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Alligatorweed Produces Viable Stem Fragments
in Response to Herbicide Treatment

TONY M. DUGDALE', D. CLEMENTS!, T. D. HUNT", K. L. BUTLER?

ABSTRACT

Alligatorweed (Alternanthera philoxeroides [Mart.] Griseb.)
is subject to an eradication program in Victoria, Australia. In
aquatic situations the herbicides glyphosate (N-(phospho-
nomethyl) glycine, present as the isopropylamine salt) or
metsulfuron-methyl (2-(4-methoxy-6-methyl-1,3,5-triazin-2-yl-
carbamoylsulfamoyl) benzoic acid) are used. Anecdotal ob-
servations suggest that herbicide application results in the
production of many alligatorweed stem fragments and that
some of these are viable and capable of colonization. We ap-
plied herbicide to alligatorweed growing in waterlogged con-
tainers (glyphosate, mesulfuron-methyl and dichlobenil (2,6-
dichlorobenzonitrile)) and collected the resulting stem frag-
ments. Herbicide treatment resulted in many more stem
fragments than no herbicide treatment, with 382 stem frag-
ments m* for glyphosate-treated plants, 165 m* for metsulfu-
ron-methyl, 129 m?* for dichlobenil, and 7 m? for untreated
plants. A proportion of stem fragments collected were viable
and varied between herbicides (2, 41, 1, and 23% for glypho-
sate, metsulfuron-methyl, dichlobenil and untreated plants,
respectively). Overall viable stem fragment production was
greatest for metsulfuron-methyl-treated plants, which pro-
duced 66 m? viable stem fragments compared to 9 m* for gly-
phosate and 3 m?* for dichlobenil and untreated plants. We
also applied glyphosate or metsulfuron-methyl to patches of
alligatorweed in field situations. A high proportion of stem
fragments were viable (60 to 80%), regardless of herbicide
used, for patches >5 m? For patches <5 m?, viability was low
(<5%). We postulate that viable fragments are produced by a
combination of poor herbicide coverage to lower stems and
poor translocation of herbicide within the plant. Successful
aquatic alligatorweed eradication programs will require ac-
tions to manage viable stem fragment production.
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INTRODUCTION

In 1995 alligatorweed was discovered being propagated as
a leafy vegetable by members of the Sri Lankan community
in Australia in the mistaken belief that it was sessile joy weed
(Alternanthera sessilis [L..] R. Br. ex DC.; Gunasekera and Bon-
ila 2001). In Victoria it was first recorded in backyards in
1996 and then was found naturalized in creeks in 1997 (Gu-
nasekera pers. comm.). It is now naturalized in many aquatic
habitats around the metropolitan area of Melbourne and at
two locations in rural Victoria.

Alligatorweed exhibits phenotypic plasticity across the
transition from dry to flooded environments. The aquatic
ecotype forms a mat of entangled stems and has adventitious
roots that may be rooted into the substrate or the bank or
floating free in deeper water. The aquatic ecotype is charac-
terized by having greater biomass, shoot to root ratio, stem
density, stem diameter, and leaf area per stem than the ter-
restrial ecotype (Julien et al. 1992, Geng et al. 2007). This
growth form aids the dispersal of alligatorweed by the pro-
duction of stem fragments that drop into the water and move
with water currents to new locations. Furthermore, during
periods of flood whole mats of aquatic alligatorweed can be
dislodged and deposited downstream (Julien et al. 1992),
thus facilitating dispersal.

Many aquatic plants reproduce and disperse vegetatively
through unspecialised fragments (Barrat-Segretain 1996).
Production of stem fragments occurs through autofragmen-
tation (selfinduced abscission of shoots) and allofragmenta-
tion (breakage as a result of disturbance, such as flood flows,
herbivory, weed cutting; Riis et al. 2009). The abundance of
stem fragments after herbicide application may represent a
further cause of allofragmentation. For stem fragments from
aquatic plants to successfully disperse, they must be capable
of both regeneration (the ability of the fragment to grow
new roots and shoots) and colonization (the ability of the
fragment to develop roots attached to the sediment; Barrat-
Segretain et al. 1998).

