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ABSTRACT 
 
Biological invasions have increased dramatically in the past centuries and are one of the greatest 
threats to biodiversity today.  Invasions occur when organisms are introduced at a location to 
which they are non-native, and they reproduce and spread, causing damage to the environment.  
Chromolaena odorata, a herbaceous shrub from the Americas, is one of the most widespread 
and problematic invasive plant species in the tropics and sub-tropics.  The plant is a serious 
problem in South Africa, where invasive species threaten the nation’s biodiversity and limited 
water supply.  This study combined transect monitoring data of C. odorata with ecological and 
clearing management data to assess the efficacy of an invasive plant clearing program over its 
decade of operation in the Hluhluwe-iMfolozi reserve in KwaZulu-Natal, South Africa.  Densities 
and local extent of the C. odorata invasion were significantly reduced during the period of 
operations of the clearing program.  Seasonal effects impacted clearing efficacy, namely a 
reduction in efficacy during the seed dispersal period.  Effort and fire frequency were positively 
associated with clearing success, and rainfall negatively associated with clearing success.  
Excluding the northern section of the reserve, where the invasion progressed over the whole 
landscape, observations of C. odorata were closer to watercourses than randomized points, 
indicating a water limitation for invasion in most of the park.  Management implications drawn 
from the results include halting clearing during seed-drop months, giving extra attention to 
areas with more rainfall and other water availability, and incorporating fire with other clearing 
methods where possible.   
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1. Introduction 
 
Over the past few centuries, biological invasions have become increasingly more prevalent.  
Using humans as a dispersal agent through transport and commerce, a rising number of species 
have traversed natural bio-geographical barriers and spread to areas outside of their native 
ranges (D’Antonio & Vitousek 1992; Vitousek et al. 1997; Mack et al. 2000).  Of all alien species, 
a small fraction of them go on to be naturalized (able to reproduce and persist without 
supplemented introduction).  A portion of those naturalized species become invasive 
(Richardson et al. 2000).  Mack et al. (2000) define invaders as species that establish outside of 
their native range and “proliferate, spread, and persist to the detriment of the environment” 
(NISC 1999; USDA; IUCN).  Biologic invaders can disrupt disturbance regimes, ecosystem 
productivity, nutrient cycles, hydrology, community structure (Vitousek et al. 1997; Mack et al. 
2000; Levine et al. 2003), and are considered the greatest threat to biodiversity worldwide after 
land-use change (Millennium Ecosystem Assessment 2005).  In addition to the detrimental 
effects that invasive species have on the flora and fauna of the systems they invade, their impact 
can have deleterious consequences to human health and well-being (Vitousek et al. 1997).  The 
invasion of ecosystems can severely threaten the availability of ecosystem services and can 
diminish the production of agricultural goods, silviculture, and natural goods (Mack et al. 2000; 
van Wilgen et al. 2008).     
 
Savannas are predicted to be among the most vulnerable ecosystems to biotic invasion as the 
century progresses (Sala et al. 2000).  Savannas are communities of grasses and trees coexisting 
under strong climatic alterations of wet and dry seasons (Scholes & Archer 1997).  One main 
characteristic of savanna systems is the dynamic nature of the system brought about by frequent 
disturbance caused by herbivory, fire, and drought (Archer et al. 1996).  Disturbance is also one 
of the leading factors aiding the colonization of invasive species, and this effect can be enhanced 
dramatically by the interaction of multiple disturbances (Hobbs & Huenneke 1992; Jauni et 
al.2015).  The resilience of savannas to alterations of disturbance regimes strengthens their 
resistance to invasion.  However, progressing climate change and increasing levels of 
atmospheric CO2 threaten to weaken the competitive ability of native vegetation and increase 
their vulnerability to invasion as these problems progress (Foxcroft et al. 2010).  
 
South Africa is a country that spends a considerable amount of resources combating invasive 
species (van Wilgen 2008).  Having an economy relying heavily on farming, ecotourism, and 
timber production makes the control of invasive species critical for South Africa.  More 
importantly, South Africa is a water-stressed nation, and many regard water scarcity as the 
biggest limitation to development in South Africa today (Turpie et al. 2008).  A large number of 
alien plant species in South Africa consume more water than native vegetation, and as a result, 
there is an estimated reduction of 7% of the country’s total water runoff being wasted by current 
invasions (van Wilgen 2008).  Shockingly, reductions could advance to eight times that amount 
if invasive species were to cover their entire potential range in South Africa.  The sobering threat 
of invasive species to the nation’s water supply prompted the government to establish an alien 
plant clearing program in 1995.  The program is named Working for Water, and is thus focused 
on removing invasive plants in the aim of liberating more of the country’s water resources and 
serving conservation efforts, while simultaneously alleviating poverty by employing individuals 
from underprivileged local communities to serve on the clearing teams (van Wilgen & Le Maitre 
1998).     
 
Chromolaena odorata (L.) King & Robinson, known among many names as Siam weed or Triffid 
weed, is a perennial, herbaceous shrub of the family Asteraceae.  It originates from the Americas, 
with a native range spanning from the south-eastern U.S. to northern Argentina, including the 
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Caribbean islands.  Chromolaena odorata has a lifespan of around 15 years and grows to a 
height of 1.5 - 2 m, but can reach heights up to 10 m when acting as a creeper, using other 
vegetation for support (Zachariades & Goodall 2002).    
 
Chromolaena odorata has invaded West Africa, Southern Africa, India, Sri Lanka, South-east 
Asia, and Australia, and results from climate-matching models suggest that it has the capacity to 
invade most areas in the tropics and sub-tropics (Fig. 1; McFadyen & Skarratt 1996; Witkowski & 
Wilson 2001; Kriticos et al. 2005).  It commonly invades everything from croplands, plantations, 
roadsides, riversides, grasslands, forest edges, disturbed forests, waste-lands, and pastures (Li et 
al. 2012).  The plant can produce up to 260,000 wind-dispersed seeds per year and has very few 
natural enemies outside of its native range, making it an unrelenting invader (Witkowski & 
Wilson 2001, Qin et al. 2013).  It forms thick, monospecific stands that can shade out native 
vegetation and create restrictive barriers to animal and human passage (Goodall & Erasmus 
1996).    
 

 
Fig. 1.  World-wide distribution of Chromolaena odorata as of 2005, represented by grey-shading and black dots 
(reprinted from Kriticos et al. 2005).  The species has spread further into east Africa in the decade since the 
publication of this figure.     
 
 
C. odorata is considered to have been unintentionally introduced to South Africa in the mid-
1940’s from seeds caught in cargo brought from Jamaica to the Durban harbor (Witkowski & 
Wilson 2001, Goodall & Erasmus 1996; Paterson & Zachariades 2013).  The C. odorata 
population in southern Africa is phenotypically distinct to the other invasive populations of the 
plant around the world, and it exhibits high plasticity in both growth form and the habitats in 
which it grows (Zachariades & Goodall 2002; Paterson & Zachariades 2013).  It invades 
savannas, grasslands, and forests on a range of soil types, and can even exist in riverine areas in 
habitats with < 500 mm of precipitation per year (Goodall & Erasmus 1996).  The plant has been 
observed to reduce soil moisture to a greater extent than native vegetation in South Africa (te 
Beest et al. 2015).  The southern African biotype invades colder areas than the biotypes found 
elsewhere, but the invasion is nonetheless restricted to frost-free areas (McFadyen & Skarratt 
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1996; Kriticos et al 2005).  C. odorata can endanger savanna systems by taking advantage of 
their disturbance regime and altering the grassland-woodland dynamics that characterizes them.  
The plant grows best on forest edges and can act as a fire ladder, turning low-intensity ground 
fires into high-intensity canopy fires in habitats that would normally either exclude fire from the 
canopy or exclude it completely (Macdonald 1983; Macdonald & Frame 1988; te Beest et al. 
2012).  Climax forests can be degraded when C. odorata invades gaps (Goodall & Erasmus 1996).  
The species can resprout quickly after fire if adult plants are not killed, and can inhibit the 
establishment of native grasses and vegetation (Euston-Brown et al. 2007; te Beest et al. 2012). 
As C. odorata invades agricultural fields, the yields of croplands and plantations suffer, and 
pasture quality is lowered.  The species is reported to be slightly toxic to livestock and is 
therefore an undesirable plant to have on grazing areas (Macdonald 1983).   On top of disrupting 
ecosystem processes, the species can have a direct negative impact on some of the country’s most 
charismatic species, such as the Black Rhino (Diceros bicornis) and the Nile Crocodile 
(Crocodylus niloticus) (Leslie & Spotila 2001; Howison 2009b-MSc thesis).   
 
