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Abstract Data on canopy trees (stems > 15 cm DBH) in riparian
wetlands, spanning from headwaters to large river floodplains,
were used to test whether forest canopy composition differed
among hydrogeomorphic (HGM) riverine subclasses and among
physiographic sub-regions (Major Land Resource Areas; MLRA)
within a given HGM subclass. Riverine stands (n=225) were
sampled in four MLRA regions of the Southeastern U.S. Atlantic
and Gulf Coastal Plain Physiographic Provinces. Composition
data were analyzed using Non-metric Multidimensional Scaling
and Multiple-Response Permutation Procedures to evaluate dif-
ferences among HGM subclasses and MLRA regions. Analyses
showed that canopy composition differed among three a priori
subclasses related to Strahler stream order: headwater complex
(along 1st-3rd order streams), mid-gradient floodplain (4th-6th
order), and low-gradient floodplain (> 6th order). Further,

Electronic supplementary material The online version of this article
(doi:10.1007/s13157-013-0467-0) contains supplementary material,
which is available to authorized users.

R. Rheinhardt (P<)

Department of Biology, East Carolina University, Greenville, NC
27858, USA

e-mail: rheinhardtr@ecu.edu

T. Wilder - C. Klimas - C. Noble
Engineer Research and Development Center, US Army Corps of
Engineers, 909 Halls Ferry Road, Vicksburg, MS 39180-6199, USA

T. Wilder
e-mail: Timothy.C.Wilder@erdc.dren.mil

C. Klimas
e-mail: cvklimas@att.net

C. Noble
e-mail: Chris.V.Noble@usace.army.mil

H. Williams

Arthur Temple College of Forestry and Agriculture, Stephen F.
Austin State University, P.O. Box 6109, Nacogdoches, TX
75962-6109, USA

e-mail: hwilliams@sfasu.edu

composition also differed by MLRA region within each subclass.
Thus, not only was species composition related to riverine
hydrogeomorphology across a wide physiographic area, but dif-
ferences in composition within HGM subclasses were also related
to sub-region. These data could be useful in defining floristic
reference standards when evaluating floodplain condition in
southeastern USA Coastal Plain stream networks.
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Introduction

Forested floodplains of Southeastern U.S. rivers have been stud-
ied extensively over the past 30 years, thus much is known about
how they function and the species that inhabit them (Wharton
et al. 1982; Brinson 1990; Sharitz and Mitsch 1993). Numerous
regional studies have also characterized the forested wetlands
associated with smaller Southeastern Coastal Plain streams
(Gemborys and Hodgkins 1971; Glascock and Ware 1979;
Parsons and Ware 1982; Bledsoe 1993; Rheinhardt et al. 1998,
2000, 2007, 2012). Within such a large physiographic region, the
composition of mature riverine forests might be expected to vary
in consistent ways, both geographically and across the stream
network hydrogeomorphic gradient from headwaters to the low-
est non-tidal reaches. However, little work has explicitly analyzed
variation in canopy composition along the regional upstream/
downstream network. Data of this sort would be valuable in
understanding patterns of riverine forest composition spanning
the stream network, and could provide resource managers with
information for evaluating the local conditions of riverine re-
sources. Further, a geographically extensive data set could be
used to test the premise of Brinson (1993b) that differences in
wetland hydrogeomorphology (HGM type) should influence dif-
ferences in ecosystem functioning among unaltered wetlands.
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Forest structure and canopy composition are important to a
suite of key riverine wetland functions. The forest canopy
stores > 90 % of aboveground biomass (Rheinhardt et al.
2012), determines biodiversity of arboreal fauna via habitat
stratification (Odum 1969; Dickson and Noble 1978), regulates
microclimatic regimes from canopy to forest floor (Parker
1995), determines forest floor light regime and its relationship
to colonization by shade-intolerant exotic plant species (Loehle
2003), controls the quantity and quality of large detritus used by
saprophytic organisms on the forest floor (Laiho and Prescott
1999), affects the amount of particulate and dissolved organic
carbon utilized in situ and exported downstream and to
hyporheic zones (Hope et al. 1994; Warren et al. 2007; Wipfli
et al. 2007), and supplies most of the root exudates that drive
microbial nutrient transformations in forest soils (Martin et al.
1999). Canopy composition can influence the type and quality
of wildlife forage (mast and soft fruit for animals, nectar for
insects) (Wigley and Roberts 1994; Rodewald and Abrams
2002), the distribution of insects on tree surfaces (Robinson
and Holmes 1984; Whelan 2001), and the quality and avail-
ability of nutrients (Prescott 2002). The age (maturity) and
composition of the canopy stratum together provide important
information on forest integrity and the capacity of a forest
ecosystem to function in a characteristic manner.

