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INTRODUCTION

Aquatic systems are particularly prone to invasion
by non-native species, including plants, invertebrates
and vertebrates (García-Berthou et al. 2005), which
negatively affect the entire aquatic environment
through their impacts on both ecological and socio-
economic aspects (Coetzee et al. 2009). Each year,
substantial amounts of money are spent on the man-
agement of invasive species infestations, either for
their control or to reduce the probability of their rein-
vasion (Vitousek et al. 1997, Pimentel et al. 2001,

Januchowski-Hartley et al. 2011). Hydrilla verticillata
(L.f.) Royle is a submerged aquatic macrophyte native
to Asia and Australia (Cook & Lüönd 1982) that is
highly invasive and rated as the worst submerged
weed in the USA (Langeland 1996) and one of the
most undesirable weeds on the planet (Alix et al. 2009,
Hofstra et al. 2010). The dense stands of this species
interfere with recreational and commercial boating
and can affect numerous other aspects of aquatic eco -
systems (Hershner & Havens 2008, Sousa 2011).

Hydrilla verticillata is mainly introduced to new
habitats via vegetative fragments (Madsen & Smith
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shoots and thus did not differ in their colonization or regeneration abilities. The length was impor-
tant for the colonization ability, as 10 cm fragments produced more roots than 5 cm fragments. The
high colonization and regeneration abilities from different fragments coupled with the high
growth rates exhibited by H. verticillata may account for its rapid spread in novel habitats and its
competitive success over native species. Thus, we suggest that the inadequate management
of this species, resulting in the formation of fragments, especially of large lengths, may have
important implications with regard to its infestation of new sites.
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1999, Coetzee et al. 2009), and, due to this feature,
the mechanical removal or harvesting of this species
is rarely successful. Accordingly, the management of
this species has proven to be problematic (Hershner
& Havens 2008). Stem fragments, which are mainly
produced by the mechanical breakage of plants, float
away from the original colonies and settle in the sed-
iment (Madsen & Smith 1999). These fragments ex -
hibit 2 survival strategies: (1) the development of
roots and rapid establishment in the sediment (colo-
nization) and (2) the development of new propagules
that can be dispersed (regeneration) (Southwood
1988, Barrat-Segretain & Bornette 2000).

Hydrilla verticillata recently invaded the Upper
Paraná River Floodplain (UPRF) in Brazil (Sousa et al.
2009, 2010), and the potential for the spread of this
exotic species is of particular concern because of the
negative impacts associated with its occurrence in
aquatic ecosystems (Posey et al. 1993, Hofstra et al.
1999, Wang et al. 2008). However, the main mecha-
nism of dispersion/colonization of H. verticillata in
the UPRF is most likely via small fragments (Sousa et
al. 2009). Thus, to verify which type of fragments
might increase the establishment success of this spe-
cies, we evaluated the ability of H. verticillata to col-
onize, regenerate and grow from fragments that orig-
inated from different portions of the stems. To this
end, we used fragments with different lengths and
with the presence or absence of an apical tip. Previ-
ous studies showed that the apical portions of sub-
merged macrophytes may have higher growth rates
(Wu et al. 2007, Jiang et al. 2009), most likely due to
apical dominance (Cline 1991), and larger fragments
have greater colonization and regeneration abilities
than smaller ones (Langeland & Sutton 1980, Jiang et
al. 2009, Riis et al. 2009). Thus, we tested the follow-
ing hypothesis: fragments with apical tips have
greater colonization and regeneration abilities than
fragments without apical tips, and these abilities de -
pend on the fragment length. According to this
hypothesis, we predict that apical, larger tips will
produce more new shoots and roots and will grow
faster than smaller fragments lacking apical tips.

