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Abstract

Reforestation of bottomland hardwood sites in the southeastern United States has markedly increased in recent
years due, in part, to-financial incentives provided by conservation programs. Currently > 250,000 ha of mar-
ginal farmland have been returned to hardwood forests. I observed establishment of trees and shrubs on 205
reforested bottomlands: 133 sites were planted primarily with oak species (Quercus spp.), 60 sites were planted
with pulpwood producing species (Populus deltoides, Liquidambar styraciflua, or Platanus occidentalis), and 12
sites were not planted (i.e., passive regeneration). Although oak sites were planted with more species, sites planted
with pulpwood species were more rapidly colonized by additional species. The density of naturally colonizing
species exceeded that of planted species but density of invaders decreased rapidly with distance from forest edge.
Trees were shorter in height on sites planted with oaks than on sites planted with pulpwood species but within a
site, planted trees attained greater heights than did colonizing species. Thus, planted trees dominated the canopy
of reforested sites as they matured. Planted species acted in concert with natural invasion to influence the current
condition of woody vegetation on reforested sites. Cluster analysis of species importance values distinguished
three woody vegetation conditions: (1) Populus deltoides stands (2) oak stands with little natural invasion by
other tree species, and (3) stands dominated by planted or naturally invading species other than oaks. Increased
diversity on reforested sites would likely result from (a) greater diversity of planted species, particularly when
sites are far from existing forest edges and (b) thinning of planted trees as they attain closed canopies.

Introduction

Over 10 million ha of bottomland hardwood forest
once covered the Mississippi Alluvial Valley. Cur-
rently, only 24% (2.6 million ha) of this vast forest
remain within a highly fragmented landscape domi-
nated by agriculture (Rudis 1995; Twedt and Loesch
1999). Altered hydrology and unwise forest manage-
ment have degraded many of the forest fragments
(Gosselink and Lee 1989).

Government {(e.g., U. S. Department of Agriculture,
U. S. Fish and Wildlife Service, and state wildlife
agencies) and private organizations (e.g., Ducks Un-
limited and The Nature Conservancy) have increased

public awareness of the ecological and economic
benefits of bottomland hardwood forests. Increased
value placed on forested wetlands has led to govern-
ment programs, particularly the Wetland Reserve
Program (U. S. Department of Agriculture), that pro-
vide financial incentives to restore forested wetlands.
Some reforestation has targeted wildlife habitat under
the auspices of conservation agencies, whereas other
reforestation has been undertaken to provide forest
products or to sequester. carbon. As of 2002,
> 250,000 ha have been reforested (Stanturf et al.
1998; updated by R. Wilson, Lower Mississippi Val-
ley Joint Venture) with additional reforestation likely
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to add > 100,000 ha to this total (Stanturf et al.
2001).

The objectives of reforestation vary among land-
owners and among target sites; reforestation methods
are influenced by these restoration objectives. Al-
though reforestation of bottomland hardwoods is
uniquely undertaken on each site, I categorized initial
establishment of reforested sites among three meth-
ods: (1) passive reforestation, (2) planting predomi-
nately heavy-seeded tree species — either as seeds
(acorns) or seedlings, and (3) planting predominately
fast-growing, early-successional tree species — either
as stem cuttings or seedlings.

In passive reforestation, managers simply restrict
future disturbance on the site — usually by terminat-
ing agricultural practices. On these sites, managers
depend upon the vagility of colonizing species and
therefore they cannot dictate the initial composition

of the forest. This inability to influence species com-

position likely contributes to the rarity of passive re-
forestation on bottomland sites. Passive reforestation
is usually restricted to sites where managers deem
existing seed banks or nearby seed sources are suffi-
cient (both in species and numbers) to ensure
adequate colonization of the site. Although passive
reforestation is initially less expensive than “active”
reforestation, economic considerations have not en-
couraged passive reforestation. Indeed, in some cases,
managers setback advanced regeneration of woody
species obtained through passive reforestation by
mowing, disking, or herbicide application and plant
propagules of different species on these sites (pers.
obs.).

The most common reforestation method on bot-
. tomland sites has been to plant seedlings (or seeds)
of heavy-seeded trees (King and Keeland 1999). The
species planted were predominately oaks (Quercus
spp.), although on some sites additional planted spe-
cies included: Carya illinoensis, Taxodium distichum,
Fraxinus pennsylvanica, or Diospyros virginiana.
These species were emphasized at planting due to
their: (1) presumed limited dispersal capabilities, (2)
importance to wildlife species (e.g., mast crops), and
(3) high timber value (Allen and Kennedy 1989).
Furthermore, managers have assumed that light-
seeded tree species will naturally establish in these
“heavy-seeded” plantations and ultimately result in a
diverse forest.

Reforestation using fast-growing, “pulpwood pro-
ducing” tree species, such as Populus deltoides or
Platanus occidentalis, has most often occurred on

sites managed by private timber companies (Twedt
and Portwood 1997). After thorough site preparation,
these sites are planted at densities as high or higher
than when reforesting with heavy-seed species. Rapid
development of planted pulpwood species is encour-
aged by chemical (Ezell and Chachot 1998) and me-
chanical (Kennedy and Henderson 1976) weed
suppression during the first one or two years after
planting.

Reforested bottomland hardwood sites have differ-
ent habitat qualities and species compositions at dif-
ferent seral stages. Thus, their contribution to
conservation goals is dynamic (Hamel et al. 2001;
Twedt et al. 2002). Despite the importance of under-
standing this process, no long-term monitoring pro-
gram documents the temporal changes in forest
structure on variously forested sites. Thus, as a first
step toward assessing forest development on refor-
ested bottomlands, I used a chronosequence approach
to assess tree and shrub colonization on reforested
sites of different ages within the Mississippi Alluvial
Valley and its adjacent minor river bottomlands. My
objectives were to: (1) quantify density and develop-
ment of planted species, (2) determine the extent of
tree and shrub colonization on reforested bottomland
sites by naturally invading species, and (3) contrast
forest development and diversity among different
methods of reforestation.

