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The successful biological control of 
Azolla filiculoides in South Africa: 

an economic perspective

A.J. McConnachie,1 M.P. Hill,2 M.J. Byrne1 and M.P. de Wit3

Summary

Azolla filiculoides Lamarck (Pteridophyta: Azollaceae) (red waterfern) is one of the five main aquatic
weeds in South Africa. This fern is native to South America and was first recorded in South Africa in
1948. A combination of phosphorous-rich waters and lack of natural enemies led to its inevitable spread
to over 150 recorded localities throughout the country. Dense mats of the weed (up to 30 cm thick)
severely degraded aquatic ecosystems and impacted all aspects of their utilization. The failure of
mechanical control and the risks associated with chemical control in the aquatic environment made A.
filiculoides an ideal candidate for biological control in South Africa. A frond-feeding weevil, Sten-
opelmus rufinasus (Coleoptera: Curculionidae), was released in December 1997. Here we report on the
post-release evaluation of this insect five years after its initial release, with particular emphasis on the
costs and benefits of the study. To date, S. rufinasus has been released at 112 sites throughout South
Africa. The weevil has been responsible for clearing 91 of these sites completely. The remaining 21 were
either washed away during flooding, not revisited, or in the early stages of control. Within three years,
the weevil reduced the weed population to the point where it was no longer considered a problem in
South Africa. The cost savings (per user) resulting from the biological control program included a reduc-
tion of on-site damage caused by the weed to the value of US$589 per hectare per year. The average cost
per hectare per year for the biological control program for the period 1995–2000 amounted to US$278.
These historic costs and benefits were adjusted to constant year 2000 values. The predicted spread of the
weed was calculated on the basis of a sigmoid-curve rate of spread model. The net present value (NPV)
of the program was calculated from 1995 onwards and discounted at 8%. This resulted in a NPV of
US$1093 per hectare and US$206 million for South Africa as a whole. For the year 2000, the benefit–
cost ratio was calculated at 2.5:1, increasing rapidly to 13:1 in 2005 and 15:1 in 2010 as the annual costs
of the biological control program are expected to decrease. These indicators reinforce the overall
economic viability of biological control. Long-term monitoring is still required to determine the
dynamics of weed resurgence and weevil location. The findings of this post-release evaluation are
important for other countries (e.g. Australia, United Kingdom) that have infestations of A. filiculoides.
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Introduction

South Africa has 13 aquatic plant species which have
been declared either as invaders or as weeds (Hend-
erson & Cilliers, 2002). These weeds invade dams,

rivers and wetlands in both urban and rural environ-
ments. Azolla filiculoides Lamarck (Pteridophyta:
Azollaceae) (red waterfern), an aquatic fern, is regarded
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as one of the top five invasive weeds in South Africa.
First recorded in the Oorlogspoort River (Colesburg,
Northern Cape Province) in 1948, A. filiculoides is
thought to have been introduced as an ornamental fish-
pond plant (R. Randall, Cape Nature Conservation,
Sedgefield, Eastern Cape, South Africa, pers. comm.).
Hill (1998a) proposed that the lack of natural enemies,
human and waterfowl movement between water
bodies, and phosphorus-enriched waters facilitated the
spread and establishment of A. filiculoides in South
Africa. At the peak of its invasion in 1998, the weed
was recorded at 152 sites in South Africa (Henderson
1999). 

Dense mats (5–30 cm thick) of A. filiculoides dele-
teriously affect the biodiversity of aquatic ecosystems
(Gratwicke & Marshall 2001). In addition, the weed has
increased the siltation rates of rivers and dams, reduced
the quality of water for domestic and agricultural use,
clogged irrigation canals and pumps, and has led to the
drowning of livestock that were unable to differentiate
between pasture land and weed covered water bodies
(Hill 1997).

On the grounds of insufficient research and risk
involved, Ashton (1992) recommended that biological
control of A. filiculoides not be considered. However, in
view of the expense, risk and variable results of chem-
ical control programs, and the difficulties associated
with mechanical control, biological control was seen as
the only viable long-term control option for this invasive
weed (Hill 1997, McConnachie et al. 2003a). The frond-
feeding weevil, Stenopelmus rufinasus Gyllenhal (Cole-
optera: Curculionidae) was imported from Florida
(USA) in 1995 and, following host-specificity screening
(Hill 1998b), was released in December 1997. 

Biological control is generally deemed successful
when the target plant population is significantly
reduced and no additional control methods are required.
Forno and Julien (2000) reported on methods for meas-
uring the success of biological control agents that have
been released on weeds. These range from simple
descriptive methods proposed by Hoffmann (1995) and
Laing and Hamia (1976), which rate success from
negligible to complete, to the more complex methods of
Moran and Zimmermann (1984), or a combination of
qualitative and quantitative methods (Julien 1997).
Julien (1997) also includes the less frequently used
method of economic evaluation in describing agent
success.

Initial successes of S. rufinasus on A. filiculoides
were reported on at the 10th International Symposium
on Biological Control of Weeds (McConnachie et al.,
2000). In this paper, we report on various aspects of the
post-release evaluation of this insect five years after its
initial release, concluding with an economic evaluation
of the study.