MATERIALS AND METHODS

Samples of Hydrilla verticillata were collected
from the Itaipu Reservoir in April 2010. We collected
undamaged plants and stored them in open plastic
containers maintained with water collected from the
same sites. In the laboratory, the healthy plants
were selected and washed in tap water to remove

any attached material. Then, portions were cut into
2 different fragment types: fragments with an apical
tip (apical-stem) and fragments without an apical tip
(mid-stem), both of 2 different lengths (5 and 10
cm). For each fragment type, we selected 15 repli-
cates, for a total of 60 samples. The fragments were
individually placed in 0.8 l translucent plastic con-
tainers (15.5 cm in height; 10 cm in diameter) con-
taining tap water, with 3 cm of substrate (horticul-
tural peat). The substrate used in this experiment
was chosen be cause it did not limit plant growth, as
evidenced by a pilot experiment. The fragments
were individually in cubated to avoid intraspecific
competition and were not planted in the substrate
but simply dropped into the container. In a manner
similar to that which occurs in nature (Langeland &
Sutton 1980), the fragments sank into the substrate
and started rooting after a few days. The position of
the plastic containers with the fragments was ran-
domized in the greenhouse. The physical and chem-
ical parameters of the water were measured weekly
in all containers, and the growing conditions were
found to be suitable for the fragments (water tem-
perature of 17.86 ± 0.50°C, dissolved oxygen con-
centration of 9.68 ± 0.66 mg l−1, pH of 7.94 ± 0.76
and conductivity of 254 ± 7.07 µS cm−1; mean ±
standard deviation). At the end of the experiment
(38 d), any regeneration of new shoots or coloniza-
tion by roots was assessed.

To evaluate colonization ability, we measured the
number of roots and the root dry weight (DW, mg). To
evaluate regeneration ability, we measured the num-
ber of shoots (defined as any secondary branch that
emerged during the experiment) and the shoot DW
(defined as the total weight of the new shoots that
appeared during the experiment). To obtain DW, the
material was oven-dried at 60°C until a constant
weight was reached. Growth was defined as an in -
crease in biomass (DW). The initial DW of each type
of fragment was estimated by measuring 15 frag-
ments of a similar size to those used in the experi-
ment. The relative growth rates (RGR) were calcu-
lated for the fragments alone (considering only the
growth of the original fragments and excluding the
shoots and roots that appeared during the experi-
ment) and the total biomass (considering the growth
of the fragment plus new shoots and roots as the total
investment in the growth and production of new bio-
mass). The RGR was calculated as follows: 

RGR = (ln Wf − ln Wi)�tdays (1) 

where Wf = the final DW, Wi = the initial DW and
tdays = time in days.
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We used a 2-way ANOVA to test the effect of the
fragment type (with and without apical tip) and
length and the interactions between them on the
number and DW of the shoots and roots, and on the
fragment and total RGR. When an interaction was
significant, we applied the decomposition of treat-
ment degrees of freedom (DF analysis) in which the
degrees of freedom were rearranged to compare the
levels of a factor within the levels of other factors
(Hinkelmann & Kempthorne 2005). This analysis ex -
plores the nature of the interaction by examining the
difference between the groups within one level of
one of the independent variables, whereby each fac-
tor can be analyzed as a fixed factor while varying
the levels of another factor. We applied a Bonferroni
correction for adjusting the significance levels to con-
trol the Type I error rates in multiple testing situa-
tions. Thus, the level of significance of the tests was
set at 0.0083. The multiple comparisons were per-
formed using Tukey’s test. The statistical analyses
were performed using R v.2.11.1.

RESULTS

All fragments of Hydrilla verticillata
survived the duration of the experiment,
with the exception of a single 5 cm api-
cal-stem fragment and a single 5 cm
mid-stem fragment that did not develop.
Our results showed that the fragment
type (with and without an apical tip) did
not significantly af fect the colonization
or regeneration abil ities of the fragment
(Table 1, Fig. 1a−d). The number and
DW (mg) of the shoots per fragment
did not differ between the apical-stem
(1.65 ± 1.42, 0.010 ± 0.007) and mid-
sterm fragments (1.96 ± 1.08 and 0.013 ±
0.007) (Fig. 1a,b). Similarly, no differ-
ences were found in the number and
DW of roots per fragment: the apical-
stems did not differ from the mid-stems
(2.37 ± 1.37, 0.003 ± 0.002 and 2.24 ± 1.45,
0.002 ± 0.003, respectively) (Fig. 1c,d).

