
 

REPRODUCTIVE ECOLOGY OF PYRACANTHA ANGUSTIFOLIA IN 

AFROMONTANE GRASSLANDS OF THE EASTERN FREE STATE 

 

Lehlohonolo Donald Adams 

2012067514 

 

Dissertation submitted in fulfilment of the requirement for the degree of Master of 

Science majoring in Botany, Department of Plant Sciences, Faculty of Natural and 

Agricultural Sciences at the University of the Free State 

 

 

 

Supervisor: Dr Sandy-Lynn Steenhuisen 

Co-Supervisors: Dr Grant Martin 

Dr Vincent Ralph Clark 

 

April 2020  



 

i 

DECLARATION 

 

In submission of this dissertation, Lehlohonolo Donald Adams, I declare that the work 

contained in this submission is entirely my own original work and I am the author of this 

dissertation and have never submitted this work (or part of) for obtaining any qualification. 

I, Lehlohonolo Donald Adams, am aware that the copyright is vested in the University of 

the Free State. 

I, Lehlohonolo Donald Adams, hereby declare that all royalties as regards intellectual 

property that was developed during the course of and/ or in connection with the study at 

the University of the Free State will accrue to the University. 

Ethical clearance (Ref: AED2017/0072) was obtained for the project from the University 

of the Free State ethics committee for the project. Ethical clearance for aviary birds 

(Protocol reference number: 020/15/Animal) used in chapter 3 was also obtained. 

Full names: Lehlohonolo Donald Adams 

Date: 14 April 2020 

Signature: 

 



 

ii 

ABSTRACT 

Invasion by alien plants is one of biodiversity’s major threats. Several plant traits are 

associated with invasiveness, such as fast growth rate, having long flowering and fruiting 

periods, higher fecundity and higher specific leaf area and efficient seed dispersal. Most of 

these traits are reproductive traits such as effective seed production, dispersal and 

pollination. It is important to study such traits in order to understand the process of invasion. 

These invaders are capable of modifying ecosystem functioning and disrupt ecosystem 

services, changing the plant community diversity. There are also economic losses such as 

loss in crop production. In South Africa, invasive fleshy-fruited shrubs in the Maloti-

Drakensberg Mountains use native frugivores to disperse their seed. They also transform 

the habitat and threaten the agricultural productivity of the region. One of these invasive 

shrubs is the notorious Pyracantha angustifolia. This species was introduced to South 

Africa for ornamental purposes and used as hedgerows along highways. It has escaped 

cultivation and invaded grasslands. Scientifically sound information is needed in order to 

advise on invasive alien plant management strategies. The aim of this study was to 

determine the reproductive ecology and associated mechanisms of spread of Pyracantha 

angustifolia (Rosaceae) in the eastern Free State. Objectives of the study included 

determining: (1) the seed biology of the plant, (2) the effect of ingestion by frugivorous 

birds on germination rate and success, and (3) the role of floral visitors in pollination and 

reproductive success. Seed biology was determined through seed production, dispersal and 

soil seed bank studies. Fruit estimates indicated that the shrub produces enormous amounts 

of fruit (>5 million per square metre) available to frugivores for dispersal. Observations 

and seed traps confirmed frugivorous birds, livestock and wildlife to be seed dispersers. 

Soil cores revealed the soil seed bank to be more dense under (46400 seed per m2 ± 8934 

SE) and near (10000 seed per m2 ± 3611 SE) source plants. Seed away from the parent 

plants were largely not viable. Seed traps indicated that seeds do also reach far distances 

under perching structures. Aviary trials involving feeding fruits to frugivorous birds and 

germination trials with defecated seeds were performed to investigate the effect of ingestion 

on germination. Ingestion by the four frugivorous birds, Dark-capped Bulbuls (Pycnonotus 

tricolor), Purple-crested Turacos (Gallirex porphyreolophus), Speckled Mousebirds 

(Colius striatus), and Red-winged Starlings (Onychognathus morio), under study did not 

affect germination rate and success; instead, the birds facilitate the spread and germination 

of seeds by removing the fruit pulp. Cape White-eyes (Zosterops virens) refused to feed on 

fruits. Overall, native South African birds were shown to play a pivotal role in the spread 



 

iii 

and germination success of this invasive alien plant. Larger birds are important in 

dispersing Pyracantha angustifolia seeds further distances and smaller birds deposit seed 

at a faster rate. Floral visitor observations, pollinator exclusion of flowers and pollen load 

counts on insect floral visitors addressed the effect of insect floral visitors on pollination 

and reproductive success. The study showed that hymenopterans, specifically Apis 

mellifera, were the most important pollinating agents. Pyracantha angustifolia pollen 

dominated pollen loads of all insect floral visitors in the study site. Results revealed that 

this invader might be sharing pollinators with important crops. Pyracantha angustifolia 

produced healthy seeds without the aid of pollen vectors but the fruit yield was increased 

in the presence of a pollen vector. This plant used generalist pollinators to ensure increased 

fruit yield and thus it is likely to attract pollen vectors in newly invaded ecosystems. It uses 

native bird species as the main seed dispersers; they enhance germination by removing the 

pulp. Despite high fruit and seed production rates, this species’ spread may be hampered 

by potential seed predation by rodents and low longevity of seeds in the soil seed bank. 

 

Keywords: fleshy-fruited plants, germination, invasive alien plants, pollination, seed bank, 

seed production, seed dispersal
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CHAPTER 1 

GENERAL INTRODUCTION 

For millennia, humans have moved organisms both accidentally and purposefully around 

the world (Hulme, 2009). With globalisation and economic development, the number of 

organisms moving and the speed by which they move has vastly increased (Chapman et al., 

2017). Such human-aided movements are reshaping the Earth’s biota, and this qualifies 

biological invasions as one of the most important features of the Anthropocene (Hui and 

Richardson, 2017; Richardson, 2011). Humans do not only facilitate the spread of alien 

species but also alter invasion mechanisms (Kueffer, 2017). An alien species is a 

species/taxon that has been introduced by humans to a distribution/spatial range outside of 

its natural distribution (CABI, 2012; Richardson et al., 2000; Hui and Richardson, 2017). 

 

Invasion science investigates the artificial introduction of organisms, their ability to 

naturalise and become invasive, and their interactions with the indigenous biota (Fallis, 

2011; Latombe et al., 2017). Due to dramatic impacts that invading organisms have on the 

global resident biota and ecosystem functioning, biological invasions have received 

increasing attention from scientists, policymakers and practitioners around the world 

(Canavan et al., 2019; Kesner and Kumschick, 2018; Richardson, 2011). Although timing 

has been debated (Chew., 2011), this field of science dates back to as early as the 1950s, 

through the work of English ecologist Charles Elton (1900–1991), with his famous and 

widely acknowledged work (e.g. Godoy, 2019;; Richardson, 2011; Vitousek et al., 2007) 

published in The ecology of invasions by animals and plants (Elton, 1958). This chapter 

presents a review on fleshy-fruited plant invasions with Pyracantha angustifolia as a focus 

study species. It highlights the knowledge gaps identified for the study species. The chapter 

also introduces the broader aspects of biological invasions such as the impacts of invasions, 

mountain invasions, and drivers of invasion. It concludes with outlining the motivation and 

objectives of the current study. 

 

 

1.1. Invasive alien plants 

Introduction of a species implies that the species has been transported by humans across 

major geographical barriers into a novel environment for that species (Pyšek et al., 2017; 
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Richardson et al., 2000). However, such a species is said to have naturalised if it has 

overcome abiotic and biotic barriers to regular unaided reproduction (Richardson, 2011; 

Richardson et al., 2000). Then invasion occurs when the introduced species produces viable 

offspring in areas that are more than 100m from the primary place of introduction in less 

than 50 years (Richardson et al., 2000). There are different ways in which an alien species 

can be introduced into a new area out of its native range (Faulkner et al., 2016). These 

includes release in nature (e.g. as biological control), escape from confinement (e.g. 

horticulture escape plants), transport contaminant (e.g. seed contamination), transport 

stowaway (e.g. hitchhiking on ship or boat), corridor (e.g. interconnected waterways) or 

unaided where the introduction occurred thorough the previously mentioned pathways 

(Harrower et al., 2018).  

 

Invasive alien plants (IAPs) do not only impose negative effects on human well-being, but 

also positive benefits (Milanović et al., 2020). Alien plant species are those that have been 

introduced to non-native areas (Pyšek et al., 2017; Seebens et al., 2018). Reasons for 

introductions include forestry, landscaping and horticulture, such as Eucalyptus, Pinus and 

Acacia species commercially introduced for timber (Hulme et al., 2008). Some plants are 

introduced for pharmaceutical purposes due to their possession of cosmetic compounds 

(Scott, 2010). Furthermore, other alien plant species were introduced for ecological 

restoration (Galatowitsch et al., 2016) and planted to form wind breaks (Hassan and Anzar, 

2020). Many herbaceous species have been introduced for aesthetic value in botanical and 

private gardens (van Kleunen et al., 2018). The number of alien plants escaping cultivation 

is steadily increasing at a global scale (Seebens et al., 2018; van Kleunen et al., 2018), to 

an extent that ornamental horticulture is regarded as the primary alien plant introduction 

pathway (Hulme et al., 2018).  