Given its limited distribution in Victoria and its renowned
weedy characteristics (Julien et al. 1992, 1995, Burgin and
Norris 2008), alligatorweed is classified as a State Prohibited
Weed in Victoria and is therefore subject to an eradication
program implemented by the Victorian state government.
The eradication program is currently based on the herbi-
cides glyphosate and metsulfuron-methyl, although dichlo-
benil has previously been used. A substantial decrease in
biomass is observed at each site after herbicide application,
but regrowth usually occurs either nearby or at the same lo-
cation. Anecdotal observations suggest that herbicide appli-
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cation results in the production of many alligatorweed stem
fragments and that a proportion of these are viable and capa-
ble of colonization, thus contributing to the spread of alliga-
torweed (Prichard 2002). If eradication programs based on
herbicide application inadvertently increase viable stem frag-
ments, then the eradication programs will be compromised.

We conducted a container trial to determine the effect of
herbicide treatments on the production of stem fragments in
aquatic alligatorweed and their subsequent viability (ability
to regenerate), as well as a field trial to determine if viable al-
ligatorweed stem fragments are produced in the field after
herbicide application.

MATERIALS AND METHODS

Contained Trial

We used 65 containers (0.58 m dia * 0.45 m tall) half filled
with topsoil augmented with 4 kg m* Osmocote® general
purpose fertilizer (9 mo slow release). A layer of clean sand
was then added to bring the containers to three-fourths full
before being filled with water (10 to 15 cm above soil
height). Alligatorweed stem cuttings consisting of the apical
tip plus four nodes without roots were collected from Patter-
son River (38°2°45.98”S; 145°10°11.78”E) in November 2007;
five stems were planted into each container within 3 h of col-
lection. Water levels were maintained with water extracted
from a pond, and the alligatorweed was left to establish for
15 weeks. Plant cover was assessed prior to herbicide applica-
tion and at intervals after. Prior to herbicide application, two
cuttings were collected at random from each of the five con-
trol containers to test viability. Herbicide was applied to each
of the alligatorweed containers in March 2008 (see Table 1
for herbicides, rates of application and surfactants used);
treatments were randomly assigned to containers. Although
wind speed was low during treatment, a temporary barrier
(tent) was erected over each container to prevent herbicide
drift. Liquid herbicide was applied from above with a pneu-
matic sprayer fitted with a calibrated Even Flat Spray Tip
(TP8002E). The sprayer was operated in the range of 2.8 to

3.0 bar, and each treatment was sprayed for 10 s, when runoff
was observed, delivering a spray volume of 335 L ha' of spray
solution. A control treatment did not include any herbicide
application.

To quantify stem fragment production and determine
stem viability, all fragments in each container were collected
and counted 3 weeks after treatment (WAT) then at fort-
nightly intervals until 11 WAT. To simulate mechanical dis-
turbance that occurs in the field, prior to each collection the
containers were sprayed with a jet nozzle of a garden hose at
mains pressure for 5 to 10 s. At each collection a subsample
of five stem fragments (representing a range of sizes) from
each container was placed into culture to determine viability
(occasionally fewer than five stem fragments were present).
Culture consisted of transferring the five stems into one 750
mL glass jar filled with municipal water and stored in a glass
house. The number of nodes and apices and length of the
longest root present on each fragment was recorded. Water
level in the jars was maintained, and the fragments were left
at least 195 d (from the autumn collection until spring when
assessments were carried out). No nutrients were added to
the jars and algae growth was sparse. At the end of the stor-
age period the number of turgid nodes and apices and
length of longest root present on each fragment was again
recorded. In addition, the viability of each fragment was de-
termined. If it had new root growth =5 mm long or new
shoot growth it was deemed viable. At the end of the culture
period a random subsample of 26 stems deemed to be viable
were potted in soil and grown to confirm that they were ca-
pable of growing into new plants.

Contained Trial Statistics

After appropriate transformation of each measurement,
so that the residual variation did not change as the mean
changed, the results of each measurement were analyzed us-
ing an analysis of variance appropriate for the design (Table
2). In the analysis of variance the effect of herbicide rate was
separately evaluated for each of the three types of herbicide.
Because of the different concentrations and modes of action

TABLE 1. HERBICIDES AND RATES APPLIED TO CONTAINERS OF ALLIGATORWEED. THERE WERE FIVE REPLICATES PER TREATMENT.