Methods
Study areas

I surveyed 205 reforested sites in six states: Arkansas
(n = 21), Kentucky (n = 25), Louisiana (n = 36),
Mississippi (n = 113), Missouri (n = 6), and Tennes-
see (n = 4). Ten reforested sites in Louisiana and
Mississippi were surveyed during 1997. During 1998,
I surveyed an additional 150 sites randomly selected
from databases maintained by USGS Patuxent Wild-
life Research Center, Lower Mississippi Valley Joint
Venture, and Yazoo National Wildlife Refuge Com-
plex. Even though I sought to ensure a diversity of
stand ages by stratifying selections between older
(> 7 years old) and younger (=7 years old) stands,
most stands surveyed during 1998 were oak-domi-
nated plantations that were = 10 years old. There-
fore, during 1999, I sought help from public and
private land managers to locate older-aged stands and
sites planted with species other than oaks. As a result
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Figure 1. An example of transect and sample point locations used to survey reforested sites. Note transect conformity to site configuration

and distance to nearest mature forest.

of these solicitations, I surveyed an additional 45 sites
during 1999.

The method of reforestation used on each study site
was determined by a land manager based on refores-
tation objectives and local site conditions (e.g., soil,
hydrology, etc.). Therefore, reforestation methods
were not randomly applied to study sites. Because re-
forestation methods were applied, in part, based on
local conditions, readers should use caution when ex-
trapolating these findings to other reforestation sites.

Sampling

While trees had leaves (Apr — Oct), I sampled tree
and shrub abundance along transects that ran from the
edge nearest mature forest into the interior of refor-
ested sites (Figure 1). Usually, two transects 500 m
long and = 200 m apart were established, but this re-
quired sites > 30 ha. Some sites were << 30 ha or had
dimensions (e.g., sites <300 m in length) that
resulted in variation in the number and length of
transects (Figure 1). Thus, the total area surveyed
varied slightly on some sites.

Along each transect, I measured vegetation in
0.002-ha (2.5 m radius) circular plots at distances of
10, 20, 30, 40, 50, 75, and 100 m, and at 50 m inter-
vals thereafter, to 500 m. Additional vegetation mea-
surements were obtained within 0.04-ha (11.3 m

radius) circular plots at distances of 100 m and 250
m along each transect. Because I was interested in
colonization relative to distance from seed source, I
estimated and recorded the distance to the nearest
forest edge at each vegetation plot: usually this was
the point of transect origin (Figure 1).

Within all circular plots, I identified, counted, and
measured the height of all trees and shrubs (woody
stems) = 0.5 m in height. I did not count or measure
heights of vines. Instead, within each 0.04-ha plot I
categorically ranked, from O (none) to 4 (dense), the
cover of five common vines (Campsis radicans, Am-
pelopsis arborea, Toxicodendron radicans, Partheno-
cissus quinquefolia, and Bignonia capreolata), and
the combined cover of all other woody vines. Simi-
larly, I ranked the cover of three herbaceous species:
coffeeweed (Sesbania exaltata), goldenrod (Solidago
species), and broom sedge (Andropogon virginiana).
I was interested in these herbaceous species, as well
as vines, because they may be abundant and form
seeming monocultures on reforested bottomlands.
Dense herbaceous cover may inhibit recruitment and
development of woody species through allelopathy
(Rice 1972; Bramble et al. 1996) or competition (e.g.,
light, water, or nutrients).

I obtained data on the species planted and the den-
sity of planting for each reforested site from land
managers. Considering each site independently, all
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species not planted were considered ‘natural coloniz-
ers’ whereas trees were categorized as ‘planted’ if
they were of the same species as planted on the site.
An exception was that all trees <2 m tall on sites
> 12 years old were categorized as natural coloniz-
ers. Based on the species planted, I assigned each re-
forested site to one of three reforestation methods:
passive, oak dominated planting, or pulpwood domi-
nated planting.

Statistical analysis

Because the total area surveyed varied among refor-
ested sites, I used rarefaction analysis (Krebs 1989)
as implemented using program PAST (Hammer et al.
2001) to predict the number of species expected with
equal sampling. Rarefaction analysis produces distri-
bution-free measures of species richness, that are
standardized to a specified sample size. This provided
richness estimates, unbiased by sample size, that al-
lowed for direct comparisons between methods (Birks
and Line 1992). I compared the number of woody
species observed within each method of reforestation
with the predicted number of species based on the
number of individuals surveyed.

Mean species richness (S), Shannon diversity

(H = =2 [p;* Inp;], Greig-Smith 1983), and even-
ness(E=H’/In[S]) of woody species were com-
pared among methods of reforestation using analysis
of covariance (ANCOVA) with stand age as the co-
variate. Using ANCOVA, I also compared differences
in height of woody stems and stem densities between
planted and natural colonizing species. I was most in-
terested in assessing the height of the dominant
canopy trees, not the average height of all trees nor
the height of the tallest tree. Therefore, I compared
the tree heights at which 10% of all sampled trees
were taller (i.e., the 90t percentile). Because distance
from seed source was expected to influence recruit-
ment of woody stems, I used linear regression to re-
late distance from seed source to density of naturally
colonizing tree species.

An importance value (IV) was determined for each
species within each reforested site and used in cluster
analysis (Gauch 1982) to group sites with similar
woody species characteristics. Importance values
were calculated from each species’ relative frequency
(rf), relative density (rd), and relative height (rh) as:
IV = (rf + rd + rh) x 100 (modified from Curtis and
McIntosh 1951). The proportion of the total (fre-

quency, density, or height) for each site that was con-
tributed by a species was that species relative value.
For example, if Quercus nigra was encountered on 10
sample plots out of 30 total plots, it’s relative
frequency was 0.33.