 

Invasive alien plants benefit from various evolutionary and ecological histories compared 

to the resident biota (Pyšek et al., 2017; Richardson et al., 2000). They might possess traits 

that are not present in the invaded ecosystem (novel weapons hypothesis) (Callaway and 

Ridenour, 2004) or lack natural enemies (enemy release hypothesis) (Keane and Crawley, 

2002). Several plant traits are associated with invasiveness (Funk et al., 2016), some alien 

plants are not invasive due to traits that do not allow them to spread and reproduce 

efficiently(Mathakutha et al., 2019). Such traits include, to mention a few, flowering 

period, clonality and height (Milanović et al., 2020; Van Kleunen et al., 2014, 2010). Other 
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traits include increased growth rate, having longer flowering and fruiting periods, higher 

fecundity, higher specific leaf area, and more efficient seed dispersal (Seebens et al., 2017). 

It has been stressed by Foxcroft et al. (2019) that scientifically sound information is needed 

in order to advise on IAP management strategies. 

 

1.2. Impacts of invasion 

Invasive alien plants are capable of substantially modifying ecosystem functioning and 

disrupting invaded ecosystem services (Nock et al., 2016; Vilà et al., 2011). They modify 

ecosystem functioning by disrupting carbon and nutrient cycles (Chamier et al., 2012). This 

results in an altered ecosystem that resident organisms cannot adapt to properly (Basnou et 

al., 2015). Competition for resources is also one of the most reported negative ecosystem 

impacts of IAPs on resident flora (Kumschick, 2016; Kumschick et al., 2015). Invasive 

alien plants also change the diversity of plant communities (Pyšek et al., 2012; Yapi et al., 

2018). Such competition might result in resident biota being outcompeted by IAPs (Samant 

et al., 1998), thus lowering the biodiversity. Biodiversity is an important asset and 

biodiversity maintenance offers substantial benefits for humans (Ngorima and Shackleton, 

2018). Biodiversity plays a critical role in the support of ecosystem services and 

functioning, like providing food, nutrient cycling and regulation of microclimate 

(Milanović et al., 2020). Changing biodiversity composition thus affects the functioning of 

that particular ecosystem (Potgieter et al., 2019). Besides unbalancing water reserves (Le 

Maitre et al., 2000), timber production IAPs are known to release toxic allelopathic 

compounds (Foxcroft et al., 2019; Holmes et al., 2009). These allelopathic compounds 

hinder growth and development of surrounding vegetation (Herrera et al., 2016). Therefore, 

lowering biodiversity and disrupting ecosystem functions that maintain biodiversity 

(Adomako et al., 2019). Invasive alien plants can also cause detrimental health problems 

(Reaser et al., 2007; Richardson, 2011). For example, Ailanthus altissima (Mill.) Swingle 

(Simaroubaceae) causes severe allergies in humans (Nentwig and Mebs, 2017; Sladonja et 

al., 2015). 

Invasion by IAPs has a major negative impact on agricultural crops, rangelands and 

pastures. These invaders cause enormous direct and indirect economic losses. Economic 

losses associated with IAPs include losses in crop production (Milanović et al., 2020), and 

the costs to mitigate the effects brought about by IAPs such as eradication, ecosystem 

restoration and other forms of mitigation measures. With all these impacts mentioned, it is 
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therefore necessary to study IAPs in order to find a better way to control the spread and 

mitigate the impacts of invasion (van Wilgen et al., 2020a). 

 

1.3. Invasive alien plants in South Africa 

South Africa is one of the most biodiverse countries in the world (Government of South 

Africa, 2015). The vision of the National Biodiversity Strategy and Action Plan (Raimondo, 

2015) is to ensure the use of South African biodiversity in a sustainable manner, and to 

conserve and manage it for the benefit of all South Africans (Government of South Africa, 

2015). One of South Africa’s major threats to achieving this is biological invasions (van 

Wilgen et al., 2020a). Although there is no adopted standard inventory for recording IAPs 

(van Wilgen et al., 2020a; Wilson et al., 2017), the national legislation lists 327 invasive 

plant taxa (Department of Environmental Affairs, 2014). In South Africa, 759 non-

indigenous plant taxa have naturalised, spanning 126 families and 418 genera. At least half 

of these plants are shrubs or trees (Henderson and Wilson, 2017; van Wilgen et al., 2020a). 

The Southern African Plant Invaders Atlas (SAPIA) has been providing an assessment of 

the extent of invasion at a national scale (Henderson and Wilson, 2017). The SAPIA 

database only collects general distribution patterns and accurate methods for estimating the 

size of invaded areas is lacking (Henderson, 2007). One of South Africa’s Strategy for Plant 

Conservation objectives is to assist in conserving plant diversity by managing invaded areas 

and to prevent new biological invasions (Wilson et al., 2013). South Africa has successfully 

managed numerous extremely problematic IAPs: for example, the biological control of 

various Cactaceae and Acacia longifolia (Andr.) Willd (Fabaceae) (Wilson et al., 2018, 

2017, van Wilgen et al., 2018). The main challenge has been the establishment of strong 

linkages between planning, implementation, monitoring and reporting, and the long periods 

needed for screening and trialling potential biocontrol agents (Wilson et al., 2018). The 

Working for Water Programme (WfW) has led the way in the physical and chemical 

management of prominent IAPs (notably Acacia dealbata Link and A. mearnsii De Wild 

(both Fabaceae)); this is a Natural Resource Management programme that combines a 

science-based approach to IAP management with a labour-intensive (and therefore job 

creation) implementation philosophy (Wilson et al., 2013). This programme also 

established the Invasive Species Programme at the South African National Biodiversity 

Institute (SANBI), which deals with early detection, post-border introductions, risk 

assessment, and management of alien species (Wilson et al., 2013). 



 

5 

1.4. Drivers of invasion 

Apart from globalisation playing a key role in the spread of IAPs, evolutionary processes 

have also shaped how biological invasions play out at a regional scale (Zenni et al., 2017). 

Populations experience phenotypic and ecological divergence (Mathakutha et al., 2019) or 

convergence from their native sources in the process of becoming invasive (Zenni et al., 

2017). Plant functional traits have been associated with invasion in many studies 

(Mathakutha et al., 2019; Peoples and Goforth, 2017) and have been incorporated into 

management frameworks (Nunez-Mir et al., 2019). Hence, not all alien plants are invasive 

and not all invasive plants are aliens (Richardson et al., 2000). When they are functionally 

different from natives, IAPs can tap into unused niches to ensure invasion success 

(Dellinger et al., 2016) – such as woody temperate species invading open temperate 

habitats. Functional traits refer to structural, morphological, biochemical and physiological 

characteristics that influence the performance or fitness of an organism (Nock et al., 2016). 

Scientific understanding of functional traits in all areas of ecology is fragmented (te Beest 

et al., 2015). However, scientists have been using functional traits to investigate the impact 

of IAPs and their spread(Hulme and Bernard-Verdier, 2018). The majority of plant 

functional traits associated with increased invasion levels are plant reproductive traits. 

These include seed density (Yannelli et al., 2018), seed dispersal (de Sá Dechoum et al., 

2015; Mokotjomela et al., 2016; Thabethe et al., 2015a), pollination (Dietzsch et al., 2011; 

Timóteo et al., 2018), germination (Molefe et al., 2019) and fruiting and flowering 

phenologies (Corlett, 2005; Gallinat et al., 2018). These are some of the functional traits 

investigated in this study in order to gain knowledge on the spread of the study species. 

 

 

1.5. Seed biology 

The processes involved in the dispersal dynamics of fleshy-fruited species are of 

importance to invasive species ecologists (Díaz Vélez et al., 2018; Thabethe et al., 2015a, 

2015b; Vergara-Tabares et al., 2018). These processes includes fruit production (Melin et 

al., 2014), fruit removal (Díaz Vélez et al., 2018), seed rain (Prather et al., 2017), seed 

predation (Mokotjomela, 2016), seed bank dynamics (Holmes and Cowling, 1997) and 

germination (Tiebel et al., 2018). Pollination has also been highlighted as one of the 

important processes in seed dispersal dynamics, as it plays a critical role in seed production 
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(Milton et al., 2010; Rambuda and Johnson, 2004; Wang and Smith, 2002). As seed-bearing 

plants often have the capacity to survive harsh conditions as seed in the soil (Ferreras et al., 

2015), understanding seed bank dynamics is a critically important component in studying 

and managing in biological invasions (Ferreras et al., 2015). Seed bank dynamics therefore 

have direct relevance for vegetation restoration (Yannelli et al., 2017), predicting the future 

of the vegetation community (Drury et al., 2019), and tracking changes in the community 

structure (Gioria and Pyšek, 2015). Investigating the capacity to form persistent soil seed 

banks is critical to determine an IAP’s invasion potential in an area of novel introduction 

(Gioria et al., 2019; Gioria and Pyšek, 2015). Soil seed bank analysis also assesses the 

chances of re-establishment of cleared IAP populations (Gioria and Pyšek, 2015; 

Marchante et al., 2010). It is thus important to incorporate seed bank analysis with 

functional traits in order to provide the complete process of invasion and factors enhancing 

invasion (Yannelli et al., 2017). 

