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ABSTRACT: The introduced Sapium sebiferum (Chinese tallow tree) has spread across the southeastern
United States and is rapidly replacing native prairies with monospecific Sapium forests. Most attempts
to control Sapium are only temporarily effective because of its large seed bank and ability to resprout
from cut stumps. We performed a two-year field experiment to evaluate the effectiveness of using large
shredding mowers to mulch live Sapium trees and restore Sapium-invaded prairies. We predicted that
Sapium mulch would damp diurnal soil temperature fluctuations and suppress Sapium seed germination
because Sapium seed germination is highly dependent upon those fluctuations. We manipulated mulch
depths and types (0, 10, and 15 cm deep Sapium mulch and hardwood and straw mulch) in the field and
measured soil temperatures beneath them. Diurnal soil temperature fluctuations were damped at depths
as little as 5 cm, and Sapium mulch significantly reduced Sapium seedling emergence. Deep layers of
Sapium mulch (15 cm) reduced seedling survival and native vegetation cover as well. Comparisons
among Sapium mulch and alternative mulch materials revealed no allelopathic effects of Sapium mulch
on Sapium seedling emergence, survival, or growth. Vigorous regrowth of native vegetation through Scm
of Sapium mulch was evident by the end of the first growing season. With no trees or stumps remaining
on the site, a mowing regime can be implemented immediately regardless of the pre-mulching density
of the trees. A heavy closed-canopy Sapium forest might result in mulch depths that slow the return of

native vegetation and delay accumulation of adequate fuel loads to support prescribed burning.

Index terms: Chinese tallow, invasive species, prairie restoration, Sapium sebiferum

INTRODUCTION

The coastal prairie region is located
along the northwestern coast of the Gulf
of Mexico, extending from southwestern
Louisiana to southern Texas. The range
of ecological conditions in the region can
support great native biodiversity. More
than 70 species of vascular plants may be
found in a hectare of prairie, and 350 to 400
species of migratory birds utilize coastal
prairie (Smeins et al. 1992). Although it
once covered 38,000 km?, current estimates
indicate that less than 1% now remains
(Grace et al. 2001). Currently, monospe-
cific Sapium sebiferum forests are rapidly
replacing this diverse prairie.

The introduced Sapium sebiferum (L.)
Roxb. (synonyms include Triadica se-
bifera, “Sapium” hereafter; nomenclature
follows Hatch et al. 1990) (Chinese tallow
tree) naturalized across the southeastern
United States after its introduction on the
East Coast in 1772 (Bruce et al. 1997).
Sapium has rapid growth (Bruce et al.
1997), is tolerant of both flooding and
drought (Conner 1994, Butterfield et al.
2004), and outperforms native species in
both full sun and shade (Jones and McLeod
1989, Rogers and Siemann 2002, Siemann
and Rogers 2003). These characteristics
have contributed to Sapium’s displace-
ment of native species throughout the
coastal prairie, converting open grasslands
to closed canopy forests in as little as 20

years (Bruce et al. 1995).

Once Sapium becomes established, it is
very difficult to eradicate. Mature trees can
produce 100,000 seeds annually (Lin et al.
1958) that persist in a seed bank (Renne
et al. 2001). In addition, Sapium readily
resprouts vegetatively; and, if stumps are
not treated chemically, can grow two me-
ters in height in one season. Consequently,
effective restoration techniques have been
elusive.

Land managers employ a variety of tools
against Sapium. Herbicides are applied to
individual trees or sprayed by airplane over
extensive infestations, but the remaining
trees (even if dead) hinder mowing, and
rapid regeneration occurs from seeds. In-
dividual trees can be removed manually,
but large-scale invasions are often removed
with heavy equipment that disturbs the soil
and damages the root structures of peren-
nial vegetation. Fire is an effective tool
for preventing woody invasion but cannot
be used to restore heavily invaded areas
(Grace 1998). In this study, we examine a
new management technique for eliminating
Sapium trees and rapidly returning invaded
grasslands to a condition in which native
vegetation can be restored and effectively
maintained.

Armand Bayou Nature Center (“ABNC”:
hereafter) is a non-profit nature center lo-:
cated 40 km southeast of Houston, Texas.
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In August 1997 and August 1998, ABNC
applied herbicide aerially to 45 ha of closed
canopy Sapium forest to begin to restore
it to tallgrass prairie. The chemically
treated Sapium trees were left standing in
5 ha, but the standing trees in 40 ha were
mulched with a large shredding mower
in the summer of 2000. This mulch was
left on the ground and was up to 15 cm
deep in some places (pers. observation).
By summer 2002, Sapium seedlings were
very dense in the unmulched area, and
some of the treated trees were flowering.
In contrast, native vegetation substantially
covered the mulched area, Sapium seed-
lings were sparse, and herbaceous biomass
was adequate to fuel a successful prairie
burn the following winter. Understanding
the mechanisms responsible for this suc-
cessful restoration may improve our ability
to control Sapium invasion along the Gulf
Coast and might yield important clues for
successful restoration of other habitats
invaded by woody species.

