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Abstract Hydrilla verticillata (L.f.) Royle is a
submerged aquatic plant native to Asia and Australia
that is highly invasive in the USA and was first recorded
in South Africa in 2006. It is only known from one
locality, Pongolapoort Dam in KwaZulu-Natal Prov-
ince, but there are fears that it might spread to other sites.
The primary vector of spread in the USA is recreational
boaters and anglers. A survey at a fishing competition on
Pongolapoort Dam showed that anglers travel consid-
erable distances around South Africa (73% of water
bodies were >200 km, visited by 68% of the respon-
dents). A Threat Index for freshwater bodies throughout
South Africa visited by participants of the competition
was calculated showing that dams in the vicinity of the
infestation were more at risk from invasion. Further, the
potential distribution of the weed based on climatic
matching with the region of origin showed that most of
the country was suitable for establishment, with the
exception of the high-lying interior of the country.
Recommendations for reducing the potential spread of
hydrilla in South Africa are presented.
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Introduction

Aquatic systems throughout the world are particularly
prone to invasion by exotic weed species, which
negatively affect entire aquatic environments through
their impacts on both the ecology and socio-economics
of these systems. Historically, South Africa’s waters
have been invaded by a number of aquatic macrophytes
that have detrimental economic and environmental
effects. The worst of these include water hyacinth
(Eichhornia crassipes Solms-Laub.), parrot’s feather
(Myriophyllum aquaticum (Vell.) Verdc.), salvinia
(Salvinia molesta D.S. Mitchell), water lettuce (Pistia
stratiotes L.), and red water fern (Azolla filiculoides
Lamarck) (Hill 2003). Various control programmes
have been implemented against these weeds and the
majority is under acceptable control. Recently, two
new submerged weeds have been identified in South
African waters, hydrilla (Hydrilla verticillata (L.f.)
Royle), rated as the worst submerged weed in the USA
(Langeland 1996) and cabomba (Cabomba carolini-
ana Gray), a weed that is rapidly invading Australia,
(Schooler et al. 2006). Very little is known about them
in South Africa, including their current and potential
distributions. Hydrilla is recorded from only one dam,
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Pongolapoort Dam, in KwaZulu-Natal (Coetzee 2006),
while cabomba has been cultivated by an aquatic plant
dealer in the same province (Coetzee, personal
observation).

Potential for the spread of hydrilla throughout
South Africa is particularly worrying because of the
negative impacts associated with its occurrence in
aquatic systems. It is a submersed, rooted aquatic
plant that is native to the Old World (Cook and
Liiond 1982), but has become a major weed partic-
ularly in the southeastern USA (Blackburn et al.
1969; Weldon et al. 1969; Haller 1982). Here it
colonises a wide variety of freshwater habitats,
resulting in thick extensive mats that cause significant
economic and ecological damage (Langeland 1990;
Balciunas et al. 2002). Hydrilla was introduced into
the USA via the aquarium trade (Schmitz et al.
1991), and it is likely that this was the mode of
introduction into South Africa too. Even though
hydrilla has been present in central east Africa for
considerable time (Mahler 1979), genetic analysis of
South African hydrilla has shown that it is most
closely related to hydrilla from Malaysia and Indo-
nesia (Madeira et al. 2007), and interestingly, the
majority of aquarium plants imported into South
Africa come from Singapore, Malaysia (N. Stallard,
personal communication).

In the south eastern USA, dense hydrilla infesta-
tions constitute the most severe aquatic problem
(Center et al. 1997), affecting irrigation operations
and hydroelectric power generation, while boat
marinas and propeller driven boats are frequently
hindered by the thick mats that form at the water’s
surface (Balciunas et al. 2002). Hydrilla control costs
Florida, the worst affected state, approximately
$14.5 million each year and despite this expenditure,
infestations in just two Florida lakes have cost an
estimated $10 million per year in recreational losses
(Center et al. 1997).

