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Bottomland hardwoods forests (BLHW) are increasingly subject to active management for water quality
improvement, streambank stabilization, to mitigate for urban expansion and to improve habitat for wildlife.
Since the majority of remaining BLHW are degraded, restoration attempts are becoming commonplace within
the Western Gulf Coastal Plain (WGCP) of the US. However, restoration success in terms of obtaining high
stem densities of desirable species has been mixed, with managers observing survival rates <15 per cent for
planted oak and hickory seedlings in some situations due to a variety of limitations. Over two growing seasons,
we investigated the effectiveness of portable electric fences, individual tree shelters and 2.4-m woven wire
high fences for mitigating herbivory by white-tailed deer (Odocoileus virginianus) and feral swine (Sus scrofa).
Treatments fell within degraded forested areas and abandoned agricultural elds where we tested four species
of interest: Nuttall oak (Quercus texana Buckley), Shumard oak (Q. shumardii Buckley), bur oak (Q. macrocarpa
Michx.) and pecan (Carya illinoinensis K. Koch). Where herbivory occurred, mitigation techniques produced a
higher survival rate (X D 17.6 per cent) than unprotected areas (X D 9.1 per cent). In areas of high white-tailed
deer density, prominent browsing was evident, resulting in two-growing-season height growth of seedlings
being less in non-fenced (ﬁt D 2.33 cm) and electric (ﬁt D 4.33 cm) fenced plots compared with high fences
(X D 13.02 cm) and individual tree shelters (X D 24.23 cm). Additionally, we observed a negative relationship
between survival and the number of days seedlings that were inundated with ood waters during the growing
season. Matching species of interest to the site conditions, speci cally the local hydrologic regimes, should carry

a high priority in planning a restoration project within BLHW in the WGCP.

Introduction

Bottomland hardwood forests (BLHW) are complex ecosystems
that not only are important vegetation types for a diverse range
of wildlife but also provide important ecosystem services such
as water quality enhancement, erosion control, water storage
and nutrient cycling (Hodges, 1997; Kellison and Young, 1997,
Sweeney et al., 2002). Tree species that can survive and thereby
increase the ecological function of BLHW are ood tolerant or
moderately ood tolerant and are able to withstand variation in
soil moisture ranging from inundation to droughty conditions. In
particular, tree species, such as black willow (Salix nigra Marshall;
Pezeshki et al., 2007), river birch (Betula nigra L.), red maple
(Acer rubrum L.; Sweeney et al., 2002) and ood tolerant oaks
(Quercus spp.) and hickories (Carya spp.; Battaglia et al., 2008),
can aid in river bank stabilization, provide aboveground verti-
cal structure and, in some cases, provide seasonal mast for
wildlife consumption. Typically, the natural composition of south-
western BLHW reaches a climax successional stage consisting

mainly of an elm-ash-sugarberry (Uimus americana—Fraxinus
pennsylvanica—Celtis laevigata or occidentalis) complex (Hodges,
1997; Allen et al.,, 2001) while retaining a minor oak-hickory
component of 12 25 mature, mast producing trees per hectare
(Goodrum et al., 1971).

BLHW are a subject of much interest for restoration due to
land-use conversion (i.e. to agriculture), selective removal of valu-
able timber species such as oaks, and changes to hydrological
regimes due to reservoir impoundment and river channelization.
Factors limiting the majority of restorations have been identi ed
and classi ed as controllable and uncontrollable factors (Hodges,
1997; Allen et al., 2001). Controllable factors include seed stock
quality, species selection to match site characteristics, vegetation
competition and planting procedures (Allen et al., 2001; Stanturf
et al., 2001). Natural factors, such as the annual variation in

ooding, drought and herbivory (Allen et al., 2001), cannot be
controlled but can be understood at the site level to determine
how they may impact a particular site. Understanding these
details at the site level increases restoration success by providing
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information to select more appropriate species or mitigation
measures on that site (Hodges, 1997). In recent decades, there
has been increased interest in identifying the primary factors
thatin uence the success of forest restoration projects (Sweeney
et al., 2002; Heimann and Mettler-Cherry, 2004; Lockhart et al.,
2005). Heimann and Mettler-Cherry (2004) determined that
elevation, ood duration and soil texture were the rst and
most important factors to consider when determining hardwood
species composition for restoration of BLHW ecosystems.
However, many agree that vegetative competition and herbivory
are the main controllable factors to increase restoration success
(Sweeney et al., 2002; Stanturf et al., 2004; Henderson et al.,
2009).