 

1.6. Seed dispersal 

Fleshy-fruits have been consumed by vertebrates for a long time, and birds have been 

reported as more common dispersal agents than mammals in all angiosperm lineages 

(Fleming and Kress, 2011). A classic example of a fleshy-fruited plant adapted to dispersal 

by vertebrates is the Fig tree Ficus spp. (Moraceae) (Kaufmann et al., 2008). Fleshy-fruited 

invasive alien plants use native frugivorous bird species to disperse their seed and thus 

enhance invasion (D L Vergara-Tabares et al., 2016). It is important to investigate such 

interactions in invasion biology so that the ecological dynamics of plant invasions are better 

understood (Hui and Richardson, 2017). After a seed survives primary dispersal, which is 

being moved from a branch by the movement of the branch or removal by a dispersal agent, 

it has to survive often harsh post-dispersal conditions (Holmes and Cowling, 1997). For 

example, a seed has to survive post-dispersal predation, reported to be a more limiting 

factor for vegetation establishment than drought (Chilpa-Galvan et al., 2017). Hence, it is 

important to study this crucial process as it affects plant population dynamics. Agents of 

seed predation include birds, insect and small mammals (Williams et al., 2000; Wróbel and 

Zwolak, 2017). The effect of fleshy-fruit ingestion by vertebrates has been well studied, 

including research on ingestion by mammals (Bobadilla et al., 2016), reptiles (Valido and 

Nogales, 1994), primates (Stevenson et al., 2002), rodents (Garcia-iriarte et al., 2016) and 

birds (Thabethe et al., 2015a). Such studies are often lacking for the effect of fruit ingestion 

on seed germination of many IAPs. 
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1.7. Pollinator-plant interactions 

The effect of IAPs on ecological interactions continues to be of great concern (CABI, 2012; 

Hui and Richardson, 2017; New, 2017). One of these important ecological interactions 

affected by IAPs includes pollinator-plant interactions of native species (Issaly et al., 2019; 

Milton et al., 2010; Stiers and Triest, 2017; Stout and Tiedeken, 2016; Traveset and 

Richardson, 2006). It has been reported that IAPs are capable of reducing pollinator 

visitation rates (Bjerknes et al., 2007; Dietzsch et al., 2011) and disrupting native 

mutualistic relationships (Stout and Morales, 2009) among indigenous and endemic 

species. Razanajatovo et al. (2015) shows that naturalised aliens may have more flower 

visitors than non-naturalised aliens. Such plants are sometimes referred to as pollination 

competitors (Bjerknes et al., 2007). They may sometimes provide valuable food sources 

for pollinators (Bjerknes et al., 2007) and have different flowering patterns from native 

plants (Godoy et al., 2009; Tiedeken and Stout, 2015). Some IAPs produce large numbers 

of flowers (Nielsen et al., 2008), an attribute that can give an IAP a competitive advantage 

over native species, and lead to IAPs ‘stealing’ native pollinators. For example, Robinia 

pseudoacacias’ L. (Fabaceae) large, fragrant flowers compete with native plants for 

pollinating bees in South Africa (Henderson, 2001). 

 

The capacity to produce high seed set without pollinators can also be an advantage for IAPs 

(Roux et al., 2010; Shivanna, 2015; Yan et al., 2016). This has been observed in Rosa 

rubiginosa whereby the species still produces high quality fruits through wind- and self-

pollination, if not pollinated by its usual insect visitors (Mazzolari et al., 2016). Although 

Razanajatovo and van Kleunen (2016) indicated that pollen limitation might not have a 

major impact on the spread of IAPs once they naturalise, Burns et al. (2019) claim that 

IAPs have generalized floral displays to compensate for pollen limitation. This adaptation 

would help the IAPs to use generalist pollinators and increase reproductive output, 

compared to highly specialised angiosperms whereby a specific pollinator is needed in 

order to transfer pollen. In trying to understand the effect of IAPs on pollination systems, 

several studies have focussed on pollinator abundance (Nienhuis et al., 2009) and flower 

visitation rates (Nielsen et al., 2008). Jakobsson et al. (2009) highlighted the risk of 

overstating the impacts of IAPs on pollination systems in invaded sites in small case 

studies; therefore considering spatial scale in any study of invasions of IAPs is very 

important. It was found that floral visitors do not respond the same to all IAPs (Stout and 

Tiedeken, 2016).  
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1.8. Biological invasions in Southern African mountains 

Mountains host considerable proportions of Earth’s biodiversity and thus by virtue are 

important habitats that need preservation and sustainable management (Antonelli et al., 

2018; Brand et al., 2012; Carboni et al., 2017; Carbutt, 2019; Noroozi et al., 2018). The 

same mountains also provide freshwater to communities (du Plessis, 2019), contributing to 

livelihoods of people living near them, an example being the southern African Great 

Escarpment (Bentley et al., 2018; Nel et al., 2013). They also harbour a variety of endemic 

biota adapted to their unique climate and environmental conditions (Amori et al., 2019; 

Antonelli et al., 2018). The Drakensburg Mountain Centre (DMC) in South Africa holds a 

record of 334 endemic and 595 near-endemic angiosperms (Carbutt, 2019). After a period 

of 13 years, a study by Carbutt (2019) indicated that there was 4% reduction of endemic 

plant species. This was from those recorded in an earlier study by Carbutt and Edwards 

(2006) in the DMC. The reduction is purported to be a result of poor land management 

practices such as overgrazing and unseasonal burning and also uncontrolled invasions of 

alien plant species (Brand et al., 2012; Carbutt, 2019). Thus far, mountains are not suffering 

from large-scale invasion, but land-use and climate change are expected to break the 

‘invasion barrier’ (Carboni et al., 2017). 

 

1.9. Pyracantha genus and study species Pyracantha angustifolia 

The genus Pyracantha M.Roemer consists of eleven species of evergreen shrubs and small 

trees naturally occurring in China (Cuizhi and Spongengberg, 2003; Serviss, 2020). 

Branches are pubescent and thorny with small buds (Henderson, 2001). They have simple, 

fascicled or alternate leaves (Cuizhi and Spongengberg, 2003), with leaf venation being 

camptondrous, and the margins entire, crenulated or serrulate. Inflorescences are 

compound, with flowers having five sepals and five petals (usually suborbicular, white and 

spreading) (Cuizhi and Spongengberg, 2003). 
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Figure 1. 1 Global distribution of Pyracantha angustifolia representing native (green) and 

invasive populations (blue). The species distribution was mapped using Geographic 

Information System (GIS) software, ArcGIS 10.5.1 (Price, 2010). Distribution data were 

obtained from (GBIF (2019) and SAPIA (Henderson, 2019) 

 

Pyracantha angustifolia (Franch.) C.K.Schneid (Rosaceae), is native to south-western 

China (Cuizhi and Spongengberg, 2003) (Figure 1.1). Pyracantha angustifolia has been 

widely planted and has subsequently become naturalised in many countries. At least 19 

countries are invaded by Pyracantha species. This includes: Argentina, Australia, Brazil, 

Canada, France, French Polynesia, Germany, Italy, Japan, Lesotho, Mexico, New Zealand, 

Portugal, Russia , South Africa, Spain, eSwatini, United Kingdom and United States of 

America (Andreu, 2011; Brandle and Brandl, 2012; de Villalobos et al., 2010; Guix, 2007a; 

Henderson, 2007, 2001; Moreschi et al., 2019; Urcelay et al., 2018). 

Pyracantha angustifolia, commonly known as Yellow firethorn, has naturalised and 

become invasive in much of the high elevation interior of South Africa (Henderson, 2001). 

Its young shoots are covered in thick yellowish down with woody sharp-pointed spines 

(Cuizhi and Spongengberg, 2003). The shrubs bear narrowly elongate leaves that are dull 

dark-green above and grey-downy beneath, with entire margins and a leaf tip with a small 

notch (Henderson, 2001). White flowers (5mm long) are produced in October to December 
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and orange-red or orange-yellow berries (5-8mm across) are produced in large numbers 

(Figure 1.2). 

 

 

 

Figure 1. 2 (A) Pyracantha angustifolia in Clarens, eastern Free State, South Africa. (D) 

White flowers (5mm long) are produced in October to December and (A, B and C) orange-

red or orange-yellow berries (5-8mm across) are produced in large numbers from April to 

October  

 

Pyracantha angustifolia has a broad distribution in South Africa, with records from all nine 

provinces (Figure 1.3). Although it is occasionally found in large areas of its invaded range, 

it is particularly abundant in Gauteng, Free State, Eastern Cape and KwaZulu-Natal 

Provinces (Figure 1.4). 

 



 

11 

 

Figure 1. 3 Pyracantha angustifolia distribution in South Africa. Provinces includes 

Western Cape (WC), Northern Cape (NC), North West (NW), Limpopo (LMP), Free State 

(FS), Eastern Cape (EC), Mpumalanga (MP), Gauteng (GP) and KwaZulu-Natal (KZN). 