Active
Rate ingredient
Treatment! Product (product) (g/ha)
Metsulfuron-methyl at half label rate Esteem® 600 g / kg 5g/100 L 10
Metsulfuron-methyl at label rate Esteem® 600 g/kg 10 g/100 L 20
Metsulfuron-methyl at twofold label rate Esteem® 600 g/kg 20 g/100 L 40
Metsulfuron-methyl at half label rate + surfactant Esteem® 600 g/kg + Pulse® 5g/100 L + 200 mL/100 L 10
Metsulfuron-methyl at label rate + surfactant Esteem® 600 g/kg + Pulse® 10 g/100 L. + 200 mL/100 L 20
Metsulfuron-methyl at twofold label rate + surfactant Esteem® 600 g/kg + Pulse® 20 g/100 L +200 mL/100 L 40
Glyphosate at label rate (isopropylamine salt) Roundup Biactive® 360 g/L as isopropylamine salt 10 mL/L 1,206
Glyphosate at threefold label rate (isopropylamine salt)  Roundup Biactive® 360 g/L as isopropylamine salt 30 mL/L 3,618
Glyphosate at sixfold label rate (isopropylamine salt) Roundup Biactive® 360 g/L as isopropylamine salt 60 mL/L 7,236
Dichlobenil at half label rate Sierraron® G, 67.5 g/kg 1,150 g/100 m?® 7,762
Dichlobenil at label rate Sierraron® G, 67.5 g/kg 2,300 g/100 m® 15,525
Dichlobenil at twofold label rate Sierraron® G, 67.5 g/kg 4,600 g/100 m® 31,050
No herbicide — — —
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TABLE 2. ANALYSIS OF VARIANCE FOR THE CONTAINED TRIAL.

Source of Variation

Degrees of Freedom

Herbicide (control v dichlobenil v glyphosate v metsulfuron)
Herbicide rate within dichlobenil

Herbicide rate within glyphosate

Herbicide rate within metsulfuron

Presence of pulse surfactant within metsulfuron

Interaction of herbicide rate and presence of pulse surfactant within metsulfuron

Residual

N NN o

&
N N~

for the three different herbicides, describing a main effect of
herbicide rate is not biologically useful. In all analyses a con-
tainer was the experimental unit. The variability of the angu-
larly transformed viability of stem fragments was much
greater in the control treatment than in other treatments,
and therefore plots of these treatments were given statistical
weights of 0.25 of those for other treatments. Missing values
occurred because some measurements relied on stem frag-
ments or viable stem fragments occurring in the appropriate
container, and in one case an extreme observed value was ex-
cluded from analysis. In these cases, with the exception of av-
erage time of fragmentation of viable stem fragments,
approximations described by Payne (2007) were used. Be-
cause there are many missing values for average time of frag-
mentation of viable stem fragments, an exact general linear
model analysis was used. Average time of fragmentation was
determined by calculating the mean time after treatment
that fragments were collected, and average time of viable
fragmentation was determined by calculating the mean time
after treatment that subsequently viable fragments were col-
lected. For the purpose of calculating an average time of
fragmentation and an average time of viable fragmentation,
fragmentation was deemed to occur at the time of stem col-
lection.

Field Trial

For each of the 2007 and 2008 growing seasons, four
patches of alligatorweed growing along the margins of low-
land waterbodies in Melbourne, Australia, were selected (Ta-
ble 3). A barrier consisting of polyethylene netting (15 mm
diamond mesh) held up by steel stakes was constructed

around the water-ward side of each patch to prevent move-
ment of alligatorweed stem fragments into and out of each
patch.

In December 2007 a 1% glyphosate (3.6 g a.i. ') solution
was applied to two patches, and metsulfuron-methyl, without
surfactant, was applied to another two at a tank rate of 0.06 g
a.i. L', Both herbicide solutions were applied with a pneu-
matic one-nozzle hand-wand applicator. Herbicide was ap-
plied from above to the foliage until runoff occurred. Two
weeks after these applications, alligatorweed stem fragments
were collected from within the barriers, and then at approxi-
mately weekly intervals for 5 to 7 weeks. On each collection
date we gathered 5 to 20 fragments, depending on the num-
ber of fragments available. “True fragments” were those de-
tached from the alligatorweed patch. When true fragments
were not available, fragments were cut from the decaying alli-
gatorweed patch, referred to as “cuttings.”

The procedures performed in 2007 were repeated in No-
vember 2008 on four new patches. Alligatorweed stem frag-
ments were collected from within each barrier 21, 28, and 43
d after treatment (DAT). On each collection date 10 to 15
true fragments were collected along with 5 to 10 cuttings.
Fragments representing a range of sizes and apparent health
were selected.

