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Summary

1.

 

The evolution of increased competitive ability (EICA) hypothesis proposes that
exotic plants often become invasive because they have evolved reduced allocation to
defence and increased allocation to growth and reproduction in response to low her-
bivore loads. Previous studies with Chinese tallow tree 

 

Sapium sebiferum

 

 support EICA
predictions of  invasive North American ecotypes displaying rapid growth, poorly
defended leaves and considerable compensation after defoliation. In contrast, native
Asian ecotypes are comparatively slow growing with highly defended leaves and are
negatively impacted by mechanical leaf  damage. The effects of  root damage on the
different ecotypes are unknown.

 

2.

 

We conducted a full-factorial pot experiment designed to assess the effects of  soil
fertility, competition with ryegrass 

 

Lolium multiflorum

 

 and mechanical root damage on

 

Sapium

 

 seedlings derived from seed collections obtained in the ancestral range (native
Chinese ecotype) and introduced range (invasive Texas ecotype).

 

3.

 

The results, consistent with EICA predictions, revealed that Chinese ecotypes were
negatively affected by severing roots, while Texas ecotypes were able to compensate for
root damage.

 

4.

 

Fertilization increased growth of Chinese ecotypes, but did not reduce the negative
effects of  root damage enough to allow the seedlings to compensate completely.
Competition increased the stem height growth of Chinese ecotypes, but did not affect
shoot or root mass. Texas ecotypes were not significantly affected by any experimental
treatments.

 

5.

 

Synthesis and applications

 

. The results of this study are consistent with previous
studies indicating that invasive 

 

Sapium

 

 has undergone a shift away from possessing
costly herbivore defences to producing relatively inexpensive tissues that are capable of
rapidly compensating for damage. Evolutionary change is increasingly being recog-
nized as an important factor contributing to the success of exotic plant invaders. Under-
standing that herbivory tolerance and the compensatory capacity for damage may differ
between native and introduced plant ecotypes will be essential for implementing
effective control strategies for problematic invasive species.
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Introduction

 

Deliberately introduced perennial woody species are
frequently the most aggressive invaders of  natural
habitats and are an emerging threat to ecosystems

world-wide (Reichard & Hamilton 1997; Richardson
1998; Mack 

 

et al

 

. 2000; Kriticos 

 

et al

 

. 2003). Chinese
tallow tree 

 

Sapium sebiferum

 

 (L.) Roxb. (Euphorbiaceae)
is a serious invader in the south-eastern USA that aggres-
sively displaces native plants and forms monotypic
woodlands (Jubinsky & Anderson 1996; Bruce 

 

et al

 

.
1997; Grace 1998). 

 

Sapium

 

 loses very small amounts of
leaf area to herbivory in the USA (Scheld & Cowles 1981;
Siemann & Rogers 2001, 2003a) and its advantage over
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native plants is assumed to be partially due to a low pest
load (Scheld & Cowles 1981; Jubinsky & Anderson
1996; Bruce 

 

et al

 

. 1997). However, recent investigations
have revealed that in addition to benefiting from an
‘enemy release’ (

 

sensu

 

 Keane & Crawley 2002), 

 

Sapium

 

has evolved a reduction in defence allocation and an
increase in allocation to growth and/or reproduction
in response to the absence of herbivores (Siemann &
Rogers 2001, 2003b,c).

Formalized as the evolution of increased competitive
ability (EICA) hypothesis (Blossey & Nötzold 1995),
the role of evolutionary change in biological invasions
is increasingly becoming recognized as a potentially
important explanation for the success of alien invaders
(Mack 

 

et al

 

. 2000; Hänfling & Kollmann 2002; Lee
2002). The EICA hypothesis predicts that ecotypes
from a plant’s introduced range (invasive ecotypes) will
be fast growing but more poorly defended against
enemies than ecotypes from its ancestral range (native
ecotypes). Because allocation to defence may be as costly
as herbivore damage (Bazzaz 

 

et al

 

. 1987; Simms 1992;
Strauss 

 

et al

 

. 2002), plants that escape their enemies
in an introduced range should gain a selective benefit
from decreasing their defensive investment. Foliar
tissue analysis and mechanical damage studies using
invasive and native ecotypes of 

 

Sapium

 

 are also con-
sistent with the hypothesis that native ecotypes possess
well-defended leaves that are costly to replace (Siemann
& Rogers 2001; Rogers & Siemann 2004), whereas inva-
sive ecotypes are capable of rapid compensatory growth
following defoliation (Rogers 

 

et al

 

. 2000; Rogers &
Siemann 2002, 2003).