Observations in the USA have shown that small-
scale infestations of hydrilla initially cause no
problems, but within as little as two growing seasons,
may lead to system-wide infestations requiring
subsequent large-scale management efforts, calling
for multiple treatments extending over more than one
season (Hoyer et al. 2005). Past experience has
shown that it is very difficult to predict when and
where hydrilla will reveal itself as a problem, and
once it does become a problem, it is difficult to
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forecast how long the widespread infestations will
remain. In Australia, where the weed is native, it
becomes weedy usually in response to the human
induced problem of nutrient enhancement (Swarbrick
et al. 1982). South Africa has some of the most
nutrient enriched rivers and dams in the world, as a
result of increasing population growth and urbaniza-
tion, which increases the discharge of effluent rich in
nitrates and phosphates to the aquatic environment
(Noble and Hemens 1978). Many of these systems are
already heavily invaded by other aquatic weeds, such
as water hyacinth, and are likely to be open to
invasion by hydrilla.

Studies of aquatic plant invasions in other parts of
the world have shown that the spread of invasive
weeds is enhanced by and directly related to recre-
ational boating activities (Johnstone et al. 1985;
Buchan and Padilla 1999; Johnson et al. 2001;
Muirhead and Maclsaac 2005; Leung et al. 2006).
In the USA, hydrilla is mainly introduced to new
waters from reproductive fragments attached to boats,
their motors and trailers. Stem pieces then root in the
substrate and develop into new infestations, com-
monly beginning near boat ramps. Once established,
boat traffic continues to break up hydrilla and spread
it throughout the water body (Langeland 1996).
Hydrilla may therefore spread around South Africa
from Pongolapoort Dam in the same way as it has in
the USA.

Pongolapoort Dam, also known as Jozini Dam, is
the centre of a multimillion rand (USD 1 = ZAR
7.50) tourism industry, and is visited by thousands of
tourists annually, largely anglers who aim to catch
Tigerfish, Hydrocynus vittatus Castlenau, a major
angling gamefish (Bell-Cross and Minshull 1988).
The biggest tiger fishing competition in the southern
hemisphere is held annually on this system, attracting
anglers from all over South Africa and some neigh-
bouring countries. Despite the presence of hydrilla on
this system, the fishing competition went ahead in
2006 and 2007.

In this study, we aimed to investigate the potential
for hydrilla to spread to other water bodies in South
Africa by conducting a survey at the 2006 Tigerfish
Competition which investigated the boating behaviour
of anglers participating in the contest. Additionally,
we aimed to determine the establishment potential of
hydrilla based on climate by generating a predicted
distribution of hydrilla using the climate matching
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programme, CLIMEX, a tool used to facilitate the
prediction of a species’ potential relative abundance
and distribution using climatic and biological data,
based on observations of known geographical distri-
bution (Sutherst 2003).

Methods and materials

A survey was conducted from 23 to 24 September
2006, at the annual Tigerfish Competition at Pongo-
lapoort Dam (27.3537 S; 31.9063 E, KZN, South
Africa). The dam, the third largest in South Africa, is
35 km in length and has a surface area of 13,500 ha.
Its construction was completed in 1969 and it now
irrigates more than 80,000 ha of agricultural land
supporting products such as sugar cane, rice, coffee,
fibre crops and various sub-tropical fruits. At the
competition, 163 anglers were personally asked ques-
tions from a structured questionnaire (Appendix 1) by
nine interviewers. All 163 respondents answered
every question.

From these answers, the number of times the
anglers used their boats on Pongolapoort Dam, dams
in KZN, rivers in KZN, dams in the rest of South
Africa, and rivers in the rest of South Africa was
calculated. These data were then used to calculate a
User Index for all the water bodies used by the
respondents, giving an indication of the most popular
water bodies in the country, according to the formula
in Table 1.

A Threat Index for each water body was then
calculated by multiplying the number of times a boat
was used on a particular water body by the number of
times the boat was used on Pongolapoort Dam,

according to the formula in Table 2, indicating which
water bodies are at the highest risk of invasion by
hydrilla, according to fishing activities Water bodies
used by boaters who did not use their boats on
Pongolapoort Dam in the 18 months prior to the
competition, except at the fishing competition, were
excluded from this analysis. The water bodies
frequented by the anglers were mapped with their
associated Threat Index using ARCGIS 9.2 (ESRI,
Redlands, Ca.).