Temperature hypothesis

A mulch layer on the ground might sup-
press the germination of Sapium seeds by
damping diurnal soil temperature fluctua-
tions (“temperature hypothesis”). Pioneer
species commonly germinate in response
to diurnally fluctuating temperatures that
often characterize vegetation gaps (Thomp-
son and Grime 1983, Fenner 1985, Baskin
and Baskin 1989, Ghersa et al. 1992). In
laboratory studies, Sapium has been shown
to germinate in fluctuating temperatures
but not in either constant warm or cool
temperatures (Nijjer et al. 2002, Dona-
hue et al. 2004). We manipulated Sapium
mulch depths in a prairie restoration site
on which live Sapium trees had been
mulched by a shredding mower, measured
soil temperatures beneath the mulch layers,
and collected data on naturally occurring
and planted seedlings to test the following
predictions of the temperature hypothesis:
(1) Plots with mulch will have fewer emerg-
ing Sapium seedlings than plots with the
mulch removed, (2) thicker Sapium mulch
layers will progressively suppress germina-
tion and emergence, and (3) subsequent
seedling performance will be comparable
across mulch treatments.

Mortality hypothesis

The low abundance of Sapium seedlings
in mulched areas may be the result of
high mortality of seedlings during or after
emergence from the mulch layer (“mortal-
ity hypothesis”). Seeds of various species
have been shown to germinate, but then
fail to emerge from below excessive soil
depths (Fenner 1985). This may be because
of insufficient food reserves in the seed
to support growth until the soil surface is
reached (Westoby et al. 1996, Dzwonko
and Gawronski 2002) or because of fungal
disease attack during germination or just
before emergence (Fisher 1941, Boyce
1961, Agrios 1997). We planted Sapium
seedlings into plots with different mulch
depths to test the following predictions
of the mortality hypothesis: (1) Sapium
germination and emergence will not be
affected by mulch treatments, and (2)
subsequent survival and performance of
seedlings will diminish with increasing
mulch depth.

Allelopathy hypothesis

Chemical compounds in Sapium mulch
may limit germination and/or seedling
survival (“allelopathy hypothesis™) sepa-
rately from the simple physical effects of
mulch. Some plants produce compounds
that inhibit growth of neighboring plants
and reduce competition for resources in
their immediate area. Sometimes these
allelopathic compounds affect different
species (Hejl et al. 1993, Jose and Gillespie
1998), but they may also prevent crowd-
ing among neighbors of the same species
(Mahall and Callaway 1992, Inderjit and
Callaway 2003). Results from previous
studies of Sapium allelopathy have been
mixed. Gresham and Edwards (1995)
found that Sapium reduced Pinus taeda L.
germination and seedling growth. However,
other studies found that water extracts of
Sapium litter improved the performance of
the native grass Schizachyrium scoparium
(Michx.) Nash (Keay et al. 2000) and that
of Sapium and Taxodium distichum (L.)
L. Rich. (Conway et al. 2002), but had
no effect on Salix nigra Marsh. (Conway
et al. 2002). We replaced Sapium mulch
with hardwood mulch or wheat straw in the

prairie restoration site to test the following
predictions of the allelopathy hypothesis:
(1) Sapium-mulched plots will have fewer
emerging Sapium seedlings than plots with
hardwood or wheat straw mulch, and (2)
seedlings in Sapium mulch plots will have
lower survivorship and reduced perfor-
mance compared to those in alternative
mulch plots.

METHODS

Study site

The study site is on the eastern side of
Taylor Bayou within ABNC. Average
annual rainfall is 1450 mm distributed
fairly evenly throughout the year (National
Weather Station [NWS] station 410257).
Soils are Midland silty clay loam, nearly
level, poorly drained, and acidic. Surface
runoff and permeability are both very
low, with high available water capacity
(Wheeler 1976).

Historically, the area was tallgrass prairie,
but it has become heavily invaded by Sa-
pium. Within the experimental area, aver-
age Sapium density before stand removal
ranged from 0.2 trees/m? in the east to
2.2 trees/m? in the west. However, dbh
of individual trees decreased from east
to west, from an average of 24.7 cm in
the eastern-most block to 4.5 cm in the
western-most block. Blocks with larger
trees may have had more Sapium seeds in
the soil at the start of the experiment. The
percentage of the canopy that was open
averaged 18.8% (range 14.2%-31.2%).
Under the Sapium canopy, wetland species
such as Rynchospora spp. dominated the
herbaceous vegetation. Low densities of
Dicanthelium oligosanthes Shult., Muhlen-
bergia capillaris (Lam.) Trin., Axonopus
affinis Chase, Croton capitatus Michx.,
Rubus spp., and Myrica cerifera L. were
also present, as well as climax prairie grass
species such as Schizachyrium scoparium,
Paspalum plicatulum Michx., and Panicum
virgatum L.

During the last week of September 2002,
a machine, which is commonly called a
“seppi,” mulched 1 ha of Sapium forest.
Specifically, it is a Kershaw 1200 with
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a Bullhog 120 shredding mower, a four-
wheel drive articulating machine driven by
a 225 HP engine, riding on high flotation
rubber tires. The seppi can shred trees up
to 50 cm in diameter to within 5 cm of the
ground surface (Ecological Stability, Inc.,
Seabrook, Texas), discharging the mulch
under the machine. Large stumps were
individually treated with herbicide (Garlon
4 from Dow Chemical mixed with a JBL
oil) to reduce resprouting.