Pyracantha angustifolia distribution was mapped using Geographic Information System 

(GIS) software, ArcGIS 10.5.1. Distribution data was obtain from GBIF (2019) and SAPIA 

(2019) 

 

 

In South Africa, the plant is predominantly found along river courses and rocky ridges 

along the South Africa - Lesotho border in the Free State Province, with large infestations 

near the town of Ficksburg and Fouriesburg (Figure 1.4). It is invading fallow lands and 

roadsides in Gauteng province (L. Henderson, personal communication; Personal 

observations). 
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Figure 1. 4 Pyracantha angustifolia invasions in eastern Free State, South Africa. Such 

invasions included (A) rocky hills on farms, (B) open grasslands showing complete 

invasion (orange-tinted bushes), (C) road sides resulting in difficulties in observing on-

coming traffic for vehicle drivers, (D) riparian systems and (E) open grassland converted 

to woody habitat around Clarens, Bethlehem and Fouriesburg towns 

 

 

Five species of Pyracantha have been introduced to South Africa as ornamental plants, 

with P. angustifolia being the most aggressive invader (Henderson, 2019). As indicated by 

Alien and Invasive Species Regulations of the National Environmental Management: 

Biodiversity Act, Act 10 of 2004 (NEM:BA Alien and invasive species regulations), 
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Pyracantha angustifolia, P. coccinea M.Roem, P. crenatoserrata (Hance) Rehder, P. 

crenulata (D.Don) M.Roem and P. koidzumii (Hayata) Rehder are included as 1b category 

IAPs (Department of Environmental Affairs, 2014). Species under category 1b should be 

controlled or eradicated where possible. Pyracantha angustifolia, P. coccinea, P. 

fortuneana (Maxim.) H.L. L and P. rogersiana Bean have been reported to have naturalised 

in the Free State Province of South Africa (Henderson, 1989). Pyracantha angustifolia is 

one of the most prominent invaders along the roadsides, which often makes it difficult for 

drivers to observe oncoming traffic on curved roads (Henderson, 1999). In the Eastern Cape 

Nama Karoo Biome, P. angustifolia occurs in lower abundance in false Karoo, at an altitude 

of up to 3000 m.a.s.l (Henderson, 1992). In the southern and south Western Cape Region, 

P. angustifolia invades the Fynbos Biome in mountains reaching a peak elevation of over 

2000 m.a.s.l (Henderson, 1998). It is clear that P. angustifolia invasion is not only a threat 

in the Grassland Biome but also the Fynbos Biome. 

 

1.10. Impacts of Pyracantha invasion 

By producing fruits when natives are not fruiting, P. angustifolia fruits become a 

supplementary food source to frugivores (Ballari et al., 2015; Vergara-Tabares et al., 2018). 

Migrating birds also feed on P. fortuneana and P. coccinea, especially in winter (Guix, 

2007a). Pyracantha angustifolia has been reported to enhance woody species recruitment. 

Higher sapling survival of invasive Ligustrum seedlings under Pyracantha canopies was 

found to be due to a plant-nurse effect in one study, as there was no effect of cage and 

canopy treatments (Tecco et al., 2007). Pyracantha angustifolia provided significantly 

shadier conditions than native woody species both in summer and winter in Cordoba, 

Argentina mountains (Tecco et al., 2006). Soils under P. angustifolia canopies were cooler 

and moister with higher ammonium levels (Tecco et al., 2006). Tecco et al (2006) recorded 

increased species richness under Pyracantha overall. A biome-scale assessment indicated 

that P. angustifolia had a moderately high impact on grazing potential and moderate impact 

on biodiversity in South Africa (van Wilgen et al., 2008). 

 

Pyracantha species have been reported multiple times to introduce various types of pests 

into their place of introduction globally (Kollár et al., 2009). This has happened in various 

countries in Europe (Łagowska et al., 2017). Pyracantha coccinea has facilitated the 

introduction of the moth Phyllonorycter leucographellus (Lepidoptera, Lithocolltidae) to 
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Europe as a primary host plant (Kollár et al., 2009). Phyllonorycter leucographellus is 

native to western China and southern Europe (Walczak et al., 2018). This moth selects hosts 

based on the specific leaf area (SLA) and the infestation increases with an increase in SLA. 

Pyracantha bushes damaged by P. leucographellus may look extremely affected in winter 

by heavy infestations but normally recover following Spring or early Summer (Backhaus 

et al., 2000). 

 

In Norway, a new weevil, Otiorhynchus armadillo (Coleoptera: Curculioidae), has been 

reported to use P. coccinea as a host. Weevil adults feed on the host’s leaves while the 

larvae feed on the roots (Staverl et al., 2010). These case studies highlight the possible 

dangers of pest introductions facilitated by Pyracantha species invasions. Although the 

case studies present pest introductions in countries other than South Africa, such 

introductions might also occur in places of invasion in future and cause damage to native 

flora and crops. 

 

1.11. Problem statement and motivation 

Due to its rapid spread, Henderson (1989b) suggested that P. angustifolia was one of the 

IAPs that might be problematic in future. Carbutt (2012) also warned against the dangers 

of emerging invasive alien plants in the Maloti-Drakensberg. He referred to P. angustifolia 

as a current emerging invasive plant and P. crenulata as a future emerging invasive alien 

plant in the Maloti-Drakensberg (Carbutt, 2012). Recently, Moffett (2018) regarded P. 

angustifolia as a prominent invader in the Maloti-Drakensberg (Figure 1.4). These 

researchers highlight the need for urgent attention on this invasive alien plant for better 

management. The lack of knowledge pertaining to the ecology, physiology and biology of 

an IAP concerned serves as an encouragement for this study, as such concepts should be 

studied in order to gain a better understanding of the invasive potential of P. angustifolia 

(Hui and Richardson, 2017). 

 

Only 44.5% of the total extent of the Eastern Free State Clay Grassland remains; it is poorly 

protected and classified as an Endangered ecosystem (Mucina and Rutherford, 2006). There 

is a need to study the mechanisms of spread of P. angustifolia in this region for better 

management of the species. This invader reduces the grazing capacity of the invaded sites 

and therefore needs serious attention (Giantomasi et al., 2008; Tecco et al., 2016). There is 



 

15 

an obvious niche in southern Africa for a focused research effort on IAPs in mountain 

systems, including the reproductive ecology of extant and emerging IAPs under increasing 

land-use impacts and climate change (Giantomasi et al., 2008; Moreschi et al., 2019; Tecco 

et al., 2010, 2007). Studies have been conducted around the world to quantify fruit 

production in order to examine the invasive potential of different fleshy-fruited IAPs 

(Gosper and Vivian-Smith, 2010). This study is the first to quantify the number of fruits 

produced by P. angustifolia allowing us to understand the quantity of fruit available to 

frugivorous birds and other possible seed dispersers. The concept of fruit quantification and 

frugivore visitation rates allows us to explore the accessibility of fruits to frugivorous birds 

and ultimately follow the fate of seeds. 

 

1.12. Aims and objectives 

The main aim of this study was to determine factors enhancing the spread of P. angustifolia 

by studying the species’ reproductive ecology. 

Objectives of the study included to determine: 

1. The seed biology of P. angustifolia  

2. The effect of ingestion by frugivorous birds on seed germination rate and success. 

3. The role of floral visitors in pollination and reproductive success. 

The first objective (1) was achieved through estimating the fruit/seed production, soil seed 

bank analysis, seed dispersal and seed rain. The second objective (2) was achieved through 

aviary bird feeding trials and assessing germination rates in ingested seed in a greenhouse. 

The last objective (3) was achieved by determining floral visitors and visitation rates, pollen 

purity and investigating breeding systems. 

 

1.13. Study area 

The data were collected in farms around Clarens (28˚32'8''S; 28˚25'2''E) in the eastern Free 

State Province of South Africa (Figure 1.4 and 1.5). The study area is typified by private 

farmland with some patches of natural grassland, rocky outcrops, and sandstone cliffs 

deeply incised by rivers. The area is surrounded by agro-industry activities to the north, 

east and west; these include croplands, fallow agricultural fields that are no longer arable, 

and some cattle ranching (Mucina and Rutherford, 2006). To the south, it borders Lesotho. 
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The area receives an average rainfall of 600-1000 mm per annum and considerable snow 

and frost in winter. The annual average minimum and maximum temperatures are 6 °C and 

26 °C respectively, although frost usually reduce the temperature to well below freezing 

(SAEON, 2020). Cold spells have been experienced occasionally (approximately twice a 

year) (SAEON, 2020). The area falls under the Grassland Biome (Mesic Highveld 

Grassland) (Mucina and Rutherford, 2006). Its original extent comprised mostly two 

vegetation types: Eastern Free State Clay Grassland and Eastern Free State Sandy 

Grassland, which are now mostly transformed by agro-industry (Mucina and Rutherford, 

2006). 

 

 

 

Figure 1. 5 Study area located in (A) South Africa (A), (B) eastern Free State Province  in 

(C) Thabo Mofutsanyana district) in farms around the town of Clarens. (C) Dark blue circle 

indicates Clarens town and the light blue demographics demarcates town districts in the 

eastern Free State 
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1.14. Seed dispersal conceptual framework 

As seed dispersal links propagule production to the recruitment of mature plants, it is 

essential to consider Pyracantha reproductive ecology in the form of a continuous life cycle 

(Wang and Smith, 2002) (Figure 1.6). Therefore, concepts such as ingestion of seeds by 

frugivores, fruit availability and germination are intermediary and form part of the bigger 

process. Presenting such concepts in isolation would be difficult if not impossible because 

they are all linked to a fruiting plant life cycle. 

 

 

 

Figure 1. 6 Seed dispersal model developed by Wang and Smith (2002) to highlight the 

importance of linking seed dispersal and adult vegetation structure. The diagram was used 

in this dissertation to ensure ordering of concepts and linking them to specific life stages of 

a fleshy-fruited invasive alien plant Pyracantha angustifolia, thus linking concepts to 

methods. Orange boxes indicate specific chapters in the dissertation and the main methods 

used to address specific concepts in the diagram 
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1.15. Dissertation structure 

The structure of the following dissertation resembles that of scientific journal articles. 

