 (6.3) 36.8 (5.5) 38.2 (3.8) 36.4 (2.7)
Clay (%) 10.4 (2.0) 8.8 (0.9) 13.1 (1.9) 9.6 (1.6)
Organic carbon
(%)

7.0 (3.3) 6.3 (3.5) 3.3 (1.3) 3.4 (1.2)

pH 4.9 (0.2) 4.4 (0.1) 4.9 (0.2) 4.3 (0.1)
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each year, compared with 8–13 in the depression plots.
Ferns were the least taxonomically rich group, with only
one species (Sensitive fern [Onoclea sensibilis L.]) occur-
ring in one ridge plot in 2005.

Cover by woody species was greatest in the ridge plots,
where 10 woody species were recorded during the study
period. The woody species with the greatest coverage in
the ridge plots was Southern blackberry (R. argutus). Only
four woody species occurred in the depression plots, each
with less than 1% mean cover.

Discussion

We know that the water table in the Tulula floodplain is
influenced by precipitation, evapotranspiration, aquifer

discharge, and soil interflow from adjoining slopes
(Moorhead 2001). Following hydrologic restoration of the
floodplain, there was a clear trend toward a higher water
table in both areas. The water table in the depression plots
remained at or above the soil surface almost continuously
after 2002, which can be attributed to the physical restora-
tion of the site, as well as the higher rainfall during the
growing season in the last few years of the study period.

Restoring the Tulula floodplain involved removing
large amounts of spoil and exposing the original hydric
soils buried since the 1980s. The soil in the depression
plots contained twice as much organic carbon as the ridge
plots at the beginning as well as at the end of the study
period. This is what we expected, given that the depres-
sion plots were established in a low-lying area where water

Figure 3. Total cover (per 0.25-m2 quadrat) in depression and ridge plots at Tulula Wetlands Mitigation Bank over a 6-year period for (a) OBL

species, (b) FACW species, (c) FAC species, (d) FACU species, and (e) UPL species.
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would have accumulated prior to restoration, just as it did
following restoration. Overall, soil pH changed during the
study period but texture and carbon did not. The more
acidic pH at the end of the study is surprising, given that
we did not observe an increase in organic carbon during
the same period. We do not have a ready explanation for
the pH decline, and it would require further investigation
to elicit the mechanism that might have caused it.
Although we did not find substantial changes in most of

the soil properties we measured, the variables we exam-
ined might not be expected to change substantially during
the time frame of our study. Had we measured more
dynamic variables such as exchangeable cations or solu-
ble/water extractable organic carbon, we might have docu-
mented more of an impact from restoration during the
6-year study period.

Both the depression and the ridge plots revegetated rap-
idly, which is typical of restored wetlands with a sufficient

Table 2. Mean percent cover (per 0.25-m2 quadrat) of plants in each wetland indicator status category in depression plots.

2000 2001 2002 2003 2005

OBL
Bidens tripartita L. 0.3 — — 0.2 0.1
Carex bullata Schkuhr ex Willd. — 0.1 — — —
C. lurida Wahl. — 4.2 3.8 — —
C. stricta Lam. — — — 0.1 —
Dulichium arundinaceum (L.) Britt. 0.5 0.2 — 0.1 —
Eleocharis obtusa (Willd.) J.A. Schultes 6.1 — — — —
Epilobium coloratum Biehler — — — 0.1 1.0
Galium asprellum Michx. — 0.2 3.9 2.3 6.9
Juncus debilis A. Gray — 8.5 6.2 0.7 0.7
Lindernia dubia (L.) Pennell 1.7 — — — —
Ludwigia alternifolia L. 0.1 0.2 0.2 — —
L. palustris (L.) Ell. 3.3 0.3 — 0.1 2.5
Mimulus ringens L. — — 0.7 1.8 1.5
Polygonum sagittatum L. 0.6 1.8 2.9 3.7 3.4
Sagittaria latifolia Willd. var. pubescens (Muhl.) J.G. Sm. 27.4 13.7 13.6 11.8 8.0
Schoenoplectus purshianus (Fern.) M.T. Strong 0.3 — — — —
Scirpus cyperinus (L.) Kunth — 8.0 — — —
S. polyphyllus Vahl. 2.5 4.4 — — —
Scirpus spp. — — 5.8 3.6 3.9
Sparganium americanum Nutt. 2.0 1.7 1.1 — 3.0
Typha latifolia L. — 0.3 1.2 — 0.4
Total cover by OBL taxa 44.8 43.6 39.4 24.5 31.4