I used indicator species analysis (Dufréne and
Legendre 1997) to identify species that characterized
each of three groups identified by cluster analysis.
This procedure assigned an indicator value to each
species based on its frequency of occurrence (i.e., the
number of sites on which it was detected) and the
number of individuals recorded (i.e., density). Species
were considered indicative of a group when the ob-
served indicator value exceeded the indicator value
from less than 1% of randomized trials (p < 0.01).

Results
Planted species

Reforested sites ranged in age from 2 to 34 years.
Average area of reforested sites was 33 £ 3 ha (mean
* SE). Twelve sites were passively reforested with
no trees planted, 60 sites were planted predominately
with pulpwood species, and 133 sites were planted
primarily with oaks. Although 28 species were used
in reforestation, oaks (Quercus spp.) were most com-
monly planted (Table 1). Of 133 sites planted
predominately to oaks, Q. nuttallii was planted on
106 sites, Q. nigra on 99 sites, and Q. phellos on 87
sites. Two other heavy-seeded species, Q. pagoda and
Carya illinoensis were planted on 42 and 33 sites, re-
spectively. Eight additional oak species were each
planted on = 10 sites. Three non-oak species were
planted on = 10 oak dominated sites: Fraxinus penn-
sylvanica (20 sites), Diospyros virginiana (12 sites),
and Taxodium distichum (10 sites). Eleven other spe-
cies were each planted on =5 sites (Table 1).

Of the 60 sites planted predominately with light-
seeded, pulpwood producing species, most were
planted with a single species: Populus deltoides (30
sites), Platanus occidentalis (18 sites), and Liquidam-
bar styraciflua (13 sites). Surprisingly, Q. nuttallii
was also planted on nine of these sites. On some sites,
Q. nuttallii was included within a mix of species
planted during initial establishment, whereas on other
sites it was “under-planted” 1 or 2 years after the
stand was established (Twedt and Portwood 1997).
Five other species were planted on =4 sites (Table
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Table 1. Number of sites on which each tree species was planted from 133 sites planted predominately with oaks and 60 sites planted with
pulpwood producing species in the Mississippi Alluvial Valley. Passive reforestation, where no trees were planted, was undertaken on 12

additional study sites.

Species Common Name Oak sites Pulpwood sites
n =133 n =60
Carya illinoensis Sweet pecan 33 1
Cercis canadensis Redbud 1 0
Celtis laevigata Sugarberry 5 0
Diospyros virginiana Persimmon 12 0
Fraxinus pennsylvanica Green ash 20 4
Liquidambar styraciflua Sweetgum 3 13
Morus rubra Red mulberry 1 0
Nyssa aquatica Swamp Tupelo 3 1
Nyssa sylvatica Blackgum 3 0
Platanus occidentalis American sycamore 2 18
Populus deltoides Eastern cottonwood 1 30
Prunus serotina Black cherry 1 0
Quercus acutissima Sawtooth oak 6 0
Quercus alba White oak 3 0
Quercus pagoda Cherrybark oak 42 0
Quercus lyrata Overcup oak 9 1
Quercus michauxii Swamp chestnut oak 4 0
Quercus nigra Water oak 99 0
Quercus nuttallii y Nuttall oak 106 9
Quercus palustris Pin oak 6 0
Quercus phellos Willow oak 87 0
Quercus shumardii Shumard oak 10 0
Quercus stellata Post oak 1 0
Quercus virginiana Live oak 1 0
Taxodium distichum Baldcypress 10 2
Ulmus americana American elm 1 0
Ulmus crassifolia Cedar elm 1 0

1), usually as a site specific compliment to the more
numerous pulpwood species.

Species richness

Over all surveyed sites, I found 64 species of trees
and shrubs (Table 2). Similar numbers of species were
on sites planted with pulpwood species (52 species)
and oaks (54 species), despite surveying over twice
as many sites planted with oaks. Only 25 species were
encountered on the sparsely surveyed passive refor-
estation sites.

Because the study area ranged widely in latitude,
species were not ubiquitous across the study area.
Thus, woody species were not random colonizers on
these sites. Indeed, rarefaction analysis indicated
fewer species than expected were encountered on
sites of all three reforestation types. Based on the
number of individuals sampled, a random distribution
of species should have resulted in detection of 62 =

1 species on both oak sites and pulpwood sites and
49 = 2 species on passively reforested sites.

The number of species detected on individual re-
forested sites ranged from 1 to 20. Because, the num-
ber of woody species detected increased with stand
age (¥ = 0.22, P < 0.01), I used age as a covariate
when comparing species richness among the three re-
forestation methods. After adjustment for age, fewer
species of trees and shrubs (F, ,,, = 7.04, P < 0.01)
were detected within pulpwood sites (8.1 % 0.5) than
within oak sites (10.5 £ 0.3). However, species
richness increased by only 1.7 = 0.7 (t = 2.31, P =
0.03) species every 10 years on oak sites, whereas on
pulpwood sites 4.4 = 0.9 (t = 5.10, P < 0.01) spe-
cies were added every 10 years (Figure 2). When ad-
justed for age, both Shannon diversity (F, ,,; = 17.9,
P < 0.01) and species evenness (F, ,5; = 23.1, P

< 0.01) were greater within oak sites (H> = 1.74 =
0.04; E = 0.78 %= 0.01) than within pulpwood sites
(H’ = 1.26 = 0.07; E = 0.61 = 0.02).
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Table 2. Trees and shrubs found on 205 reforested bottomland hardwood sites within the Mississippi Alluvial Valley and it’s adjacent minor
bottomlands.