In South Africa, Chromolaena odorata is a category 1 noxious weed under the Conservation of 
Agricultural Resources Act 43 (1983).  This declaration carries the legal requirement to remove it 
immediately from both private and public lands (van Gils et al. 2004), although in many cases 
this is difficult to enforce.  The Working for Water program, under which C. odorata is one of the 
target species, is a government initiative charged with the task of removing invasive species 
throughout the country while alleviating poverty by sourcing labor from poverty-stricken areas.  
The program’s main objective is to reduce the density of invasive species in South Africa by 22% 
per annum (Department of Environmental Affairs 2015).  The program spent 171.8M rand 
(24.5M USD) fighting this species alone from the program’s founding in 1995 to 2008 (van 
Wilgen et al. 2012).  Despite this effort, of all the country’s invasive plant species, C. odorata 
moved from ranking 14th in 2000 to 4th in 2010 in terms of occupied area (van Wilgen et al. 
2012).     
 
The clearing practices utilized to control C. odorata include slashing, foliar spray of herbicide, 
hand-pulling, fire, and cut-stump treatment (i.e. slashing followed immediately with a treatment 
of herbicide to the stalk) (van Gils 2004; Euston-Brown et al. 2007).  Each method has serious 
limitations and many plant-clearing methods can only be effective if implemented at certain 
times of the year (NISC 2005).  Due to the rapid regenerative properties of the plant, slashing, 
hand-pulling, and fire can be quite ineffective and even counter-productive.  Adult plants can 
survive most fires (te Beest et al. 2012), and fires can reduce the vegetation cover of an area, 
aiding establishment of seeds of the surviving plants.  Foliar sprays are limited to seasons when 
the plant is growing at a substantial rate, which facilitates the uptake of the herbicide.  The 
method is also limited to certain sizes and life stages of the plant (Euston-Brown et al. 2007).  
Clearing monocultures of the plant can leave conditions that are very suitable for re-
establishment by seedlings and can be a severe fire hazard if dead shrubs are not removed (te 
Beest et al. 2012).   
 
Biocontrol of C. odorata has been investigated for many years, but has yet to be implemented in 
an effective manner in South Africa (Goodall & Erasmus 1996; Zachariades et al. 2011).  Plant 
specialist insects have not been able to establish mainly due to the fact that many populations of 
C. odorata in South Africa drop leaves annually in response to drought, leaving the insects for a 
period of time without a food source (Robertson et al. 2008, Zachariades et al. 2011).  The 
southern African biotype of C. odorata being able to tolerate cooler temperatures than most 
populations in the native range could also be a limitation for the establishment of biocontrol 
agents (McFadyen & Skarratt 1996; Kriticos et al. 2005; Robertson et al. 2008).    
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Located approximately 300 km north of the Durban harbor, where C. odorata allegedly made 
landfall in South Africa, is Hluhluwe-iMfolozi Park (HiP).  This reserve has had a turbulent 
history with Chromolaena odorata.  The species was first observed in HiP in 1961.  By the early 
1980’s, it was the most widespread invader and was deemed the greatest threat to native 
vegetation in the park (MacDonald 1983).  Throughout the 1980’s, the invasion increased 
exponentially (Fig. 4; MacDonald & Frame 1988).  Despite attempts to clear the plant, the 
invasion increased to the point that by 2001, 20% of Hluhluwe, the northern half of the park, 
was covered in dense infestations of C. odorata (Howison 2009a-MSc Thesis).   
 
In 2004, KwaZulu-Natal Wildlife, the province’s governmental conservation agency, allotted 
provincial funds to establish a large-scale clearing program targeting C. odorata in HiP, using 
methods based on the Working for Water program.  The program was initially called Impi ka 
Sandanezwe (“Fight Chromolaena” in Zulu) or the Chromolaena Clearing Project, but has since 
been expanded to include other alien species.  It is now called the Invasive Alien Species 
Programme (IASP).  There has been an appreciable amount of success in the decade that the 
program has been operating and the species is now considered to be at maintenance level (<5% 
park-wide cover).  The program has spent 93.6M rand (7.8M USD) during this period.  However, 
the species is still present in the park and regular monitoring is fundamental to prevent re-
invasion. Unfortunately, at the moment, no regular monitoring program is in place in HiP. 
Therefore, this research was established to assess current densities of C. odorata and other alien 
plant species in the park, determine clearing efficacy, and give recommendations on effective 
monitoring.   
 
 
The aims of this study are to: 
  

1.  investigate how effective previous efforts have been to control Chromolaena odorata in 
Hluhluwe-iMfolozi Park  
 
2.  determine the effect ecological factors, such as rainfall, fire regime, temperature, and 
topography, have on the clearing efficacy of C. odorata 
 
3.  determine the effect clearing maintenance decisions, such as time between clearing 
treatments, amount of effort exerted, clearing methods utilized, and time of year clearing 
takes place, have on the efficacy of controlling efforts of C. odorata  
 
4.  determine if the bi-annual transect sampling method that was used in the current study 
could be used in an effective way to monitor several alien plant species in HiP 

 

2. Methods 
 

2.1.  Study area 
 
The Hluhluwe-iMfolozi Park (HiP) is a 90,000 ha reserve in the KwaZulu-Natal province of 
South Africa.  It is situated between 28º00’ - 28º26’ S and 31º09’ – 32º43’ E.  Elevation in the 
park varies from 60 to approximately 600 m above sea level and the area experiences a strong 
rainfall gradient with around 1000 mm annually in the higher altitudes in the north of the park, 
to 600 mm annually in the lower altitudes in the south of the park (Balfour & Howison 2001).  
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Rainfall is very seasonal with most falling in the spring and summer months of October through 
March.  Mean maximum temperatures range from 23º C in July and 29º C in January and mean 
minimum temperatures range from 10º C to 19º C, respectively (WorldClim version 1.4; Hijmans 
et al 2005).  Four large river systems pass through the park (Whatley & Porter 1983).  Habitat 
types range from open grasslands and woodlands that are frequented by fire to closed acacia and 
broad-leafed woodlands that are generally fire excluding (Whatley & Porter 1983).  
Approximately one-quarter of the park area is burned annually (MacDonald & Frame 1988).  
HiP has a heterogeneous landscape and a high diversity of flora and fauna. There have been over 
1250 recorded vascular plant species, and the park is home to many species of high conservation 
value, including the white rhinoceros (Ceratotherium simum), black rhinoceros (Diceros 
bicornis), and the African wild dog (Lycaon pictus) (Macdonald 1983).        
 
The park was established in 1895 and was previously made up of two separate reserves, 
Hluhluwe and Umfolozi, which were merged in 1989.  There is still a public road that runs east 
to west through the center of the park.  HiP is enclosed with a game-proof fence and is 
surrounded by rural communities and communal agricultural land (Whatley & Porter 1983). 
  

 
Fig. 2.  Left: The location of Hluhluwe-iMfolozi (HiP) within South Africa and the African continent.  Right: HiP with 
its five management sections.  Hluhluwe is comprised of the two northern sections and iMfolozi is comprised of the 
three southern sections. 
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Fig. 3.  Left:  Elevation (meters) of HiP and surrounding area.  Right:  Average rainfall (mm) of HiP and surrounding 
area.   
 

 
Fig. 4.  Year of first occurrence of C. odorata from 1978 to 2001 per area 
of 0.25 km2 of HiP. 
 