Hydrologic regime has repeatedly been shown to be a major
factor controlling the distribution of wetland plant species. Light
and nutrient availability have also been linked to the composition
of floodplain forests (Wharton et al. 1982; Bedford et al. 1999;
Denslow and Battaglia 2002). At local scales, forest composition
integrates environmental factors and disturbances over long time
periods. At larger geographic scales, climate and underlying
geology also affect riverine forest composition. Climate affects
precipitation patterns, relative humidity, and growing season,
while geology affects the type and rates of sediment delivery to
floodplains. Therefore, we expected that vegetation would vary
among physiographic provinces (e.g., Piedmont vs. Coastal
Plain), even within a given HGM type, but we were uncertain
how much composition might vary within a single, expansive
province like the U.S. Coastal Plain. Understanding this variabil-
ity would be useful for resource managers evaluating or tracking
the condition of riverine wetland resources.

Considering that hydrogeomorphology and geographic region
could potentially influence forest canopy composition, we under-
took an analysis of forest stand data representing three different
riverine subclasses in several recognized physiographic subregions
across the extensive Atlantic and Gulf Coastal Plain Physiographic
Province of the southeastern USA. Specifically, the study had
three primary objectives: (1) obtain comparative quantitative data
on canopy composition across the entire Coastal Plain Province,
(2) determine if canopy species composition differs significantly
among three a priori defined riverine subclasses, and (3) test
whether canopy composition differs significantly within the sub-
classes relative to recognized subregions of the Coastal Plain.
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Classification of Riverine Wetlands and Subregions

Given the potential importance of hydrodynamics to forest
species composition, we defined riverine wetland subclasses
using an HGM classification approach (Brinson 1993b;
Brooks et al. 2011; Tiner 2011), which links differences in
wetland hydrogeomorphology to differences in ecosystem
functions (Brinson 1993a). Three a priori subclasses were
defined related to stream order (sensu Strahler 1952): head-
water complex, mid-gradient floodplain, and low-gradient
floodplain (sensu Tiner 2011). Headwater complexes (1st to
3rd order) are fed primarily by groundwater. They are numer-
ous relative to higher order streams, constituting 70-90 % of
stream length in a typical Coastal Plain drainage basin
(Rheinhardt et al. 1999), and are critical source areas for
organic matter, invertebrates, and wood to downstream
reaches (Wipfli et al. 2007). Headwater complexes include
bayheads (sensu Monk 1966), which drain organic-rich,
nutrient-poor soils of flat, interstream divides. During normal
precipitation years, most headwater streams (1st to 3rd order)
flow throughout the winter but cease flowing in mid-summer
during periods of minimal precipitation and maximum evapo-
transpiration (Brinson et al. 2006) and under drought condi-
tions. Headwater streams coalesce to form larger, mid-
gradient streams (4th to 6th order), which in turn join addi-
tional streams to become even larger and more energetic rivers
(Strahler 1952). Ten to 30 % of stream length in a Coastal
Plain drainage network consists of mid-gradient and larger
low-gradient (> 6th order) rivers. In hydrologically unaltered
Coastal Plain stream networks, mid- to low-gradient reaches
inundate their floodplains in the late winter and early spring of
most years, and occasionally in the summer and fall during
and after tropical storms.

To define Coastal Plain subregions, we used the USDA
(2006) Major Land Resource Areas (MLRA), which are char-
acterized by similar patterns of soils, geology, climate, water
resources, and potential vegetation. These MLRA subregions
seemed like a reasonable scale at which to examine composi-
tional variability among floodplain forests.