Chapter 1 presents a general introduction and Chapter 5 presents a general discussion and 

conclusion. Chapters 2, 3 and 4 resemble the format of manuscripts with the aim of 

publication. All the experiments used Pyracantha angustifolia as a focal study species. The 

first chapter introduces concepts, study species, rationale and literature review on topics 

presented in the dissertation (Chapter 1). The second chapter investigates seed biology; and 

includes a study on seed production estimates, dispersal, the soil seed bank and seed rain 

(Chapter 2). The third chapter examines the effect of ingestion by frugivorous birds on 

germination rate and success (Chapter 3). The fourth chapter focuses on breeding systems, 

and determining the effect of floral visitors on pollination and seed set (Chapter 4). The last 

chapter provides a general discussion to link each experimental chapter, recommendations 

for management authorities, and improvements on the current study (Chapter 5). 
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CHAPTER 2 

SEED BIOLOGY: SEED DYNAMICS OF PYRACANTHA ANGUSTIFOLIA IN 

SOUTH AFRICA 

2.1. Introduction 

The incursion of native ecosystems by invasive alien plants (IAPs) and animals has been 

and continues to be amongst the major threats to biodiversity and ecosystem functioning 

globally (Mostert et al., 2017; Richardson and Van Wilgen, 2004; van Wilgen et al., 2008). 

The grassland biome of South Africa is of no exception and is under threat from a number 

of non-native shrub and tree species, including the red-berried (fleshy-fruited) shrub 

species including Pyracantha angustifolia, Rosa L. spp. and Cotoneaster Medik. spp. (all 

Rosaceae) (Carbutt, 2012; Dellafiore et al., 2015). This is particularly concerning as the 

biome is of economic value to South Africa as it provides valuable grazing to livestock 

(van Wilgen et al., 2008) and is the most valuable ecosystem with regard to South African 

water security (Nel et al., 2013). 

 

It is assumed that the main driver of fleshy-fruited shrub species invasions in the grassland 

biome are birds, however this remains to be determined (Aslan and Rejmánek, 2012). An 

important mutualistic relationship exists between birds and fleshy-fruited plants (Tecco et 

al., 2006; Vergara-Tabares et al., 2018; White and Vivian-Smith, 2011). In this particular 

ecological interaction, freshly-fruited plants are able to expand their distribution through 

birds’ movement as they eat the fruits and defecate them into favourable microsites away 

from the parent plant (Milton et al., 2007; Witkowski and Wilson, 2003). In return, birds 

receive a source of food when digesting the fruit wall of the ingested fruit (Calviño-

Cancela, 2004; Izhaki and Safriel, 1990). Some of these fleshy-fruited plants are those that 

have been distributed out of their natural range and start to invade pristine areas (Ballari et 

al., 2015; Dean et al., 2002; Milton et al., 2007). They use the same mutualistic relationship 

to expand their range and explore new niches, and some of them have detrimental 

environmental effects post-invasion (Holmes and Cowling, 1997; Nsikani et al., 2017). 

 

The effect of birds as seed dispersers in invasion biology has been well-studied across the 

globe as they play a role in the exacerbation of IAPs spread (Aslan and Rejmánek, 2012; 

Milton et al., 2007; Panetta, 1997). However, the role of rodents in the dispersal of IAPs 
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has been overlooked, thus it is important to examine the rodent activity around a plant under 

study when assessing seed dispersal models (Wennyi, 2000). Most fleshy-fruited plants 

invest a lot of energy in the production of fruit flesh in order to increase the chances of 

being dispersed (Stapanian, 1982). This investment in fruit production does not only focus 

on the development of the fruit but also into the increased number of seeds per plant (Aslan 

and Rejmánek, 2012). A portion of these seeds would end up forming part of the soil seed 

bank (Tiebel et al., 2018). Not only is it important to examine the soil seed bank, but also 

to determine how seeds reach the soil (Guix, 2007b; Panetta, 1997). Some seeds are 

dispersed by birds, bats and mammals, as they gradually defecate them into various 

microhabitats (Howe, 1989; Mokotjomela et al., 2016; Vergara-Tabares et al., 2018). 

 

As much as small rodents are regarded as granivores destroying seeds during consumption, 

some studies have reported improvement on seed germination after ingestion by small 

rodents (Yang et al., 2019). This indicates that small rodents can also be seed dispersers 

than predators (Holmes, 1990). Pulp consumers help remove the fruit wall, then the seed 

can be dropped to the ground and probably germinate (Pena-Egana et al., 2018). Effective 

dispersers are those that increase the chances of seed reaching a favourable site and 

successfully germinate (Pena-Egana et al., 2018). Thus, it is important to take into 

consideration the method of feeding (gravinory or pulp feeding) of a potential disperser 

when investigating seed dispersal. 

 

It is well-known that seed-eating animals deposit seeds in patterns with respect to the 

movement behaviour of the animal (Corlett, 2005; Milton et al., 2007). Such movements, 

referred to as seed rain, determine the survival of seedlings because different seedlings 

survive under different environmental conditions (Emsweller et al., 2018; Wennyi, 2000). 

Determining aforementioned dispersal patterns and seed dispersal rates will enable better 

understanding of biological invasion by fleshy-fruited plants. Plants may survive harsh 

conditions via the persistence of seeds in the soil seed bank (Holmes and Cowling, 1997; 

Marchante et al., 2010). Seed persistence is very important in unpredictable environments 

(e.g. uncontrolled bushfires), since plants surviving through underground seed persistence 

are better adapted to re-establish after harsh conditions. Lack of having the latter survival 

characteristic might lead to a population dying out due to harsh environmental conditions. 
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In general, fleshy-fruits are known to have low seed persistence in the soil (Tiebel et al., 

2018) and therefore it is not expected that P. angustifolia seeds will have a persistent seed 

bank. Thus it is important to examine the persistence of seeds in the soil in order to 

determine the possibility of an IAP re-establishing post-clearance (Gioria and Pyšek, 2015). 

The aim of this chapter was to determine the seed biology of P. angustifolia. In order to 

achieve the abovementioned aim, the following objectives were set for this chapter: (1) 

determining the amount of seed produced per annum through fruit estimates; (2) assessing 

the contribution of native fauna to the dispersal of P. angustifolia seeds using camera traps 

and direct observations, (3) examining the soil seed bank by analysing soil cores and (4) 

determining the seed rain using seed traps. 

 

2.2. Materials and methods 

Fruit estimates, observations and soil cores were used in this chapter to investigate fruit 

production, fruit availability, frugivory, seed bank, secondary dispersal and predation by 

rodents(Figure 1.6). Based on roadside surveys and literature three representative sites were 

selected for the study (Carbutt, 2012). Three different sites (Figure 2.1), namely in open 

grassland (Figure 2.1A), a rocky hillside (Figure 2.1B) and a riverine site (Figure 2.1C) 

were selected. At each site, 40 shrubs were sampled. In the open grassland sites (28˚32'8''S; 

28˚25'2''E), the species had invaded an open grassland area in private property where the 

land was occasionally used for grazing livestock. The second site was a rocky outcrop 

(28˚32'9''S; 28˚25'9''E), where the species had invaded a rock-dominated hillside. At the 

riverine site (28˚32'2''S; 28˚31'5''E) the species had invaded the banks of a perennial river. 

All three sites were located in farms, and P. angustifolia stands were not in the cultivated 

areas but in natural areas with low disturbance compared to cultivated areas (Figure 1.4). 

Within each site, mature shrubs (plants with fruits) were chosen randomly. Sampling efforts 

included varying sizes of plants within the population in order to avoid sampling only plants 

of one size. Fruit production was estimated towards the end of the fruiting season (August 

to September 2019). 
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Figure 2. 1 Field sites used to collect fruit production data around Clarens town in eastern 

Free State including nearest neighbour plot summaries. Sites included: (A) open grassland, 

(B) rocky outcrop and (C) riverine habitats. Dots on pictures on the left represent only those 

individual Pyracantha angustifolia shrubs sampled for fruit quantifications. Size of dots 

indicates plant diameter in metres. 

 

 

2.2.1. Fruit production 

To investigate the amount of fruits available to frugivores, the amount of seed produced 

per annum through fruit estimates was determined. This was achieved by examining the 

relationship between plant volume and the number of seeds. Due to the high number of 
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fruits per shrub, it was necessary to calculate the number of fruits and seeds per shrub. The 

following method was used to estimate the number of fruits per shrub. Firstly, the size of 

the shrub on which the amount of fruits was to be calculated was measured. This was done 

by measuring two diameters: one in a north to south direction and one east to west. These 

measurements were taken at the widest point of the shrub in both directions. Plant height 

(ground level to the highest leaves) was also measured. The first quadrant was the 

southwest quarter of the shrub, second quadrant northwest, third quadrant northeast and 

fourth quadrant on the southeast (Figure 2.2). The fruiting distance within each quadrant 

was then determined by placing a measuring pole into each quadrant towards the centre of 

the shrub and measuring the distance from the outermost berries until the innermost berries. 

Following this the amount of fruits per quadrant was estimated by randomly placing a wire 

cube in the fruiting area and counting fruits inside the cube 

(10×10×10cm=1000cm3=0.001m3). Five random cube samples were taken per quadrant. 