 

2.2.  Sampling and additional data 
 

2.2.1.  Invasion density estimates along transects 
 
Since 1986, HiP has operated a bi-annual game census using line-transects distributed 
throughout the park to estimate animal populations (Fig. 5; Cromsigt et al. 2009). They range in 
lengths of 3.9 to 13.0 km (avg. 8.3 km).  The path of 24 of the transects is cut by machete bi-
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annually prior to each game count.  The remaining 10 transects belong to the area at the 
southern part of the park known as the wilderness section (Fig. 5).  Management and intrusive 
research are limited in the wilderness section and, therefore, those 10 transects are not cut and 
are navigated solely by GPS devices.   
 
The line-transects can also serve various other sampling and research purposes.  In 2004, the 
average abundance of C. odorata was estimated every 50 m along the 24 cut transects of the 
park.  The estimations followed 6 density classes based on the percent of total cover of vegetation 
represented by the species, according to a modified Braun-Blanquet scale (Table 1; Braun-
Blanquet 1932).  This process was repeated in 2010 and again in this study in 2014.  The same 
density classes were used.  However, abundances were estimated every 5 m, and in 2014, the 
sampling was extended to cover all 34 transects of the park.  In this study, in addition to 
estimating abundances of C. odorata, the densities of 7 other invasive species were included in 
the sampling: Lantana camara L., Tagetes minuta L, Solanum mauritianum Scop., Opuntia 
sp., Parthenium hysterophorus L., Melia azedarach L., and Campuloclinium macrocephalum 
(Less.) DC.       
 
 
Table 1. Density classes based on percent of total cover. 
Class % cover 
0 None  
1 < 5 
2 5 - 25 
3 25 - 50 
4 50 - 75 
5 75 - 100 

      
 

    
Fig. 5.  The 34 transects of HiP.  Solid lines indicate cut transects and dashed lines indicate uncut transects. 
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2.2.2.  Invasive Alien Species Programme (IASP) clearing data 
 
Data of clearing operations of C. odorata in HiP was obtained from the Invasive Alien Species 
Programme for the entire period of operations from 2004 to 2014.  The IASP contracted out 
clearing duties of different areas to teams of around 9 – 10 people.  As the IASP is a community 
poverty-relief program, people contracted to clear invasive species were hired from tribal 
communities surrounding the park.  Each tribal authority was given equal selection, and 
transport logistics generally mandated that teams conducted clearing in contract areas that are 
most adjacent to their respective community (see Fig. 6).  At the height of operations, nearly 
1000 laborers were clearing in the park at a time, which required an impressive amount of 
organization.  Prior to forming a contract, the IASP would take a density estimate at each 
location to determine how many person-days would be required to clear the area.  When this was 
determined, the task would be handed over to the clearing team.  Contract areas were revisited 
periodically to determine when follow-up treatments were necessary, and those treatments were 
organized in the same manner.  Clearing methods utilized by the IASP included cut-stump 
treatment (cutting the basal stem and applying herbicide), foliar application of herbicide, hand-
pulling, and a few treatments of intentional fire.  Natural fire and fire utilized for other 
management purposes were also taken into account during clearing prioritization, although this 
was not extensively recorded.        
 

  
Fig. 6.  Tribal authorities surrounding Hluhluwe-iMfolozi Park.   
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This IASP data included spatial data of clearing locations, the estimated density of each plot to 
be cleared, the issue dates of clearing contracts, clearing stage (i.e. Initial clearing, 1st follow-up, 
etc.), the age of plants to be cleared (seedlings, etc.), the clearing method employed (cut-stump, 
hand-pulling, etc), and the amount of person-days contracted to clear the contract area.  HiP was 
divided into contract areas, each with a unique ID number that remains the same for each 
follow-up treatment and links all the data to the national Alien Plants Management Information 
System (Kandeh & Kumar 2006).  These contract areas were devised spatially in a GIS program, 
and each ID number links clearing data spatially to its respective polygon.  Contract areas were 
generally made smaller where initial densities of C. odorata were higher.     
 

2.2.3.  Ecological data 
 
Ecological data were obtained from park records and online databases.  Detailed fire maps of 
each year were obtained from the HiP park research office.  These maps are made from ranger 
observations and satellite imagery.  Rainfall and average minimum and maximum temperature 
data were extracted from the WorldClim database at a resolution of 30 arc-seconds (version 1.4; 
Hijmans et al 2005).  Topographical data were obtained from NASA’s Shuttle Radar Topography 
Mission (SRTM) imagery at a resolution of 3 arc-seconds.   
 
 

2.3. Statistical analyses 
 

2.3.1.  Density and extent of invasion along transects 
 
A direct analysis of C. odorata densities between 2004 and the other sampling years cannot be 
performed with simple averages due to sampling biases that are brought about by the differences 
in scale of sampling.  In 2004, estimates were taken for every 50-m section of each transect, 
whereas in 2010 and 2014, estimates were taken along each 5-m section.  This incurs the 
problem of unequal averages for similar observations (i.e. if there is a single plant along the first 
50 m of a transect, this 50-m section would have an average density class of 1 in 2004 but 0.1 in 
2014, due to the fact that there would be one observation of 1 and nine observations of 0 in the 
latter year).  To overcome this, 2010 and 2014 densities were averaged for each 50-m section and 
rounded up to the nearest density class.  To ensure that this method did not over-estimate higher 
densities, the researcher responsible for collecting the 2004 data joined the 2o14 sampling for 
two transects, giving some references of what density class would have been applied to different 
sections of the transect in 2004.    
 
Using the 50-m scale data of 2010 and 2014, density classes were averaged according to transect, 
and a one-way analysis of variance (ANOVA) was carried out to test for differences in the mean 
transect densities of 2004, 2010, and 2014.  Only the data from the 24 cut transects that were 
sampled during all three years were used for the analysis.  To test for differences between 
specific years, a Tukey HSD comparison was then performed.   
 
In order to determine if the extent of the C. odorata invasion decreased from 2004 to 2010 and 
2014, presence/absence was determined for each section of each of the 24 cut transects that were 
used in all three years of sampling.  The presence/absence data of 2010 and 2014 were expanded 
to the 50-m scale to account for the aforementioned observation bias.  The number of invaded 
50-m sections was divided by the total number of 50-m sections for each transect to get the 
percentage of transect invaded (Table 2).  A one-way ANOVA test was then conducted to test for 
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significant differences between the extent of the invasion among sampling years.  To further 
determine how the invasions of each year differed, a Tukey HSD comparison was used.  
  

2.3.2.  Invasive Alien Species Programme (IASP) data calculations 
 
Using R (version 3.0.2, R Development Core Team.  Vienna, Austria), the clearing data obtained 
from the IASP were manipulated to make the following calculations.  The number of data rows 
for each contract area polygon was added together to find the number of treatments conducted 
on each clearing contract area from 2004 to 2014.  Using the contract dates, the number of days 
between each clearing treatment of each contract area was calculated.  The mean number of days 
between clearing treatments was then calculated for each contract area.  The person-days 
contracted out for each clearing treatment were added together for each contract area, and this 
sum of person-days was divided by the total area of each contract area polygon. This yielded the 
total number of person-days per hectare in order to get a representation of the total amount of 
effort issued to each clearing area from 2004 to 2014.  To quantify the decrease in density of C. 
odorata of each contract area after each clearing treatment, the natural log of the density before 
each treatment was divided by the density observed just prior to the following treatment 
(Equation 1). 
 

ln  (𝑑𝑒𝑛𝑠𝑖𝑡𝑦!   ÷   𝑑𝑒𝑛𝑠𝑖𝑡𝑦!!!)     (Eq. 1) 
 
The natural log was used in order to account for an increase in plant density after a treatment, as 
well as to ensure that the magnitude of the density change was represented, instead of the 
absolute change (i.e. that a decrease of 10% to 1% is treated the same as a decrease of 100% to 
10%).  The mean log decrease in density for each clearing contract area was then calculated. 
 

2.3.3.  Seasonal effects on clearing efficacy 
 
As previously mentioned, it has been observed that certain clearing methods of C. odorata are 
more productive, non-productive, or even counter-productive depending on the season in which 
they are implemented (NISC 2005; Euston-Brown et al. 2007).  However, strong evidence for 
these observations is lacking and thus warrants an analysis of seasonal changes of clearing 
efficacy in HiP.   
 