Species Percent of sites Percent of trees Mean impor-
Oak sites Pulpwood Passive sites  Oak sites Pulpwood Passive sites ?1121(;? value
sites sites
n = 133 n = 60 n=12 n = 31687 n = 26762 n = 2371
Acer negundo 42.1 61.7 16.7 7.4 6.3 0.3 20.4
Acer rubrum 323 28.3 16.7 1.6 13.1 0.1 11.3
Acer saccharinum 5.3 21.7 0.0 2.7 32 0.0 54
Acer saccharum 0.8 1.7 0.0 < 0.1 <0.1 0.0 B 0.2
Albizia julibrissin * 0.8 0.0 0.0 <0.1 0.0 0.0 0.1
Alnus serrulata 0.0 1.7 0.0 0.0 0.4 0.0 0.3
Amorpha fruticosa ** 3.0 0.0 0.0 0.1 0.0 0.0 0.2
Asimina triloba 0.0 33 0.0 0.0 0.1 0.0 0.2
Baccharis halimifolia 2 323 33 33.3 1.9 <0.1 4.8 ) 8.6
Betula nigra 2.3 15.0 0.0 0.5 04 0.0 1.6
Broussonetia papyrifera * 0.0 1.7 0.0 0.0 <0.1 0.0 0.1
Callicarpa americana >* 0.0 1.7 0.0 0.0 <0.1 0.0 0.1
Carpinus caroliniana 0.0 33 0.0 0.0 0.1 0.0 0.2
Carya aquatica 5.3 11.7 0.0 0.1 0.1 0.0 0.2
Carya illinoensis 32.3 25.0 41.7 1.1 0.8 0.8 6.7
Carya species 2.3 18.4 0.0 <0.1 0.1 0.0 0.1
Cercis canadensis . 00 1.7 0.0 0.0 <0.1 0.0 0.1
Celtis laevigata * 52.6 65.0 58.3 55 9.6 59 244
Cephalanthus occidentalis * 27.1 21.7 16.7 1.4 1.9 0.2 6.6
Cornus florida ** 0.0 6.7 0.0 0.0 0.1 0.0 0.3
Cornus species >* 18.8 31.7 0.0 1.4 1.2 0.0 5.2
Crataegus species >* 28.6 21.7 41.7 1.6 0.2 1.4 2.5
Diospyros virginiana 68.4 35.0 83.3 2.5 0.6 1.8 13.8
Forestiera acuminata ** 4.5 6.7 0.0 04 0.5 0.0 1.2
Fraxinus pennsylvanica 81.2 75.0 100.0 17.9 10.6 68.9 60.7
Gleditsia aquatica 1.5 0.0 0.0 < 0.1 0.0 0.0 0.1
Gleditsia triacanthos 29.3 25.0 41.7 0.8 0.6 04 1.2
llex decidua ** 27.1 46.7 16.7 1.5 14 0.4 4.7
Juniperus virginiana * 4.5 6.7 16.7 0.1 0.2 0.1 1.0
Liquidambar styraciflua 50.4 583 41.7 7.9 14.8 2.5 31.2
Liriodendron tulipifera 0.0 8.3 0.0 0.0 0.1 0.0 0.4
Morus rubra ** 1.5 11.7 0.0 < 0.1 0.1 0.0 0.5
Myrica cerifera 0.8 0.0 0.0 02 0.0 0.0 0.3
Nyssa aquatica * 0.8 0.0 0.0 <0.1 0.0 0.0 0.1
Nyssa sylvatica * 2.3 6.7 0.0 <0.1 <0.1 0.0 0.3
Pinus taeda 3.0 33 0.0 <0.1 0.3 0.0 0.5
Planera aquatica 0.8 3.3 0.0 0.3 0.1 0.0 0.7
Platanus occidentalis 15.0 60.0 25.0 0.9 7.7 0.4 18.7
Populus deltoides 18.8 60.0 8.3 2.6 14.3 <0.1 37.8
Prunus serotina * 0.0 6.7 0.0 0.0 <0.1 0.0 0.2
Quercus acutissima > 1.5 0.0 0.0 <0.1 0.0 0.0 0.1
Quercus alba 0.8 0.0 0.0 <0.1 0.0 0.0 0.1
Quercus pagoda 233 1.7 0.0 1.3 0.0 0.0 8.6
Quercus lyrata 13.5 15.0 0.0 0.2 0.2 0.0 1.6
Quercus michauxii 4.5 0.0 .00 0.1 0.0 0.0 0.3
Quercus nigra 65.4 18.3 41.7 72 0.5 0.4 252
Quercus nuttallii 79.7 28.3 333 10:2 1.1 1.1 40.7
Quercus palustris 4.5 8.3 0.0 0.6 0.1 0.0 4.6
Quercus phellos 59.4 133 25.0 3.0 0.2 0.2 13.7
Quercus rubra 0.0 5.0 0.0 0.0 0.1 0.0 0.2
Quercus shumardii 3.0 0.0 0.0 0.1 0.0 0.0 0.7
Quercus stellata 2.3 3.3 0.0 0.1 <0.1 0.0 7.7

Rhus species >* 3.0 13.3 8.3 0.3 1.5 1.0 2.0



Table 2. Continued.