Methods
Study Area

Data were collected from forested stands in the four largest of 12
MLRA subregions of the Coastal plain: Southern Coastal Plain
(SCP), Western Coastal Plain (WCP), Southern Mississippi
Valley Loess (MVL), and Atlantic Coast Flatwoods (ACF)
(Table 1, Fig. 1). Topographic relief across the study area ranges
from the extremely broad, flat, low-elevation, coastal terraces of
the Atlantic Coastal Plain to the moderately-hilly terrain of
north-central Alabama (elevations to 600 ft) in the Southern
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Table 1 Number of stands by HGM subclass and Major Land Resource Area (MLRA). Mid-gradient stands in the MVL region (n=2) were excluded
from the subclass analyses. Low-gradient stands of the SCP and ACF regions (=28 and 7) were combined for the subclass MRPP analysis

Headwater Mid-gradient Low-gradient Total stands MLRA ID MLRA Region Geographic Location

complex

26 12 28 66 234 Southern Coastal Plain (SCP)  Inner Coastal Plain of Atlantic & Gulf coasts

21 24 36 81 235 Western Coastal Plain (WCP)  Inner Coastal Plain of Texas and Arkansas

0 2 23 25 236 Southern Mississippi Valley =~ Mississippi Valley of Arkansas, Kentucky,
Loess (MVL) Tennesee, Mississippi, Louisiana

38 8 7 53 261 Atlantic Coast Flatwoods Outer Coastal Plain of Atlantic coast,
(ACF) exclusive of Tidewater region

85 46 94 225

Coastal Plain. Even across this varied upland landscape, stream
gradient is low (< 0.5 % slopes) (Rheinhardt et al. 1998),
especially among 4th and higher order streams.

Forest stand locations could not be located randomly, but
potential sampling locations were chosen to represent the vari-
ety of settings typical of stream networks in the geographic

regions studied. Some locations were suggested by local re-
source managers; others were known from previous vegetation
studies conducted by the authors and from locations identified
by the Carolina Vegetation Survey (http://cvs.bio.unc.edu/).
Other locations were located using remotely sensed data,
primarily the most recent aerial photography available.
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T T ke
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¢  Sample Stand Locations
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Fig. 1 Atlantic and Gulf Coastal Plain physiographic area, and locations of the 225 sampled stands within four major MLRA regions
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Field Data

Field data were collected at the scale of a stand, defined as an
area greater than one hectare and homogeneous with respect to
vegetation, cover type, and age. Sections of floodplain forests
that varied in age (e.g., time since last clearcut) were differen-
tiated as separate stands. The intent was to obtain quantitative
data to define and calibrate HGM functional assessment logic
models being developed to characterize functional capacity of
wetlands associated with riverine ecosystems (Wilder et al.
2013). Besides collecting data on canopy composition, a large
amount of additional quantitative data were collected on
stream channel characteristics, geomorphic attributes, soils,
amount and types of detritus, forest structure and age, the
number and cover of strata, and species composition of
subcanopy strata. A categorical score ranging from 1 to 5
was also assigned to each stand to represent the stand’s overall
condition, based on the type and intensity of a combination of
potential alterations listed on data sheets, and best professional
judgment (BPJ), as defined below. Both type and relative
intensity of alterations, when present, were used to calibrate
BPJ scores. The same field data sheets were used for all stands
and co-author Wilder spent time in the field with all the other
field crews to ensure that data collection protocols were iden-
tical, including decision-making used to determine BPJ
scores. A determination of BPJ condition was based on the
degree to which the following parameters had been altered:

(1) vegetation and forest structure (e.g., condition based on
stand age, extent of any missing or altered strata, extent
of invasive species cover, and presence and intensity of
forest silvicultural management);

(2) surrounding landuse (e.g., condition based on the width
and continuity of vegetated buffers and the extent of
impervious surfaces and area of non-forest cover in the
drainage basin);

(3) hydrologic regime (e.g., condition based on the presence
and intensity of hydrologic alterations, including the
intensity of channelization or channel incision deter-
mined by channel metrics, extent of floodplain drainage
due to artificial drainage channels, height of constructed
levees, and area of wetland fill or excavation);

(4) soil and substrate (e.g., condition based on soil proper-
ties, including the presence and intensity of soil compac-
tion and conversion to non-hydric soils due to drainage);

(5) detrital habitat (e.g., condition based on the prevalence
and size distribution of snags and down dead wood).