Experimental design

Because of differences in pre-mulching
Sapium density across the area, we used
a randomized block design with three
blocks. From east to west, the blocks
slope down towards Taylor Bayou, and
hereafter are called High, Medium, and
Low, in reference to their elevation. Each
block consisted of eighty 1-m x 1-m plots
with 1-m alleys. Within each block, plots
were randomly assigned one of six mulch
treatments: 0, 5, 10, or 15-cm deep Sapium
mulch; 5-cm hardwood mulch; or 6-cm
straw mulch. For the 0-cm Sapium mulch
treatment, we removed the Sapium mulch
by hand so that bare soil was exposed.
Sapium mulch layers of 5 cm were used
to evaluate the potential effectiveness of
the expected average depth of muich to
be obtained at this particular site using
this management technique. The 10 and
15-cm Sapium mulch layers represented
two additional depths that can reason-
ably be expected from mulching a denser
stand of Sapium. In the hardwood mulch
treatment, the existing Sapium mulch was
removed and replaced with a 5-cm layer
of hardwood mulch (commercial bag of 2
cubic feet). Although this 5-cm depth was
similar in maximum depth to the 5-cm layer
of Sapium, its mass and ground coverage
were more similar to the 10-cm Sapium
layer because of the uniform texture of
commercial mulch. Therefore, the 10-cm
Sapium mulch depth was used for compari-
son to the alternative mulch treatments in
the allelopathy tests. For the straw mulch
treatment, the existing Sapium mulch was
removed and replaced with a layer of wheat
straw 6 cm thick, or an average of 1850
grams (three “pats” of a commercial square
bale of straw). The straw was anchored

into place with long staples.

The design with 80 plots per block was not
evenly divisible by the six treatments, so
treatments were not equally represented.
Since the 5-cm Sapium mulch layer was
the anticipated naturally occurring depth,
we chose that treatment for additional
replication. Therefore, there were 12 plots
per block for five treatments (total of 36
each) and 20 plots per block for the 5-cm
Sapium mulch treatment (total of 60).

Six HOBO Outdoor/Industrial 4-Chan-
nel External thermocoupler units (Onset
Computer Corporation, Pocasset, Massa-
chusetts) were used to compare diurnal soil
temperature fluctuations among the mulch
treatments. Probes were inserted into the
soil in the center of a plot until the upper
end of the metal probe was level with the
soil surface. Since each thermocoupler unit
only had four probes but each block had six
mulch treatments, two units were placed
in each block, and the randomization of
probe placement among mulch treatments
was done across all three blocks. Therefore,
temperature was recorded in four plots of
each mulch treatment (for a total of 24
measurements) but not an equal number
per treatment in each block. Temperatures
were recorded once every 30 min from
mid-February until the end of August.

Seedling addition

In November and December 2002, we col-
lected seed from Sapium trees in Galveston
County. In February 2003, seeds were
planted into flats of commercial topsoil
in an unheated greenhouse with open vent
flaps. Seeds began to germinate in March,
approximately the same time they began to
germinate in the field. As soon as a seed
germinated, it was transferred to a 115-ml
Conetainer (Stuewe and Son, Corvallis,
Oregon) filled with soil from the Taylor
Bayou site. Conetainers were well watered.
Seedlings were grown in the greenhouse
until they had secondary leaves, and then
grown outside under a 50% shade cloth so
they could “harden off.”

The assignment of mulch treatments was
separately randomized in the last four rows

of each block; therefore, all six mulch¥
treatments were uniformly represented in
this section of the total block. One seedling |
per plot was planted in these southernmost
four rows of each block, for a total of 96
seedlings (4 rows x 8 columns per block:
X 3 blocks).

Seedlings were transplanted into the field:
May 14. We measured the height (mean"
112 mm, range 83-161 mm) and number
of leaves (mean 5.4, range 4-8) of each
seedling at the time of planting. Since this |
was during a dry, hot period, we watered ‘
the seedlings with one liter of water at
the time of planting and every three to
four days thereafter until June 2, when it
began to rain regularly. Seedlings that died
within the first two weeks were presumed to
have died from transplant shock and were
replaced. Nine were replaced on May 21.
No additional replacements were made.

Data collection and analysis

Naturally germinating Sapium seedlings
were first noted in the field on March 19,
2003. Approximately every two weeks
during the 2003 growing season, through
September 19, and on May 28, 2004, we
counted all Sapium seedlings within a 0.25
m? area in the center of each plot. Once a
month in 2003, and on May 28, 2004, we
also measured the heights of the Sapium
seedlings. On June 13, 2003, if more than
ten seedlings were in a plot, ten were hap-
hazardly selected and permanently marked
with colored paper clips. Thereafter, a
maximum of ten seedling heights was mea-
sured in each plot. In total, seedlings were
counted 13 times and measured six times
in 2003. Vegetation cover was estimated
once a month as the percentage of the
0.25 m? area covered by vegetation other
than Sapium. Survival of added seedlings
planted in plots was evaluated 98 days after
the initial planting.