257

Species Percent of sites Percent of trees Mean impor-
Oak sites Pulpwood Passive sites  Oak sites Pulpwood Passive sites Eiail/";? value
sites sites
n = 133 n = 60 n=12 n = 31687 n = 26762 n = 2371
Robinia pseudo-acacia 6.8 0.0 8.3 0.1 0.0 0.1 0.5
Sabal minor * 6.8 0.0 0.0 0.7 0.0 0.0 14
Salix nigra 32.3 18.3 16.7 9.3 04 0.2 8.7
Sambucus canadensis ** 0.8 0.0 0.0 0.1 0.0 0.0 0.1
Sapium sebiferum >* 4.5 0.0 0.0 0.3 0.0 0.0 0.6
Styrax americana ? 0.8 1.7 0.0 <0.1 <0.1 0.0 0.1
Taxodium distichum 12.8 10.0 0.0 0.5 0.4 0.0 3.7
Ulmus alata 0.8 11.7 16.7 <0.1 0.4 0.2 1.2
Ulmus americana 51.9 60.0 75.0 4.6 6.3 8.7 23.3
Ulmus crassifolia 6.0 33 8.3 1.5 <0.1 0.1 2.9
Ulmus rubra 0.0 1.7 0.0 0.0 0.1 0.0 0.1

IV = (relative frequency + relative density + relative height) x 100 (modified from Curtis and McIntosh 1951); 2Shrub species; 3Exotic

non-native) species; “Bird-dispersed species
P P P
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Figure 2. Mean (= SE) number of woody species (excluding
vines) encountered on Mississippi Alluvial Valley bottomlands that
were reforested by planting predominately oaks or predominately
pulpwood producing trees.

The three most commonly planted oaks (Q. nuttal-
lii, Q. nigra, and Q. phellos) were each encountered
on =60% of sites planted predominately with oaks
(Table 2). Together these three oaks accounted for
20% of all woody stems on these sites. Four other
species (Celtis laevigata, Ulmus americana, Lig-
uidambar styraciflua, and Acer negundo) were each
detected on >42% of oak-planted sites with each
species accounting for > 4% of all woody stems.

Pulpwood planted sites were usually planted with
a single species. Even so, the three most commonly
planted species (Populus deltoides, Platanus occiden-

talis, and Liquidambar styraciflua) were each encoun-
tered on 60% of these sites (Table 2). Together, these
three species accounted for 36% of all woody stems
on these sites. Three other species (Celtis laevigata,
Ulmus americana, and Acer negundo) were encoun-
tered on as many sites as were the planted pulpwood
species; these three species accounted for an addi-
tional 22% of all woody stems. Two other maples
(Acer rubrum and Acer saccharinum) were present on
fewer than 30% of the pulpwood sites but together
accounted for 16% of all woody stems.

Although rarely planted, Fraxinus pennsylvanica
was the most commonly encountered tree regardless
of the method of reforestation (Table 2). Fraxinus
pennsylvanica was encountered on all passive refor-
estation sites and accounted for 69% of all woody
stems (excluding vines) on these sites. Fraxinus
pennsylvanica occurred on 81% and 75% of oak-
planted and pulpwood sites and accounted for 18%
and 10% of woody stems on these sites, respectively.

Diospyros virginiana was present on most sites that
were passively reforested (83%) and on sites planted
with oaks (68%) but it only accounted for 2% of
woody stems. Only two other species, Ulmus ameri-
cana and Celtis laevigata, were encountered on
>50% of passively reforested sites and they
accounted for 9% and 6% of woody stems on these
sites.
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Stem density

Over all reforested sites, mean stem density of
planted trees was 494 * 37 stemssha™'. Because
sites planted with pulpwood were usually planted at a
higher density and because their survival was
enhanced by cultivation when young, these sites had
nearly three times the planted stem density (944 =
86) compared to sites planted with oaks (335 = 27).

The median number of natural colonizers was 644
stemseha !, Because mean stem density of naturally
colonizing species was inflated by a very high num-
ber of colonizers on a few sites (maximum = 15,052
stemssha™), naturally colonizing species averaged
1640 *= 171 stemssha™ and far exceeded the densi-
ties of planted species.

Stem density declined (¢ = 7.96, P < 0.01) with
distance from seed sources (i.e., mature trees adjacent
to reforested sites). However, this relationship varied
with time and differed between planted and coloniz-
ing species. For example, during the first decade after
planting, the density of planted trees was constant
with distance from seed source (¢t = 1.24, P = 0.21).
Conversely, during the first decade, stem density of
natural colonizers declined by 51 stemseha™ with ev-
ery 100 m from seed source (+ = 7.80, P < 0.01,
Figure 3a). During the second decade after planting
(Figure 3b), stem density of woody colonizers
declined 186 stemseha™' with every 100 m from for-
est edge (t = 7.17, P < 0.01) and planted species
declined 41 stemseha™ (r = 1.97, P = 0.05, Figure
3b). After 20 years, this relationship was no longer
discernable, either for planted (+ = 0.80, P = 0.42)
or colonizing species (t = 0.96, P = 0.35).

Decreased natural colonization with distance from
forest edge occurred regardless of the method of ini-
tial reforestation but varied among colonizing species
(Figure 4). The most abundant colonizing species had
winged-seeded and the density of these anemochoric
species was greatest near forest edges (Figure 4a).
Conversely, species with bird dispersed seeds (e.g.,
Celtis laevigata) exhibited little relationship between
stem density and distance from forest edge (Figure
4b).

Ground cover

On sites planted predominately with oak, ground
cover by herbaceous species and woody vines was
nearly complete from time of establishment through
the first 15 years — thereafter ground cover declined.
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Figure 3. Mean density of woody species (excluding vines) as a
function of the distance from nearest forest edge on Mississippi
Alluvial Valley bottomlands that were reforested by planting pre-
dominately oaks or predominately pulpwood producing trees: (a)
depicts densities on sites =10 years post-planting. (b) depicts
densities on sites between 11 and 20 years post-planting.

Vine cover on these oak-dominated sites increased
over time (Figure 5a). Thus, herbaceous plants
accounted for most ground cover during the early de-
velopment of these stands (Figure 5a). Ground cover
on sites dominated by pulpwood species was also
high during the first 10 years (Figure 5b). Vine cover
on pulpwood sites varied over time and was low dur-
ing the first 4 years. Herbaceous cover declined on
pulpwood sites earlier than it did on oak sites (Figure
5b).