Root systems are typically better sheltered than above-
ground plant parts and root herbivory is often less
frequent, albeit more detrimental, than foliar herbivory
(Reichman & Smith 1991; Strong 

 

et al

 

. 1995; Maron 1998;
but see Moran & Whitham 1990; Houle & Simard
1996). There has been considerably less attention paid
to the role of subterranean herbivores than their above-
ground, leaf-eating counterparts, despite the probable
importance of  root herbivory in plant population
dynamics and in structuring terrestrial communities
(Andersen 1987; Brown & Gange 1990; Mortimer, van der
Putten & Brown 1999). Root tissues make attractive
food sources for soil-dwelling herbivores. As a result,
roots are often protected by chemical defences, especially
in long-lived trees with low root : shoot ratios (Andersen
1987; Brown & Gange 1990).

Several root-feeding insects associated with 

 

Sapium

 

have been identified in its native Asian range (Zhang &
Lin 1994) but the effects of root damage on invasive
North American ecotypes and its effect on plant com-
petition have not been previously examined. To test the
predictions of the EICA hypothesis with respect to

 

Sapium

 

 root tissue, we conducted a full-factorial pot
experiment designed to assess the effects of mechanical
root damage, soil fertility and below-ground competi-
tion on the growth of 

 

Sapium

 

 seedlings derived from
seeds obtained from the species’ ancestral Chinese

range and introduced range along the Texas Gulf Coast.
We chose to focus on early life-history stages because
they are more likely to reveal mechanisms that regulate
community dynamics (Fenner 1987; Meiners & Handel
2000; Howard & Goldberg 2001; Sheppard 

 

et al

 

. 2002).
Seedlings are frequently more susceptible to environ-
mental stress than older plants and the effects of below-
ground herbivory are particularly severe in young plants
with small root systems (Müller-Schärer 1991; Prins,
Nell & Klinkhamer 1992; Strong 

 

et al

 

. 1995). As a result,
we predicted that (i) in accordance with the EICA
hypothesis, growth of native Chinese ecotypes would
be significantly reduced by root damage, whereas inva-
sive Texas ecotypes that allocate resources to rapid
regrowth would more fully compensate for the damage;
(ii) additional soil nutrients would allow native eco-
types to partially compensate for tissue damage and
would increase the growth of  both ecotypes; and (iii)
competition would reduce growth of  tree seedlings
subjected to root damage, although undamaged seedlings
would escape competition and be unaffected by shallow
rooting grass due to 

 

Sapium

 

’s taproot anatomy.

 

Materials and methods

 

 

 

Sapium sebiferum

 

 is a serious invader throughout the
south-eastern USA. It is deciduous and has range limits
largely determined by winter temperatures and aridity
(Bruce 

 

et al

 

. 1997). Rapid growth, colourful autumn
foliage, abundant flowers and seeds rich in oils have
encouraged extensive planting of 

 

Sapium

 

 (for detailed
description of  natural history see Siemann & Rogers
2003a). It regularly escapes cultivation and aggressively
invades native ecosystems and displaces native plants
(Jubinsky & Anderson 1996; Bruce 

 

et al

 

. 1997; Grace
1998).