Old forest (> 75 years old) stands that had none of the
above alterations were assigned a BPJ condition score of 1.
Stands > 75 years old with only a minor alteration relative to
one of the above parameters and unaltered stands 50-75 years
old (mature) stands were assigned a BPJ score of 2. Stands
assigned BPJ scores of 1 or 2 were considered to be relatively

@ Springer

unaltered and potentially useful for examining the variation in
canopy composition among stands. Stands with moderate to
major alterations and stands younger than 50 years were
assigned BPJ scores ranging from 3 to 5, and were not used
in this study. Additional quantitative data were examined for
each stand to further cull stands. For example, BPJ-2 stands
were included only if the mean diameter of the nine largest trees
in the sample plots was > 30 cm DBH (diameter at 1.5 m).
Using the above criteria, 157 of an initial 340 stands sampled
by co-authors Rheinhardt, Wilder, and Williams met the criteria
for inclusion. Data from an additional 68 unaltered (BPJ-1)
stands were added to the data set, derived from similarly
sampled stands by Wilder and Roberts (2002), Klimas et al.
(2005), Noble et al. (2007), and Williams et al. (2010). Of the
225 stands used, 120 were BPJ-1 and 105 were BPJ-2.

All stand locations were recorded with a handheld GPS and
identified according to MLRA region. Through 2009, canopy
trees in each stand were sampled in three fixed, circular plots
11.3-m in radius (0.04 ha). Using this fixed-plot method, tree
species and DBH were recorded for every stem > 15 cm DBH
within the circular plots. After 2009, the combined Bitterlich-
rangefinder-circular quadrat method (sensu Levy and Walker
1971) was used to provide comparable data with less sampling
effort. With the Bitterlich method, an angle gauge (Relaskop,
prism, or Bitterlich stick) was used to tally stems > 15 cm
DBH, by species, while rotating the angle gauge 360° around
a given point. The number of canopy trees tallied using an
angle gauge was converted to basal area by multiplying the
basal area factor (BAF) of the gauge, usually 2 (BAF-2 m), by
the number of trees tallied. Tree density, by species, was then
obtained by counting stems > 15 cm DBH within a 10-m
radius circle (0.0314 ha) centered on the Bitterlich point. Only
trees > 15 cm DBH were included in tallies because we had
previously determined from extensive field work that almost
all stems < 15 cm DBH were in the understory of mature forest
stands (i.e., not in the canopy).

Data Analysis

For each stand, basal area of canopy trees (i.e., stems > 15 cm
DBH) were converted to relative basal area (RBA), by spe-
cies. Likewise, the number of canopy trees counted in each
circular plot was converted to density (stems/ha) and relativ-
ized, by species. Relative basal area and relative density were
then averaged to obtain an Importance Value (IV) (maximum
IV = 100) for each species. Data were analyzed using PC-
ORD software (McCune and Mefford 2011), including apply-
ing a Non-metric Multidimensional Scaling (NMS) ordination
to the data. Before ordinating, tree species were deleted from
the grand data matrix (of all subclasses) if they did not occur in
more than 5 % of stands in any of one the three subclasses.
This elimination of rare species was performed in order to
reduce noise and enhance the detection of ordination structure
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(McCune and Grace 2002). After species were removed, the
data matrices were re-relativized for depiction in tables, so that
total stand IV again equaled 100 %. Quantitative, explanatory
variables and species data were put in a second matrix, which
PC-ORD used to construct joint-plot vectors to show the
association between the explanatory variables and species
with the ordination axes. Potential explanatory variables for
each stand included mean DBH of three largest trees in each
plot, stand basal area of all canopy trees, stand density of all
canopy trees, stand basal area and density of all midstory trees
(stems 10-15 cm DBH), and IV for every species in the
ordination. BPJ was also used as a coding variable to deter-
mine if there was any relationship between BPJ and the
ordination position of stands.