The computer programme CLIMEX 1.1 was used
to generate a predicted distribution of hydrilla in
South Africa using the predefined physiological
parameters of hydrilla obtained from the pro-
gramme. An Ecoclimatic Index (EI) was generated,
using the ‘compare locations’ function of the
programme, for each weather station locality in
South Africa. The EI describes the favourability of a
location for a species and is scaled from O to 100 to
represent the overall suitability of a geographical
location for the propagation and persistence of the
species. As such, it indicates only the gross features
of a species’ likely distribution (Sutherst and
Maywald 1985). The CLIMEX parameter values
were then used to map the potential distribution of
hydrilla in South Africa.

Results

Between January 2005 and September 2006, half of
the anglers interviewed used their boats only once on
Pongolapoort Dam, 34% used their boats between
two and five times, and only 15% used their boats
more than 11 times (Fig. 1). Twenty respondents

Table 1 Example of how the User Index was calculated for each water body used by anglers at the Tiger Fishing Festival, using data

for Albert Falls Dam

Answer to the question: how many times was your boat used on the water body* b c d e f g

A. Multiplication factor’

B. Albert Falls (total number of respondents)'JF
A x B

User Index (Sum of A x B)

1 5 11 20 40 80
1 1 2 1 1 1
1 5 22 20 40 80

168

* See Appendix 1, questions 2-5

T Multiplication factor obtained from upper limit of the answer e.g. if the respondent answered c. 2-5 times, the multiplication factor

used was 5

! Frequency and number of anglers who visited Albert Falls Dam in the 18 months prior to the fishing competition
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Table 2 Example of the

calculation of the Threat Number of times on Pongola

A. Multiplication

Number of times B. Multiplication A x B

(individual respondents’ factor’ on water body factor
Index for each water bo.dy responses)* e.g. Kosi Bay!
used by anglers at the Tiger
Fishing Competition, using e 20 c 5 100
data for Kosi Bay
c 5 b 1 5
c 5 b 1 5
c 5 c 5 25
c 5 c 5 25
c 5 c 5 25
* See. Appendix 1, c 5 c 5 25
question 1 5 20 100
c e
T Multiplication factor
obtained from upper limit of d 11 ¢ 5 55
the answer e.g. if the d 11 c 5 55
respondent anlswered c.2-5 d 11 ¢ 5 35
times, the multiplication
factor used was 5 d 1 ¢ > 33
 See Appendix 1, d 1 ¢ > 3
questions 2-5 Threat Index (sum A x B) 1625
59 S%I% 1907
- 160 1
° 2 140 5
3
o1 § 1201 [ KzN dam
g 100 B SA dam
[|2-5 5 80 A [ K2N river
m5-11 g 60 | O SA river
o, €
51% m11-20 3 40
d21-40 201
34% 04
Il >40 0 1 25 511 1120 2140  >40

Fig. 1 The number of times respondents used their boats on
Pongolapoort Dam between January 2005 and September 2006

(12.2%) never used their boats anywhere except once
at the 2006 fishing competition, while 23 respondents
(14.1%) only ever used their boats on Pongolapoort
Dam.

Water body use was analysed by separating those
in KZN from those in the rest of South Africa.
Figure 2 illustrates the number of times anglers used
their boats in South Africa, highlighting that dams
outside of KZN are visited more frequently than other
water bodies. The majority of anglers answered that
they travel considerable distances, between 200 and
800 km to reach fishing destinations, which empha-
sizes the potential for hydrilla to spread around
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Number of times boat used

Fig. 2 The number of times respondents used their boats on
water bodies in South Africa between January 2005 and
September 2006

South Africa (Fig. 3). Furthermore, most of the water
bodies frequented by anglers in the 18 months prior
to the competition are located 200-600 km from
Pongolapoort Dam (Fig. 4). The 20 most popular
water bodies used by anglers at the competition, as
calculated by the User Index, are shown in Table 3.