 

 

 

Seeds of both native and introduced 

 

Sapium

 

 trees were
germinated in a glasshouse during April–May 2002.
Native Chinese seeds were collected from a range of
trees in the Guangdong province of  China (Chinese
ecotype and native ecotype used synonymously hence-
forth), while introduced seeds were collected from
naturalized 

 

Sapium

 

 trees in Galveston County, Texas,
USA (Texas ecotype and invasive ecotype used synony-
mously henceforth). The seeds were collected from
many different trees within each region and grouped by
continental origin. Seed weights did not differ statisti-
cally between the two ecotypes. Seeds and seedlings
of  the two ecotypes were visually indistinguishable
except that Chinese ecotype seeds tended to germinate
earlier than Texas ecotype seeds in the glasshouse (W.E.
Rogers, personal observation). We germinated the seeds
in single-celled, 100-mL Conetainers

 

Τ

 

M

 

 (Stuewe and Sons
Inc., Corvallis, OR) filled with a homogenized mixture
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of topsoil, organic humus and peat. Once the seedlings
had primary leaves, they were placed beneath a 50% shade
cloth outdoors for approximately 4 weeks.

To begin the experiment, we selected 48 

 

Sapium

 

seedlings of Chinese ecotypes and 48 

 

Sapium

 

 seedlings
of Texas ecotypes and individually transplanted them
into 7·65-L Treepots

 

Τ

 

M

 

 (Stuewe and Sons Inc.) filled
with a 3 : 1 homogenized mixture of  commercially
available topsoil and fine-grained sand, respectively. The
pots were placed in a temperature-controlled (27 

 

°

 

C)
laboratory area. The northern exposure of  the room
was mostly windows that provided an average of 530

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

 diffuse PAR during peak light, as meas-
ured by an ACCUPAR Ceptometer (Decagon Devices,
Pullman, WA). Full-spectrum lights suspended over
the pots provided an additional 85 

 

µ

 

mol m

 

−

 

2

 

  s

 

−

 

1

 

 PAR on
a 12-h light

 

−

 

12-h dark cycle. A small oscillating fan
was used to increase air circulation. In order to prevent
fungal pathogen build-up, we twice sprayed mancozeb
(DuPont Agricultural Products, Wilmington, DE) on
the plants. Separate phytotoxicity tests have found no
negative effects of this fungicide on 

 

Sapium

 

 (Siemann
& Rogers 2003a). We watered the plants daily and turned
the pots 180

 

°

 

 in place twice per week and rotated them
among positions within the experiment biweekly to
minimize shading and location effects.

On 25 June 2002, we measured stem height on each
seedling before initiating a 150-day experiment. 

 

Sapium

 

seedlings were randomly assigned a mechanical root
damage, nutrient addition or grass competition treat-
ment to establish a full-factorial experimental design.
Treatment combinations were replicated six times for
each ecotype. Supplemental nutrients were added as
3 g m

 

−

 

2

 

 nitrogen (N), 1 g m

 

−

 

2

 

 phosphorus (P), 2 g m

 

−

 

2

 

potassium (K) from a 15-5-10 NPK fertilizer per plot
per application on 18 July and 13 September. Com-
petition was initiated on 2 August by adding annual rye-
grass seed 

 

Lolium multiflorum

 

 Lam. to the pots at the
recommended rate of 50 g m

 

−

 

2

 

 (1·5 g pot

 

−

 

1

 

). Grass seeds
were thinly covered with topsoil and began germinat-
ing within 2 days. On 5 September, herbivore damage
was simulated by mechanically severing the entire root
system 5 cm below the soil surface. Roots were severed
using a sharp serrated steel blade inserted into a narrow
opening cut in the plastic pot. Test pots were used prior
to initiating root damage to ensure the effectiveness
of this method. Realistic simulation of herbivory by
mechanical means is problematic because many aspects
of  consumption cannot be duplicated accurately
(Andersen 1987; Hendrix 1988; Baldwin 1990; Blossey
& Hunt-Joshi 2003); however, mechanical damage
offers some advantages over using herbivores and can
provide a useful representation of tissue loss (Reichman
& Smith 1991; Stowe 

 

et al

 

. 2000; Tiffin & Inouye 2000).
On 29 October, we took a final measurement of stem
height. 

 

Sapium

 

 and 

 

Lolium

 

 shoots were clipped at the
soil surface and bagged separately. Roots were gently
washed from the soil. None of the tree seedlings appeared
to be growth-limited by rooting space. Larger 

 

Sapium

 

roots were easily distinguished from 

 

Lolium

 

 roots and
carefully separated. 