Three factors were included in full-interac-
tion ANOVA evaluations: mulch treatment,
block, and seedling addition. The seedling
addition factor included the effects of the
location of these plots in the southern end
of each block, the effects of mulch distur-
bance when the seedling was planted, and
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the effects of supplemental watering after
the seedling was planted. All evaluations
were full-interaction ANOVA’s unless
otherwise indicated.

We tested whether seedling emergence
(cumulative emergent seedlings in plots)
over the full term of the experiment dif-
fered among bare soil and the three differ-
ent depths of Sapium mulch (0-cm mulch
and 5, 10, and 15-cm Sapium mulch).
A similar evaluation was made for the
number of seedlings alive in May 2004
(final count). We separately tested whether
seedling emergence or final count varied
among the 10-cm Sapiuwm mulch layer
and the alternative hardwood or straw
mulch. Seedling counts were square root
transformed to achieve normality and
back-transformed for graphical presenta-
tion. We used Fisher’s PLSD to reveal
significant differences among categories
within individual factors.

The survival percentage of naturally occur-
ring seedlings was calculated by dividing
end-of-season count of seedlings in Sep-
tember 2003 by cumulative emergence over
the first growing season. We analyzed the
effects of Sapium mulch treatment (0, 5,
10, and 15-cm Sapium mulch), block, and
seedling addition on the survival of natu-
rally occurring seedlings. We separately
tested whether survival varied among the

10-cm Sapium mulch layer and the alterna-
tive hardwood or straw muich.

Effects of initial height, Sapium mulch
treatment, and alternative mulch treatment
on added seedling survival were evaluated
with separate logistic regressions. As a
post hoc test, we used logistic regression
to test the effects of only O, 5, and 10-
cm Sapium mulch on planted seedling
survival (eliminating the 15-cm Sapium
mulch depth).

We tested the effects of Sapium mulch treat-
ment (0, 5, 10, and 15-cm Sapium mulch),
block, and seedling addition on the average
heights of seedlings measured in each plot
in 2003. Heights were log-transformed to
achieve normality. We also tested for pos-
sible variation in average seedling height
among the 10-cm Sapium mulch depth and
the two alternative mulch treatments.

Vegetation cover in 2003 and 2004 were
square root transformed to achieve nor-
mality and evaluated for dependence on
Sapium mulch treatment (0, 5, 10, and
15-cm Sapium mulch), block, and seed-
ling addition with a repeated measures
ANOVA. Separate correlation Z tests
were used to determine if 2003 seedling
counts or average heights were correlated
with vegetation cover. Regression was
then used to determine the relationship

between average seedling height and
vegetation cover. Data from 2003 were
used in these seedling tests to consistently
include vegetation and seedlings from the
same growing season.

All statistical tests were performed with
Statview 5.0 (SAS Institute Inc., Cary,
NC).

RESULTS

Seedling emergence and final counts
depended significantly on Sapium mulch
treatment (O cm >5cm > 10cm 2 15 cm),
block, seedling addition, and the interac-
tions of all of these variables (Table 1,
Table 2, Figure 1). The significant mulch
x block interaction reflects a high number
of seedlings in the 0-cm mulch in the
High block. The mulch x seedling term
results from the high seedling emergence
in 0-cm mulch plots that received an
added seedling. A large positive effect of
seedling addition in plots in the drier High
block, especially in the 0-cm mulch plots,
likely contributed to the significance of the
block x seedling as well as the third level
interaction terms.

Excluding bare plots in the High block
did not change the significance of any
terms except seedling addition (P=0.10)

Table 1. Full factor analysis of variance table for effect of Sapium mulch treatment (0, 5, 10, 15 cm) on square root transformed seedling emergence (cu-
mulative emergent seedlings in plots) and final count in 2004,

Cumulative Emergence

Final Count

Factor df SS F P? SS F p?
Treatment 3 130.1 17.5 ks 94.9 16.3  *k*x
Block 2 41.3 83  kkx 42.6 11.0  Fkxx
Seedling 1 16.1 6.5 * 19.5 10.0  **
Treatment * Block 6 80.8 5.4 (kxEx 62.1 5.3 kwkx
Treatment * Seedling 3 25.5 34 * 21.5 3.7 *
Block * Seedling 2 394 7.9 k¥ 36.7 9.5 wakx
Treatment * Block * Seedling 6 88.2 5.9  wwkk 70.6 6.1  xEEx
Residual 144 357.0 279.4

Overall Model 23 421.5 7.4 REkx 347.8 7.8 kwEx

* P -value: NS, not significant; * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.
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36+20 05+04

1.0+0.7

80+54 38+09 0.1+02

48+24 08+0.6

144+90 62+15 02+03 19+1.1

Low

With seedling-

1.1+12 7.0+35 20+18

52+59 62+29 34+18

24+07 32+13

24+22

79+4.1
57+18 48+18 78+50 08+08 55+22 28+17

68+74 82+37 39+18 26+1.1

Medium
Low

1.6 +0.9

39+1.9

54+48 03+05

and treatment by seedling
addition (P=0.32).

The pattern of highest seed-
ing emergence in 0 cm to
lowest in 10 and 15-cm
Sapium mulch (Figure 1)
matches the pattern of the
greatest diurnal temperature
fluctuations under O-cm
mulch to lowest under 10
and 15-cm mulch in the field
(Figure 2).