In the south central region of the US within the WGCP and the
Lower Mississippi Alluvial Valley (LMAV), herbivores of seedlings
include: beaver (Castor canadensis; Stanturf et al., 2000), nutria
(Myocastor coypus; Stanturf et al., 2000), rabbit (Sylvilagus spp.;
Stanturf et al., 2000), voles (Microtus pinetorum; Crosby and
Self, 2016), white-tailed deer (Odocoileus virginianus; Henderson
et al., 2009; Stanturf et al., 2000) and feral swine (Sus scrofa;
Mayer et al., 2000; Stanturf et al., 2004). Speci cally, white-
tailed deer and feral swine are the most important herbivores
at most restoration sites, causing negative impacts on seedling
performance and survival (Alverson et al., 1988; De Steven, 1991,
Mayer et al., 2000). Each have wide distributions with varying
densities throughout the southern US (Mayer et al., 2000; Russell
etal, 2001).

Feral swine have increased their national distribution from
viable populations in 27 states in 2000 (Mayer et al., 2000) to
viable populations in at least 37 states in 2014 (M ller et al.,
2011, United States Department of Agriculture 2015). Mayer
et al. (2000) observed signi cant predation due to feral swine
uprooting and eating rootstocks of seedlings during the rstyear
after planting in a wetland restoration area in west-central South
Carolina. Signi cant herbivory by white-tailed deer also causes
increased mortality and stunted growth of hardwood seedlings
within naturally and arti cially regenerated restoration projects
(De Steven, 1991; Russell et al., 2001; Henderson et al., 2009;
Stanturf et al., 2009). These species can limit restoration success
at many sites, but the degree of impact varies depending on
local population densities, tree species and other factors. Con-
sequently, understanding ways to predict and mitigate negative
impacts of herbivory on BLHW seedlings can help to improve
restoration success.

Various techniques are available and have been used to pro-
tect seedlings during early establishment, but they vary widely
in cost, ease of implementation and ef cacy (Seamans and Ver-
Cauteren, 2006). Methods include the reduction of populations
of herbivores as well as various arrays of permanent electric
fences, permanent and temporary high fence structures, shelters
or small fences that protect individual seedlings (Sweeney et al.,
2002; VerCauteren et al., 2006). Electric fences constructed with
polytape and polyrope (i.e. conductive wires within synthetic
ribbons or ropes) have been popular for temporarily protecting
wildlife food plots, but few investigations have examined their
ef cacy for reforestation (VerCauteren et al., 2006). For rodents
such as voles, various pesticides have also been deployed for
protection (Sharew and Kays, 2006).

The goal of this project was to identify effective and practical
procedures to mitigate the impacts of herbivory on hardwood

seedling survival at bottomland hardwood restoration sites. Our
speci c research objectives were: (1) quantify the effects white-
tailed deer and feral swine had on the survival of four mast-
producing hardwood species; (2) compare the effectiveness of
portable electric fences for protecting hardwood seedlings com-
pared with more traditional techniques, namely woven wire high
fences and individual tree shelters and (iii) quantify seedling
growth in relation to non-forested and forested areas and various
wildlife mitigation techniques.