FACW
Alnus serrulata (Ait.) Willd. — — — 0.4 0.3
Apios americana Medicus — 0.4 — — —
Carex spp. 1.2 — 0.2 0.1 0.03
Cyperus strigosus L. 0.03 0.7 — — —
Eleocharis sp. — — 0.1 0.3 0.2
Hypericum mutilum L. 0.2 0.7 3.1 0.8 0.3
Impatiens capensis Meerb. — — — — 3.9
J. effusus L. — 35.5 60.1 22.3 25.6
P. punctatum Ell. 0.2 — — 0.9 —
Salix sp. 0.1 — — — 1.6
Viola sp. — — — — 0.6
Total cover by FACW taxa 1.7 37.3 63.5 24.8 32.5

FAC
Acer rubrum L. 0.03 — — — 0.03
Juncus spp. 7.8 — — — —
J. subcaudatus (Engelm.) Coville & Blake 5.8 — — — —
J. tenuis Willd. 0.3 — — 0.1 —
P. scandens L. 0.2 — — — —
Solidago rugosa P. Miller — — — 3.1 —
Total cover by FAC taxa 14.1 — — 3.2 0.03

FACU
Ambrosia artemisiifolia L. 0.1 — — — —
Rubus argutus Link 0.03 0.5 0.2 — —
Total cover by FACU taxa 0.1 0.5 0.2 — —
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Table 3. Mean percent cover (per 0.25-m2 quadrat) of plants in each wetland indicator status category in ridge plots.

2000 2001 2002 2003 2005

OBL
Bidens tripartita L. 0.03 — — — —
Calamagrostis cinnoides (Muhl.) Barton 0.2 — — — —
Carex bullata Schkuhr ex Willd. — 0.1 — — —
C. lurida Wahl. — 1.7 2.0 0.6 —
C. stricta Lam. — 0.8 — — 1.7
Eleocharis obtusa (Willd.) J.A. Schultes 0.03 — — — —
Epilobium coloratum Biehler — — — 0.6 —
Galium asprellum Michx. — — — 0.1 0.1
Juncus debilis A. Gray — — — — 0.9
Polygonum sagittatum L. 0.2 1.0 4.5 0.7 0.7
Scirpus cyperinus (L.) Kunth — 0.2 — — —
Scirpus spp. — — — 1.0 0.9
Viola cucullata Ait. — 0.2 — — —
Total cover by OBL taxa 0.5 4.0 6.5 3.0 4.3

FACW
Agalinis purpurea (L.) Pennell — — — 0.03 —
Alnus serrulata (Ait.) Willd. — 0.2 0.5 0.4 1.6
Apios americana Medicus 3.6 10.6 6.0 8.6 15.8
Bidens sp. — — 0.2 — —
Boehmeria cylindrica (L.) Sw. 0.03 — — — 0.3
Carex spp. 0.7 — 1.3 1.5 1.9
Eupatorium perfoliatum L. — 0.3 0.7 0.4 1.6
Helenium autumnale L. — — 0.5 0.5 —
Hypericum mutilum L. 0.4 2.8 4.3 0.1 0.6
Impatiens capensis Meerb. — 0.03 — — 0.1
J. effusus L. — 9.2 21.2 9.1 8.6
Onoclea sensibilis L. — — — — 0.2
Persicaria pensylvanicum (L.) G. Maza. — 0.7 — — —
P. cespitosum Blume 0.1 — 0.3 0.1 —
P. punctatum Ell. 0.8 — 0.1 0.3 0.4
Rubus hispidus L. — — 0.5 0.3 —
Sambucus canadensis L. 0.2 – 0.5 0.7 0.3
Solidago gigantea Ait. — 6.3 — — —
Viola sp. — — — 0.3 0.2
Total cover by FACW taxa 5.8 30.1 36.1 22.3 31.6

FAC
Acer rubrum L. 0.03 — — — 0.1
Clematis virginiana L. — 0.2 0.2 0.3 0.1
Eupatorium fistulosum Barratt 0.4 1.4 2.3 — 0.6
Juncus spp. 0.8 — — — —
J. subcaudatus (Engelm.) Coville & Blake 0.2 — — — 0.01
J. tenuis Willd. 0.03 — 0.1 — 0.03
Kummerowia striata (Thunb.) Schindl. 0.4 — — — —
Parthenocissus quinquefolia (L.) Planch. — — — 0.03 —
Plantago rugelii Dcne. 0.03 — — — —
P. scandens L. 0.3 — — — —
Solidago rugosa P. Miller 0.3 — — — —
Solidago spp. 0.2 — 3.6 4.8 13.4
Toxicodendron radicans (L.) Kuntze. — — — 0.1 0.1
Vernonia noveboracensis (L.) Michx. — — — — 0.1
Vitis labrusca L. — — — 0.1 —
Total cover by FAC taxa 2.7 1.6 6.2 5.3 14.4