NMS was performed on all stands combined to graphically
represent the variation among HGM subclasses, and then on
each subclass separately to show the variation among MLRA
regions within a subclass. Before ordinating by subclass, rare
species were deleted from the data matrix, i.e., those with
frequency < 5 % in the subclass. Each NMS analysis was
initially run in autopilot mode to determine the optimal num-
ber of axes to fit and the best starting configuration. The
ordination was then re-run manually with the recommended
number of axes and starting configuration to obtain the final
solution, using 500 iterations and a stability criterion of 107.
Final stress values ranged from 16.4 to 18.1, with 3-
dimensional solutions identified as optimal in all cases. A
joint-plot cutoff threshold value (r*) of 0.30 was used to
identify quantitative, explanatory variables or species IV
values that were correlated with the ordination axes. Values
that met the cutoff threshold were depicted as vectors (arrows)
originating at the centroid of each ordination diagram; how-
ever, only some species IV values met the threshold, whereas
the explanatory variables did not. Ordinations were then ro-
tated until the strongest (longest) vector was parallel to Axis 1
of the ordination diagram.

Multi-response permutation procedure (MRPP) in PC-
ORD was used to test for differences in canopy composition
among HGM subclasses, with rank-transformed relative
Sorensen distances used as the dissimilarity measure. Within
each HGM subclass, MRPP analyses were also used to test for
differences in composition among MLRA regions.
Contrasting comparisons were run by grouping subclass pairs
that were not found to be dissimilar (sensu De Caceres et al.
2010), but grouping was only warranted in one instance.

Results

In the 225 riverine stands sampled, 43 canopy species were
recorded with frequency of occurrence > 5 % within any of the
three subclasses (Table 2, Supplementary material Table Al).
Although varying in relative importance among subclasses,

five species tended to dominate or co-dominate stands in at
least one of the three HGM subclasses, i.e., they had an IV >
10 in more than 25 % of stands within a subclass: red maple
(Acer rubrum), swamp blackgum (Nyssa biflora), sweetgum
(Liquidambar styraciflua), sweetbay (Magnolia virginiana),
and overcup oak (Q. lyrata). In addition to these five species,
tulip poplar (Liriodendron tulipifera) co-dominated mid-
gradient stands in the SCP region, laurel oak co-dominated
all subclasses in the ACF, water tupelo (Nyssa aquatica) co-
dominated mid-gradient stands in the ACF, and Q. nigra co-
dominated mid-gradient stands in the MVL. A portion of the
remaining 34 canopy species, although widespread and not
consistently abundant, sometimes showed high dominance in
individual stands. For example, various oaks were locally
important: swamp chestnut oak (Q. michauxii), willow oak
(Q. phellos), cherrybark oak (Q. pagoda), and Nuttall oak (Q.
texana), as were ash species (Fraxinus spp.), bald cypress
(Taxodium distichum), American elm (Ulmus americana),
sycamore (Platanus occidentalis), loblolly pine (Pinus taeda),
and slash pine (P, elliottii). These species, particularly where
abundant, are likely responsible for some of the variation in
composition revealed by the ordination.

MRPP indicated that the three subclasses supported canopy
compositions that significantly differed from one another
(»<0.0000003, t = —26.25). In the NMS ordination (Fig. 2),
headwater stands differed from low-gradient stands on Axis 2,
with mid-gradient stands intermediate in composition between
the two and differentiated along Axis 1. Based on joint-plot
vectors (Fig. 2), swamp blackgum (Nb) and sweetbay (Mv)
were more important in headwater stands, while sweetgum
(Ls) was more important in the mid- and low-gradient stands
differentiated by Axis 1.

Given that the three HGM subclasses differed in composi-
tion, MRPP and NMS were run on each subclass to examine
the variation among MLRA regions (Fig. 3) and between BPJ
scores (1 vs. 2). Headwater stands sampled in three MLRA
regions (SCP, ACF, and WCP) differed significantly from one
another (MRPP, p<0.00015, #=-19.18), but not by BPJ score
(p=0.478, t=0.155). In the NMS ordination, headwater stands
in the ACF region were strongly differentiated from stands in
the WCP region on Axis 2 (Fig. 3a), with SCP stands tending
to separate along Axis 1. The associated joint plot showed that
sweetbay (Mv) had greater importance in WCP stands, where-
as swamp blackgum (Nb) and sweetgum (Ls) varied negative-
ly with one another relative to the distribution of stands along
Axis 1.