 

Lolium

 

 roots and very fine 

 

Sapium

 

roots were not retained because it was not possible to
separate them. Dead, severed 

 

Sapium

 

 root masses in
mechanical damage treatments were also discarded.

 

Sapium

 

 shoots and roots and 

 

Lolium

 

 shoots were dried
at 60 

 

°

 

C for at least 65 h and weighed separately.

 

 

 

Stem growth was calculated as [ln(final mm/initial mm)],
where initial height was measured on 25 June prior to
initiation of  the experimental treatments and final
height was measured on 29 October prior to plant
harvest. Competitive success was measured as the ratio
of 

 

Sapium

 

 shoot mass/(

 

Sapium

 

 shoot mass + 

 

Lolium

 

shoot mass). We used a nested analysis of  variance
(

 



 

) to compare the measurements of stem growth
and plant mass between the different experimental
treatments (SAS Institute, Cary, NC). A nested analy-
sis allows root damage to be examined as a function
of 

 

Sapium

 

 ecotype, fertilization and competition. This
controls for differences in plant size, root mass and
rooting depth that may result from responses to these
treatments prior to damaging the roots. A four-way
factorial analysis is statistically robust, but it makes
examination of the effects of experimental treatments
on each ecotype difficult due to size differences between
ecotypes that were sustained for the duration of  the
experiment. As a result, we also analysed each 

 

Sapium

 

ecotype with separate three-way factorial analyses
(

 

sensu

 

 Shaver & Chapin 1980; Mitchell, Arthur & Farrow
1992). Mass data were square-root transformed to meet the
statistical assumptions of 

 



 

 and back-transformed
for presentation.

 

Results

 

Although several seedlings lost their leaves in the week
after the mechanical root damage, all of  the 

 

Sapium

 

seedlings added new leaves and survived the 150-day
experiment. The four-way nested 

 



 

 revealed that
stem height growth (

 

F

 

1,80

 

 = 18·91, 

 

P

 

 < 0·0001), shoot mass
(

 

F

 

1,80

 

 = 42·58, 

 

P

 

 < 0·0001) and root mass (

 

F

 

1,80

 

 = 24·43,

 

P

 

 < 0·0001) were all significantly different between
Chinese and Texas ecotypes (Table 1). The Chinese
ecotypes were initially larger than the Texas ecotypes
and these size differences were sustained for the dura-
tion of the experiment (Table 2). Presumably, these dif-
ferences were due to the earlier germination of Chinese
ecotypes resulting in larger seedlings.

Additional soil nutrients increased the stem height
growth (

 

F

 

1,80

 

 = 6·1, 

 

P =

 

 0·02), shoot mass (

 

F

 

1,80

 

 = 14·74,

 

P

 

 = 0·0002) and root mass (

 

F

 

1,80

 

 = 17·93, 

 

P

 

 < 0·0001)
of  

 

Sapium

 

 seedlings, but there were also significant
interactions of  nutrients with ecotype (stem growth:

 

F

 

1,80

 

 = 7·82, 

 

P

 

 = 0·006; shoot mass: 

 

F

 

1,80

 

 = 6·83, 

 

P

 

 =
0·01; root mass: 

 

F

 

1,80

 

 = 3·2, 

 

P

 

 = 0·08; Table 1), suggest-
ing a differential response of  the two ecotypes to
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additional nutrients (see below). 

 

Sapium

 

 height growth
was also significantly increased by below-ground
competition (

 

F

 

1,80

 

 = 6·64, 

 

P

 

 = 0·01; Table 1). The most
informative results provided by the nested four-way

 



 

 model were the significant effects of mechanical
root damage as a function of  

 

Sapium

 

 ecotype, nutri-
ent addition and competition on these growth param-
eters (Table 1). Stem height growth (F8,80 = 2·14, P =
0·04), shoot mass (F8,80 = 1·71, P = 0·1) and root mass
(F8,80 = 2·4, P = 0·02) of Sapium seedlings were differ-
entially affected by mechanical root damage as a func-
tion of continental origin, soil fertility and competitive
environment. These results suggested that Chinese and
Texas ecotypes grown under various fertility and
competitive conditions are differentially responding to
mechanical root damage. Separate three-way factorial
analyses provided greater insights into the magnitude
of the responses of Chinese and Texas ecotypes to root
damage, fertility and competition.