Using the log decrease in C. odorata density for each clearing treatment of the IASP data, the 
seasonal effect on clearing treatments was explored.  The result of each clearing treatment, in 
terms of log density-decrease (Equation 1), was split into groups according to the month of year 
in which the treatment was carried out.  As there were unequal treatment numbers for each 
month-of-year group, and most contract clearing areas had treatments conducted during several 
years, a mixed-effects model was performed using month of year as a fixed effect and clearing 
contract area and year as random effects.  This was done separately for each of the following 
clearing procedures:  cut-stump treatment, hand-pulling, foliar spray application.  A Tukey’s 
post-hoc analysis was run to test for significant differences between months.  
 
 

2.3.4.  Effects of clearing methodologies and ecological factors 
 
To combine 2004, 2010, and 2014 transect data with clearing data from the IASP and ecological 
data from the park, a spatial join was carried out using ArcGIS (version 10.2.1).  In order to add 



	   11	  

fire frequency data to each transect observation point, a fire frequency map was made and then 
spatially joined to the point data.  The fire frequency map was formed using shapefiles of all fires 
that took place in the park every year from 2004 to 2014.  Fire polygons from all years were 
merged into a single shapefile using ArcGIS and new polygons were formed, based on count, to 
give a map of fire frequency over the 10-year period.  Rainfall and temperature data were 
obtained from the WorldClim database (Version 1.4).  The highest resolution data available were 
sourced and cropped to the extent of the boundary of HiP (Fig. 3).  Every 5-m point along the 
park’s transects was transformed to a Spatial-Points-Data-Frame in R and the rainfall and 
temperature data were extracted to these points using the extract() function of the {raster} 
package of R.  The same procedure was carried out to extract topographical data from the SRTM 
data.   
 
Variables based on clearing practices chosen for analysis were obtained from the IASP data 
calculations.  These factors were the average number of days between clearing treatments and 
the total effort per hectare per contract area (person-days per hectare).   Several environmental 
factors that have been observed to have an effect on C. odorata abundance were chosen to be 
included with clearing practices in further analysis.  These factors included fire frequency from 
2004 to 2014, average rainfall, elevation, slope, average minimum temperature in July, and 
average maximum temperature in January (Kriticos et al. 2005; McLennon 2006-MSc thesis; 
Raimundo et al. 2007; te Beest et al. 2012).   
 
To get an overview of the relationship of C. odorata management to clearing methodologies and 
local ecological factors, a Principal Component Analysis (PCA) was conducted.  The variables 
mentioned above were all used, and data points were grouped according to the change in C. 
odorata density along the transects from 2004 to 2014 (Fig. 7) with normal probability ellipses. 
 
To test the strength of the relationships observed in the PCA analysis, a general linearized model 
(GLM) was conducted.  The change in density class of C. odorata from 2004 to 2014 (Fig. 7) was 
used as the response variable.  Due to the fact that predictor variables of clearing methodologies 
were taken from the IASP data, transect data and ecological variable data were averaged per 
IASP clearing contract area to avoid pseudoreplication from having multiple data points for each 
clearing contract area.  As the nature of the density reduction data caused the data to be zero-
inflated, a robust analysis was conducted, separating the data into a binary set of successful and 
unsuccessful clearings.  Any points with a negative value for density change from 2004 to 2014 
were considered successful reductions and given a value of 1, and all remaining points were 
considered unsuccessful and given a value of 0.  Using this data as the response variable, a GLM 
with a binomial error was conducted.  
 
Model selection was carried out, disposing of insignificant variables until the simplest model 
with the most explanatory power was formed.  The data were over-dispersed, and thus the model 
was run with a quasi-binomial error.  The model was run once more using clearing contract 
areas as a random effect to check for any underlying differences in clearing efficacy among the 
areas.         
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Fig. 7.  The change in density class of C. odorata from 2004 to 2014. 

 

 

2.3.5.  Distance to watercourses 
 
Anecdotal observations suggest that C. odorata occurred more often along the banks of 
watercourses and at the bottom of dried-up watercourse beds than in other areas of the park.  
The plant is invading habitats at the lower limits of its tolerance to water stress in much of the 
park (Kriticos et al. 2005), so it follows that the plant may be more restricted to riverine habitats 
in certain areas (te Beest et al. 2013).  As this could have implications for the efficacy of a 
transect-based monitoring program, as well as implications for general clearing efficacy, this 
notion was explored.   
 
Using shape-files of the transects and watercourses of HiP, a point file was made using R, where 
each point represented the intersection of a transect and a watercourse (Fig. 8).  Using the 
transects as a linear network pattern, the distance of each 2014 C. odorata observation to its 
nearest transect-watercourse intersect point was measured along the transect line.  The mean of 
these distances was calculated.  Random points were assigned in the same number to each 
transect as existing observation points on that transect, and their distances to the nearest 
intersection were calculated and averaged.  The random assignments were repeated 1000 times 
to get 1000 mean distances to the nearest intersection.  The 2.5 % quantile on either side of the 
distribution curve of the random points was calculated to see if the mean of the observations fell 
outside of the 95% confidence interval.   
 
As HiP has a strong rainfall gradient, the northern section (Manzibomvu; see Fig. 2) that lays in 
the highest elevation and receives the most rainfall in the park was excluded, and the analysis 
was run separately once for that section and once for the remainder of the park.  Further 
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separations of sections for analysis were not possible due to low observation counts in the 
iMfolozi sections of the park.  The entire process was repeated for 2004 and 2010 observations 
for the 24 transects that were sampled during those years.     
 

 
Fig. 8.  Transects and watercourses of HiP, and their intersections, denoted with an X.   
 

3.  Results 
 

3.1.  Density and extent of invasion along transects 
	  

3.1.1. Transect density observations 
 
While the overall expanse of the distribution of the C. odorata invasion in HiP has not retreated 
from 2004 to 2014, densities have been significantly reduced over the period (Fig. 9).  The 
monocultural stands had been completely eliminated in sampling areas by 2014, as there were 
no recorded densities of class 5.  There were only 16 observations of class 4, which is equivalent 
to 80 meters of transect.  The highest density patches remain in the northern-most area of the 
park.  Invasions of the 7 other monitored species are presented below (Fig. 9).  Only 5 of the 7 
species appear on the map due to the fact that Melia azedarach and Campuloclinium 
macrocephalum were never encountered during sampling.  Lantana camara, Solanum 
mauritianum, and Parthenium hysterophorus observations were confined to the north of the 
park, while Opuntia sp. observations were confined to the driest, southern areas of the park.  
Tagetes minuta was observed in both the north and the south of the park.  No observations of 
invasion of these species were made in the center areas of the park.   
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Fig. 9.  Density of Chromolaena odorata along transects for years 2004, 2010, and 2014, and densities in 2014 of the 
other alien plant species, Tagetes minuta, Parthenium hysterophorus, Lantana camara, Solanum mauritianum, and 
Opuntia sp.   
 
 
 

3.1.2.  Change in density and extent of invasion among years 
 
The mean of density classes of transect observations of 2004, 2010, and 2014 were 0.60, 0.20, 
and 0.09, respectively.  According to the results of the ANOVA, mean transect densities were 
significantly reduced between sampling years, (F2,69=6.77, p=0.002).  The Tukey-HSD test 
showed that plant-density reductions from 2004 to 2010, and from 2004 to 2014, were 
significant (p = 0.020 and p = 0.002, respectively), while density reductions from 2010 to 2014 
were not (p = 0.740).   
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The percentage of transect invaded for 2004, 2010, and 2014 is displayed in Table 2.  Year 2004 
had a mean invasion of 22.3% of 50-m sections of each transect, 2010 had a mean of 14.7%, and 
2014 had a mean of 7.8%.  The one-way ANOVA analysis revealed a significant difference of 
percent of transect invaded between years (F2,69=3.34, p = 0.041).  The Tukey HSD comparison 
revealed the decrease from 2004 to 2014 to be significant (p = 0.032).  The decrease from 2004 
to 2010 and the decrease from 2010 to 2014 were not significant (p = 0.370 and p= 0.441, 
respectively).   
 