Collected true fragments and cuttings were placed in plas-
tic bags and within 3 h transferred to culture. Culture condi-
tions and fragment assessments were the same as described
earlier in Container Trial. True fragments and cuttings were
kept separate for the 2008 trial only. The fragments were left
for 12 to 16 weeks. In 2007, a subsample of 20 fragments
were potted into soil and grown to confirm they were capa-
ble of growing into new plants.

TABLE 3. CHARACTERISTICS OF PATCHES OF ALLIGATORWEED USED IN THE FIELD STUDY, TOGETHER WITH TYPE OF HERBICIDE APPLIED, NUMBER OF STEM
FRAGMENTS TESTED FOR VIABILITY, AND VIABILITY OF THOSE FRAGMENTS.

Area Number of Percent of
Patch Site Year (m?) Herbicide applied fragments collected® fragments viable
1 Edgar’s Creek 2007 25 Glyphosate 79 61
2 Eumemmmerring Wetland 2007 2 Metsulfuron-methyl 20 0
3 Frog Hollow 2007 3.1 Metsulfuron-methyl 115 7
4 Patterson River 2007 7.5 Glyphosate 120 64
5 Patterson River 2008 21.7 Metsulfuron-methyl 55 76
6 Patterson River 2008 8.9 Glyphosate 50 80
7 Patterson River 2008 18.8 Glyphosate 49 82
8 Patterson River 2008 6.0 Metsulfuron-methyl 51 80

‘and used in the regression analysis.
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Field Trial Statistics

In 2008 the percent of viable stem fragments was com-
pared to the percent of viable cuttings using a paired t-test
analysis, with the pairs corresponding to patch.

The percent viability of true fragments, for each patch
treated in 2008, was calculated as the percentage of true frag-
ments collected that were viable more than 18 DAT. More
than 18 DAT was used because prior to that time frame few
fragments were present, and some may have already de-
tached from the patch prior to herbicide application. How-
ever, at each site treated in 2007, the percent of viable
fragments was calculated as the percentage of true fragments
and cuttings collected that were viable more than 18 DAT.

A parsimonious general linear model was developed to re-
late the percent viability of fragments to herbicide type, year,
site, and area of patch, using F-tests. The unit of analysis was
asingle patch. The effect of herbicide was examined by using
a model that adds an extra herbicide type factor to the parsi-
monious general linear model.

RESULTS AND DISCUSSION

Contained Trial

At the time of herbicide treatment, alligatorweed plants
growing in the containers had a moderately dense growth
habit (62 of the 65 containers had >75% cover) and were
growing relatively prostrate (<0.1 m). Within the culture
facilities, new shoot and root growth was observed arising
from all of the stem cuttings taken from the controls, indi-
cating that the culture facilities were suitable for maintain-
ing the alligatorweed fragments. Most stem fragments
placed into culture either grew (regenerated new roots
and/or shoots) or rotted. Typically, much of the original
fragment senesced, and remaining live nodes produced
new root and shoot growth from axillary buds; however,
some of the fragments that did regenerate did so from
stem fragments in an advanced state of decay where all of
the inter-nodal material was flaccid, slimy, and semi-amor-
phous. The nodal material, although looking very de-
cayed, remained turgid and regenerated roots and shoots.
Only a very small proportion of stems appeared to remain
turgid and healthy without regenerating. Of the subsam-
ple of 26 stem fragments, all developed into mature
plants, confirming their potential to colonize if given suit-
able conditions.

All three herbicides induced large amounts of fragmen-
tation compared to the untreated plants, with the greatest
fragmentation occurring with glyphosate (Table 4). The vi-
ability of the metsulfuron-methyl-treated plants was similar
to the viability of the untreated plants; however, few stem
fragments were produced from untreated plants (10 pro-
duced from five control tubs over 11 weeks), so their subse-
quent viability should be used with caution. When the
number of stem fragments produced was taken into ac-
count, the number of viable fragments produced from the
metsulfuron-methyl-treated plants was about 20 times great-
er than in plants not treated with herbicide (Table 4). The
viability of stem fragments of dichlobenil and glyphosate-
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treated plants averaged 1 and 2%, respectively. While the
difference in number of viable stem fragments from gly-
phosate and untreated plants did not reach traditional sta-
tistical significance levels (P > 0.1), we estimated that about
three times as many viable fragments occurred with glypho-
sate-treated plants than with untreated plants. The average
time of fragmentation of all, and of viable fragments, dif-
fered by more than a week between different herbicides
(including no herbicide; Table 4).