There was no difference
in seedling emergence or
final counts among 10-cm
Sapium mulch and alter-
native mulch treatments
(Table 3).

Sapium mulch treatment
had a significant effect on
the survival of naturally
occurring seedlings in 2003
(F3,,3=99, P <0.0001).
Survival was significantly
higher in 5 cm of mulch
than in 0 cm (P < 0.05), but
then tended to be lower in
the 10-cm mulch so that it
did not differ from that in
either 5¢cm (P =0.40)or 0
cm (P =0.26). Survival was
significantly lowerin 15 cm
of mulch compared to all
other depths (highest P <
0.01). There was no differ-
ence in survival of naturally
occurring seedlings between
10-cm Sapium and alterna-
tive mulches (F, ¢ = 0.5,
P = 0.60).

The probability of an added
seedling’s survival in 2003
was not dependent on its
initial height when planted
(x?=0.5,14df, P=047),
but survival was affected
by Sapium mulch depth.
The odds of survival were
lower at greater mulch
depths (2 =9.5,3 df., P
< 0.05); however, this effect
was eliminated when the

15-cm Sapium mulch depth was excluded
(x2 = 04, 2 df,, P = 0.83). Survival off.
added seedlings did not vary among 10-cnje
Sapium mulch and the alternative mulc! 4
treatments (2= 0.5, 2 d.f., P = 0.77).

Final seedling heights did not vary among
Sapium mulch depths (0, 5, 10, and 15 \
cm, Fy 0 = 1.0, P = 0.41) nor among§
alternative mulch treatments (10-cm§
Sapium, hardwood, and straw, F, ¢, ]
2.1, P = 0.13) in 2003. Seedlings in the}
Low block were shorter than in the otherg
blocks among the Sapium mulch depths§
resulting in an overall block effect (F, ;g
=5.2, P <0.01). :

Sapium mulch depth significantly reducedf
vegetation cover in both years (Figure 3, ;
F3’144 = 55.8, P < 0.0001) with vegetationf
coverinOcm>5cm>10cm 2 15 cm}
Vegetation cover was lower in seedling*f
addition plots (F 1144 = 10.0, P < 0.01),
There was no correlation between vegeta-}
tion cover and final seedling count in thef
Sapium mulch plots in 2003 (P = 0.11).3
Sapium seedling height was positively}
correlated with vegetation cover in the
Sapium mulch plots in 2003 (R? = 0.03,
P < 0.05).

DISCUSSION

Mulch effects

Only a shallow layer of Sapium mulch’
was required to suppress Sapium seed-§
ling emergence (Figure 1). Mulch also
reduced native vegetation cover in early
spring 2003, limiting its possible inter-;
ference with subsequent Sapium seedling
success. Heavier layers of mulch further’
suppressed seedling emergence, but also
greatly reduced native vegetation cover:
into the second year (Figure 3). As aresult,
a mowing regime could be implemented |
soon after restoration regardless of the’
density of the Sapium coverage, but the
mulch from a closed canopy forest might
delay prescribed burning for a few years
until a sufficient herbaceous fuel load ac-
cumulates.

Mulch likely suppressed Sapium seedling
emergence by reducing the diurnal soil
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Figure 1. The effect of Sapium mulch depth on the cumulative count of new seedlings in a plot over the entire term of the experiment (cumulative emergence)
and the number of seedlings alive in May of the second growing season (final count). Seedling counts were square root transformed for analysis and back-
transformed for presentation. Error bars indicate + 1 SE. Different letters indicate means that were significantly different in Fisher’s PLSD means contrasts
for cumulative emergence (capital letters) or final count (flower case letters).

temperature fluctuations that Sapium
seeds use as germination cues (Nijjer et
al. 2002, Donahue et al. 2004). Mulch
depths of 5 and 10 cm progressively
damped soil surface temperature fluctua-
tions from those evident at 0-cm mulch
(Figure 2), and the same pattern was seen
in seedling emergence (Figure 1). Neither
soil temperature fluctuations nor seedling
emergence differed between 10 and 15-
cm of mulch (Figures 1, 2). These results
support the temperature hypothesis: mulch
layers reduced diurnal fluctuations in soil
temperature, and seedling emergence
was lower as mulch depth increased. At
mulch depths where daily soil temperature
fluctuations ceased to diminish, seedling
emergence also leveled off.

Mulch depth alone is known to reduce
seedling emergence (Fenner 1985). To
separate indirect temperature effects from
possible direct effects of mulch depth

on seedling emergence, we performed
a separate lab experiment in which we
held soil temperature treatments constant
while varying the depth of Sapium mulch
(Donahue et al. 2004). We found seedling
emergence was significantly higher with
high diurnal temperature fluctuations
compared to constant temperatures or low
temperature fluctuations. However, there
were no consistent differences in seedling
emergence among various mulch depths
within the same temperature treatment. The
similar seedling emergence results in this
field experiment for 10-cm and the deeper
15-cm layers of mulch, both of which had
similar temperature fluctuations, support
that temperature fluctuation and not mulch
depth per se is the factor responsible for
lower seedling emergence.