For mid-gradient stands, the same three MLRA regions
differed significantly from one another (MRPP, p<0.00046,
t=-11.09), but not by BPJ score (p=0.065, t=-1.654). The
NMS ordination (Fig. 3b) differentiated SCP from WCP
stands on Axis 2, with separation of less-numerous ACF
stands along Axis 1. The joint-plot vectors suggested that
red maple (Ar) had greater importance in SCP stands, while
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Table 2 Characteristics of HGM subclasses by MLRA region and Im-
portance Values (IV) of dominant and co-dominant canopy species. See
Supplementary material Table Al for IVs of all species in all stands.

‘Largest trees’ are the 3 largest in each of 3 plots in each stand. MLRA
abbreviations as in Table 1

HGM Subclass

Headwater complex

Mid-gradient

Low-gradient

MLRA region SCP ACF WCP MVL SCP  ACF WCP MVL SCPACF  WCP
No. of Stands 26 38 21 2 12 8 24 23 35 36
Canopy basal area (m2/ha) 349 30.2 28.7 26.3 286  36.1 28.2 324 332 253
Mean DBH of largest trees 47 45 47 52 49 53 51 50 52 51
Canopy Density (no. stems/ha) 426 369 318 275 308 393 294 359 306 270
MidBA (m2/ha) 33 59 2.0 4.1 3.1 52 4.1 55 4.1 4.7
Midcanopy density (no. stems/ha) 269 543 179 375 250 573 357 479 317 395
Nyssa biflora Walter 31.0 17.3 19.5 3.8 9.0 13.7 11.7 1.0 7.9 5.0
Magnolia virginiana L. 12.2 1.0 17.4 - 0.6 5.6 1.4 - 0.8 -
Acer rubrum L. 12.1 17.8 4.6 33.1 16.6 7.8 2.1 11.6 11.6 0.7
Liquidambar styraciflua L. 9.3 10.2 17.9 14.2 25.8 11.4 219 17.9 14.2 16.0
Quercus laurifolia Michx. 2.1 12.5 - - 8.5 304 - - 13.5 -
Liriodendron tulipifera L. 72 2.1 - 8.0 12.6 - 1.5 2.8 -
Nyssa aquatica L. 2.8 32 0.5 - - 10.8 - 9.8 7.9 0.3
Quercus nigra L. 0.9 1.0 43 12.3 0.5 2.5 6.2 6.0 1.6 6.4
Quercus lyrata Walter 04 0.3 0.1 - 0.7 0.1 54 1.7 2.9 234
Other spp. 220 0.0 346 00 359 28.6 25.6 17.6 51.2 50.4 36.8 48.1
sweetgum (Ls) had greater importance in both SCP and WCP
NMS All Riverine Stands stands and less importance in ACF stands.
. Analysis of low-gradient stands encompassed four sub-
Su.hi:‘a:s i regions. An initial MRPP analysis did not distinguish compo-
Alg = . sition between the SCP (n=28) and ACF (n=7) stands
¢ Hw v . . (»p=0.47, t=0.07), so the two regions were grouped for sub-
i Sl . sequent tests. The grouped SCP/ACF region differed from the
* - s . x WCP and MVL regions (p<0.0057, t=-14.2) and by BPJ
. * be : b ot score (p=0.0003, t=-5.492). In the NMS ordination
* Lane " ,:‘:.ﬁh LIV e, o (Fig. 3¢), the SCP/AFC group was differentiated from WCP
~| o, i o WY AJM" F 29 ..'2‘ 5 . stands, with less clear separation of MVL stands. The joint-
% o @ f 6‘ - s . }'—s ‘0. e A plot V?CtOI’ suggested that sweetgum (L.s) had greater i.mpor-
A A Le, o :;. Py N A oA ‘; A tance in WCP and MVL stands on the right end of Axis 1.
A
A ': t Y4 Discussion
A A A -
A a4 e ° This study comprises the largest compilation of quantitative
A & & data describing the canopy composition of riverine forests
A across the southeastern U.S. Coastal Plain. Our conclusion
= -~ that the forest canopy composition varies with HGM riverine