FACU
Agrostis perennans (Walt.) Tuckerman 0.4 — — — —
Ambrosia artemisiifolia L. 0.2 0.6 1.6 0.5 —
Chamaecrista nictitans (L.) Moench var. nictitans 0.1 0.5 — — —
Conyza canadensis (L.) Cronq. 0.3 0.3 2.9 — —
Pinus strobus L. — — — — 0.03
Potentilla simplex Michx. — — — — 0.2
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reservoir of viable propagules in the seed bank (van der
Valk & Pederson 1989). Although the seed banks in both
areas had been buried for at least 15 years, long burial
periods do not necessarily preclude revegetation (McGraw
1987). In fact, many wetland emergents are known to have
long-lived seeds (van der Valk 1981). At Tulula, OBL spe-
cies such as Sagittaria latifolia were very uncommon in
the drained and filled wetlands during the decade prior to
restoration. However, following spoil removal, we docu-
mented Arrowhead in all of the depression plots in every
year of our study. We do not know the source of the propa-
gules that established these plants, but we suspect that seed
rain, as well as the seed bank, contributed.

The three species seeded by NCDOT to control erosion
immediately following the large-scale grading at Tulula
probably delayed the germination and/or establishment of
some species at the site. For example, Juncus effusus was
not observed in the first year of our study, but it occupied
35% of the depression plots by the second year, when the
planted species had waned. The species that NCDOT
planted (Annual rye, Redtop grass, and White clover) cer-
tainly provided important erosion control benefits at this
site. However, given how quickly wetland species began
to germinate in the plots, we suggest that Annual rye
would have been sufficient to control erosion following
disturbance of the site without interfering with the devel-
oping wetland flora.

For the first 3 years following restoration, OBL (partic-
ularly S. latifolia) and FACW (particularly J. effusus) spe-
cies dominated the wet depression plots. The abundance
of Juncus supported the results of an earlier seed bank
study at Tulula, in which up to 46% of emerging seedlings
were Juncus spp., with most emerging from the wettest
soils (Rossell & Wells 1999). Similarly, McGraw (1987)
reported that J. effusus dominated the seed bank of a West
Virginia bog. In our study, it is noteworthy that both OBL
and FACW species occurred in the drier ridge plots, as
well as in the wetter depression plots. Clearly, the micro-
habitat conditions on the ridge varied sufficiently for these
species to persist.

Three years after restoration, there was a decline in
the cover of FACW species in the depression plots,
along with a trend of declining cover of OBL species.
Our observations in the field led us to suspect that these

declines occurred because water continued to pond in the
depression area as the study progressed, making these
plots unsuitable for some species that had colonized
immediately following restoration. Tulula experienced
a moderate to severe drought between 1998 and 2001
(Moorhead 2003), ending just after our study commenced
in 2000. During the study, precipitation was greatest
after 2003.

Microtopographic relief appears to be the driving force
determining the composition of the flora in each area of
the floodplain. The water table in the ridge plots re-
mained, on average, 30 cm below the soil surface, even 4
years following hydrologic restoration of the floodplain. In
comparison, the water table in the depression plots was at
or above the soil surface almost continuously following
restoration. We consistently documented more species in
the ridge plots (annual range ¼ 21–29 species) than in the
depression plots (annual range ¼ 15–23 species). This sup-
ports the results of Rossell and Wells’ (1999) seed bank
study, in which fewer species emerged from the wettest
soils at Tulula. It also supports the work of Vivian-Smith
(1997) who reported more species on hummocks than in
hollows in an experimental wetland in New Jersey. How-
ever, our results differed from Bruland and Richardson
(2005)’s study of a North Carolina Coastal Plain wetland
in which the hummock–hollow microtopography was
restored. Although their study found that species richness
was highest in flat sites, they reported more species in wet
hollows than on drier hummocks. Our study had a smaller
elevational difference between high and low plots (0.4–
0.8 m compared with 1.5 m in their study). In addition, the
topographical ridge in our study encompassed a much
larger area than the hummocks in their study, and we col-
lected data over a 6-year period compared to 1 year in
their study. These differences underscore the need to
monitor ecosystem development in restored wetlands over
long periods in order to evaluate the effects of restoration
practices.

We documented only two species of trees (Acer rubrum
and Pinus strobus) and four species of shrubs (Alnus ser-
rulata, Rosa multiflora Thunb., Salix spp., and Sambucus
canadensis L.) during the 6 years of our study at Tulula.
Studies on the seed banks of southern Appalachian wet-
lands also have reported few woody taxa (McGraw 1987;

Table 3. Continued

2000 2001 2002 2003 2005

R. argutus Link 0.6 4.3 10.0 8.6 5.8
Total cover by FACU taxa 1.6 5.7 14.5 9.1 6.0

UPL
Lespedeza cuneata (Dumont) G. Don — 0.5 0.2 — —
Oxalis stricta L. 0.03 — — — —
Rosa multiflora Thunb. — — — — 0.7
Total cover by UPL taxa 0.03 0.5 0.2 — 0.7
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Rossell & Wells 1999). In fact, Rossell and Wells (1999)
predicted that most woody species colonizing the restored
Tulula floodplain would originate from seed rain from the
surrounding forested areas, rather than from the seed
bank. In our study, the ridge plots contained most of the
woody species, and the early colonizer Rubus argutus had
the greatest coverage.