Methods

Study area

We conducted two nested split-split-plot designed BLHW restora-
tion experiments at four properties within the Blackland Prairie
and Post Oak Savannah ecoregions covering three drainage
basins. The northern most property is the Cooper 4D Ranch
located in Hopkins County (Hopkins); moving south, there is
the Lyons-McKenney Ranch in Hunt County (Hunt), Richland
Creek Wildlife Management Area in Freestone County (Freestone
2015), and the Johnson Ranch in Anderson County (Anderson).
All are located in east Texas within the WGCP (Figure 1). The

rst experiment continued for 2 years replicated over the four
study locations using Shumard oak, bur oak and pecan 1 0 bare
root seedlings, and the second continued for 1 year at Richland
Creek Wildlife Management Area (Freestone 2016) using Nuttall
oak (Quercus texana Buckley), Shumard oak and pecan 1 0 bare
root seedlings. The four study locations contained Kaufman clay
soils with O 1 per cent slope that were frequently ooded, range
in ood intensity and range in watershed characteristics that
are typical of BLHW in eastern Texas. Each receives about 100
115 cm of precipitation annually.

Experimental design

The nested split-split-plot design included two areas differing
in canopy cover type (i.e. non-forested (O per cent canopy
cover) and forested areas that had been thinned to 50 per
cent canopy cover) nested within each of the locations to
examine the differences in herbivory occurrence for reforesting
abandoned agricultural elds or pasturelands (non-forested
areas) and improving existing stands to contain more mast-
producing trees for wildlife (forested area). Whole-plot treat-
ments included non-fenced plots and three wildlife mitigation
techniques: 2.4-m woven wire high fences, Tubex USAf 60 cm
twin walled polypropylene co-polymer individual tree shelters,
and Gallagher™ 3-wire portable electric fences (Figure 2). Nuttall
oak, Shumard oak, bur oak and pecan were used for the subplot
treatments because they are native to the region, provide good
canopy structure and produce large mast that is heavily used by
wildlife.

Three blocks were used within each canopy cover type to
account for the minor changes in site characteristics that are not
a direct focus of this project (e.g. soil micro-nutrients, elevation
and time of planting). Two blocks at each location consisted
of all mitigation treatments and one block consisted of all
mitigation treatments excluding a high fence (Figure 2). The
non-forested area at the Hunt county study location lacked
non-fenced whole-plots due to residual roots obstructing the
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Figure 1 Locations of four study sites used for bottomland hardwood restoration studies in the (A) Blackland Prairie and Post Oak Savannah ecoregions
and (B) Sulphur, Sabine and Trinity River basins of east Texas, US, in 2015 and 2016.

area planned to be ripped during site preparations. The subplot
level consisted of 21, 1 0 bare root seedlings of each species
within each fenced mitigation treatment, and 42, 1 0 bare root
seedlings of each species within the non-fenced treatments.
Two changes were made for the replanted 2016 Freestone
location; (1) Nuttall oak replaced bur oak due to nursery
availability and (2) only two blocks contained individual tree
shelters within the forested area. Each canopy cover type at a
site contained 882 seedlings (819 seedlings in 2016 Freestone,
forested area).

High fences, 2.4 m, are considered a proven technique
to mitigate wildlife damage in a variety of applications with
nearly 100 per cent ef cacy (Seamans and VerCauteren, 2006;
VerCauteren et al., 2006). Individual tree shelters are commonly
used in orchard plantings as well as forest restorations because
they are considered low maintenance and promote height
growth (VerCauteren et al., 2006). Portable electric fences are
a relatively new technique in the forestry industry but have been
extensively used for temporary applications such as seasonal
food plots or gardens. This technique has potential for long-
term use due to their versatility and durability (Seamans and
VerCauteren, 2006; VerCauteren et al., 2006; Reidy et al., 2008).
Using these mitigation techniques provides an opportunity to test

a relatively new option for habitat restorations, portable electric
fences, against more commonly used techniques, high fences
and individual tree shelters.