There was no evidence of any effect of herbicide rate
within glyphosate or herbicide rate within metsulfuron-me-
thyl (P > 0.05) and no effect of herbicide rate within dichlo-
benil on fragmentation rate (P = 0.80; Table 5). However,
there was an effect of herbicide rate within dichlobenil (P =
0.012), with no viable plants being observed when the
dichlobenil was applied at the label rate or higher (Table
5). The overall viable fragmentation rate at half the dichlo-
benil label rate was similar to the glyphosate viable frag-
mentation rate, but less than the metsulfuron-methyl viable
fragmentation rate. There was no evidence of any effect of
the use of surfactant within metsulfuron-methyl on any
measurement (P > 0.05).

High fragmentation occurred for all herbicides and ir-
respective of rate of application, suggesting that aquatic
alligatorweed responds to stress from herbicide applica-
tion by auto-abscission of stem fragments. The differences
between herbicides in the average time of fragmentation
of stems, and of viable stems, indicates that different her-
bicides work through different physiological mechanisms
of the plant, influencing the time taken by the alligator-
weed to react. This implies that the detail of strategies to
minimize viable stem fragmentation could differ depend-
ing on herbicide.

Langeland (1986) noted that a large number of axillary
buds on glyphosate-treated alligatorweed subsequently grew
without symptoms of the herbicide. To our knowledge, how-
ever, the viability of herbicide-treated alligatorweed stem
fragments or other aquatic weeds has not been previously
quantified. The roles of auto- and allofragments as impor-
tant vectors for dispersal of aquatic plant and in aquatic
plant colonization have long been recognized (Boedeltje et
al. 2003). Regeneration and colonization of aquatic plant
fragments have been investigated and quantified by other au-
thors (e.g., Barrat-Segretain et al. 1998, Boedeltje et al. 2003,
Liu and Yu 2009, Riis et al. 2009). Although Riis (2008) re-
ports 650 to 6950 stems day' of aquatic plants dispersing in a
vegetated stream, as far as we are aware, our study is the first
to quantify the number of fragments produced per area of
plants (with or without herbicide application).

This study confirms that herbicide application dramatical-
ly increases stem fragmentation of alligatorweed in an aquat-
ic environment and that a proportion of these stem
fragments are viable. The actual number of fragments, viabil-
ity rates of those fragments, and number of viable fragments
differed greatly with herbicide. In some cases, for example
metsulfuron-methyl, the number of viable fragments was
many times greater than would be obtained with an untreat-
ed plant. In most other cases, over an 11 week period of her-
bicide treatment, the number of viable fragments obtained
was at least as large as untreated alligatorweed samples.
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Field Trial

The patches of alligatorweed in the field were tall (0.3 to
0.8 m), dense (7 of the 8 patches had >95% cover), and luxu-
riant prior to herbicide application. They collapsed after her-
bicide application and stem fragments became abundant.
After several weeks the patch had broken up so that there
was very little stem material left attached. This implies that al-
most all of the stems present in a patch become stem frag-
ments. We observed that very few stem fragments were
produced in adjacent untreated patches during the periods
that the study was carried out. Stem fragments had an aver-
age of eight nodes per stem upon collection. Observations of
the alligatorweed stem fragments in culture were the same as
those reported for the container trial; 69 of 70 cuttings col-
lected immediately prior to treatment with herbicide were vi-
able. Of the subsample of 20 stem fragments considered
viable and grown, all developed into mature plants, confirm-
ing their potential to colonize if given suitable conditions.

Fragments collected in 2008 are estimated to have 4% lower
viability than cuttings collected in 2008, but this difference was
not statistically significant (P = 0.42). A 95% confidence interval
ranges from true fragments being 18 percentage units less via-
ble than cuttings to 10 percent more viable than cuttings. This
shows that the viability of a stem fragment does not change ap-
preciably if the process of abscission is completed (i.e., de-
tached) or not. Thus the data from 2007 that contain both true
fragments and cuttings should not be appreciably biased.