Table. 2.  Proportion of invaded 50-m sections by transect for years 2004, 2010, and 2014. 

Transect 2004 2010 2014 Transect 2004 2010 2014 

1 0.58 0.37 0.40 13 0.16 0.07 0.03 
2 0.65 0.52 0.34 14 0.03 0.01 0.01 
3 0.71 0.36 0.13 15 0.01 0.01 0.00 
4 0.73 0.65 0.18 16 0.01 0.00 0.03 
5 0.45 0.13 0.04 17 0.02 0.04 0.01 
6 0.53 0.14 0.05 18 0.06 0.04 0.01 
7 0.17 0.20 0.10 21 0.00 0.00 0.00 
8 0.46 0.41 0.10 22 0.00 0.00 0.00 
9 0.13 0.15 0.07 23 0.00 0.00 0.00 

10 0.41 0.27 0.06 24 0.00 0.00 0.00 
11 0.14 0.15 0.15 25 0.00 0.01 0.01 
12 0.11 0.00 0.14 26 0.00 0.00 0.01 

 
 
 

3.2.  Invasive Alien Species Programme (IASP) data calculations 
 
The results of the IASP data calculations are displayed in maps below (Fig. 10).  The number of 
treatments carried out per contract area was between 1 and 12 treatments over the 10-year 
period (Fig. 10a).  The average number of days between clearing treatments of each contract area 
was between ~150 to ~1800 days (~5 months to ~5 years)(Fig. 10b).  The sum of person days per 
hectare came out between 0.5 and 88 days per hectare (Fig. 10c).  Average clearing efficacy, 
determined by the reduction of C. odorata density from one clearing treatment to the next, was 
positive for most clearing contract areas.  Those areas are represented in blue-scale, and areas 
that experienced an average increase in plant density are represented in red-scale (Fig. 10d). 
Number of fires ranged from 0 to 12 during the 10-year period (Fig. 11).    
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Fig. 10.  (a) The number of clearing treatments carried out per contract area from 2004 to 2014.  (b) The average 
number per contract area of days elapsed between clearing treatments.  (c) The sum of Person-days contracted per 
hectare of each contract area from 2004 to 2014.  (d) Clearing efficacy represented by the average log decrease in C. 
odorata density of each contract area from one clearing treatment to the following treatment.  Polygons in red-scale 
represent average increases in C. odorata density, despite treatment.   
 
 

a	   b	  

c	   d	  

No.	  of	  clearing	  treatments	  per	  contract	  area	   No.	  of	  days	  between	  clearing	  treatments	  

Clearing	  efficacy	  Sum	  of	  Person	  days	  per	  ha	  
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Fig. 11.  Fire frequency in HiP from 2004 to 2014 
 
 

3.3.  Seasonal effects on clearing efficacy 
 
Cut-stump treatment was the main method utilized by the IASP to control C. odorata, with each 
month of year containing between 105 and 882 treatments carried out during 2004 to 2014.  
Clearing efficacy, in terms of density reduction, of this method exhibits clear seasonal differences 
(Fig. 12a).  The mixed effects model revealed mean clearing efficacy to be significantly different 
between months (F11,869= 13.67, p < 0.001, Fig. 12a).    
 
Hand-pulling was not extensively utilized during all months. There were 137 treatments during 
July, which were on average successful in reducing C. odorata densities (i.e. a positive effect on 
clearing efficacy).  The other months with a considerable number of treatments were August 
(n=14) and September (n=28), which both resulted in mean negative effects on clearing efficacy 
of C. odorata.  Significant differences among months were found by the mixed effects model 
(F8,187=19.87, p < 0.001; Fig. 12b).   
 
The mixed effects model was over-dispersed for the foliar application method.  Therefore, year as 
a random effect was removed, and the model was run again with clearing contract area as the 
only random effect.  Foliar application was also not performed in great numbers during all 
months, and the method on average successfully reduced C. odorata densities for months with 
more than 6 treatments (Fig. 12c), but these effects were not significant different between 
months (F9,97=1.29, p=0.249). 
 
 
 

Fire frequency: 2004 − 2014
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0
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Fig. 12.  Mean log density decrease ± SE by treatment month of C. odorata from one treatment to the following by 
treatment method:   (a) Cut-stump treatment  (b) Hand-pulling  (c) Foliar application.  Lower-case letters, when 
different, indicate significant differences (p ≥ 0.05) between months. 
 
 

3.4.  Effects of clearing methodologies and ecological factors  
 
The first three components of the PCA analysis explained 45.1, 22.5, and 12.5 percent of variance 
of the data.  Plotting component 1 against component 2 reveals clearing effort (“effort”) to move 
in the same direction as larger reductions of C. odorata (Fig. 13a), which appears to be under 
rather equal influence from both components.  Minimum temperature in July (“mintemp”) and 
average days between clearing treatments (“AvgDaysBtw”) are in the opposing direction with a 
similar magnitude.  Elevation (“alt”) and slope are more influenced by component 1.  Plotting 
component 1 against component 3 shows that fire frequency (“firefreq”) and average days 
between clearing treatments are explained mostly by component 3 (Fig. 13b).  There is less of a 
separation in the normal probability ellipses of the density change of C. odorata when these two 
components are plotted against one-another, however, one can see a clear divide between 
reductions and non-reductions.    
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Fig. 13.  (a) PCA biplot of component 1 and component 2.  (b)  PCA biplot of component 1 and component 3.  Ellipses 
of normal probability distributions are drawn for points of each change in density class.    
 
 
Results from the GLM show the average number of days between clearing treatments, elevation, 
slope, minimum July temperature, and maximum January temperature were not significantly 
associated with changes in C. odorata density, and were discarded during model selection.  
Effort, measured in the number of person days contracted, was positively associated with plant 
clearing success, (t=5.82, p < 0.001) (Fig. 14).  Fire frequency was also positively associated with 
successful clearing, (t=3.21, p=0.002), while rainfall resulted in a negative association, (t=-3.27, 
p=0.002) (Fig. 15).  No biases from contract area were found, as there were no associations 
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between IASP clearing contract areas and clearing success when contract areas were added to 
the model as a random effect. 
 

 
Fig. 14.  Clearing success vs. effort.  Effort is measured in Person days per ha contracted to each clearing area from 
2004 to 2014.  The minimum effort contracted was 0.5 Person days per ha.   
 

 
Fig. 15.  Clearing success vs. rainfall (bottom, solid line) and fire frequency (top, dashed line).  Rainfall is the average 
rainfall of HiP, sourced from the WorldClim database, and fire frequency is the frequency from 2004 to 2014 of fires 
in HiP.    
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3.5.  Distance to watercourses 
 
For the park-wide assessments of the distance to watercourses of C. odorata observations, only 
the 2004 data, measured during the height of the invasion, showed a mean distance that was 
closer to watercourses than the expected distance, falling below the 1% quantile of the 
distribution of means of the random points (Fig. 16). Mean distances of 2010 and 2014 fell 
within the 95% confidence interval, indicating no association between C. odorata observations 
and watercourses.  
 

 
Fig. 16.  Distribution of the 1000 means of distances to watercourses of random 
points, and the mean distance to watercourses of observations of 2004 (red). 
 
 
When the northern-most area of HiP with highest rainfall and highest densities of C. odorata 
(Manzibomvu section) was analyzed separately, mean distances to watercourses fell within the 
distribution for all three sampling years, showing no association with watercourses in this 
section. In the remainder of the park, however, C. odorata observations were closer to 
watercourses than expected in 2004 and 2014, falling outside of the 95% confidence interval for 
the observations during those years, but not for 2010 (Table 3).   
 
Table 3. Quantile position of the mean distance to watercourse on the distribution curve of 
random means.  An asterisk indicates a position outside of the 95% confidence interval. 