The three-way  model revealed that Sapium
growth in stem height for Chinese ecotype seedlings
was significantly affected by the main effects of all three
experimental treatments (Table 2a). Stem height growth
of  Chinese ecotypes was negatively affected by root
damage (F1,40 = 13·08, P = 0·0008) but positively affected
by fertilization (F1,40 = 13·56, P = 0·0007) and grass
competition (F1,40 = 4·394, P = 0·04; Table 3a). Stem
height growth of Texas ecotypes was not significantly
affected by any experimental treatments (Tables 2b and
3b).

Sapium shoot mass for Chinese ecotypes was signi-
ficantly decreased by mechanical root damage (F1,40 =
8·165, P = 0·007) and increased by fertilization (F1,40 =
17·81, P = 0·0001; Tables 2a and 3a). Similarly, root
mass for Chinese ecotypes was significantly decreased
by mechanical root damage (F1,40 = 10·27, P = 0·003;
Tables 2a and 3a) and increased by fertilization (F1,40 =
22·1, P ≤ 0·0001; Tables 2a and 3a). Shoot mass and
root mass of  Texas ecotypes were not significantly
affected by root damage, fertilization or competition

(Tables 2b and 3b). The percentage of damaged Sapium
mass relative to undamaged plants receiving the same
fertilizer treatment highlighted the differential response
of Chinese and Texas ecotypes seedlings in competitive
conditions (Fig. 1a,b). Shoot and root mass of Chinese
ecotypes were markedly reduced by mechanical root
damage in both fertilized and unfertilized conditions
(Fig. 1a), whereas both shoot and root mass of  Texas
ecotypes showed high compensatory capacities for root
damage, particularly with increased fertility (Fig. 1b).
Further, Sapium competitive success was significantly
reduced by root damage in pots containing Chinese
ecotypes (F1,20 = 4·343, P = 0·05; Table 4a and Fig. 2a)
while the competitive success of Texas ecotypes was not
significantly affected by any experimental treatments
(Table 4b and Fig. 2b).

In competition pots, Lolium shoot mass was signi-
ficantly increased by fertilization in both pots contain-
ing Chinese (F1,20 = 30·39, P < 0·0001; Table 4a) and
Texas (F1,20 = 16·47, P = 0·0006; Table 4b) ecotypes. A
significant interaction between mechanical root dam-
age and fertilization also occurred for Lolium shoot
mass in pots containing Texas ecotypes (F1,20 = 14·3, P
= 0·001), with the least mass in unfertilized pots with
damage and the most mass in unfertilized pots without
damage (Table 4b).

Discussion

Ecological theory predicts that a trade-off exists between
herbivory tolerance (i.e. mechanisms that facilitate
regrowth following tissue damage) and herbivory resis-
tance (i.e. mechanisms that reduce the probability of
consumption) (van der Meijden, Wijn & Verkaar 1988;
Herms & Mattson 1992; Simms 1992; Fineblum &
Rausher 1995; Mauricio 2000; Pilson 2000; Strauss et al.
2002). Resistant plants invest resources and energy into
producing and maintaining defences, while tolerant
plants rapidly regrow following tissue loss. The EICA
hypothesis suggests that, in response to low pest loads,

Table 1. Four-way nested analyses of variance table of stem height growth [ln(final mm/initial mm)], square-root transformed
shoot mass and square-root transformed root mass for Sapium sebiferum tree seedlings. Nested analyses allow root damage to be
examined as a function of Sapium ecotype, NPK nutrient addition and competition with ryegrass. Experimental treatments: E,
Sapium ecotype; N, NPK nutrient addition; C, grass competition; R, mechanical root damage. Msq, mean square
 

 

d.f.