The parsimonious model for the viability percentage of
fragments can be written as (Table 6):

Viability% = o + p x AreaGT5H

where Viability% indicates the viability of cuttings and frag-
ments in 2007 and the viability of true fragments in 2008, o is
a parameter that differs between 2007 and 2008, 8 is a con-
stant parameter, and AreaGTb) is an indicator variable that
takes the value 0 when the site area is >5 m?* and takes the val-
ue 1 when the site area is <5 m?*

The percentage variance accounted for by this model is
99.1 and the residual standard deviation is 3.3%. For any spe-
cific year and patch area there was no significant difference
in viability between herbicides (P = 0.35; Table 6) or site (P =
031; Table 6). Patches treated with glyphosate were estimated
to have fragments with about 3 (95% confidence interval = (-
6, 12)) percentage units greater viability than fragments

TABLE 6. TESTS FOR INCLUDING AND EXCLUDING TERMS FROM PARSIMONIOUS
MODEL IN THE FIELD STUDY.

Terms F-Ratio d.f. P Value

Terms Included

Indicator that patch area is <5m?* 27.19 1,5 9.5x10%
Year 36.12 1,5 0.0018
Terms Excluded
Sites 1.80 2,3 0.31
Linear response of area when area <5m? 0.46 1,4 0.46
Linear response of area when area >5m? 3.42 1,4 0.14
Herbicide type 2.11 1,4 035
89



from sites treated with metsulfuron-methyl, and thus we can
be confident of that any difference between the two herbi-
cides is small.

In 2007, plants from sites <5 m? had about 5% viability
while plants from sites >5 m? had about 60% viability (Table
7). In 2008, plants from sites >5 m? had about 80% viability.
No sites treated in 2008 were <6 m?.

These field results confirm anecdotal observations that a
high proportion of stem fragments produced as a result of
herbicide application are viable. These fragments, when
lodged in a suitable habitat, are likely able to colonize, mak-
ing eradication programs using herbicides ineffective unless
the problem of viable fragmentation is addressed.

The study also shows that the viability of fragments de-
rived from small patches of aquatic alligatorweed is much
lower than those from larger patches. Furthermore, it shows
that a high proportion of stem fragments are viable regard-
less of whether glyphosate or metsulfuron-methyl was used.
This is in contrast to the container trial that found differenc-
es in the viability of alligatorweed stem fragments with herbi-
cide. A further difference between the results in the
contained trial and the field trial is the overall viability of
stem fragments, particularly for plants treated with glypho-
sate. For glyphosate the overall viability of stem fragments
was 60 to 80% in the field (Table 7) but only 2% (inclusive of
all treatment rates) in the contained trial (Table 4). It is clear
that, in the field, other factors have a larger impact on frag-
ment viability than type of herbicide used.

A possible explanation for the differences in these results
is incomplete herbicide coverage on the plant due to differ-
ences in the density and architecture of the plants between
field infestations and contained trial plants. Alligatorweed
plants growing in containers had a moderately dense growth
habit (62 of the 65 containers had >75% cover) and were rel-
atively prostrate (<0.1 m). This is unlike aquatic alligator-
weed in the field, which is denser (7 of the 8 patches had
>95% cover), more upright (0.3 to 0.8 m tall), and more lux-
uriant. Hence, a more even and thorough coverage of herbi-
cide can be achieved on the prostrate container plants
compared with the erect field plants where the outer canopy-
forming leaves and stems protected the plant material below.
In these situations, results from contained trials might not be
a good guide to results in the field.

Within the field patches, smaller sites are expected to re-
ceive a more complete coverage of herbicide. We have ob-
served that when herbicide is applied to large, dense patches
of aquatic alligatorweed, very little reaches the interior of the
patch; therefore, a portion of the aerial biomass is protected
by the overlying canopy and not effectively treated. We think

TABLE 7. PREDICTED VIABILITY OF STEM FRAGMENTS FOR DIFFERENT COMBINA-
TIONS OF YEAR AND PATCH IN THE FIELD STUDY. THERE WERE NO PATCHES