However, the length of fragments sig-
nificantly affected the number of roots
and shoot DW (Table 1). Overall, the
10 cm fragments developed a greater
number of roots (2.86 ± 1.47) and a higher
shoot DW (0.013 ± 0.008) (Fig. 1b,c)
than the 5 cm fragments (1.71 ± 1.04 and
0.007 ± 0.006, respectively). No signifi-

199

Variable                   Tests                      Treatments
response            df1   df2   F/p       Type   Length   T × L
                                                          (T)         (L)            

Shoot number     1      54      F        0.909     4.222    0.081
                                              p        0.344     0.044    0.776

Shoot DW            1      54      F        6.779     8.050    0.182
                                              p        0.011   0.006*  0.670

Root number       1      54      F        0.160     11.17   <0.001
                                              p        0.690   0.001*  0.989

Root DW              1      54      F        0.363     2.182    0.255
                                              p        0.548     0.145    0.615

Fragment RGR    1      54      F        9.925     2.582    31.890
                                              p      0.002*   0.113  <0.001*

Total RGR            1      54      F        1.209     2.111    21.170
                                              p        0.276     0.152  <0.001*

Table 1. Two-way ANOVA for effects of type and length and
their interactions on the shoot number, shoot dry weight
(DW), root number, root DW and fragment and total relative
growth rate (RGR). *Significant following Bonferroni correc-
tion at a level of 0.0083; df1, df2 represent degrees of freedom 

between groups and within groups, respectively
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Fig. 1. Mean (±SE) (a) shoot number, (b) shoot dry weight (DW), (c) root number
and (d) root DW per fragment of apical-stem and mid-stem fragments of 5 and
10 cm length. Matching letters above columns indicate no significant differences
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cant interactions occurred between the fragment type
and length with respect to the number and DW of the
shoots and roots.

The type of fragment significantly affected the
fragment RGR and was dependent on the fragment
length, as a significant interaction occurred between
the type and length (Table 1). The interaction analy-
sis showed that, when we fixed the level ‘apical-
stem’ of the factor ‘type’ and varied the levels of the
factor ‘length’ (5 and 10 cm), the 5 cm fragments had
a significantly higher RGR than the 10 cm fragments
(Table 2a, Fig. 2a), whereas, when we fixed the level
‘mid-stem’, the 10 cm fragments showed the highest
RGR (Table 2a, Fig. 2a).

When we fixed the level ‘5 cm’ of the factor ‘length’
and varied the factor ‘type’ levels (apical-stem and
mid-stem), the apical-stem fragments had signifi-

cantly higher fragment RGR than the
mid-stem fragments (Table 2b, Fig. 2a).
In contrast, when we fixed the level
‘10 cm’, there was no significant differ-
ence between the apical-stem and mid-
stem fragments (Table 2b, Fig. 2a).

There was a significant interaction be -
tween the effects of the fragment type
and length on the total RGR (Table 1).
When we fixed the level ‘apical-stem’ of
the factor ‘type’ and varied the levels of
factor ‘length’, the 5 and 10 cm fragments
did not affect the total RGR (Table 3a,
Fig. 2b). However, when we fixed the
level ‘mid-stem’, the 10 cm fragments ex -
hib ited greater values than the 5 cm frag-
ments (Fig. 2b). When we fixed the level
‘5 cm’ of the factor ‘length’ and varied the
levels of the factor ‘type’, the apical-stem
fragments had higher values of total RGR
than the mid-stem fragments (Table 3b,

Fig. 2b). Conversely, when we fixed the level ‘10 cm’,
the types of fragment showed no difference in the
total RGR (Table 3b, Fig. 2b).