The total number of fruits produced per shrub was then extrapolated (see Statistics section 

below, Figure 2.2). 

 

In order to determine the average number of seeds per fruit, 10 fruits were collected in each 

quadrant per shrub and stored in paper bags. In the laboratory the fruit wall of the collected 

fruits was removed and seeds inside were counted and noted within seven days of 

collection. The average number of seeds produced per fruit was then used to calculate the 

number of seeds produced per sampled shrub using the extrapolated total number of fruits 

per shrub. In order to determine the average shrub density and the plant demography at 

each of the sites (rocky, river and open) five randomly placed 5x5m quadrates were 

selected. Within each quadrats, all shrubs and herbs found growing in the quadrat were 

identified and measured. 
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Figure 2. 2 Shrub's (circle) side view assuming round shape of the shrub indicating the 

effective fruiting distance (R – r, in grey) and non-fruiting height (h = H – (R – r)) of a 

spherically shaped plant using a Python mathematical model. The numbers around the 

shrub indicate the quadrants (numbers 1 to 4), N indicates geographical direction of 

sampling, R = plant radius, r = plant radius excluding fruiting distance (in grey), h = radius 

excluding fruiting distance and H = height of the shrub 

 

 

Python programming (Stevens and Boucher, 2015) was used to design a model that allowed 

calculations of fruit estimates, and ultimately seed production by a shrub. The following 

steps were followed in calculating fruit estimates: 

 

For a sector of a sphere as shown: 

 

r 

h 
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The volume of a spherical segment is given by: 

  (1) 

 

As a special case, with h = 2r, we obtain 

  (2) 

 

which is the volume of a sphere. The surface area of the spherical part of the surface is 

given by 

 

A = 2πrh 

 

Again, as a special case (Figure 2.2), h = 2r, we obtain the total surface area of a sphere 

(3) 

A = 4πr2. (4) 

 

 

For a spherical shell with an outer radius R and an inner radius r, the volume of the shell is 

then 

  

 

For the uncertainties, the following derivatives were used: 

  

These formulae reduce error since cumulative standard errors from each measurement taken 

adds to bigger error. 

To determine the amount of seeds produced at each site (open, rock, river) the following 

calculation was used 

The average fruit count per tree was calculated: 

1. nq (q = 1,2,3,4) in a quadrant - based on 5 samples per quadrant. 

2. The density per quadrant was then calculated: 

V = 
1 

3 
πh 2 (3 r − h ) 
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ρq = nq × 5 × 1000 

where 1000 is to convert to m3. 

3.  The fruiting area on each tree was then calculated, H and average radius, R¯ from the 

data. Use the fruiting distance, d from the data to calculate the inner radius rq for each 

quadrant. These were then used to calculate the volume for each quadrant using (6), 

 

4. The total seed count (in thousands) is then  calculated using:: 

 

Seed Count Model 

 

The average number of seeds could then modelled using R as a proxy for age 

(0 for R < r∗N¯(R) =   

a(R − r∗)3 for R > r∗ 

 

For a radius R less than some value r∗, the shrub will not produce any seeds. Only when the 

size R > r∗ (i.e. has reached a certain age) will the shrub produce seeds. From that point the 

number of seeds must scale as the volume, i.e. N ∼ (R − r∗)3. Only sexually mature shrubs 

were included in the study.Parameters used for calculations are illustrated in Figure 2.2 

showing the shrub's (circle) side view assuming round shape of the shrub indicating the 

effective fruiting distance (R – r, in grey) and non-fruiting height (h = H – (R – r)) of a 

spherically shaped plant using a Python mathematical model. The numbers around the 

shrub indicate the quadrants (numbers 1 to 4), N indicates geographical direction of 

sampling, Rr = plant radius, rR = plant radius excluding fruiting distance (in grey), h = 

radius excluding fruiting distance and H = height of the shrub (Figure 2.2). 

 

To determine Mean shrub size across each of the sampled sites the following calculation 

was used: 

 

f  (x; λ, k) = k ( x )k−1 e−(x/λ)k 

 

The Weibull distribution function (Fleming, 2001) was used to determine the probability 

of finding seeds per/m2 with each of the of the three sites using the exponential distribution 

function: 

 

fE(x; λ) = λe−λx 

 



 

27 

The number of seeds produced per meter of the invaded populations are presented as a 

probability where 0.5 is high probability and 0 is low probability. Probability refers to the 

chances of finding specific number of seeds in an invaded area. 

 

2.2.2. Seed dispersal 

Remote cameras (Bushnell Trophy Cam HD Max-Colour LCD, Bushnell Outdoor 

Products, Overland Park, KS, USA) were used following the methods of Zoeller et al. 

(2016) to identify vertebrate plant visitors, and the timing and frequency of their visits to 

feed on fruits. The remote cameras were triggered by heat or motion. Then the remote 

cameras would take snapshots and films. When triggered, the cameras filmed the visitor’s 

activity for 60 seconds and it could be re-triggered after a 10-second interval. Cameras were 

used to observe foraging vertebrates throughout the fruiting season of P. angustifolia for 

two months (July – September 2018). Three Bushnell remote cameras were mounted on 

tripods and aimed at fruiting branches of focal plants. Each camera was placed between 

25cm to 1m away from the plant (depending on the model and optimum focal distance of 

the camera). Camera storage capacity and battery strength were checked at least once a 

week and data downloaded on a laptop. From the videos, the seed dispersers or predators 

were identified using birds (Hockey et al., 2005; Newman, 2013) and rodents (De Graaff, 

1981) od South Africa field guide books and the following factors were documented: 

behaviour of seed dispersers and predators, duration of foraging, number of fruits eaten and 

the abundance of foragers. Predation of fallen seeds/fruits on the ground was assessed by 

installing cameras aiming at bowls containing P. angustifolia fruits (approximately 100 

fruits). 

 

2.2.3. Direct observations (Opportunistic and times observations) 

Observations were conducted to supplement the data captured by the camera traps. 

Opportunistic observations were conducted in the study sites (open grassland, rocky 

outcrop and river) while collecting data on other methods used in this study (Figure 2.1). 

Vertebrate visitors to P. angustifolia were identified  using birds field guide books (Hockey 

et al., 2005; Newman, 2013) and their behaviour observed. Only birds observed feeding on 

P. angustifolia fruits were noted on opportunistic observations. 

 

Timed observations were also done to increase the area of observation while adding to the 

data collected by camera traps. Wynford holiday farm, located between Fouriesburg and 
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the Lesotho border, was used for the observations. The former grassland area has been 

converted to dense woodland encroached by woody plant species including P. angustifolia 

(Figure 1.4E). Timed observations were done during peak fruiting periods of P. 

angustifolia. Observation periods spanned 6 hours a day, these refers to 3 hours of peak 

bird activity after sunrise (07:00–10:00) and 3 hours of peak activity prior to sunset (14:00–

17:00) over 3 days (total of 54 hours) in June 2019. Three mature shrubs (plants with fruits) 

were randomly chosen for observations. Observations were made using binoculars and if 

possible a photo was also taken. Three days of observations were done on each shrub. Every 

bird species feeding on P. angustifolia fruits was recorded. Each observation consisted of 

foraging bird arrival and departure time, and birds were identified to species level using 

field guide books (Hockey et al., 2005; Newman, 2013) and behaviour (feeding or resting) 

was noted. 

 

2.2.4. Soil seed bank 

To determine the seed density in the soil around the source plant, soil cores were taken 

during the peak fruiting season of P. angustifolia (August 2018). Soil cores were taken 

from under the plants, at intervals from 20 randomly chosen shrubs that had fruits on them 

and were at least 16 m away from another P. angustifolia plant in the sampling direction 

so as not to sample fruits fallen from neighbouring shrubs. Six soil samples (using a soil 

auger 7.5 cm diameter × 20 cm depth) were taken in one random direction away from each 

of the 20 focal plants, thus 120 soil core samples were taken. This experimental design only 

determines the soil seed bank, not the seed viability. 
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Figure 2. 3 Soil core sampling design with distances from the centre of the shrub and the 

edge. The circle represents the top view of a shrub with the circumference being the edge 

of the shrub. The centre represents the stem of the shrub and the small blue solid circles 

indicate the soil core sampling points and their distance relative to the edge of the shrub 

 

 

The first sample was taken directly under the shrub canopy, the second one at the edge of 

the canopy, and the remaining four samples at 1 m, 2 m, 4 m and 8 m from the canopy edge 

(Figure 2.3). Soil samples were collected for seed bank assessments using modified 

methods of Holmes (2002). Soil samples were passed through a sieve (1 mm) and fine 

particles were removed only seeds and large particles in the sieve. The remaining P. 

angustifolia seeds could be clearly distinguished. Seeds collected from the field were stored 

in the laboratory inside paper bags until the analysis was done. The average number of 

seeds per area was calculated and plotted on a graph. Intact seeds were assumed to be 

viable, that is, they have the capacity to germinate if they are planted in a suitable soil. 

Unviable seeds were those that would not germinate if planted in a favourable soil, 

especially those that were easily destroyed by hand. No viability tests were performed to 

determine the seed viability. 