The gradient in pre-mulching tree density
likely influenced the effects of the mulch
treatments. Larger, more mature trees in

the High block graded to smaller trees in
the Low block before treatment. This might
have resulted in a larger seed bank in the
High block, which would result in more
germinating seedlings, especially in the
bare soil plots where no suppression oc-
curred. Suppression effects of mulch were
most pronounced in the High block.

Deeper mulch did not progressively re-
duce seedling performance. The effects of
mulch on seedling survival varied between
naturally occurring seedlings and planted
seedlings, but deep mulch decreased seed-
ling survival in both groups. Some mulch
(5 cm) increased seedling survival among
naturally occurring seedlings, possibly
because it reduced the effects of summer
drought in 2003. This pattern was not seen
among planted seedlings probably because
they were watered. Mulch treatment did
not affect average seedling height. Because
mulch depth had mixed effects on seedling
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Figure 2. Diurnal soil temperature fluctuations in the field for different depths of Sapium mulch for six days in April 2003. Sapium mulch depths are indicate
on the graphs.
survival and no effect on height, the mortal- from west to east in our blocks. Continued  shorter height of the naturally occurrin

ity hypothesis was not supported.

presence of standing water on the western- seedlings.
most Low block through March 2003 may

Because the land sloped westward toward  have contributed to later germination of =~ The poor survival of planted seedling
Taylor Bayou, a moisture gradient existed seedlings in that block and the resultant  in the 15-cm Sapium mulch was likels

Table 3. Full factor analysis of variance table for effects of 10 cm Sapium mulch, hardwood mulch, and straw mulch treatments on square root transformed
seedling emergence (cumulative emergent seedlings in plots) and final count in 2004.

Cumulative Emergence Final Count

Factor df SS F p? SS F pP?
Treatment 2 6.6 20 NS 7.9 28 NS
Block 2 7.4 22 NS 6.6 23 NS
Seedling 1 4.2 25 NS 4.5 32 NS
Treatment * Block 4 1.8 03 NS 1.7 03 NS
Treatment * Seedling 2 2.6 0.8 NS 3.1 1.1 NS
Block * Seedling 2 9.5 28 NS 3.6 1.3 NS
Treatment * Block * Seedling 4 83 12 NS 5.8 1.0 NS
Residual 90 151.2 126.7

Overall Model 17 40.4 14 NS 33.2 140 NS

? P-value: NS, not significant; * < 0.05; ** < 0.01; *** <0.001; **** < 0.0001.
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Figure 3. Average vegetation cover per plot at the end of the growing season in 2003 and in May 2004 for each depth of Sapium mulch. Vegetation cover was
estimated as the percentage of the area covered by non-Sapium vegetation (remaining percentage would be Sapium, mulch, or bare soil). Vegetation cover was
square root transformed for analysis and back-transformed for presentation. Error bars indicate + 1 SE. Different letters indicate means that were significantly
different in Fisher’s PLSD means contrasts for 2003 (capital letters) or 2004 (lower case letters).

because many seedlings were completely
covered in this treatment (average seedling
height at planting was 112 mm) after they
had invested significant seed resource re-
serves in production of true leaves. Sapium
has arelatively large seed (Bonner 1989c),
especially compared to native pioneer tree
species (Bonner 1989a,b), and larger seeds
have been shown to increase seedling es-
tablishment in many environments (Silver-
town 1989, Burke and Grime 1996, Gray
and Spies 1997, Jakobsson and Eriksson
2000, Thompson et al. 2001, Grundy et al.
2003). Sapium’s large seed size may have
contributed to the lack of a negative cor-
relation between vegetation cover and final
seedling count in the experimental plots. In
addition, in our lab experiment (Donahue
et al. 2004), Sapium seedlings emerged
through 10 cm of mulch. However, these
seedlings planted into the field had invested
seed energy reserves in true leaves before
burial in the mulch. Therefore, mortality

in the 15-cm mulch depth likely resulted
from insufficient energy reserves rather
than direct mulch effects.

We found no evidence of allelopathic ef-
fects of Sapium mulch on Sapium seeds
or seedlings. There was no difference in
seedling emergence (Table 3) or seedling
survival between Sapium and alternative
mulch plots, and seedling height was
unaffected by Sapium versus alternative
mulches. One study has shown negative
effects of Sapium on a native tree species
(Gresham and Edwards 1995). Some stud-
ies have found positive effects of Sapium
litter extracts on growth of some tree
species (Conway et al. 2002) and a native
grass (Keay et al. 2000). Our results dif-
fered from those of Conway et al. (2002),
who found Sapium extracts facilitated its
own germination and enhanced seedling
size and mass in the laboratory.

Conclusions and implications

This experiment demonstrated that using
shredding mowers to mulch live Sapium
trees in an invaded prairie could be a
rapid restoration technique. Modern native
prairie management involves mimicking
the historic forces of grazing and fire that
shaped prairies over time (Axelrod 1985,
Smeins et al. 1992). Grazing is often re-
placed by mowing, and this technique aids
mowing by removing all of the Sapium to
ground level. Therefore, although heavier
mulch layers reduced Sapium seedling
emergence and may help future manage-
ment, mulching trees and removing mulch
also appears to be a viable restoration
technique. A successful prairie burn de-
pends on adequate fine fuels to carry the
fire, and the mulching technique allowed
rapid regeneration of these fuels at this site.
The final heights of the Sapium seedlings
that did emerge in the experimental plots
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are below that which fire has been shown
to kill (Grace 1998). Therefore, mulching
eliminated the trees, reduced subsequent
Sapium seedling emergence, and facilitated
future native prairie management.