Tree height

Planted species grew more rapidly than invaders for
all reforestation methods. However, trees on refor-
ested sites planted with oaks grew more slowly than
trees on sites planted with pulpwood species (Figure
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Figure 4. Density of the (a) most common woody species invading
Mississippi Alluvial Valley bottomlands as a function of the dis-
tance from nearest forest edge and (b) density of invading species
that are generally dispersed by birds.

6). Within oak-planted sites, the heights of naturally
colonizing species were similar to those of planted
species for the first 10 years (Figure 6a) with most
trees <5 m tall. Despite relatively slow growth (0.65
m per year), after 10 years, heights of planted oaks
were markedly greater than those of naturally colo-
nizing species: 90% of colonizing trees were < 10 m
tall through 20 years.

On pulpwood sites, planted species attained a
height advantage over natural colonizers shortly after
planting and the height difference increased with time
(Figure 6b). Planted pulpwood species grew an aver-
age of 1.2 m per year. Most of this increase, however,
was accounted for on sites planted with Populus del-
toides where heights of =5 m were achieved within
2 years and growth averaged 2.2 m per year for the
next 10 years (Figure 8).
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Figure 5. Relative cover ( 0 — 4; where 0 = absent, 4 = dense)

of vines and selected herbaceous species on Mississippi Alluvial

Valley bottomlands that were reforested by planting (2) predomi-

nately oaks or (b) predominately pulpwood producing trees. Sites

are grouped in 2-year intervals.

Cluster analysis

Cluster analysis of the importance values of woody
species provided insight into the similarity of vegeta-
tive conditions on reforested sites. Three groups were
identified, but these clusters conformed poorly with
the three methods of establishment. The first group
contained 25 stands planted with cottonwood (Popu-
lus deltoides) and one site with extensive natural P.
deltoides colonization. All stands were = 12 years
old and Populus deltoides was the only indicative
species for these “cottonwood stands”.

A second group of 91 sites contained passively re-
forested sites, sites planted with pulpwood species
other than cottonwood, cottonwood stands that were
> 12 years old and partially harvested (i.e., thinned),
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Figure 6. Heights (90™ percentile) of trees on Mississippi Alluvial
Valley bottomlands that were reforested by planting (a) predomi-
pately oaks or (b) planting predominately pulpwood producing
trees. Sites are grouped in 2-year intervals.

and oak-planted sites with extensive natural coloniza-
tion. These “older” cottonwood sites were the only
stands in this study that had been subjected to har-
vest. Six species were indicative of these “mixed-
species stands”: Celtis laevigata, Liqguidambar styrac-
iflua, Ulmus americana, Fraxinus pennsylvanica,
Platanus occidentalis, and Acer rubrum.

The third group contained 88 sites planted with
oaks and had little natural colonization. These “oak
stands” accounted for 66% of the sites planted with
oaks. The three most commonly planted oaks (Q.
nuttallii, Q. nigra, and Q. phellos) were indicative of
these sites, as was a shrubby invader, Baccharis hal-
imifolia.

Examination of stem densities within the groups
defined by cluster analysis revealed differences in the
distribution of stems among these groups. Stem den-
sity of naturally colonizing species on “oak stands”
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Figure 7. Heights (90" percentile) of trees on Mississippi Alluvial
Valley bottomlands that were planted with Populus deltoides.

declined 44 stemseha! with every 100 m from the
edge (r = 3.57, P < 0.01) but was constant for
planted species ( = 0.63, P = 0.53; Figure 7a). In
contrast, stem densities on “mixed-species stands”
declined 129 stemseha™" for colonizing species and 23
stemseha™ for planted species per 100 m from a for-
est edge (t > 3.94, P < 0.01; Figure 7b). Neither
stem densities of planted nor invading species varied
with distance from forest edge on Populus deltoides
stands (t < 1.13, P > 0.25).

Discussion

Planting either predominately oak or pulpwood spe-
cies resulted in stands that exceeded a stated goal of
500 stemseha™" (Strader et al. 1994; Figure 3). At 494
+ 37 stemssha™, the mean number of planted spe-
cies alone met this objective. Densities of naturally
colonizing species varied widely among study sites
but were more numerous than planted species. Thus,
the assumption that light-seeded trees invade refor-
ested sites appears justified. However, natural inva-
sion was highly dependent on distance from seed
sources (Figures 3, 4, and 8) and distance dependence
remained evident for up to 20 years (Figure 3). Fur-
thermore, even when reforested sites are near seed
sources, diaspores of light-seeded, wind-dispersed
species vary considerably with respect to their wind
dispersal potential (Tackenberg et al. 2003).

A decline in the density of naturally colonizing
woody species with distance from forested edge has
also been found in other studies (Allen 1997; Allen et
al. 1998). This suggests that sites far from existing
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pennsylvanica, Acer rubrum, or Ulmus americana.

forests receive few propagules thereby limiting natu-
ral colonization. Poor seed recruitment may account
for 25% of study sites having < 208 stemseha™’ of
naturally colonizing woody species. Thus, land man-
agers should consider the proximity and species com-
position of adjacent forests when making decisions on
the appropriate species to plant. When reforestation
sites are far from potential seed sources, additional
woody species, including light-seeded species, should
be planted.

Higher density of planted species near forest edges
(Figure 3b, Figure 6b) suggests natural supplementa-
tion of planted species. However, this is uncertain as
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natural colonizers could not be reliably distinguished
from planted individuals of the same species.

Initial species richness was low on pulpwood sites
because they were often planted as monocultures. As
a result, young pulpwood stands had lower diversity
and species were less evenly distributed than they
were on stands planted with multiple species of oak.
However, pulpwood forests may act as catalysts for
colonization as they had greater density of colonizing
species (2665 = 440 stemseha™') compared with
oak-planted sites (1190 = 152 stemseha '; Figure 6).
Taller trees may facilitate zoochory by providing
perch sites and cover for animal vectors of seeds
(McClanahan and Wolfe 1993; Robinson and Handel
2000). In addition, rapid maturation of pulpwood
species may supplement seed recruitment by produc-
ing viable seeds. Increased species diversity should
remain on these sites if pulpwood stands are partially
harvested, coppiced after complete harvest (Twedt
and Portwood 1997), or allowed to undergo natural
succession. However, if site preparation is undertaken
following pulpwood harvest in anticipation of re-
planting, natural recruitment of woody species within
these sites will likely be eliminated.