Sections 2004 2010 2014 
Whole park 1% * 68% 13% 
Manzibomvu 8% 95% 84% 
Park excl. Manzibomvu < 0.01% * 12% < 1% * 

Mean distance to watercourse
of random points

2.5% 
quantile

97.5% 
quantile

2004
observations
mean dist.
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4.  Discussion 
 

4.1.  Density and extent of invasion along transects 
 
Comparisons between years of C. odorata density from the transect data resulted in significant 
decreases from 2004 to 2014.  While the overall distribution of the invasion in the park has not 
retreated (Fig. 9), the results of the presence/absence analysis suggest that the local extent (i.e. 
the proportion of transect with infestations) of the invasion has been reduced significantly over 
the 10-year period.  The most paramount change over the period may be the fact that no C. 
odorata patches were found with a density class 5 in 2014, and only 80 m of transects were 
recorded as class 4.  These classes are referred to as “high impact densities” and have been 
observed to be negatively associated with habitat selection of grazers and browsers (Rozen-
Rochels 2015, MSc thesis).  These animals do not eat the plant and dense stands can form 
impassible barriers, which not only impedes the movement of the animal but could also put it at 
greater risk of predation.  Furthermore, high-density patches negatively impact native vegetation 
by drying out the soil and out-competing other plants for light (te Beest et al. 2015).  They can 
also be a fire hazard to fire sensitive areas, moving ground fires to the canopy and carrying fires 
into areas that would normally be fire-excluding (Macdonald & Frame 1988; te Beest et al. 2012).   
 
Other alien plant species observed during transect monitoring in 2014 were detected at a level 
much lower than C. odorata.  The IASP has performed clearing treatments on Lantana camara 
(n= 204), Solanum mauritianum (n= 339), Parthenium hysterophorus (n= 31), Opuntia sp. (n= 
37), and Melia azederach (n= 66).  Tagetes minuta was the most abundant alien species, next to 
C. odorata, occurring along the transects, which may indicate a need to add this species to the 
program in the future.  Campuloclinium macrocephalum is not a species in the clearing 
program, but it was added to the transect observation protocol due to its impact in South Africa, 
including the KwaZulu-Natal province (Henderson et al. 2003).  The species was not detected 
during sampling in HiP at this time.   
 
 

4.2.  Seasonal effects on clearing efficacy 
 
For the main clearing method, cut-stump treatment, a rapid decline in clearing efficacy occurred 
from July to August (Fig. 12).  July had the highest mean magnitude decrease in plant density of 
all months, and August had the lowest.  This decline in clearing efficacy coincides perfectly with 
the onset of the seed drop in August (Blackmore 1998).  The bulk of seeds disperse in August and 
September and clearing efficacy remained low through September.  Such a synchrony between 
low clearing efficacy and seed drop could be explained by considering the ability of C. odorata to 
colonize areas after disturbance.  The disturbance caused by clearing, paired with the timing of 
the rains returning, can leave optimal conditions for seedlings to establish (te Beest et al. 2012).  
The conditions could be even more optimal where there were areas of monocultural stands of C. 
odorata, as there would be no competition from other plants, and presence of seeds from other 
species would be scarce.   
 
May and December clearings also resulted in low clearing efficacies for the cut-stump method.  
May coincides with the beginning of the dry season.  This transitionary period could make 
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conditions less optimal for the cut-stump method.  Plants withdraw resources into their basal 
stems and roots and are less active, which would reduce the uptake of herbicide.  However, a lack 
of rainfall does not seem to be the sole determining factor in this case, as June and July have 
very high clearing efficacies.  It could be that May is dry enough that the herbicide applied to the 
stump is not well taken up by the basal stems, while being close enough to the rainy season to 
still have enough moisture in the soil to allow the plant to re-sprout when the stump is cut.  The 
variance of the means was highest in May and June.  This could be an indication that rainfall 
plays a part, as the onset of the dry season can vary, which would allow for more successful 
clearing during some years, with less successful clearing during others.  Chromolaena odorata 
flowers in June and July, leading up to the seed drop.  With this in mind, an alternative 
explanation for the result could be that clearing efficacy is low during dry season, with the 
exception of the flowering period.  The plant could be going through a process during flowering 
that makes the cut-stump method very effective.  The activity within the plant during flowering 
could be enough to uptake the herbicide effectively, and/or the allocation of resources to flowers 
and seed production could leave the plant less resilient to having the basal stem cut.   
 
Funds for the IASP are allocated from May to April of each year, which could explain the low 
number of treatments during April (n=108).  Increasing treatments in May could mean the 
addition of new laborers each year during this month, which could in turn have a negative 
impact on clearing efficacy while the new employees are undergoing a training period.  With the 
poverty-relief structure of the program, rules sometimes apply that new employees must be 
contracted after two years of employment, which could further increase a training-period effect.  
If a social aspect could play such a role on clearing efficacy, this could be an explanation for 
December clearing being less successful.  Staff may be short-handed during this holiday period 
and priorities could be shifted coinciding with a rapid increase in tourism in the park.  Increases 
in tourism alone could theoretically diminish positive clearing outcomes, due to the fact that 
healthy seeds of C. odorata can travel long distances in the framework of vehicles (Blackmore 
1998), and the species often grows along roadsides (Li et al. 2012).  Vehicles arriving from all 
across the province could be depositing seeds in the park.   
 
Conclusions about seasonal effects on the efficacy of foliar application and hand-pulling methods 
are hard to make, as these practices have not been utilized in great numbers throughout the year.  
Furthermore, the number of treatments of these methods was much smaller; they accounted for 
less than 15% of the total clearing treatments.  Foliar application was successful in months that 
had more than 6 treatments, and there were no significant differences found between month 
treatments by the mixed effects analysis.  Hand-pulling was utilized even more sparsely, and 
resulted in seasonal variation of effects; however, the sample size of this method was very low in 
nearly every month, which may weaken the reliability of the results.  One significant outcome 
worth attention is the rise in clearing efficacy from September to October.  As the rains return, 
seedlings will begin to emerge.  Hand-pulling may be most effective in October, after most 
seedlings have sprouted; September may be too early for the method to be effective, as the 
emergence of many seedlings may be missed.  Hand-pulling is commonly conducted as an 
auxiliary method to cut-stump treatment, making it more difficult to attribute outcomes to this 
method.  Furthermore, the majority of treatments of this method were carried out in 2013, and 
there could have been specific conditions in that year that would yield results not representative 
to average conditions.   
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4.3.  Effects of clearing methodologies and ecological factors 
 
The results of the generalized linear model revealed rainfall and fire frequency to be two 
ecological factors strongly influencing the clearing efficacy of C. odorata.  Rainfall was negatively 
associated with clearing success, indicating that areas with higher rainfall have a lower clearing 
efficacy than areas with less rainfall.  Fire frequency exhibited a positive relationship to clearing 
success, indicating that areas that burned more often experienced better clearing efficacy.  Areas 
that burn frequently, such as grasslands and open woodlands, are generally more resilient to 
invasion, and fire is even used as a tool to clear C. odorata in conjunction with other clearing 
methods.  These results give an indication of which areas should be given extra attention and 
show that fire can increase efficacy of other clearing methods.  
 
Minimum July temperatures and maximum January temperatures were not found to be 
significant factors in the GLM model.  While these parameters have been determined to be 
important limiting factors of C. odorata invasions (Raimundo et al. 2007), temperature 
extremes are most likely not large enough in HiP to significantly inhibit invasions.  Temperature 
variation within the park may also not be large enough to observe differences attributed to 
temperature.  Temperature stress thresholds for C. odorata have been determined to be 2 ºC and 
36 ºC (Kriticos et al. 2005).  Average minimum July temperatures range in the park from 10.3 to 
11.2 ºC, and average maximum January temperatures range from 27.5 to 30.0 ºC.  The lower and 
upper optimum temperatures for C. odorata are 24 and 30 ºC, respectively (Kriticos et al. 2005).     
 