Materials and methods

Predictive thermal modelling
We undertook a series of laboratory trials to investi-

gate the thermal physiology of the weevil. Results were
used to predict areas in South Africa where S. rufinasus
might not establish on A. filiculoides because of
extremes in climate. Thermal parameters were meas-
ured according to the methods of Mitchell (1993), Klok
and Chown (1997) and McClay and Hughes (1995).
These included critical thermal minima (CTMIN) and
maxima (CTMAX), lower (LLT50) and upper (ULT50)
temperatures, and developmental rates. The thermal
parameters were incorporated into the CLIMEX
(CSIRO © 1999) model (CLIMEX programme ver.
1.1), and a predictive distribution map was generated.

Cage impact assessments
Trials were conducted in field cages (0.5 × 0.5 ×

0.5 m) at five different sites during summer 1999 and
winter 2000. Two samples (0.0015 m2 each) of the weed
were taken from each of the cages once a week until the
weevil had controlled the weed. One of the samples was
hand-sorted to determine the number of eggs, larvae,
pupae and adults present. The other sample was oven-
dried to obtain a measure of plant vigour. These methods
are fully explained in McConnachie (2003).

Field impact assessment

Stenopelmus rufinasus was mass reared and released at
112 Azolla-infested sites around South Africa between
1997 and 2002. Batches of 100 weevils were released at
each site. Where possible, sites were visited twice
anually. When site visits were not feasible, telephonic
contact was maintained with the respective landowners
to ascertain the status of the weed. A record was kept of
weevil establishment and the impact of the weevils on
the weed (i.e. changes in area of the water body
covered, time taken for the weed to disappear, re-
appearance of the weed and recolonisation by the
weevil). The effects of the weevils were recorded using
“before” and “after” fixed point photographs at 20 sites
(see McConnachie et al. 2003b).

Weevil dispersal
Intra-site dispersal of the weevil was investigated by

growing A. filiculoides in stainless steel trays (2.2 × 1.0
× 0.1 m) under glasshouse conditions. Ten evenly
spaced transect lines were run along the length of each
tray. Thirty pairs of weevils were released at one end of
each tray (three pairs per transect). The numbers of each
of the weevil life stages were counted in 40 × 40 mm
quadrats at 100 mm intervals along each transect line
every three days. Inter-site dispersal between Azolla
sites was recorded twice annually during field site visits
(see above). New dispersal localities were recorded
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(coordinates) and the distance to the nearest release site
was estimated.

Economic assessment
A full discussion on the methodology of the

economic evaluation can be found in McConnachie et
al. (2003a), but a summary follows. A questionnaire
was completed with 30 randomly selected water users.
The questionnaire requested information on the direct
costs of the weed to the respondent, the estimated
surface area of the respondents’ water bodies and
percentage infested, as well as the duration of the infes-
tation. The average cost per hectare per year of the
weed per respondent was calculated from the question-
naire. As a result of biological control these are costs
foregone (or benefits of control). The costs to develop
the biological control agent, including salaries, over-
heads, and operational costs were obtained from the
Plant Protection Research Institute, Pretoria. Both the
benefits and costs of control were adjusted using Statis-
tics South Africa’s most recent producer price index
and expressed in constant, year 2000 South African
Rands (ZAR). All amounts were converted to United
States dollars (US$) at a ZAR/US$ exchange rate of
10:1. Average costs and benefits per hectare were then
calculated for the period 1995–2000. Using a sigmoid
curve rate-of-spread model (see Van Wilgen et al.
2003), the area estimated to be invaded by the weed
with and without biological control in the future was
calculated. Finally, the assumptions were made that (a)
the value of future benefits would increase at 3% per
annum, and (b) that the future costs of control will be
20% of the average costs during the period 1995–2000
– conservatively high for A. filiculoides, but one used as

a proxy for the costs of maintaining biological control
on different alien species in the future (Van Wilgen et
al. 2003).

Results and discussion

Predictive thermal modelling

The thermal parameter values for S. rufinasus were
incorporated into the CLIMEX model in the form of
various climatic indices (see McConnachie 2003).
Annual ecoclimatic indices (EI) were derived using these
indices and meteorological data from 134 localities in
South Africa. The EI describes the climatic favourability
of a given location for S. rufinasus. The EI is scaled
between 0 (totally unsuitable) and 100 (optimum). The
predictive distribution plot for South Africa using the
CLIMEX model shows a high probability of the weevil
being able to establish throughout the country (Fig. 1).

Cage impact assessments

Both summer (Fig. 2a) and winter (Fig. 2b) cage
trials initially showed an increase in plant vigour.
However, once the weevil numbers increased suffi-
ciently, a rapid decline in plant vigour was observed.
The difference in clearance time of summer (seven
weeks) and winter (14 weeks) cage trials clearly illus-
trates the effect of temperature on the developmental
rate of the insects. Nonetheless, S. rufinasus is capable
of locally eradicating A. filiculoides even under winter
conditions (with minimum temperatures reaching –5ºC
on occasions). These findings support the predictions of
the CLIMEX model.