DISCUSSION

Our results showed that Hydrilla verticillata is able
to colonize (root formation) and regenerate (shoot
production) through fragments with or without tips.
The opposite results were found by Riis et al. (2009)
for other aquatic macrophytes, such as Potamogeton
perfoliatus and Elodea canadensis, which presented
greater colonization and regeneration abilities when
their fragments had apical tips. In contrast, the length
of the fragment influenced the colonization ability, as
the larger fragments (i.e. 10 cm) developed the high-

est number of roots. In addition, the 10 cm
fragments had the greatest shoot biomass.
In general, larger fragments of several
other macrophyte species present greater
root formation and shoot production than
smaller fragments (Wu et al. 2007, Jiang et
al. 2009, Riis et al. 2009).

The growth of a fragment and the total
growth (investment in the fragment growth
itself together with the production of new
shoots and roots) are influenced by the in-
teractions between the type and length
of the fragment. The DF analysis showed
that the apical-stem fragments had greater
growth rates when they were 5 cm long,
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Source of variation        df      Sum of       Mean            F                 p
                                                squares       square

a)
Type                                1       0.0008        0.0008       9.9264     0.0027*
Type × Length                2       0.0026        0.0013       17.2407    <0.0001*
AS (5 cm; 10 cm)            1       0.0006        0.0006       8.1648     0.0061*
MS (5 cm; 10 cm)           1       0.0020        0.0020       26.3178    <0.0001*
Residuals                       54      0.0041        0.0001

b)
Length                            1       0.0002        0.0002       2.5825       0.1139
Length × Type                2       0.0032        0.0016       20.9124    <0.0001*
5 cm (AS; MS)                1       0.0029        0.0029       39.0746    <0.0001*
10 cm (AS; MS)              1       0.0002        0.0002       2.7501       0.1030
Residuals                       54      0.0041        0.0001

Table 2. Two-factor interaction effects on fragment relative growth rate
(RGR). (a) Levels of factor ‘length’ (5 cm; 10 cm) within the levels of factor
‘type’ (AS = apical-stem; MS = mid-stem fragments): in this case, we fixed
the levels AS and MS and varied the levels 5 cm and 10 cm. (b) Levels of
factor ‘type’ within the levels of factor ‘length’: here we fixed the levels
5 cm and 10 cm and varied the levels AS and MS. *Significant following 

Bonferroni correction at a level of 0.0083
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whereas the mid-stem fragments grew faster when
they were 10 cm long. The smaller increase in the
fragment and total biomass values for the mid-stems
at 5 cm compared to the other treatments (Fig. 2a,b)
indicated that the larger fragments invest in their own
enlargement and in the production of new shoots and
roots more efficiently. As noted by Riis et al. (2009)
for other aqua tic macrophytes, short fragments have
smaller amounts of photosynthetic tissue and reserves
(e.g. carbohydrates) stored as biomass, hampering
their prompt in vest ment in shoot and root production
compared with long fragments. However, short apical
fragments have apical meristems (regions with active
cell growth) that enable the plant to invest promptly
in vertical growth, increasing both light acquisition
and biomass, thus supporting the concept of apical
dominance (Cline 1991). This concept proposes that
fragments with apical tips invest more energy into
growth due to the presence of the apical meristem,
whereas mid-stems invest more energy into the pro-
duction of lateral shoots. Long fragments seem to di-
vide energy investment equally into the production of
roots, new shoots and growth to form a complete plant.

Thus, our prediction that the larger fragments with
tips would produce more new shoots and roots, and
grow faster than the smaller fragments without apical
tips was only partially validated since 10 cm length
fragments are able to produce shoots and roots, inde-
pendently of type of fragment. With regard to the
growth rates, the apical-stem fragments were more
efficient in growth only when they were 5 cm long, as
the apical- and mid-stem fragments did not differ in
their growth rates when they were 10 cm long.