Anglers participating in the competition fished at
water bodies throughout South Africa, but predomi-
nantly in KZN and Mpumalanga, in the 18 months
prior to the competition (Fig. 5). In KZN, Kosi Bay
had the highest Threat Index, followed by Inanda
Dam, Albert Falls Dam and Midmar Dam (Table 4;
Fig. 6). Jericho Dam, Loskop Dam and Nuwe
Doringpoort (Witbank) Dam had the highest threat
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Fig. 3 The distance traveled by anglers on their last fishing
trip, indicating the potential for aquatic plants to spread

Number of water bodies
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Fig. 4 The distance of water bodies visited by anglers
participating in the Tigerfish Competition from Pongolapoort
Dam

indices in Mpumalanga, and after Kosi Bay, the highest
indices in the country (Table 4; Fig. 7). Water bodies
in the rest of the country did not have indices as high as
those for KZN and Mpumalanga, the highest being for
Hartebeespoort Dam (Table 4; Fig. 8).

A potential distribution map of hydrilla in South
Africa was created using point-based climatic data
from the CLIMEX database and expressed as the EI
values (Fig. 9). Locations with an EI value close to 0
are not suitable for the long term survival of the
species, while an EI greater than 30 is considered
very favourable (Sutherst et al. 1999). According to
this predictive distribution map, only the high lying
interior is excluded from where hydrilla could
potentially establish. Those dams with a high Threat
Index score, but a low EI score, e.g. Nuwe Doring-
poort Dam, are potentially at lower risk from hydrilla
establishing than those with both a high Threat Index
and EI score, e.g. Kosi Bay (Table 4).

Table 3 The 20 highest User Index scores for water bodies in
South Africa

Water body User Index
Loskop Dam (MP) 340
Inanda Dam (KZN) 205
Hartebeespoort Dam (NW) 202
Nuwe Doringpoort Dam (Witbank Dam) (MP) 183
Albert Falls Dam (KZN) 168
Kosi Bay (KZN) 136
Heyshope Dam (MP) 136
Paris Dam (KZN) 110
Midmar Dam (KZN) 96
Vygeboom Dam (MP) 87
Klipfontein Dam (KZN) 83
Grootdraai Dam (MP) 82
Burnview Dam (KZN) 80
Rust De Winter Dam (GP) 71
Jericho Dam (MP) 67
Vaal Dam (FS) 64
Hendrik Van Eck Dam (Big Bend) (SW) 61
Bronkhorstspruit Dam (GP) 56
Vaalkop Dam (NW) 51
Klipkoppie Dam (MP) 46

User Index scores ranged from 340 to 1

Anglers were also asked when and how they first
noticed the presence of hydrilla on Pongolapoort
Dam, and the majority answered 6-12 months earlier,
because the plant was caught in their propellers,
anchors and fishing lines, and because they could see
it from their boats. 81% of respondents replied that
the presence of submerged plants harmed their
fishing, 17% stated that submerged plants had no
effect on their fishing, while only 2% said that
submerged plants improved their fishing. 84% of
respondents answered that they had noticed similar
aquatic plant vegetation on dams elsewhere in South
Africa.

Discussion

Identifying areas most at risk from invasion and
preventing further spread is a priority in invasion
biology because it usually requires less effort and
money to prevent new invasions than to mitigate
impacts following establishment of invasive species
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Fig. 5 Distribution of
water bodies throughout
South Africa, and their .