Stem growth Shoot mass Root mass 

Msq F-value Msq F-value Msq F-value

Ecotype (E) 1 1·699 18·91**** 1·805 42·58**** 0·409 24·43****
Nutrients (N) 1 0·548 6·10* 0·625 14·74*** 0·300 17·93****
Competition (C) 1 0·597 6·64* 0·010 0·24 NS 0·019 1·12 NS
E × N 1 0·703 7·82** 0·290 6·83** 0·054 3·20†
E × C 1 0·016 0·18 NS 0·011 0·25 NS 0·002 0·14 NS
N × C 1 0·009 0·10 NS 0·003 0·07 NS 0·028 1·67 NS
E × N × C 1 0·126 1·40 NS 0·142 3·35† 0·040 2·42 NS
R (E × N × C) 8 0·192 2·14* 0·072 1·71† 0·040 2·40*
Error 80 0·090 0·042

P-value: NS, not significant; †≤ 0·1; *≤ 0·05; **≤ 0·01; ***≤ 0·001; ****≤ 0·0001.
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many introduced plants become invasive by evolving
increased rates of growth and reproduction while con-
currently reducing costly herbivore deterrents (Blossey
& Nötzold 1995). Our results are consistent with the
predictions of the EICA hypothesis. Sapium height growth,
shoot mass, root mass and competitive ability of native
Chinese ecotypes were all significantly reduced by
mechanically severed roots, whereas invasive Texas
ecotypes better compensated for damage.

Simulated herbivory studies have been criticized
because artificial damage often removes more tissue
than herbivores in natural conditions and exaggerates
damage severity (Hendrix 1988; Baldwin 1990). How-
ever, this concern strengthens support for the EICA
hypothesis in our study because Texas ecotypes com-
pensated for these high damage levels over a relatively
short time period. Long-lived perennial plants often
replace tissues lost to herbivory damage over several
growing seasons (Hendrix 1988; Sacchi & Conner 1999;
Haukioja & Koricheva 2000) suggesting that Chinese
ecotypes may compensate for damage with time. Regard-
less, it is the differential responses of the native vs. inva-
sive ecotypes to tolerate and compensate for root damage
in the short term that most strongly emphasizes their
evolutionary divergence.

The ability of a plant to compensate for tissue dam-
age can be strongly influenced by soil resources. Negative
effects of root damage can be particularly pronounced
with low nutrient availability and are expected to be
mitigated by an increased supply of limiting resources
(Maschinski & Whitham 1989; Brown & Gange 1990;
Steinger & Müller-Schärer 1992; Verschoor et al. 2002).
Also, increased soil fertility can potentially offset the
cost of producing energetically expensive secondary
metabolites contained in many roots (Andersen 1987;
Brown & Gange 1989; Mortimer, van der Putten &
Brown 1999). However, results from root damage studies
are inconsistent. Soil fertility greatly influenced the
capacity of Centaurea to compensate for root damage
(Steinger & Müller-Schärer 1992), but did not amelio-
rate negative effects of  below-ground herbivory in
Solidago (Schmid, Miao & Bazzaz 1990), Salix (Houle
& Simard 1996), Holcus or Anthoxanthum (Verschoor
et al. 2002). In our study, additional soil nutrients in-
creased height growth and mass of native Chinese eco-
types, but there was no significant interaction between
nutrient addition and root damage. Thus, it does not
appear that additional soil resources were able to in-
crease the compensatory capacity of Chinese ecotypes,
thereby reducing the negative effects of mechanically
severed roots.

Below-ground herbivory can have strong effects on
plant community structure and the competitive en-
vironment of  a plant often influences its response to
root damage (Andersen 1987; Brown & Gange 1990;
Mortimer, van der Putten & Brown 1999; Rogers &
Hartnett 2001; Verschoor et al. 2002). Several studies
have found the impact of below-ground herbivory to be
greater when the host-plant was competing with otherT
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Table 3. Three-way analyses of variance tables of stem height growth [ln(final mm/initial mm)], square-root transformed shoot
mass and square-root transformed root mass for Sapium sebiferum tree seedlings derived from (a) Chinese and (b) Texas seed in
response to the experimental treatments: R, mechanical root damage; N, NPK nutrient addition; C, grass competition. Msq,
mean square
 

 

d.f.