Slope was another ecological factor that was not significant in the analysis.  Soil organic carbon 
has been found in the past to be related strongly both to C. odorata abundance and to slope in 
HiP (McLennon 2006-MSc thesis).  However, it is very likely that the soil organic carbon content 
was increased by the infestations themselves (te Beest et al. 2015).  As elevation is related to both 
rainfall and slope in HiP, the increased amount of rainfall could be the factor that facilitates 
dense infestations of C. odorata, which in turn, could increase soil organic carbon.  Future 
studies could investigate the relationship of soil organic carbon to slope, now that densities of C. 
odorata have been reduced in the park.      
 
Decisions from management can have a large impact on the efficacy of invasive plant clearing.  
Resources are finite and invasive plants spread aggressively, therefore management actions need 
to be well planned and closely evaluated in order to create the best strategies possible for 
controlling those plants.  The amount of effort employed per contract area had the strongest 
relationship to clearing efficacy.  This is an important outcome that highlights that when proper 
effort is applied, clearing can be successful, despite other factors affecting clearing efficacy.  If 
the right areas are targeted and prioritized, and resources and effort are applied accordingly, 
progress can be made. 
   
Unintuitively, the average amount of days between clearing treatments was not associated with 
clearing efficacy. The mean and median average number of days between clearing were both 509 
days.  The shortest average time before a follow-up was 241 days in this analysis, as the transects 
did not intersect the few clearing contract areas that had a lower average number of days.  It 
could be that these periods are too long to wait between treatments to have an effect on clearing 
efficacy, giving C. odorata time to establish, which can give the plant enough advantage to 
dominate the community (Witkowski & Wilson 2001; te Beest et al. 2012).  It could also be that 
the IASP prioritized following up clearing treatments only when an area was considered to be in 
need of clearing, instead of following up after a pre-determined period.  This could diminish the 
effect of different amounts of time between clearing treatments. 
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4.4.  Distance to watercourses 
 
The mean distance to watercourses for 2004 fell outside of the 95% confidence interval of the 
random means, indicating that observations during that year were made closer to watercourses 
than would be expected (Fig. 16; Table 3).  The results support a hypothesis that the species 
preferentially invades closer to watercourses in HiP, as this was the height of the invasion, before 
large-scale clearing took place.  The Manzibomvu section was the most densely invaded, and this 
pattern did not appear when the section was analyzed separately.  As this northern-most section 
receives the most rainfall, the invasion was able to spread to a complete landscape scale, 
obscuring the watercourse preference effect.  Observations from 2010 did not follow any trend 
that indicated preference to watercourses.  This could be explained by the clearing priorities that 
were followed through at the beginning of the clearing project (Fig. 17).  The priority 1 and 2 
clearing areas consisted almost exclusively of waterways, and by this time, densities were already 
significantly reduced.  The prioritization order of clearing areas is most likely what masked this 
effect of preference to watercourses during 2010.  In 2014, observations in the southern areas of 
the park were once again associated with watercourses, while in the northern, water-abundant 
section observations were not associated.  This alludes to a rather strong preference for invasion 
of watercourses in the southern regions of the park, as clearing in the iMfolozi region of the park 
has continued to take place almost exclusively along watercourses.  These results give some 
indication of the habitat preferences of C. odorata and its variation throughout the park.  Getting 
a handle on where the plant is more likely to occur and be most resilient could help guide both 
future monitoring and prioritization of clearing efforts. 
 
 

 
Fig. 17.  IASP (Formerly Chromolaena Clearing Project) clearing priority areas, developed at the start of the clearing 
program in 2004.   
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4.5.  Implications to management 
 
The density of C. odorata infestations has been significantly reduced since the implementation 
of the large-scale clearing program in 2004.  Priorities should be kept on dense infestations 
when they emerge, as these higher densities have been observed to have larger negative effects 
on the ecosystem (MacDonald & Frame 1988; te Beest et al. 2015; Rozen-Rochels 2015- MSc 
Thesis).  However, now that densities in the park are lower, management may need to be 
reformed and more focus given to monitoring actions in order to eradicate or maintain the 
species at low densities in the park.  Early detection and rapid action are necessary to prevent 
reinvasion in a cost-effective manner (Myers et al. 2000).  This is discussed further in the 
following section.      
 
Clearing efficacy of the main clearing method was reduced significantly during the seed drop of 
C. odorata in August and September.  According to Blackmore (1998), despite a parachutal 
structure, most seeds do not make it further than 80 m by wind dispersal.  However, the study 
found that mature seeds can travel very far in the tires and body-work of vehicles.  Therefore, it 
may be best to halt clearing during the months of August and September, not only to reduce 
disturbance during seed dispersal, but to ensure that seeds do not get spread to other areas 
through the medium of boots, clothes, and cars.  Clearing activity should be increased during 
June and July to give the seed bank the longest amount of time possible to decay, to attack 
plants when they are vulnerable during flowering, and to clear a stand before new seeds mature.  
As there are no solid hypotheses as to why clearing efficacy was reduced during May and 
December, it would be beneficial to conduct further study of what may influence clearing efficacy 
during these months.  Conditions of any clearing carried out during these periods should be well 
documented.   
 
Water is an important factor for C. odorata abundance and clearing efficacy. The GLM revealed 
increasing rainfall to be detrimental to clearing success and the distance to watercourses analysis 
suggests that water is very important for the abundance of the plant.  Areas with high water 
availability, such as riverine environments and high rainfall areas, should be prioritized and 
visited often so that follow-up clearing can be implemented at the most appropriate time.  
Watercourses should be followed up regularly, even when infestations are not dense.  Rivers can 
carry seeds downstream and aid in dispersal.  This is important, not only for HiP, but for the 
iSimangaliso World Heritage Site that lies downstream of major rivers that pass through HiP.  
 
Fire frequency increased the success of clearing efforts in this study.  Other experimental work in 
HiP has showed how clearing efficacy increased when fire and cut-stump clearing were used in 
combination (te Beest et al. 2012).  The IASP incorporated this knowledge in their protocol, 
prioritizing follow-up clearing to succeed fires.  Prioritization should continue, and the use of fire 
in conjunction with other clearing methods should be considered whenever possible.  However, 
this method should be used with caution, as fire does not solely have a negative effect on C. 
odorata abundance (te Beest et al. 2012), and using fire to control the species could also be 
dangerous in fire-sensitive habitats, such as native forests (MacDonald & Frame 1988; te Beest 
et al. 2012).   
 
Effort was the strongest positive influence on clearing efficacy, according to the GLM analysis.  
The C. odorata invasion in HiP has gone from the park being 20% covered in dense infestations 
(Howison 2009a-MSc thesis) to virtually no dense patches detected in transect sampling, all 
within the span of a decade.  It is important for managers to keep in mind that, even with 
barriers along the way, seeing a project through can result in success when proper effort is 
exerted.  Applying the effort that was necessary to reduce the density of C. odorata in HiP to 
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such a degree involved a great amount of manpower and large financial inputs, neither of which 
are readily available to any land manager.  Invasive species can negatively impact everything 
from the livelihoods of local communities up to the national economy.  Unemployment is 
another threat affecting local communities up to national economies, and for that reason, the 
poverty-relief structure of programs like Working for Water and the Invasive Alien Species 
Programme of HiP is a great model for providing the resources necessary to combat invasive 
species all over the world.  Not only do these programs reduce poverty and provide the workforce 
needed to combat biotic invasions, but by operating from a local level, they can elevate the value 
of nature reserves to the surrounding communities.  This is especially important in Africa, a 
continent containing globally cherished nature, often existing in the midst of extreme poverty 
and hardship.  In many cases, nature reserves are viewed as a ‘threat’ to the surrounding 
communities, whereas in past times their survival would have solely depended on its natural 
resources.  With more community involvement, locals can see a direct benefit of nature reserves 
on their own lives, and they become aware of problem species and educated on how to remove 
them.  This in turn can reduce problems such as poaching, and can encourage communities to 
remove problem species, thereby returning yet a greater benefit to the reserve and communities 
alike.           
 
 

4.6.  Future monitoring 
 
Gathering data of plant invasions both before and during management actions can give very 
important ecological information for the management of these species (Blossey 1999).  This is a 
position that the Hluhluwe-iMfolozi Park is fortunate to be in with C. odorata, having the 2004 
data of conditions just before the large-scale clearing program began and data from 2010 and 
2014 while clearing was on-going.   
 