ACKNOWLEDGMENTS

The authors would like to thank Armand
Bayou Nature Center for access and as-
sistance, Saara DeWalt for comments on
the manuscript, Philemon Chow, Maria
Hartley, Zach McLemore, Summer Nijjer,
Megan Rua, Rachel Tardif, Liz Urban,
and Terris White for field assistance, and
Wray-Todd Fellowship, US EPA (R82-
8903), and US NSF (DEB-9981654) for
financial support.

Candice Donahue is Executive Director of
Armand Bayou Nature Center. She received
her Masters degree at Rice University.

William E. Rogers is an Assistant Professor
at Texas A+M University. His interests are
in plant ecology.

Evan Siemann is an Associate Professor
at Rice University. His interests are in
plant ecology.

LITERATURE CITED

Agrios, G.N. 1997. Plant Pathology, 4th ed.
Academic Press, San Diego, Calif.

Axelrod, D.I. 1985. Rise of the grassland biome,
central North America. Botanical Review
51:163-201.

Baskin, J.M., and C.C. Baskin. 1989. Physiol-
ogy of dormancy and germination in relation
to seed bank ecology. Pp. 53-66 in M.A.
Leck, V.T. Parker, and R.L. Simpson, eds.,
Ecology of Soil Seed Banks. Academic
Press, San Diego, Calif.

Bonner, F.T. 1989a. Celtis L. Hackberry. Pp.
298-300 in C.S. Schopmeyer, ed., Seeds
of Woody Plants in the United States. U.S.
Department of Agriculture, Forest Service,
Washington, D.C.

Bonner, F.T. 1989b. Liquidambar styraciflua L.
Sweetgum. Pp. 505-507 in C.S. Schopmeyer,
ed., Seeds of Woody Plants in the United
States. U.S. Department of Agriculture,
Forest Service, Washington, D.C.

Bonner, ET. 1989c. Sapium sebiferum (L.)
Roxb. Tallow tree. P. 760 irn C.S. Schop-
meyer, ed., Seeds of Woody Plants in the
United States. U.S. Department of Agricul-
ture, Forest Service, Washington, D.C.

Boyce, J.S. 1961. Forest Pathology, 3rd ed.
McGraw-Hill, N.Y.

Bruce, K.A., G.N. Cameron, and P.A. Har-
combe. 1995. Initiation of a new woodland
type on the Texas coastal prairie by the
Chinese tallow tree (Sapium sebiferum (L.)
Roxb.). Bulletin of the Torrey Botanical
Club 122:215-225.

Bruce, K.A., P.A. Harcombe, and G. Jubin-
sky. 1997. Introduction, impact on native
habitats, and management of a woody
invader, the Chinese tallow tree, Sapium
sebiferum (L.) Roxb. Natural Areas Journal
17:255-260.

Burke, M.J.W,, and J.P. Grime. 1996. An
experimental study of plant community
invasibility. Ecology 77:776-790.

Butterfield, B., W.E. Rogers, and E. Siemann.
2004. Growth strategies and performance
of five tree species along a water gradient.
Texas Journal of Science 56:335-346.

Conner, W.H. 1994. The effect of salinity and
waterlogging on growth and survival of
baldcypress and Chinese tallow seedlings.
Journal of Coastal Research 10:1045-
1049.

Conway, W.C., L. M. Smith, and J.F. Bergan.
2002. Potential allelopathic interference
by the exotic Chinese tallow tree (Sapium
sebiferum). American Midland Naturalist
148:43-53.

Donahue, C., W.E. Rogers, and E. Siemann.
2004. Effects of temperature and mulch
depth on Chinese tallow tree (Sapium se-
biferum) seed germination. Texas Journal
of Science 56:347-356.

Dzwonko, Z., and S. Gawronski. 2002. Influence
of litter and weather on seedling recruitment
in a mixed oak-pine woodland. Annals of
Botany 90:245-251.

Fenner, M. 1985. Seed Ecology. Chapman &
Hall, London.

Fisher, PL. 1941. Germination reduction and
radicle decay of conifers caused by certain
fungi. Journal of Agricultural Research
62:87-95.

Ghersa, C.M., R.L. Benech, and M.A. Martinez.
1992. The role of fluctuating temperatures in
germination and establishment of Sorghum
halepense. Regulation of germination at
increasing depths. Functional Ecology
6:460-468.

Grace, J.B. 1998. Can prescribed fire save the
endangered coastal prairie ecosystem from
Chinese tallow invasion? Endangered Spe-

cies Update 15:70-76.

Grace, J.B., M.D. Smith, S.L. Grace, S.L. Col-
lins, and T.J. Stohlgren. 2001. Interactions
between fire and invasive plants in temperate
grasslands of North America. Tall Timbers
Research Station, Tallahassee, Fla.