Stem growth Shoot mass Root mass 

Msq F-value Msq F-value Msq F-value

(a) Chinese ecotype
Root damage (R) 1  1·202 13·08 ***  0·405  8·165 **  0·141 10·27 **
Nutrients (N) 1  1·246 13·56 ***  0·883  17·81 ****  0·303 22·10 ****
Competition (C) 1  0·404 4·394 * < 0·001 < 0·001 NS  0·017 1·254 NS
R × N 1  0·004 0·048 NS  0·102  2·067 NS  0·047 3·395 NS
R × C 1  0·009 0·099 NS < 0·001  0·001 NS  0·002 0·153 NS
N × C 1  0·102 1·108 NS  0·094  1·895 NS  0·001 0·042 NS
R × N × C 1  0·047 0·512 NS  0·001  0·018 NS < 0·001 0·024 NS
Error 40  0·092  0·050  0·014

(b) Texas ecotype
Root damage (R) 1  0·260 2·961 NS  0·014  0·386 NS  0·064 3·234 NS
Nutrients (N) 1  0·005 0·055 NS  0·032  0·903 NS  0·050 2·534 NS
Competition (C) 1  0·209 2·379 NS  0·021  0·591 NS  0·004 0·196 NS
R × N 1 < 0·001 0·003 NS  0·005  0·141 NS  0·002 0·122 NS
R × C 1  0·002 0·028 NS  0·047  1·332 NS  0·055 2·773 NS
N × C 1  0·033 0·380 NS  0·051  1·460 NS  0·068 3·439 NS
R × N × C 1  0·014 0·159 NS  0·005  0·155 NS  0·010 0·524 NS
Error 40  0·088  0·035  0·020

P-value: NS, not significant; *≤ 0·05; **≤ 0·01; ***≤ 0·001; ****≤ 0·0001.

Fig. 1. Percentage Sapium shoot and root mass (means + 1 SE) of mechanically root damaged (a) Chinese and (b) Texas ecotype
seedlings relative to undamaged control seedlings (100%) receiving the same fertilizer treatment and grown with grass competi-
tion (see Table 2).
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plant species (Müller-Schärer 1991; Nötzold, Blossey
& Newton 1998). We predicted below-ground com-
petition would reduce growth of Sapium seedlings sub-
jected to mechanical root damage, but would have no
effect on undamaged seedlings due to the tree’s taproot
anatomy. Unexpectedly, competition increased shoot

growth of  Chinese ecotypes, but there was no corre-
sponding increase in shoot mass. This response cannot
be ascribed to etiolation because the seedlings were
never shaded by the short-stature ryegrass. There were
no significant interactions of root damage and com-
petition for growth or mass of Chinese ecotypes, although

Table 4. Two-way analyses of variance tables for square-root transformed Lolium multiflorum shoot mass and Sapium
competitive success, square-root (Sapium shoot mass/[Sapium + Lolium shoot masses]), in pots containing seedlings derived from
(a) Chinese and (b) Texas seed in response to experimental treatments: R, mechanical root damage; N, NPK nutrient addition
 

 

d.f.

Lolium shoot mass Competitive success 

Msq F-value Msq F-value

(a) Chinese ecotype
Root damage (R) 1 0·018 1·456 NS  0·055 4·343*
Nutrients (N) 1 0·385 30·39****  0·004 0·286 NS
R × N 1 0·015 1·222 NS  0·008 0·595 NS
Error 20 0·013  0·013
(b) Texas ecotype
Root damage (R) 1 0·019 1·651 NS  0·003 0·276 NS
Nutrients (N) 1 0·191 16·47***  0·007 0·646 NS
R × N 1 0·166 14·30** < 0·001 0·004 NS
Error 20 0·012  0·010

P-value: NS, not significant; *≤ 0·05; **≤ 0·01; ***≤ 0·001; ****≤ 0·0001.

Fig. 2. Sapium competitive success (means + 1 SE) of (a) Chinese ecotype and (b) Texas ecotype seedlings in response to
mechanical root damage and fertilization (see Table 4). Competitive success was calculated as Sapium shoot mass/(Sapium shoot
mass + grass shoot mass) and standardized by the unfertilized, undamaged control for each ecotype.
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root damage did significantly reduce the competitive
success of  Chinese ecotypes. Competition had no
significant effect on any measure of  growth of  Texas
ecotypes.