<5bM? IN 2008.
Year Patch area (m?) Viability (% 95% confidence interval
2007 <5 4 (-4, 11)
>5 63 (55, 70)
2008 >b 80 (75,85)
90

that the stems from this part of the biomass contribute to the
high rate of stem viability. Underwater stems are also protect-
ed from the aerially applied herbicide. These stems may con-
tribute to the pool of viable fragments but, because they were
present in all patches and containers, are likely to have a sim-
ilar effect across all treatments. Langeland (1986), when not-
ing growth of axillary buds on glyphosate treated
alligatorweed, speculated that much of the glyphosate is ei-
ther not translocated into the buds or metabolized before
reaching them. This is supported by the studies of Funder-
burk and Lawrence (1963) and Earle et al. (1951) who found
that downward translocation of a number of foliar-applied
herbicides was poor. Given these results, it is apparent that
complete coverage of the stems is required to obtain good
herbicidal activity. Another factor that may have reduced the
efficacy of the herbicide in our study is that metsulfuron-me-
thyl was used without a surfactant, resulting in poor coverage
on the plant; however, we discount this because our contain-
er trial showed that the presence of a surfactant had no ef-
fect on the fragmentation rate and fragment viability of
alligatorweed.

Bowmer et al. (1993) have shown that alligatorweed leaves
readily absorb glyphosate, but only about 7% of the glypho-
sate is translocated to the rhizomes. This lack of transloca-
tion results in sublethal concentrations of glyphosate in
rhizome tissues. Tucker et al. (1994) report that <0.1% of gly-
phosate and imazapyr was present in the lower stems of alli-
gatorweed (despite 0.9 and 15.1% of the glyphosate and
imazapyr, respectively, being found in the roots). A similar
process could be occurring in the dense alligatorweed patch-
es treated with glyphosate during this study, where not
enough herbicide reaches the inner, protected stems of the
dense patches via translocation, exacerbating the poor herbi-
cide coverage of these protected stems. Although none of
the studies cited above were conducted with metsulfuron, we
assume that translocation of metsulfuron is also poor in alli-
gatorweed. Based on this information, we suggest that the
stem fragment viability reported in this study is a result of
poor herbicide coverage during treatment combined with
poor translocation of the herbicide once within the plant.

The shedding of plant organs takes place at predeter-
mined abscission zones and may occur as organs senesce, or
in response to environmental factors such as stress (Gonza-
lez-Carranza et al. 1998). Given the rapid shedding of leaves
and stems that occurs post-herbicide application in alligator-
weed, we, like Langeland (1986), postulate that rapid forma-
tion of an abscission layer at the stem nodes may provide a
mechanism that prevents sufficient herbicide translocation
to protected plant parts.

An alternative explanation for the higher production of
viable fragments from larger patches may be related to the
physiological age of the alligatorweed, where larger patches
are older than small ones, but we have no supporting evi-
dence. Langeland (1986) observed greater control of alliga-
torweed with glyphosate when herbicide was applied later in
the season, possibly because the plants treated early in the
season were physiologically younger and had large numbers
of dormant buds that had not initiated. Translocation to
these dormant buds would have been restricted, protecting
them from the herbicide. Clearly, more research is required
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to determine how stems remain viable and if improved herbi-
cide application techniques can reduce the production of vi-
able fragments.

Intuitively, it is reasonable to assume that the more viable
alligatorweed stem fragments produced after herbicide ap-
plication, the greater the potential to inadvertently increase
the spread. However, research by Riis (2008) has shown that
colonization of aquatic plant stem fragments in newly creat-
ed lowland streams is not constrained by the number of
propagules; there was no relationship between the number
of drifting propagules and primary colonization. Rather, col-
onisation of such propagules is the main constraint (i.e., re-
tention of the propagule at a suitable micro-site followed by
root regeneration and then attachment to the sediment. Riis
(2008) found 1% of all dispersed Ranunculus stem
propagules were retained, and 0.034% were retained and
colonized (per 100 m stream reach). We do not know the
colonization rate of alligatorweed around Melbourne, where
our study was carried out. The banks of the waterbodies
where it occurs are generally well vegetated and thus provide
a much greater opportunity for retention of propagules com-
pared to the stream studied by Riis (2008). However, such
vegetation also provides competition for newly retained
propagules that should reduce the colonization success. Un-
til the colonization rate by alligatorweed is better under-
stood, the number of propagules entering the water needs to
be restricted. Use of barriers to prevent fragment escape, as
used by Prichard (2002) in New South Wales, Australia,
should be used where there is a high risk of dispersal to
downstream areas where alligatorweed is absent or sparse.

ACKNOWLEDGMENTS

This research was funded by Melbourne Water and De-
partment of Primary Industries Victoria. The authors thank
Julio Bonilla for applying herbicide, Lalith Gunasekera and
Rebecca Grant for laboratory assistance, and Joseph Vitelli
for reviewing a draft of this manuscript. We also thank two
anonymous reviewers for their constructive criticisms that
improved this paper.