Gray, A.N., and T.A. Spies. 1997. Microsite
controls on tree seedling establishment
in conifer forest canopy gaps. Ecology
78:2458-2473.

Gresham, C.A., and M.B. Edwards. 1995.
Tallowtree (Sapium sebiferum) allelopathy
affects loblolly pine seed germination and
seedling growth. Southern Research Station,
U.S. Department of Agriculture, Forest
Service, Asheville, N.C.

Grundy, A.C., A. Mead, and S. Burston. 2003.
Modelling the emergence response of weed
seeds to burial depth: interactions with seed
density, weight and shape. Journal of Ap-
plied Ecology 40:757-770.

Hatch, S.L., K.N. Ghandi, and L.E. Brown.
1990. A Checklist of the Vascular Plants
of Texas. Texas Agricultural Experiment
Station, College Station.

Hejl, AM,, FA. Einhellig, and J.A. Rasmus-
sen. 1993. Effects of juglone on growth,
photosynthesis, and respiration. Journal of
Chemical Ecology 19:559-568.

Inderjit, and R.M. Callaway. 2003. Experimen-
tal designs for the study of allelopathy. Plant
and Soil 256:1-11.

Jakobsson, A., and O. Eriksson. 2000. A com-
parative study of seed number, seed size,
seedling size and recruitment in grassland
plants. Oikos 88:494-502.

Jones, R.H., and K.W. McLeod. 1989. Shade
tolerance in seedlings of Chinese tallow
tree, American sycamore, and cherrybark
oak. Bulletin of the Torrey Botanical Club
116:371-377.

Jose, S., and A.R. Gillespie. 1998. Allelopathy
in black walnut (Juglans nigra L.) alley
cropping. II. Effects of juglone on hydro-
ponically grown corn (Zea mays L.) and
soybean (Glycine max L. Merr.) growth and
physiology. Plant and Soil 203:199-205.

Keay, J., W.E. Rogers, R.A. Lankau, and E.
Siemann. 2000. The role of allelopathy
in the invasion of the Chinese tallow tree
(Sapium sebiferum). Texas Journal of Sci-
ence 52:57-64.

Lin, W.C., A.C. Chen, CJ. Tseng, and S.G.
Hwang. 1958. An investigation and study
of Chinese tallow tree in Taiwan (Sapium
sebiferum, Roxb.). Bulletin of the Taiwan
Forestry Research Institute 57:1-37.

Mahall, B.E,, and R.M. Callaway. 1992. Root
communication mechanisms and intracom-
munity distributions of 2 Mojave Desert

252 Natural Areas Journal

Volume 26 (3), 2006

i



| Col-
Kions
lerate
pbers

fosite
ment
logy

1995,
pathy
{ and
{tion,
prest

1003.
weed

\ Ap_

bwn.
Yants
nent

us-
| th’
M of

a LKA

hen-
lant

jom-
fize,
fand

Jade
kow
park

Tub

Jihy

Pei-

shrubs. Ecology 73:2145-2151.

Nijjer, S., R.A. Lankau, W.E. Rogers, and E.
Siemann. 2002. Effects of temperature and
light on Chinese tallow (Sapium sebiferum)
and Texas sugarberry (Celtis laevigata)
seed germination. Texas Journal of Science
54:63-68.

Renne, LJ., T.P. Spira, and W.C. Bridges. 2001.
Effects of habitat, burial, age and passage
through birds on germination and establish-
ment of Chinese tallow tree in coastal South
Carolina. Journal of the Torrey Botanical
Society 128:109-119.

Rogers, WE., and E. Siemann. 2002. Effects of
simulated herbivory and resource availability

on native and invasive exotic tree seedlings.
Basic and Applied Ecology 3:297-307.

Siemann, E., and W.E. Rogers. 2003. Changes
in light and nitrogen availability under
pioneer trees may indirectly facilitate tree
invasions of grasslands. Journal of Ecology
91:923-931.

Silvertown, J. 1989. The paradox of seed size
and adaptation. Trends in Ecology & Evolu-
tion 4:24-26.

Smeins, FE., D.D. Diamond, and C.W. Han-
selka. 1992. Coastal prairie. Pp. 269-290
in R.T. Coupland, ed., Natural Grasslands-
Introduction and Western Hemisphere.
Elsevier, N.Y.

Thompson, K., and J.P. Grime. 1983. A com-
parative study of germination responses to

diurnally-fluctuating temperatures. Journal
of Applied Ecology 20:141-156.

Thompson, K., J.G. Hodgson, J.P. Grime, and
ML.J.W. Burke. 2001. Plant traits and tem-
poral scale: evidence from a 5-year invasion
experiment using native species. Journal of
Ecology 89:1054-1060.

Westoby, M., M. Leishman, and J. Lord.
1996. Comparative ecology of seed size
and dispersal. Philosophical Transactions
of the Royal Society of London Series B
351:1309-1317.

Wheeler, FF. 1976. Soil survey of Harris
County, Texas. U.S. Department of Agri-
culture, Soil Conservation Service, Wash-
ington, D.C.

Volume 26 (3), 2006

Natural Areas Journal 253