 

2.2.5. Seed rain 

Seed rain below the trees was calculated per tree at from the open grassland. Seed traps 

(n=55), comprising shallow perforated plastic containers (diameter 30cm x 15 cm deep) 

covered with wire netting to exclude rodents and birds, were secured to the ground with 
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metal pegs, beneath tree canopies to estimate the density of seed arriving on that surface 

(Figure 2.4). Two traps were placed under mature P. angustifolia at each site. In addition 

the same seed traps were placed randomly under surrounding shrubs (Rosa rubiginosa L. 

and Leucosidea sericea Eckl. & Zeyh, both Rosaceae) as well as under nearby fence lines. 

It was assumed that P. angustifolia seed found in seed traps under other tree species and 

fence had been dispersed there by birds or mammals. Seed traps were emptied monthly, 

seed was cleaned and sorted, and the numbers of seeds arriving in each trap were counted. 

For whole fruits emptied from the traps, the number of fruits was multiplied by the average 

number of seeds to calculate the total number of seeds in the trap. Forty four seed traps, 

two per tree, were placed under P. angustifolia (n = 44), one trap per tree placed under two 

L. sericea shrubs (n = 2), six traps under R. rubiginosa (n = 6) shrubs and one under fence 

(n = 1). The total amount of seed traps amounts to 53 seed traps. Seed traps were placed in 

the field for 12 months to cover all the seasons (October 2018 to September 2019). 

 

 

 

Figure 2. 4 Seed trap made from bowel covered with wire mesh pinned to the ground under 

Pyracantha angustifolia shrub 

 

 

Two perpendicular tree diameters were measured and canopy area was calculated. Seed 

rain (SR) was calculated using the following formula (Iponga et al., 2009): 
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SR = (SF/TA) × CA 

 

Seed fall (SF) refers to the number of seeds counted in the seed trap and total area (TA) 

refers to the sum of seed traps area. Canopy area (CA) was the tree canopy area calculates 

using the following formula: 

 

CA = (Pi/4) × canopy1 × canopy2 

 

Where canopy1 and canopy2 were the two perpendicular diameters of the trees. 

 

Ultimately, mean annual seed rain (Mean ± SD) in seed per square metre was determined 

for loose seed, seed in intact fruits and total seed number for seed traps under difference 

canopies and under fence. Statistically significant differences were also determined in One-

Way ANOVA using GraphPad Prism 5. Data were checked for normality D' Agostino & 

Pearson omnibus normality test before the analyses. 

 

2.3. Results 

Results indicated that P. angustifolia produces millions of seeds per square metre; these 

seeds are dispersed by livestock and native frugivorous birds and also consumed by rodents 

on the ground. 

 

2.3.1. Fruit production 

Fruit production was presented in form of seed density taking into account shrub size and 

the amount of seeds produced. The mean shrub radius (diameter/2) in each of the 

populations was determined. It was shown that the mean size of shrubs growing in rocky 

environments was smaller than the mean size found in riverine and open environments 

(Figure 2.5). The riverine study area had the highest peak radius of 2.40m, followed by 

2.17m from open grassland and lastly 1.46m from rocky outcrops (Figure 2.5). Mean shrub 

radiuses from the three study fields were 2.63, 2.23 and 1.78m for river, open grassland 

and rocky outcrop in decreasing  order respectively. 
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Figure 2. 5 Probability p(r) against mean tree radius R (m) from three field sites (a) open grassland, (b) rocky outcrop and (c) river. Black dotted 

vertical line represent peak radius, the red dotted lines represent mean radius values and the black solid line represents trendline 
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The densities of the trees growing within the three environments were expressed as shrubs 

per square meter. Riverine environments were shown to have the highest density, while 

open habitats have the lowest density (Figure 2.6). 

 

 

Figure 2. 6 The mean density of sampled Pyracantha angustifolia trees recorded growing 

within the three populations in (a) grassland (black line), (b) rocky outcrops (blue line) and 

(c) riverine (red line) habitats 

 

 

Shrub densities were calculated with the same shrubs used for fruit production. Each fruit 

produced a range of 3-6 seeds, with the majority (at least 70%) of fruits producing five 

seeds. There was an exponential increase in the number of seeds produced with an increase 

in plant radius (Figure 2.7). Small shrubs with a radius of 0.75m are already producing 

fruits. At least 47% of shrubs from the open grassland produced over five million seeds, 

while 25 and 2.5% of shrubs from river and rocky outcrop habitats, respectively produced 

over five million seeds. Larger trees in open grassland can carry up to 20 million seeds per 

tree. Trees in rocky and river environments produce fewer seeds (approximately less than 

50% compared to open) but still numbering in the millions. This indicates that shrubs in 

open grassland produce more seeds than other study areas. In open grassland, 55% of shrubs 

have a radius of over 2m, shrubs from rocky outcrop and river 12.5% and 60% respectively 

(Figure 2.6). 
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Figure 2. 7 The mean radius of sampled Pyracantha angustifolia shrubs in relation to the mean number of seeds produced in thousands for the 

three sampled field sites in (a) grassland, (b) rocky outcrops and (c) riverine habitats. Dots on each graph show mean number of seeds and error 

bars indicate minimum and maximum seed count values 
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Once the average tree density, size and amount of seeds per tree was determined it was 

possible to determine the amount of seeds per metre. Seed density (million seeds/m2) for 

invaded populations were presented in the form of a probability index p (p) against see 

density where 0.5 is high probability and 0 is low probability (Figure 2.8). The probability 

index indicates the probability of finding a seed within an invaded area. These graphs show 

that there are at least one million seeds being produced in each square metre of the invaded 

area in all the three field sites. The highest probability (P (p)=4) for both open grassland 

and rocky outcrop habitats is at 1 million seeds/m2 and 0.27 for river habitat. This means 

that shrubs in both open grassland and rocky outcrop habits have high chances of producing 

the same amount of seed per fruiting season per given area in the field. 
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Figure 2. 8 The relationship between probability p (p) and seed density (million seeds/m2) from three field sites in (a) Open grassland, (b) Rocky 

outcrop and (c) River habitats for seed production. The probability index (p)indicates the probability of finding a seed within an invaded area.  
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2.3.2. Seed dispersal 

To assess seed dispersal in the form of fruit consumption by animals, remote cameras were 

placed in the field and direct observations were made to improve the results. Remote 

cameras indicated that small rodents are the main fruit and/or seed consumers once the 

fruits have fallen from the trees and birds are the main fruit consumers feeding on fruits 

directly from the fruiting branch (Table 2.1). 
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Table 2. 1 Bird and mammal species captured feeding on Pyracantha angustifolia seeds that were provided. In addition, the total time and mean 

time spent feeding as indicated 

 

Species Camera aiming position Total time spent feeding (%) 

Cossypha caffra (Cape Robin Chat) Bowl 2.70 (n = 6) 

Otomys unisulcatus (Karoo bush rat) Bowl 51 (n = 6) 

Rhabdomys pumilio (Four-striped mouse) Bowl 83 (n = 37) 

Pycnonotus nigricans (African Red-eyed Bulbul) Branch 61 (n = 13) 
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Remote cameras aiming at the fruiting branches revealed that birds visiting fruiting 

branches included the African Red-eyed Bulbul (Pycnonotus nigricans) and Buff-streaked 

Chat (Oenanthe bifasciata) but only the African Red-eyed Bulbul fed on fruits. African 

Red-eyed Bulbul fed on whole fruits directly from the fruiting branches (Table 2.1). The 

African Red-eyed Bulbuls spent 61% of their branch visiting time feeding on fruits, 

spending an average feeding time of 16.38 seconds per single visit (n=13) and feeding on 

2.14 fruits per minute (Table 2.1). Buff-streaked Chats only used P. angustifolia shrubs for 

perching. 

 

Remote cameras aiming at bowls full of fresh P. angustifolia fruits captured three animal 

and one bird species (Figure 2.9). This includes two rodents, the Four-striped mouse 

(Rhabdomys pumilio) and Karoo bush rat (Otomys unisulcatus) and one bird, the Cape 

Robin Chat (Cossypha caffra) (Table 2.1). Four-striped mice removed the fruit pulp and 

ate the seeds, eating fruit pulp partially while Karoo bush rats fed on both fruit and seed. 

Number of seeds/fruits consumed could not be counted for the two rodents, as they ate too 

fast and the cameras were placed at an angle that was not suitable to allow counting because 

the rodents obscured the view (Figure 2.9). Karoo bush rat only fed on one fruit while 

searching on the ground. Four-striped mice spent 83.0% of their time on the videos captured 

feeding on P. angustifolia seeds while Karoo bush rats and Cape Robin Chats spent 51.0 

and 2.7% of their time feeding on fruits, respectively. 
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Figure 2. 9 Video snapshots of birds and rodents, captured by remote cameras during field 

observations on and under Pyracantha angustifolia shrubs, feeding on seeds and/or fruits 

 

 

Opportunistic data on animals feeding on P. angustifolia seeds/fruits were collected while 

collecting other data in the study area. Four bird species and two domestic animal species 

were observed feeding on P. angustifolia seeds/fruits. All livestock observed feeding on P. 

angustifolia did not feed on vegetative material of the adults and seedlings (Adams, 

pers.obs). Bird species included African Red-eyed Bulbul (Pycnonotus nigricans), 

Speckled Mousebird (Colius striatus), African Pied Starling (Lamprotornis bicolor), 

Crested Barbet (Trachyphonus vaillantii); and domestic animals included goats and horses 