Stem breakage through physical dis-
turbance is required to form a large num-
ber of fragments of Hydrilla verticillata
(Madsen & Smith 1999), and our results
suggest that this species can successfully
establish when it produces and disperses
both apical- and mid-stem fragments,
especially when the latter have substan-
tial lengths (10 cm). Therefore, this indif-
ference in the colonization and regener-
ation abilities of the distinct fragment
types could provide H. verticillata with
a competitive advantage over na tive
 species. In fact, a recent study showed
that this species produces, on average,
more shoots and roots, regardless of the
fragment type, compared to 2 other spe-
cies of same family Hydrocharitaceae:
Egeria densa and E. najas (C. A. Umetsu
unpubl. data).

The ability of Hydrilla verticillata to efficiently pro-
duce shoots and roots from different fragments may
partially explain its successful dispersal and invasion
into novel environments. A high level of shoot pro-
duction can promote invasion because propagule
pressure is a determining factor for the successful
invasion of some species (Lockwood et al. 2005, Von
Holle & Simberloff 2005, Chadwell & Engelhardt
2008). Moreover, a greater production of roots may
favor anchorage in the  sediment, overcoming the dis-
turbance caused by water flow (Barrat-Segretain
2001, Bornette & Puijalon 2011) and also allowing the
plant to fulfill its nutrient requirements.

In addition to a high capacity for colonization and
re generation from different types of fragments, the
large values of RGR displayed by Hydrilla verticillata
could be the reason for its competitive success.
Studies suggest that this exotic species can suppress
the growth of other submerged macrophytes, espe-
cially those with lower growth rates (Wang et al. 2008,
Bianchini et al. 2010, Sousa 2011), including native
species of the same family such as Egeria densa
(Mony et al. 2007) and E. najas (Sousa et al. 2010).

In general, human activities have accelerated the
invasion process of many organisms (Johnstone et al.
1985, Chapin et al. 2000, Kolar & Lodge 2001), mainly
due to the inadvertent introduction of species outside
of their native range. Hydrilla verticillata recently in-
vaded aquatic ecosystems in Brazil, and the conse-
quences of its introduction are yet unknown (Sousa
2011). Our results demonstrate that the inappropriate
management of this species with various mechanical
control techniques, which can result in the release of
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Source of variation        df      Sum of       Mean            F                 p
                                                squares       square

a)
Type                                1       0.0000        0.0000       1.2098       0.2762
Type × Length                2       0.0019        0.0009       11.6437     0.0001*
AS (5 cm − 10 cm)          1       0.0004        0.0004       4.9576       0.0301
MS (5 cm − 10 cm)         1       0.0015        0.0015       18.3298     0.0001*
Residuals                       54      0.0044        0.0000

b)
Length                            1       0.0001        0.0001       2.1110       0.1520
Length × Type                2       0.0018        0.0009       11.1931    <0.0001*
5 cm (AS − MS)              1       0.0013        0.0013       16.5959     0.0001*
10 cm (AS − MS)            1       0.0004        0.0004       5.7903       0.0195
Residuals                       54      0.0041        0.0001             

Table 3. Two-factor interaction effects on total relative growth rate (RGR).
(a) Levels of factor ‘length’ (5 cm; 10 cm) within the levels of factor ‘type’
(AS = apical-stem; MS = mid-stem fragments). (b) Levels of factor ‘type’
within the levels of factor ‘length’. *Significant following Bonferroni 

correction at a level of 0.0083
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fragments, may have important implications with re -
spect to the infestation of new sites by this species. We
suggest that a release of fragments caused by the me-
chanical removal of H. verti cil lata biomass may have
the potential to increase its successful establishment.
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