LITERATURE CITED

Barrat-Segretain, M. H. 1996. Strategies of reproduction, dispersion and
competition in river plants: a review. Vegetatio 123:13-37.

J. Aquat. Plant Manage. 48: 2010.

Barrat-Segretain, M. H., G. Bornette and A. Hering-Vilas-Boas. 1998. Com-
parative abilities of vegetative regeneration among aquatic plants grow-
ing in disturbed habitats. Aquat. Bot. 60: 201-211.

Boedeltje. G., J. P. Bakker, R. M. Bekker, ]J. M. van Groenendael and M. Soes-
bergen. 2003. Plant dispersal in a lowland stream in relation to occur-
rence and three specific life-history traits of the species in the species
pool. J. Ecol. 91:855-866.

Bowmer, K. H., P. L. Eberbach and G. McCorkelle. 1993. Uptake and translo-
cation of 14C-Glyphosate in Alternanthera philoxeroides (Mart.) Griseb. (alli-
gatorweed) I. Rhizome concentrations required for inhibition. Weed Res.
33:53-57.

Burgin, S. and A. Norris. 2008. Alligatorweed (Allernanthera philoxeroides) in
New South Wales, Australia: A status report. Weed Biol. Manag. 8:284-290.

Earle, T. T., K. Riess and J. Hidalgo. 1951. Tracer studies with alligatorweed
using 2,4-D-C14. Science. 114(2974):695-696.

Funderburk, H. H. and J. M. Lawrence. 1963. Absorption and translocation
of radioactive herbicides in submersed and emersed aquatic weeds. Weed
Res. 3:304-311.

Geng, Y., X. Pan, C. Xu, W. Zhang, B. Li, J. Chen, B. Lu and Z. Song. 2007.
Phentypic plasticity rather than locally adapted ecotypes allows the inva-
sive alligatorweed to colonize a wide range of habitats. Biol. Invasions
9:245-256.

Gonzalez-Carranza, Z. H., E. Lozoya-Gloria and J. A. Roberts. 1998. Recent
developments in abscission: shedding light on the shedding process.
Trends Plant Sci. 3:10-14.

Gunasekera, L. and J. Bonila. 2001. Alligatorweed: Tasty vegetable in Austra-
lian backyards? J. Aquat. Plant Manage. 39:17-20.

Julien, M. H., A. S. Bourne and V. H. K Low. 1992. Growth of the weed Alter-
nanthera philoxeroides (Martius) Grisebach, (alligatorweed) in aquatic and
terrestrial habitats in Australia. Plant Prot. Q. 7:102-108.

Julien, M. H., B. Skarratt and G. F. Maywald. 1995. Potential geographical dis-
tribution of alligator weed and its biological control by Agasicles hygrophila.
J- Aquat. Plant Manage. 33:55-60.

Langeland, K. A. 1986. Management program for alligatorweed in North
Carolina. Accessed 14 Sep 2009. UNC-WRRI-86-224. USGS Project No.
04. WRRI Project No. 70039. Available from http://reposi-
tory.lib.ncsu.edu/dr/bitstream/1840.4/1823/1/NC-WRRI-224.pdf.

Liu, Cand D. Yu. 2009. The bud and root sprouting capacity of Alternanthera
philoxeroides after over-wintering on sediments of a drained canal. Hydro-
biologia 623:251-256.

Payne, R. W. (ed.). 2007. The Guide to GenStat®, pp. 479-481; Release 11.
Part 2: Statistics, VSN International, Hemel Hempstead, Herfordshire,
UK.

Prichard, G. 2002. A research project to develop methods of containment of
fragmented alligatorweed following treatment. Port Stephens Council. 20

Riis, T. 2008. Dispersal and colonisation in lowland streams: success rates and
bottlenecks. Hydrobiologia 596:341-351.

Riis, T., T. V. Madsen and R. S. H. Sennels. 2009. Regeneration, colonisation
and growth rates of allofragments in four common stream plants. Aquat.
Bot. 90:209-212.

Tucker, T. A., K. A. Langeland and F. T. Corbin. 1994. Absorption and trans-
location of “C-Imazapyr and “C-Glyphosate in alligatorweed Alternanthera
philoxeroides. Weed Tech. 8:32-36.

91




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