Threat Index, visited by /
anglers in the 18 months 7~ &
prior to the Tigerfish

Competition at N
Pongolapoort Dam /
1 3 5 v ,H ..Pon%ol;no:\nl.-.
* & N
L B o o '.g,
N
Threat Index
£y i e 5-220
:. . s R Lo ® 221-640
AP S @ 641-1625
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Table 4 The 20 highest Water body Threat Index Distance from Pongolapoort CLIMEX
Threat Index scores, . .
. Dam by road (km) Ecoclimatic
distance from Pongolapoort
. Index
Dam, and associated
Ecochmat}c Ipdex, for Kosi Bay 1625 163 73
water bodies in South .
Africa Jericho Dam 1145 198 28
Loskop Dam 1100 394 55
Inanda Dam 810 349 65
Albert Falls Dam 800 439 26
Hendrik Van Eck Dam 800 78 28
Nuwe Doringpoort Dam 795 362 0
(Witbank Dam)
Midmar Dam 640 435 26
Grootdraai Dam 600 327 1
Hartebeespoort Dam 425 506 27
Heyshope Dam 395 161 28
Umlalazi River 375 210 73
Vygeboom Dam 320 302 64
Paris Dam 280 151 32
Vaalkop Dam 220 536 51
Middleburg Dam 220 333 0
Klipfontein Dam 205 152 10
Morgenstond Dam 200 195 28
Olifants River 200 467 55
Threat Index scores ranged Sodwana Bay 100 121 73

from 1625 to 5

(Johnson et al. 2001; Kolar and Lodge 2002; Leung humans aid the transport and establishment of species
et al. 2006). Reducing the threat of new invasions in new areas (Floerl and Inglis 2005). Ultimately,
requires concentrating on the manner in which human mediated spread will determine the scale of
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any ecological and economic impact of a biological
invasion (Lodge et al. 1998). Because recreational
boaters and anglers are the primary dispersal vectors
of hydrilla, understanding the potential for them to
spread hydrilla from a central hub, Pongolapoort
Dam, could aid in the identification of high risk areas
which has important consequences for early detec-
tion, rapid response and management of these
systems.

Great numbers of anglers visit Pongolapoort Dam
and, according to this survey, many other water
bodies throughout South Africa, increasing the risk of
spread of hydrilla to these currently uninvaded
systems. The results of the survey have aided in the
identification of systems that are potentially at high
risk of invasion as a result of angling activities in
South Africa. In this study, 73% (N = 49) of the
water bodies visited were >200 km from Pongola-
poort Dam, while 68% (N = 163) of the respondents

visited these systems. This is a remarkably higher
percentage of anglers travelling considerable dis-
tances compared to other studies, e.g. Johnstone et al.
(1985) found that only 10% of boaters travelled
>125 km between lakes in New Zealand; while only
0.8% of boaters moved >261 km in a study con-
ducted in Wisconsin, USA (Buchan and Padilla
1999). Long distance dispersal events of invasive
species are considered rare and stochastic (Hengeveld
1994), but when an aquatic invader is abundant in a
hub and a large proportion of vectors are susceptible
to colonization, it is likely to be transported repeat-
edly to a variety of secondary locations (Floerl and
Inglis 2005). This study has shown that because
South African anglers travel considerable distances to
reach fishing destinations, the potential for hydrilla to
spread around the country is high.

The majority of water bodies visited by anglers
who partook in the fishing competition are located in
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Fig. 7 Distribution of
water bodies in
Mpumalanga Province, and
their Threat Index, visited
by anglers in the 18 months
prior to the Tigerfish
Competition at
Pongolapoort Dam

Fig. 8 Distribution of
water bodies in Limpopo,
North West, Gauteng and
Free State Provinces, and
their Threat Index, visited
by anglers in the 18 months
prior to the Tigerfish
Competition at
Pongolapoort Dam
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Fig. 9 The potential
geographical distribution
of Hydrilla verticillata in
South Africa, as fitted by
the CLIMEX Ecoclimatic
Index (EI)

Mpumalanga and KZN. According to the CLIMEX
model, most of these areas are suitable for hydrilla
growth, indicated by high EI values. Of particular
concern are those areas that have both high Els and
high threat indices, such as the north coast of KZN,
where Kosi Bay has both the highest EI and Threat
Index, and eastern Mpumalanga. Furthermore, the
model predicts that most of South Africa is suitable
for establishment of hydrilla, so should it be spread
by anglers to other water bodies, its establishment
will not be limited by climate.