Site-specific estimates of tree species richness may
be biased because the number of vegetation plots
varied slightly among study sites and species richness
is positively correlated with area surveyed. The mean
area sampled on pulpwood sites (0.167 * 0.009 ha)
was less (P < 0.01) than the mean area sampled on
oak-planted sites (0.209 = 0.004 ha) but neither dif-
fered (P = 0.10) from the area surveyed on passively
reforested sites (0.197 = 0.013 ha). Even so, I found
no relationship between the number of species
detected within reforested sites and the area sampled
(#* = —0.001, P = 0.40), suggesting that sampling
effort was sufficient for comparison of species rich-
ness among methods of initial establishment.

Bottomland reforestation within the Mississippi
Alluvial Valley has been extensive rather than an in-
tensive. That is, managers have focused on maximiz-
ing the area planted while limiting the cost of
reforestation. As a result, reforestation often consisted
of planting 3-5 heavy-seeded species without weed
control. Light-seeded species were rarely planted and
usually limited to Fraxinus pennsylvanica and Taxo-
dium distichum. This homogeneity of plantings was
reported by King and Keeland (1999) who found that
oaks, Carya illinoensis, and Taxodium distichum
comprised 87% of all trees planted in the Mississippi
Alluvial Valley. The mix of species planted on refor-
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ested sites that I surveyed was highly skewed towards
3 oak species (Quercus nuttallii, Q. nigra, and Q.
phellos) with 2 additional species, Q. pagoda and
Carya illinoensis, also planted on about a third of
these sites. Sites planted with pulpwood species were
usually on lands owned by timber or paper compa-
nies.

On some sites planted with oaks where managers
did not control weeds, competition acted in concert
with herbivory to maintain tree heights under 5 m for
up to 15 years (Figure 6a). Because reforested sites
initially lack canopy cover, they support a high per-
centage of ground cover (> 90%; Figure 5). Dense
herbaceous ground cover likely inhibited growth of
developing trees through competition for light, water,
and nutrients. Similarly, abundant ground cover pro-
vided cover for rodents and lagomorphs that reduced
woody invaders and stunted planted trees by consum-
ing seeds and girdling seedlings (Savage et al. 1996).

Even though natural colonizers outnumbered
planted species, they were significantly shorter than
planted species (Figure 6). Thus, despite the larger
number of natural colonizers, their relegation to sub-
dominance within the forest canopy often resulted in
older reforested sites looking like plantation monoc-
ultures. Notable exceptions were those few sites that
had been subjected to silvicultural manipulation (e.g.,
thinning). Thinning planted trees promoted increased
diversity of co-dominate canopy trees within refor-
ested stands by releasing naturally colonizing species
within canopy gaps. In addition, thinning enhanced
the growth of the remaining planted species, thereby
promoting their emergence above the primary canopy.
Thus, on reforested sites with high survival rates (i.e.,
dense stocking rates) I recommend post-planting
management (e.g., ‘thinning’) of these stands to in-
crease within-stand heterogeneity of vegetation struc-
ture. Silvicultural manipulations should be under-
taken to create canopy gaps for the development of
woody understory vegetation and concurrently pro-
vide access to the canopy for colonizing tree species.

Acknowledgments

I am grateful to Randy Wilson, Jared Mott, and Gad-
dis Guider for their assistance in surveying reforested
sites. Seth Mott, Lower Mississippi Valley Joint Ven-
ture (U. S. Fish and Wildlife Service [USFWS]) and
Lamar Dorris, Yazoo National Wildlife Refuge Com-
plex (USFWS) graciously allowed access to their re-

forestation databases for selection of sites. I am
indebted to the following for their assistance and ac-
cess to land under their management: Jeff Portwood,
Crown Vantage; Lisa Gericke, Westvaco; Arel Simp-
son, Seterria; Mark Monroe, Anderson Tully Com-
pany; Sidney Montgomery, Tara Wildlife; Jim
Johnson, Felsenthal National Wildlife Refuge
(NWR); Howard Poitevint, Southeast Louisiana Ref-
uges (USFWS); Randy Cook, Reelfoot NWR, Don
Orr (USFWS); Mike Kennedy, University of Mem-
phis; Eric Smith, Lake Ophelia NWR; Rick Huffines,
Clarks River NWR; Kelby Ouchley, Louisiana Wet-
land Management District (USFWS); Jon Wessman,
Tensas River NWR; Kenney Ribbeck, Louisiana De-
partment of Wildlife and Fisheries; Dennis Sharp,
Cache River NWR; Glen Miller, Wapanocca NWR;
Joe Garvey, Missouri Department of Conservation;
Johnny Kiser, U. S. Army Corps of Engineers; Larry
Moore, U. S. Forest Service; Stephen Gard, Missis-
sippi Wetlands Management District (USFWS); and
Rayford Hancock. This study was funded by the U.
S. Fish and Wildlife Service and USGS Patuxent
Wildlife Research Center. Sammy King and Randy
Wilson provide helpful comments on a draft manu-
script.

References

Allen J.A. and Kennedy H.E. Jr. 1989. Bottomland hardwood re-
forestation in the Lower Mississippi Alluvial Valley. US Fish and
Wildlife Service and US Forest Service, Slidell, Louisiana, USA.
28 pp.

Allen J.A. 1997. Reforestation of bottomland hardwoods and the
issue of woody species diversity. Restoration Ecology 5: 125-
134.