The park performs a bi-annual game census using transects, and this study shows that sampling 
of invasive plants incorporated into the census could be very beneficial.  The game census is a 
volunteer program, so it seems feasible that the park could add a person to record invasive plant 
densities without having to sacrifice many resources.  The guards that accompany survey teams 
are good at recognizing the main invasive plants in the park and can help the volunteer assigned 
to record the plant densities.  The park should consider adding this to the proposal plan upon 
census funding renewal.  An alternative option could be giving the task to a cadet to join during 
the census and record invasive plant densities.  This would give a chance for the park to collect 
this information and also give the cadet useful experience and knowledge of invasive plants that 
can be taken with him or her to other parts of the country upon completion of their cadet 
training.   
 
Incorporating plant monitoring into the bi-annual game survey, the park would get a temporally 
consistent set of data of the invasive plant conditions.  With less time in-between gathering data, 
it would be easier to attribute management practices and weather conditions to certain changes 
in invasion densities, distributions, and local extents.  With this system, the park could also 
choose to add other plants suspected to be a problem in the future.  That way there would be 
good data of the conditions that cause its invasion to spread, and the park might have enough 
preliminary data to make a decision to take proactive measures.  This could be very important, as 
the most cost-effective management of invasions is prevention (Simberloff 2009).  
 
As suggested with the distance to watercourse analysis, C. odorata observations occurred closer 
to watercourses than expected, however many of the transects approaching rivers end 
approximately 100 m prior to the riverbank.  These transects could be expanded during future 
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monitoring to end at the water.  Many other invasive species thrive along the riverbanks of HiP, 
such as Parthenium hysterophorus, Lantana camara, and Tagetes minuta (Dew, pers. obs.), 
and extending the transects to the water’s edge for the alien plant monitoring would aid in 
encountering more of them.  As watercourses are a common place to find invasive plants and are 
important areas to maintain in a healthy state (van Wilgen 2008), a monitoring system could be 
established to monitor these areas more extensively.  On the other hand, the logistics of moving 
up and down a river-bank for prolonged distances are poor.  Many animals frequent these areas, 
especially during periods of water scarcity, and this could be not only very disturbing for them, 
but dangerous for the observers.  To minimize these risks, the IASP could record more precise 
data along watercourses when they are already there to work on clearing species.  
 
As observed in the history of HiP, an invasive species can go from first appearance to an 
aggressive invasion in a period of under 30 years.  For that reason, when expansive clearing is 
completed, it will be important to establish an effective rapid-response system that will be simple 
and inexpensive enough to be utilized continuously, even during budget shortages and in periods 
where invasions do not seem as threatening.  HiP has an invasive plant reporting system for field 
rangers that could be very beneficial to expand.  The field rangers have a Personal Digital 
Assistant device that allows them to report an invasive plant they encounter when on duty.  The 
device allows them to select the species, an estimation of its size, and whether it has been pulled 
out or not.  The time, date, and location coordinates are automatically recorded.  This 
information is sent once a month to the research office, and the office forwards the data to the 
IASP approximately every 4 months (Clinning, pers. comm.).  If more effort was put into training 
rangers to identify invasive plants and encouraging them to report every encounter, this system 
could be an efficient, low-cost solution to monitoring invasive plants, especially once populations 
have been reduced to levels that no longer require extensive clearing.  HiP is a relatively small 
reserve, and, as such, there is a great probability that some member of staff will promptly 
encounter any given infestation.  
 
 

4.7.  Adaptive management 
 
Combating invasive species is no easy task and most commonly involves a large expenditure of 
time and resources.  This makes efficient management of invasive species all the more 
important.  As invasive species management involves a lot of uncertainty, it can be very 
beneficial for agencies to manage within an Adaptive Management framework (Shea et al. 2002).  
Rather than maintaining one strategy regardless of its outcome or operating with a reactive 
strategy (e.g. “fire-fighting” outbreaks), adaptive management attempts to reduce uncertainty 
and adapt strategies to find the most efficient approach to achieve management goals.  
Furthermore, due to the vast complexities of plant systems, adaptive management can be very 
successful when taking an active approach, rather than solely relying on successful strategies 
applied by other managers (Shea et al. 2002).   
 
The Hluhluwe-iMfolozi Park gained insight on clearing practices of C. odorata using this 
approach in the past.  The year before the IASP started the large-scale clearing on C. odorata, a 
3-hectare experiment was set up to determine the mixed effects of clearing practices and fire (te 
Beest et al. 2012).  The experiment was developed by researchers and park management staff in 
close collaboration with the Working for Water program.  Results of the experiment showed that 
combining cut-stump clearing with fire was an effective method in controlling the species, but 
that fire alone could exacerbate the infestation, due to survival and re-sprouting of adult plants 
after intense fires in combination with reduced competition from native species.  As this 
experiment took place prior to the rollout of the large-scale clearing program, considerations 
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from the results were incorporated into the clearing protocol from the beginning.  Prioritization 
for clearing was given to areas that were recently burnt, and fire was proven a labor-effective way 
to begin treatment at some sites.  This is a great example of investigating an invasion and 
incorporating new information into clearing protocols to increase efficiency and save time and 
resources.   
 
Monitoring is needed for a feedback loop in order to learn and incorporate new information 
about management practices into management protocols.  The IASP should consider more 
monitoring in order to continue to increase their efficiency.  This would not have to mean a large 
expansion of the program; it could begin with recording more data when possible, and 
continuing to explore ways to best incorporate other data, such as ranger reports.  One action 
that could be added to the IASP protocol could be follow-up density estimates.  In addition to 
recording the plant density of an area just prior to clearing, the IASP could send someone back to 
cleared areas at set increments after clearing to record the density of the area.  This could be 
done during the time when contract areas are revisited to determine if follow-up treatments will 
soon be required.  With a standardized period between density estimates, the data could be more 
reliable and give a better assessment of the efficacy of each clearing treatment.   
 
Using funds for monitoring can carry a short-term cost but save money in the end (Shea et al. 
2012).  The IASP has continued to spend over 8M rand (approx. 700k USD) annually in recent 
years.  The program has been a great success over its decade of operations.  As results of this 
study indicate, there are still areas of the clearing program that could be improved in order to 
save more time and resources, such as increasing seasonal planning, and further increasing 
prioritization to problem areas.  As densities of C. odorata are now at more manageable levels, it 
may be beneficial to transition more resources to focus on monitoring in order to have the 
information to manage in a way that secures future conditions when clearing is scaled back.  
Therefore, allotting funds to monitor clearing could aid in making clearing practices more 
efficient, thereby costing a little extra initially, but making up for the expenditure in the end.  
 
 

5.  Conclusions 
 
The results of this study outline the great success of the Invasive Alien Species Programme of 
Hluhluwe-iMfolozi Park to control C. odorata, and highlight areas in which further 
improvement can be made.  Transect data confirm that C. odorata densities have been 
drastically reduced and the extent of the invasion has been diminished to manageable levels over 
the decade of operation of the program.  The most significant factor attributed to clearing 
successes was the amount of effort exerted in the clearing program, which involved a 
tremendous amount of manpower.  Ecological factors, such as water availability and fire 
frequency, were shown to be important factors for the occurrence of C. odorata and the efficacy 
of clearing operations.  Seasonal influences were found to have a strong impact on the clearing 
efficacy of C. odorata.  Management actions that could increase clearing efficacy in HiP include 
ceasing clearing during seed-drop months, increased prioritization of areas with more 
availability to water, and continuing to implement fire in conjunction with other clearing 
practices when possible.  To continue to increase management efficacy and ensure a smooth 
transition to other forms of management when large-scale clearing is finished, monitoring 
should be increased in HiP.  Chromolaena odorata remains one of the most wide-spread and 
aggressive biologic invaders around the world.  The successes and setbacks of managing C. 
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odorata in HiP could provide important examples to facilitate management in other countries, 
especially those with fewer disposable resources.   
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