Figure 1. CLIMEX generated map (including microclimatic effects) of the predicted distribution of Stenopelmus rufinasus
in South Africa. Areas of the circles are proportional to the suitability of each location. The present distribution of
the weevil is shown (grey transparent area).
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Field impact assessment

Over 24,700 weevils were released at 112 Azolla
sites throughout South Africa (Fig. 3). Stenopelmus
rufinasus caused local extinctions at 81% of these sites
(Fig. 4). The weevil has not failed at a single site, as
lack of control was caused by other factors such as
flooding. The surface area of the weed controlled
totalled 203.5 ha. On average, infested sites were
controlled in 6.9 (± 4.3) months (Table 1). The weed
recolonised itself at 22 of the sites (Fig. 4), either
through spore germination or waterfowl movement, but
the weevils subsequently located all of these and
successfully caused local extinction of the weed at 18
sites.

Weevil dispersal

Intra-site dispersal and oviposition of S. rufinaus
occurs in a wave-like manner (Fig. 5a–d). After three
days adults had moved only as far as 30 cm from the
release point, and oviposition occurred only 20 cm into
the tray (Fig. 5a). After six days, adults had moved
70 cm from the release point (Fig. 5b). Oviposition,
however, tapered off further from the release point.
After 12 days, adults dispersed along the entire length
of the growth tray, a distance of 2.2 m (Fig. 5c). The
rapid decline in oviposition was followed by a rapid
increase in oviposition, followed by another decline.
This finding is hypothesised to be as a result of resource
provisioning by the adult females to ensure first

Figure 2. Comparative plots of Azolla filiculoides dry weight versus Stenopelmus
rufinasus total life stages: (a) summer trial; (b) winter trial.

(a)

(b)
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Table 1. Records of Azolla-infested water bodies in southern Africa where Sten-
opelmus rufinasus has been released, showing the success rate and time
to reach control.

Province/country No. of weevils 
released

Area of Azolla 
cleared (ha)

Mean time to control
(months ± S.D.) 

Eastern Cape 4000 76.3 4.6 ± 3.4
Free State 8500 49.1 7.4 ± 3.8
Gauteng 4600 19.0 7.1 ± 4.9
KwaZulu Natal 500 3.0 7.4 ± 0.0
Limpopo 400 6.5 11.8 ± 7.2
Mpumalanga 1600 16.6 5.5 ± 4.2
Northern Cape 600 11.0 9.0 ± 4.8
Western Cape 4200 15.0 6.4 ± 4.8
Chiredzi (Zim.) 300 7.0 10.8 ± 0.0
Summary 24700 203.5 6.9 ± 4.3

Figure 4. Localities of Azolla filiculoides local extinctions and reestablishments
in South Africa.

Figure 3. Distribution of Azolla filiculoides in South Africa and release local-
ities of Stenopelmus rufinaus.
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generation larvae have good quality food. Inter-site
dispersal of the weevil was recorded from field data
(Table 2). Dispersal distances of up to 350 km were
recorded, ranging in time from 1–2 years after the
initial release.

Economic assessment

Of the 30 respondents affected by A. filiculoides, 71%
were involved with farming, 24% were recreational users,
and 5% were municipal users. Based on year 2000 data,
the cost savings (per user per hectare) resulting from the
biological control program included a reduction of on-site
damage caused by the weed to the value of US$589 per
hectare per year. The average cost per hectare per year for
the biological control program for the period 1995–2000
amounted to US$278, excluding investment costs of
USD$7700 in 1995. The net present value (NPV) of the
program was calculated from 1995 onwards and
discounted at 8%. This resulted in a NPV of US$1093 per
hectare and US$206million for South Africa as a whole.
For the year 2000, the benefit–cost ratio was calculated at
2.5:1, increasing rapidly to 13:1 in 2005 and 15:1 in 2010

as the annual costs of the biological control program are
expected to decrease. These indicators reinforce the
overall economic viability of biological control.

Conclusion
Results obtained at the beginning of this five-year
study, from the predictive thermal modelling and cage
impact assessment, suggested that the establishment
and impact of S. rufinasus would not be limited by
temperature. Field impact data bore testimony to this
hypothesis, with local extinctions of A. filiculoides
occurring in climatically diverse regions of South
Africa. Reestablishment of the weed was also coun-
tered by effective dispersal of the weevil. The positive
benefit–cost ratio and NPV obtained in this study rank
favourably with other such projects (McConnachie et
al. 2003a). Presently, no additional control methods are
required to control A. filiculoides, thus highlighting the
success of this project. Long-term monitoring is still
required, however, to further determine the dynamics of
weed resurgence and weevil location, as well as the
effect of parasitism on the weevil. 

Figure 5. Intra-site dispersal of Stenopelmus rufinasus in a mat of Azolla filiculoides after (a) 3 days, (b) 6 days,
(c) 9 days, (d) 30 days.
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