Above- and below-ground herbivores often damage
plants simultaneously, and complex interactions between
different types of  tissue damage frequently become
manifest in varied growth responses (Seastedt, Ramundo
& Hayes 1988; Moran & Whitham 1990; Houle & Simard
1996; Maron 1998; Masters, Jones & Rogers 2001). Other
studies have shown that root herbivory has a greater
negative effect on plant growth and reproduction than
foliar herbivory (Reichman & Smith 1991; Strong et al.
1995; Maron 1998; but see Moran & Whitham 1990;
Houle & Simard 1996). Simulated herbivory on the
taprooted perennial Tragopogon dubius revealed signi-
ficantly greater negative effects of damage to root tissues
compared with equivalent losses of leaf tissue (Reichman
& Smith 1991). Defoliation experiments with Sapium
show similar growth reductions in Chinese ecotypes
and compensatory ability in Texas ecotypes to the root
damage responses reported here (Rogers & Siemann
2004). Future studies that jointly damage Sapium roots
and shoots will provide important insights into both
the level of tolerance in Texas ecotypes and the magni-
tude of damage susceptibility in Chinese ecotypes.

The most notable result of  this study is that Texas
ecotypes were not significantly affected by mechanical
root damage relative to undamaged plants, whereas all
aspects of growth for Chinese ecotypes were negatively
impacted by root damage, compared with undamaged
plants. These results are consistent with our other studies
revealing that invasive North American ecotypes of
Sapium are capable of considerable herbivory tolerance
and rapid compensatory regrowth (Rogers et al. 2000;
Rogers & Siemann 2002, 2003), whereas native Asian
ecotypes of  Sapium allocate significantly greater re-
sources to costly defences (Siemann & Rogers 2001, 2003b,
c) and leaf  damage results in significantly reduced
growth (Rogers & Siemann 2004). While these previous
studies have focused primarily on the role of leaf chem-
istry and folivory, the present experiment examines the
EICA hypothesis from the perspective of mechanical
root damage and provides new, corroborative insights
into the equivalent importance of below-ground tissues.

An alternative explanation for our results is that
negative effects of  damage were observed for Chinese
ecotype seedlings because they were larger than Texas
ecotype seedlings and probably had more root mass
removed. We do not believe this accounts for our find-
ings accurately. A similar argument could claim that if
Texas ecotypes were larger than Chinese ecotypes, the
larger seedlings were better able to compensate for losses
to herbivory. Several lines of  research suggest that
woody tree seedlings are most vulnerable when they
are small during early life-history stages (Fenner 1987;
Meiners & Handel 2000). As a result, we maintain that
in a relatively brief  period of time Sapium has evolved
from a herbivore-resistant tree into an herbivore-tolerant

tree that rapidly compensates for tissue damage in a
variety of resource conditions.

The considerable herbivory tolerance and com-
pensatory capacity we have demonstrated for invasive
Sapium ecotypes in this and other studies (Siemann &
Rogers 2001, 2003b,c; Rogers & Siemann 2002, 2003)
will better inform control efforts to eradicate this aggres-
sive alien tree. Land managers view Chinese tallow tree
as an excellent candidate for biological control because
it is taxonomically isolated in the south-eastern USA
(McFayden 1998; Pemberton 2000). There are certain
advantages to using introduced root herbivores alone
or in conjunction with folivores as biological control
agents for other invasive plants in North America
(Müller-Schärer 1991; Prins, Nell & Klinkhamer 1992;
Blossey 1993; McEvoy & Coombs 1993; Blossey &
Hunt-Joshi 2003), but similar efforts for Sapium should
proceed with the knowledge that genetic differences in
herbivore tolerance of native and invasive Sapium eco-
types may significantly modify the effectiveness of its
native pests. Evolutionary change is increasingly being
recognized as an important factor contributing to the
success of  exotic invaders. Understanding that the
compensatory capacity for herbivore damage may dif-
fer between native and introduced plant ecotypes will
be essential for implementing effective biological con-
trol strategies for problematic invasive species.
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