Fig. 2 NMS ordination of canopy composition in three riverine HGM
subclasses across the Atlantic and Gulf Coastal Plains. Joint-plot vectors
(arrows), show the direction and relative correlation strength between species
IV values and the ordination axes, relative to a threshold of 72=0.30. Tick
mark intervals represent 12.5 % of the axis range, which were relativized to
the maximum ordination score. Abbreviations: Hw headwater complex, Mg
mid-gradient floodplains, Lg low-gradient floodplains, Mv Magnolia
virginiana, Nb Nyssa biflora, Ls Liquidambar styraciflua
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subclass, even across such a spatially expansive physiograph-
ic region, supports the premise that hydrogeomorphology is
an important factor controlling ecological processes (sensu
Brinson 1993a). To our knowledge, no prior studies have
explicitly tested the extent to which various HGM subclasses
differ in species composition over such an extensive geo-
graphic region, or to what extent composition differs within
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Fig. 3 NMS ordinations of canopy composition in each HGM subclass,
coded by MLRA region (see Table 1). a Headwater complexes. b Mid-
gradient floodplains. ¢ Low-gradient floodplains. MLRA abbreviations:
SCP Southern Coastal Plain, ACF Atlantic Coast Flatwoods, WCP West-
ern Coastal Plain. Joint-plot vectors and species abbreviations as in Fig. 2,
plus Ar = Acer rubrum

an HGM subclass among sub-regions within a particular
physiographic province. To the extent that HGM subclass
and MLRA region represent variations in climate, hydrologic
regime, and soils, we can infer how these differences might be
related to the compositional patterns we observed.

The stream networks we sampled range from groundwater-
driven headwater complexes, where surficial soils tend to be
saturated for much of the year, to overbank-flow dominated
floodplains of low-gradient (> 6th order) rivers, where flood-
plains tend to flood for long durations in the spring, but are dry
throughout much of the remaining growing season. These
hydrogeomorphically-mediated differences can explain the
separation of headwater (1st to 3rd order) and low-gradient
stands in the full ordination of Coastal Plain stands. The
intermediate ordination positions of mid-gradient (4th—6th
order) stands may reflect their intermediate hydrologic status,
i.e., by the effects of groundwater saturation and shorter-
duration overbank flooding regime. These differences in hy-
drologic regime are likely a primary reason for the variation
among HGM types across the broader Coastal Plain region.
Overlap among HGM types in composition likely reflects
overlap in hydrologic regime among hydrogeomorphic clas-
ses, i.e., hydrologic regime varies within all three HGM types,
but geomorphology restricts the extent of this variation.

Within an HGM subclass, the variation among MLRA
regions may reflect the criteria used to classify the MLRA
regions: soils, climate, and potential vegetation. One might
expect a wide range of edaphic variation to occur across such
an extensive physiographic region and composition within an
HGM type did vary relative to regional differences. Even so,
stands within a given HGM type were remarkably similar in
composition relative to other HGM types.

For the most part, our results of canopy species affiliations
within hydrogeomorphically different reaches of a stream net-
work both support and build upon prior studies. For example,
although laurel oak occurs throughout the Coastal Plain from
Virginia to East Texas (Little 1977; Burns and Honkala 1990),
the available literature has not generally indicated that the
species is more prevalent in the Atlantic Coast Flatwoods
region (where it co-dominated in all HGM subclasses) than
elsewhere in the Southeast. In fact, we found that laurel oak
was relatively unimportant in other MLRAs of the Coastal
Plain. In contrast to laurel oak, we found that some species
commonly co-dominated only particular subclasses and/or re-
gions. For example, sweetbay never co-dominated stands in
overbank-flow dominated floodplains (mid- and low-gradient
subclasses), but it commonly co-dominated headwater stands
in all MLRA regions, except the Flatwoods region. Similarly,
overcup oak was a common co-dominant (IV>10) only in low-
gradient stands in the Western Coastal Plain, rarely co-
dominated stands in other mid- and low-gradient stands in other
regions, and never co-dominated stands in the headwater sub-
class of any MLRA region (Supplementary material Table A1).
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Likewise, tulip poplar occasionally co-dominated headwater
stands of the Atlantic Coast Flatwoods and headwater and
mid-gradient stands of the Southern Coastal Plain; however, it
rarely or never co-dominated stands elsewhere (Supplementary
material Table Al).