Warren et al. (2004b) studied the colonization and
establishment of red maple at Tulula prior to the site res-
toration. They concluded that the water table at that time
was too low to prevent widespread establishment of red
maple seedlings across the floodplain. Had the water table
not been restored, the floodplain might have developed
into a forested terrace of Tulula Creek with considerably
less wetland area (Moorhead et al. 2001). We know that
prior to restoration, the increasing dominance of trees
across the Tulula floodplain was suppressing herbaceous
plants, including several rare and uncommon species
(Warren 2002; Rossell & Losure 2005). Warren et al.
(2004b) argued that allowing the Tulula floodplain to suc-
ceed into a red maple forest would raise important conser-
vation issues, as the original wetlands were characterized
by a number of rare and endemic herbs that would not
survive in the dense shade of a floodplain forest. In con-
trast, swamp forest–bog complexes are distinguished by
boggy openings that allow the growth of wetland herbs
(Weakley & Schafale 1994). Our historical aerial photo-
graph of Tulula shows patches of early-successional vege-
tation in a forested floodplain.

Vivian-Smith (1997) argued that incorporating microto-
pographic heterogeneity into wetland restoration projects
could help avoid problems with competitive exclusion in
the resulting ecosystems. Additionally, a variety of micro-
topographic reliefs can ensure that hydrologic conditions
remain suitable for wetland species, even if the site
hydrology changes over time (Bruland & Richardson
2005). At Tulula, future hydrologic change could be insti-
gated by beavers, which have made a recent comeback to
this watershed. If the lowest areas of the newly restored
Tulula floodplain flooded behind a beaver dam, the
depressions in our study would become deeper ponds, but
the low ridges could continue providing drier habitat for
the forest trees and shrubs that are characteristic of
forest–bog complexes. In our study, we documented most
of the woody species in the ridge plots, supporting the
work of Titus (1990) who found a strong correlation
between the microsite elevation and the distribution of
woody seedlings in a Florida floodplain.

The creation of microtopographic relief during the res-
toration of the Tulula floodplain seems to have provided
a variety of niches and may have increased the likelihood
that the site will succeed back to a swamp forest–bog com-
plex, rather than as a forested terrace of Tulula Creek.
Weakley and Schafale (1994) detail how nonalluvial
wetlands in the southern Blue Ridge Province can be dif-
ferentiated based on differences in hydrology, micro-
topography, and soils. For example, swamp forest–bog

complexes differ from southern Appalachian bogs by
their greater vertical structure (more forested thickets),
from montane alluvial forests by their hydrology (more
boggy wet depressions), and from floodplain pools by the
depth of their depressions (shallower in swamp forest–bog
complexes).

We still do not know whether the restored Tulula flood-
plain will succeed back to a swamp forest–bog complex.
Six years has not been long enough to achieve the forested
canopy that Weakley and Schafale (1994) note as a major
characteristic of this wetland community and that we
observed in the historical aerial photograph of the site.
Kellogg and Bridgham (2002) discussed the difficulty of
predicting the rate and direction of plant community
development in restored wetlands, particularly in the short
term. They argued the need for long time frames in order
to evaluate the plant composition of restored wetlands.
Zedler and Callaway (1999) suggested that it could take
more than 40 years for the nitrogen levels in a constructed
wetland in California to approximate the levels found in
natural marshes. Mitsch and Wilson (1996) suggested that
the success of freshwater marsh mitigation projects should
not be judged until 15–20 years post-restoration. Even that
time frame might not be long enough to judge the direc-
tion of succession at Tulula, given that the target commu-
nity for this site is forested.

Implications for Practice

d Microtopography can determine the nature of the
plant communities that develop across restored
wetlands such as the one in which we worked.

d At our site, creating microtopographic relief led to
a higher water table and greater cover by OBL taxa
in depressions but had no effects on soil texture or
organic carbon.

d The restored wetland revegetated quickly on its own
and probably did not need to be planted with per-
ennial species to control erosion. Annual rye would
have been sufficient to limit soil loss without interfer-
ing with the developing wetland flora.

d Although our study spanned 6 years, it is clear that
determining whether a restoration project has suc-
ceeded may take decades, particularly if the target
ecosystem is forested.
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