Allen J.A., McCoy J. and Keeland B.D. 1998. Natural establish-
ment of woody species on abandoned agricultural fields in the
Lower Mississippi Alluvial Valley: first- and second-year resuits.
pp. 263-268. In: Waldrop T.A. (ed.), Proceeding of ninth bien-
nial southern silvicultural research conference, USDA Forest
Service, General Technical Report SRS-20, Asheville, North
Carolina, USA.

Birks H.J.B. and Line J.M. 1992. The use of rarefaction analysis
for estimating palynological richness from Quaternary pollen-
analytical data. The Holocene 2: 1-10.

Bramble W.C., Byrnes W.R., Hutnik R.J. and Liscinsky S.J. 1996.
Interference factors responsible for resistance of forb-grass cover
types to tree invasion on an electric utility right-of-way. Journal
of Arboriculture 22: 99-105.

Curtis J.T. and McIntosh R.P. 1951. An upland forest continuum in
the prairie-forest border region of Wisconsin. Ecology 32: 476—
496.



Dufréne M. and Legendre P. 1997. Species assemblages and indi-
cator species: the need for a flexible asymmetrical approach.
Ecological Monographs 67: 345-366.

Ezell AW. and Catchot A.L. Jr. 1998. Competition control for
hardwood plantation establishment. pp. 42-43. In: Waldrop T.A.
(ed.), Proceeding of ninth biennial southern silvicultural research
conference, USDA Forest Service, General Technical Report
SRS-20, Asheville, North Carolina, USA.

Gauch H.G. Jr. 1982. Multivariate analysis in community ecology.
Cambridge University Press, New York, New York, USA.

Gosselink J.G. and Lee L.C. 1989. Cumulative impact assessment
in bottomland hardwood forests. Wetlands 9: 83-174.

Greig-Smith P. 1983. Quantitative Plant Ecology. Third edition.
Blackwell Scientific Pulbications, Oxford, England. 359 p.

Hamel P.B., Twedt D.J., Nuttle T.J., Woodson C.A., Broerman F.
and Wahome J.M.. 2001. Forest restoration as ecological
succession: should we speed it up or slow it down? pp. 98-108.
In: Holland M.M., Warren M.L. Jr. and Stanturf J.A. (eds), Pro-
ceedings of a conference on sustainability of wetlands and water
resources: how well can riverine wetlands continue to support
society into the 21st century?. Oxford, Mississippi, 23-26 May
2000. USDA Forest Service, Southern Research Station,
Asheville, North Carolina, USA. General Technical Report SRS
—50.

Hammer O., Harper D.A.T. and Ryan P.D. 2001. PAST: Paleonto-
logical Statistics Software Package for Education and Data
Analysis.  Palaeontologia  Electronica  4(1): 9  pp.
http://palaco-electronica.org/2001_1/past/issuel_01.htm.

Kennedy H.E. Jr. and Henderson W.H. 1976. Cultivation in cotton-
wood plantations — practice and equipment. pp. 379-384. In:
Thielges B.A. and Land S.B. (eds), Proceedings of the Sympo-
sium on Eastern Cottonwood and Related Species. Division of
Continuing Education, Louisiana State University, Baton Rouge,
Louisiana, USA.

King S.L. and Keeland B.D. 1999. A survey and evaluation of re-
forestation of the lower Mississippi River alluvial valley. Resto-
ration Ecology 7: 348-359.

Krebs C.J. 1989. Ecological Methodology. Harper and Row, New
York, New York, USA.

263

McClanahan T.R. and Wolfe R.-W. 1993. Accelerating forest suc-
cession in a fragmented landscape: the role of birds and perches.
Conservation Biology 7: 279-288.

Rice E.L. 1972. Allelopathic effects of Andropogon virginicus and
its persistence in old fields. American Journal of Botany 59:
752-755.

Robinson G.R. and Handel S.N. 2000. Directing spatial patterns of
recruitment during an experimental urban woodland reclamation.
Ecological Applications 10: 174-188.

Rudis V.A. 1995. Regional forest fragmentation effects on bottom-
land hardwood community types and resources values. Land-
scape Ecology 10: 291-308.

Savage L., Anthony J. and Buchholz R. 1996. Rodent damage to
direct seeded willow oak in Louisiana. pp. 340-349. In: Ever-
sole A.G. (ed.), Proceedings of the fiftieth Annual Conference of
the Southeastern Association of Fish and Wildlife Agencies, Oct
5-9, 1996, Hot Springs, Arkansas, USA.

Stanturf J.A., Schweitzer C.J. and Gardiner E.S. 1998. Afforesta-
tion of marginal agricultural land in the lower Mississippi River
Alluvial Valley, U.S.A. Silva Fennica 32: 281-297.

Stanturf J.A., Schoenholtz S.H., Schweitzer C.J. and Shepard J.P.
2001. Achieving restoration success: myths in bottomland hard-
wood forests. Restoration Ecology 9: 189-200.

Strader R.W., Stewart C., Wessman J. and Ray B. 1994. Bottom-
land hardwood reforestation guidelines. US Fish and Wildlife
Service, Southeast Region, Atlanta, Georgia, USA.

Tackenberg O., Poschlod P. and Bonn S. 2003. Assessment of wind
dispersal potential in plant species. Ecological Monographs 73:
191-205.

Twedt D.J. and Loesch C.R. 1999. Forest area and distribution in
the Mississippi Alluvial Valley: implications for breeding bird
conservation. Journal of Biogeography 26: 1215-1224.

Twedt D.J. and Portwood J. 1997. Bottomland hardwood refores-
tation for Neotropical migratory birds: are we missing the forest
for the trees? Wildlife Society Bulletin 25: 647-652.

Twedt D.J., Wilson R.R., Henne-Kerr J.L. and Grosshuesch D.A.
2002. Avian response to bottomland hardwood reforestation: the
first ten years. Restoration Ecology 10: 645-655.