Swamp blackgum (N. biflora) is common in Southeastern
swamps and often overwhelmingly dominates stands with long
hydroperiods. It is generally considered to be important in
shallow backswamps of alluvial forests and in non-alluvial
depressions and flats (Burns and Honkala 1990). In this study,
swamp blackgum was important in mid-gradient reaches of the
Atlantic Flatwoods and Western Coastal Plain regions and par-
ticularly prevalent (and important) in headwater reaches of all
Coastal Plain regions. Locations of stands were not randomly
chosen, but neither were blackgum stands preferentially sought
for sampling. Thus, it is possible that swamp blackgum is more
important in headwater reaches than is generally recognized.

Water tupelo (N. aquatica) is associated with even longer
hydroperiods than swamp blackgum (Hook and Brown 1973;
Burns and Honkala 1990). The species is generally associated
with backswamps and abandoned channels of large river
systems. However, although water tupelo was more prevalent
in low-gradient stands (21 %) in this study, it occurred in all
three subclasses (Supplementary material Table A1), often as
an overwhelming dominant. Again, although stand locations
were not randomly chosen, our results suggest that water
tupelo may be more prevalent in headwater and mid-
gradient reaches than generally acknowledged.

There were complementary advantages and limitations to
the analytical approaches used in the study. Mean [Vs (Table 2)
provided a characterization of central tendencies, but could not
adequately describe the more complex underlying variation in
IV among all species (see Supplementary material Table Al).
MRPP tested whether pre-defined groupings exhibited major
compositional differences, which to some extent obscures the
overlapping variation that might be expected along continuous
gradients. In contrast, the NMS ordinations were useful for
visualizing the more continuous relative similarities and dis-
similarities within stream networks and among geographic
regions. Taken together, these tools were useful in characteriz-
ing the relationships in canopy composition among floodplains
in stream networks in the Coastal Plain.

Management Applications

Because the canopy stratum comprises > 90 % of the biomass
of a floodplain forest, it is not unreasonable to presume that
canopy species composition is important to the functioning of
floodplain forests, particularly biogeochemical and habit func-
tioning. The canopy composition of mature forests also inte-
grates environmental conditions that have occurred over long
time periods. For these reasons, canopy composition and
forest maturity are often identified as potentially important
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indicators of forest health, productivity, and habitat potential.
This suggests that a quantitative measure of canopy composi-
tion would be useful in reference-based assessments such as
the HGM approach (Brinson 2009; Smith et al. 1995), where
site condition is determined relative to a range of reference
wetland conditions exhibited by a regional subclass. In this
study, data on the canopy component of mature and older
floodplain forests (> 50 y old) were useful for quantifying
the variation in composition across a large geographic area
and for defining floristic standards that could be useful in
evaluating ecosystem condition.

The geographic ranges for species associated with HGM
subclass and MLRA region should be taken into account when
evaluating forest condition in HGM assessments. Likewise,
species that are widespread, but only locally important, should
also be given consideration when determining reference con-
ditions. For example, bald cypress is locally abundant where
hydrologic conditions are suitable. Similarly, depending on
local environmental conditions, overcup oak, willow oak, and
swamp chestnut oak are sometimes locally abundant in the
canopy. The overlap exhibited by stands in the ordination
diagrams shows how widely canopy composition varies across
the Coastal Plain, even within a subclass and MLRA region,
and so any evaluation of condition based on floristic reference
conditions must be flexible enough to integrate this variability.

In this study, nine canopy species could be associated as
potential co-dominant species for particular subclasses and/or
MLRA regions. The relative importance of these species could
be used to help characterize floristic condition, particularly
when setting standards for regional subtypes within a
hydrogeomorphic subclass. For example, laurel oak would
not be useful for defining standards in the Western Coastal
Plain region because it was not found in any of the stands
sampled there. Likewise, sweetbay might not be an appropriate
indicator in headwater reaches of the Atlantic Flatwoods region
(except for pocosin drainages) because it rarely co-dominated
there. Nonetheless, results of this study could be used to
customize standards for evaluating canopy floristic condition
by MLRA region and HGM subclass, as long as potential
variations in composition are integrated. In designing restora-
tion plans, the entire suite of species identified in this study,
relative to HGM subclass and MLRA region, should be con-
sidered when planning floodplain forest restoration projects.
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