Anglers at the Tigerfish Competition in 2006
perceived the presence of hydrilla to be detrimental
to their fishing, which could have been the result of
negative publicity about the presence of hydrilla in
the Pongolapoort system, and low Tigerfish numbers
that year as the result of cold temperatures prior to
the competition (Coetzee, personal observation).
Studies in the USA have shown that anglers,
particularly bass anglers, prefer to fish near or in
aquatic vegetation, especially submersed aquatic
vegetation and are often opposed to submersed
aquatic macrophyte control (Henderson et al. 2003;
Maceina and Reeves 1996). On the contrary, adult
Tigerfish are open water predators (Skelton 2001)

and so the presence of hydrilla on Pongolapoort
Dam could be detrimental to their ecology and
therefore angling activities. This could be a tool
used to detract anglers from fishing amongst the
infestations, thereby lessening the probability of
hydrilla getting caught in anchors and motors.
Despite a public awareness campaign in the region,
highlighting the threat hydrilla poses to South
Africa, a regional website has promoted fishing for
Tigerfish on Pongolapoort Dam around the hydrilla
weed beds (www.kznfishing.co.za).

In conclusion, this study has shown that there is
considerable potential for hydrilla to spread from the
only site in which it currently occurs to uninvaded
systems around South Africa. Furthermore, should it
spread from Pongolapoort Dam, its establishment is
unlikely to be limited by climate according to the
CLIMEX model. In order to mitigate the potential
economic and ecological impacts hydrilla could have
on water bodies in South Africa, management efforts
should restrict the transportation of hydrilla propa-
gules by targeting recreational boaters and anglers
who frequent Pongolapoort Dam, thereby reducing
the potential rate at which hydrilla could disperse to
uninvaded sites.
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Appendix 1

How many times was your boat used on Pongolapoort
Dam in the last 18 months? (January 2005-June
2006)

0

1

2-5

5-11

11-20

21-40

Other: Please specify

@ o Ao T

2a. How many times was your boat used on a dam/
lake in KwaZulu-Natal, other than Pongolapoort, in
the last 18 months? (January 2005—June 2006)

0
1
2-5
5-11
11-20
21-40
Other: Please specify

@ e o o

2b. Which dam(s)/lake(s) did you use your boat on
in KwaZulu-Natal, other than Pongolapoort, in the
last 18 months? (January 2005-June 2006)

3a. How many times was your boat used on a dam/
lake in the rest of South Africa, excluding KwaZulu-
Natal, in the last 18 months? (January 2005-June
2006)

0

1

2-5

5-11

11-20

21-40

Other: Please specify

e ao o

3b. Which dam(s)/lake(s) did you use your boat on
in the rest of South Africa, excluding KwaZulu-Natal,
in the last 18 months? (January 2005-June 2006)

@ Springer

4a. How many times was your boat used on a river
system in KwaZulu-Natal in the last 18 months?
(January 2005-June 2006)

0

1

2-5

5-11

11-20
21-40

Other: Please specify

@ oe o o

4b. Which river systems did you use your boat on
in KwaZulu-Natal in the last 18 months? (January
2005—-June 2006)

5a. How many times was your boat used on a river
system in the rest of South Africa in the last
18 months? (January 2005-June 2006)

0

1

2-5

5-11

11-20

21-40

Other: Please specify

@ e o o

5b. Which river systems did you use your boat on
in the rest of South Africa in the last 18 months?
(January 2005—June 2006)

6. How far did you travel on your last boating trip
by road to get your destination?

Less than 20 km
20-100 km
100-200 km
200-400 km
400-800 km
800+ km

mo a0 o

B. Plant survey
1. Have you noticed an increase in submerged aquatic
plant vegetation on Pongolapoort Dam, and if so when?

a. No increase

b. Within the last 6 months
c. 6-12 months ago

d. 12-18 months ago

e. 18-24 months ago

f. more than 2 years ago

2. If you noticed an increase, was this because
(circle as many as appropriate):
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the plants got caught in your propeller
the plants got caught in your anchor
your fishing line got caught in the plants
you saw the plants from your boat

you saw the plants from the land

other (please specify)

me a0 o

3. Does the presence of submerged plants affect
your fishing?

a. No effect
b. Improves it
c. Harms it

4. Have you noticed similar submerged aquatic
plant vegetation on dams elsewhere in KwaZulu-
Natal? If yes, on what dam.
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