The portable electric fence arrays and individual tree shelters
were installed at the time of planting, while the woven wire high
fence was constructed before planting operations began. High
fences contained iron corner posts secured with concrete and
t-posts every 7 m for interior support between corners. They
spanned 36.5 m by 27.4 m with an interior fence splitting the
36.5 m side to create two 18.3 m by 27.4 m plots side by side.
Electric fences contained one outside polytape wire, 45.8 cm off
the ground, spanning 18.3 m by 27.4 m and two interior polyrope
wires, 24.4 cm and 61.0 cm off the ground, spanning 16.5 m by
25.6 m (Gallagher USA Electric Fencing, Riverside, MO, US). Indi-
vidual tree shelters were 60-cm tall, diameter averaged 10.1 cm
and held in place by wooden stakes (Tubex USAf, Conservation
Services, Waynesboro, VA, US). Seedlings within fenced treat-
ments were not left-over night without their prescribed fence in
full function. To ensure fence function over time and to document
wildlife species responsible for any incursions, PRIMOSf Truth
Cam 46 Ultra HD motion-activated trail cameras were deployed
overlooking each of the fenced treatments (PRIMOS Hunting,
Flora, MlI, US).
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Figure 2 Theoretical representation of the three block, nested split-split-plot design within one of the canopy cover types. Each ‘X’ represents a single
seedling within each whole plot; 42 seedlings per non-fenced plot and 21 seedlings of each species per fenced plot. All seedlings within fenced
treatments were measured and the interior 20 seedlings were measured within non-fenced plots to account for possible edge effects. The study was

in east Texas, US.

Treatment implementation

A variety of silvicultural practices (e.g. site preparation and low
thinning) were used to re ect general practices for hardwood
reforestation in the region and to ensure consistent conditions
across sites. Texas Parks and Wildlife Department employees con-
ducted the ripping within each non-forested area with a tractor
drawn shank at 35 cm into the soil creating a continuous 35-
cm trench or rip across the target area to break up potential
compaction (L fetal, 2012). Each fenced treatment had seven
rows 18.3-m long with 3.6 m between each rowto t21 seedlings
of each species while having 1.8 m between seedlings. Each non-
fenced subplot had the same number of rows and spacing but
each row was only 14.7-m long to t 42 seedlings of one species.

Each forested area was cruised prior to thinning to determine
what diameter limits were needed to achieve the 50 per cent
canopy cover target. Low thinning diameter limits at each site
were as follows: remove trees with DBH<28 cm at Hopkins,
<15 cm at Hunt, <28 cm at Freestone and <38 cm at Anderson.
The Texas A&M Forest Service low-thinned each of the forested
areas with a skid-steer tree mulching fecon machine following
the set diameter limits and removing non-desirable trees (i.e.
non-mast producing species) below this limit. Residual basal area
at each site was 6.0 m? ha ! at Hopkins, 4.1 m? ha ! at Hunt,
3.7 m? ha ! at Freestone and 10.6 m? ha * at Anderson.

Bare root (1 0) seedlings were planted during the dormant
season (e.g. January to February) using a 30-cm KBC planting bar.
Planting procedures and seedling storage procedures followed
those suggested by Allen et al. (2001). We clipped Shumard
oak seedlings by removing 30 per cent of the stem at planting
to reduce shoot to root ratio and increase survival (M. E. Sym-
mank, Texas Parks and Wildlife Department, unpublished data;
Dey et al., 2008). Planting began at the most southern property
(Anderson) and ended at the most northern property (Hopkins).
Seedlings were planted in a block by block fashion to control
for planting conditions, such as temperature and soil moisture
at time of planting, that could affect survival. Within the non-
forested area, seedlings were planted adjacent to rip lines (i.e.
ca. 15 30 cm from rip trench).

Our stocking density was 1495 seedlings ha ! across treat-
ments. A variety of research throughout the LMAV and the
Atlantic Coastal Plain (ACP) have shown that an acceptable
minimum density after 3 years is between 309 and 494 seedlings
ha ! to meet the desired forest conditions for diversity and
structure (Allen et al., 2001; Stanturf et al., 2001; LMVJV Forest
Resource Conservation Working Group, 2007; Stanturf et al.,
2009). At that rate, we would need 21 33 per cent survival in
our research plots after 3 years to achieve minimum acceptable
stocking density (Allen et al., 2001). The recommended stocking
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