(Figure 2.10). Pyracantha angustifolia seeds were also spotted in Chacma baboon (Papio 

ursinus) dung during surveys. These results informed the choice of bird species used in 

feeding trials to investigate the effect of a bird’s digestive system on the seed germination 

rate of P. angustifolia (see chapter 4). 
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Figure 2. 10 (A) Livestock spotted feeding on Pyracantha angustifolia fruits and (B) fruits 

spotted in baboon dung during opportunistic observations 

 

 

Timed observations were conducted to examine visitation frequencies and visitor behaviour 

(feeding/perching) on P. angustifolia fruiting branches over 3 days (total of 54 hours) in 

June 2019. Cape Bunting (Emberiza capensis), Cape Rock Thrush (Monticola rupestris), 

Cape White-eye (Zosterops virens), Speckled Mousebird (Colius striatus), Dark-Capped 

Bulbul (Pycnonotus tricolor), Dusky Flycatcher (Muscicapa adusta), Fiscal Shrike (Lanius 

collaris), Familiar Chat (Cercomela familiaris) and African Red-eyed Bulbul (Pycnonotus 

nigricans) were nine bird species observed visiting the shrubs (Figure 2.11). One-Way 

ANOVA indicated that there were no significant differences (P≥0.05) between visitation 

lengths between shrub visitors (P= 0.1616). Only one species, Speckled Mousebird, fed on 

one fruit while all other bird species used the shrubs only for perching. 
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Figure 2. 11 Mean standard error visitation length (seconds) of different bird species that 

visited Pyracantha angustifolia shrubs during the timed observations (P = 0.1616, F-value 

= 1,566) 

 

2.3.3. Soil seed bank 

Soil cores from under and at the edges of the canopies of shrubs contained a large number 

of intact or partially eaten fruits, whereas very few or no fruits/seeds were found at distances 

away from the trees (1, 2, 4, and 8 m from the canopy; Table 2.2). There was a substantial 

decrease in mean number of seeds with an increase in distance away from the centre of the 

shrub (Table 2.2). The majority (more than 60%) of seeds found in the soil cores were 

decaying (easily broken when pressed between fingertips). Nonetheless, there were viable 

seeds and their densities are represented in Table 2.2. There were significant differences 

(P<0.001) in overall samples and Tukey’s posthoc test showed that there are significant 

differences (P<0.05) between the centre and the other treatments but not between the rest 

of the treatments (Table 2.2). 
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Table 2. 2 Soil seed bank densities (mean ± SE seed/m2) from samples taken at different 

positions under and away from the Pyracantha angustifolia shrub using soil auger. 

Different letters on the last row indicates the statistical significance between treatments 

(P<0.05). GraphPad Prism 5 One-Way Analysis ANOVA was used to test for significant 

differences 

 

 Seed density Significant difference (P<0.05) 

Centre 46400 ± 8934 A 

Edge 10000 ± 3611 B 

1m 430.1 ± 229.8 B 

2m 33.95 ± 33.95 B 

4m 22.64 ± 15.58 B 

8m 0 B 

 

 
     
2.3.4. Seed rain 

Seed traps were used to determine seed rain. High number of loose (73.45 seed per m2 ± 

11.32 SE) and intact seeds (3297 ± 282.1) were found under P. angustifolia canopy (Table 

2.3). Intact seeds refer to seeds that are still in whole fruits. Lesser number of both intact 

and loose seed were found under Rosa and Leucosidea canopies. Seed from intact fruits 

collected were (533.8 seed per m2 ± 522.1 SE) and (12.50 ± 12.50) under Rosa and 

Leucosidea respectively. Seed traps under fence collected the smallest amount of seed (7 

seeds) and no intact seeds. Only seed traps under P. angustifolia passed the D'Agostino & 

Pearson omnibus normality test, while L. sericea and R. rubiginosa samples were too small 

(n=2 and n=6 respectively). 
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Table 2. 3 Annual Pyracantha angustifolia seed rain in seed per square metre (Mean ± SD) under P. angustifolia, Rosa rubiginosa and Leucosidea 

sericea and the fence. Intact and loose seed were counted separately. Mean standard error was calculated using GraphPad Prism 5 for annual seed 

rain using formulae from Iponga et al. (2009) 

 

 

 

 

 

 

 

 

 P. angustifolia (n=44) L. sericea (n=2) R. rubiginosa (n=6) Fence (n = 1) F value P-value 

Total seed rain  56770 ± 7735 71.12 ± 55.1 2310 ± 2244 7 6.1 0.0054 

Seed rain in intact fruit 3297 ± 282.1 12.50 ± 12.5 533.8 ± 522.1 0 12.8 0.0001 

Loose seed rain 73.5 ± 11.3 1.5 ± 0.5 14.50 ± 11.85 7 12.5 0.0329 
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2.4. Discussion 

In this chapter, it was shown that the density and abundance of trees differed per site 

effectively influencing the amount of seeds being produced in each site. Even though there 

were differences between seed numbers, it was shown that no matter the site P. angustifolia 

produces a high number of seeds that are then available to enter the environment. A number 

of birds and livestock then consume these seeds, which are potentially contributing to the 

spread of the species, together with rodents acting as seed predators. A number of seeds do 

however fall to the ground but they primarily land near the base of the tree and are often 

not found too far from directly from the parent tree. 

 

2.4.1. Fruit production 

Shrubs with a radius as small as 0.75m (1.5 m canopy width, smallest height value recorded 

was 1.7 m) produce fruits, potentially contributing to the spread of the species as well as 

having implications for management. (Figure 2.4). However, additional research on growth 

rate is still required. Shrubs in open grassland area produced more seeds than shrubs in 

rocky outcrop and river habitats when plotted against shrub size but open grassland and 

rocky outcrops produced similar amount of seed per given area in the field (Figure 2.7). 

Larger shrubs generally had more seeds, which might be due to reproductive maturity and 

larger shrubs could have been more mature than the smaller sized shrubs. This leads to 

shrubs with larger size producing higher seed numbers compared to less matured ones 

(Witkowski and Wilson, 2001). It is also worth noting that high seed production plays a 

role in the probability of recruitment as it increases the chances of a seed reaching a 

favourable site for germination and seedling survival (Gioria and Pyšek, 2017). 

 

In addition, the large number of seeds produced increases the availability and attractiveness 

of fruits to the frugivores as densely presented P. angustifolia fruits would be attractive to 

frugivores (Aslan and Rejmánek, 2012; Klinerová et al., 2018). Pyracantha angustifolia 

fruits persist on the shrub through winter and summer seasons, in large populations, and 

shrubs start fruiting while the previous season’s fruits are still on the shrub (pers. obs.). The 

observed persistence of fruits on shrubs implies that the fruits are available for frugivorous 

birds almost all year round (pers.obs). As compared to other invaded systems, the shrubs 

also produce fruits ‘out of season’ (Vergara-Tabares et al., 2016) compared to native 

summer-rainfall species in the eastern Free State, such as rusty-leaf currant Searsia 



 

46 

divaricata (Eckl. & Zeyh.) Moffett (Anacardiaceae) which fruits from October to January 

(Moffett, 2018). 

 

Pyracantha angustifolia fruits stay on the shrub until the next fruiting season (early 

autumn). The extended fruiting periods suggests that while native fruits are not available 

for frugivorous birds, native frugivorous birds would feed on IAP fruits (Lediuk et al., 

2014; David L. Vergara-Tabares et al., 2016). This would be advantageous for native 

frugivorous birds as they will be able to supplement their diet with alien plant fruits without 

having to travel long distances (Vergara-Tabares et al., 2018). It would also be 

advantageous for the IAP as they can exploit native frugivores as seed dispersers without 

competing with native fleshy-fruited plant species. At the same time, this might pose a 

threat to native fleshy-fruited plants with overlapping fruiting seasons as the native 

frugivorous birds might prefer IAP’s fruits over the native fruits (Aslan and Rejmánek, 

2012). Such preference would lead to a reduction in seed dispersal and ultimately of native 

plant diversity as an IAP would be out-competing native fleshy-fruited plants in their native 

environment. 

 

Native frugivorous birds might even prefer P. angustifolia fruits over native species since 

they are bigger and potentially more rewarding than native shrubs, i.e. P. angustifolia fruits 

are much fleshier than those of S. divaricata (Lambert and Marshall, 1991). In addition, P. 

angustifolia produces larger quantities and more brightly coloured fruits compared to S. 

divaricata. The brightness contributes to visibility of fruits to frugivorous birds whereby 

the bright coloured fruits would be easily visible compared to dull ones. In this case, the 

orange berries of P. angustifolia may be more attractive than the brownish to green fruits 

of S. divaricata. Red-fruited plants have been linked with large-scale dispersal events (Lu 

et al., 2019). The propagule pressure of this species is not limited by individual fruit 

production in Afromontane environments of the Eastern Free State. Fruit production is very 

high all over the invaded landscape, despite some differences in shrub densities and sizes 

between environments. 

 

2.4.2. Seed dispersal 

As remote cameras have revealed, small rodents are the main fruit and/or seed consumers 

on the ground and birds are the main fruit consumers feeding on fruits directly from the 

fruiting branch (Figure 2.8). This implies that birds could be regarded as seed dispersers 
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and rodents as seed predators. Rodents observed feeding on fruits and/or seed were 

regarded as predators since seeds cannot survive digestive tract of small rodents (Campos 

et al., 2008). This study has shown that the Four-striped mouse and Karoo bush rat are the 

main seed predators of P. angustifolia in the eastern Free State. This might occur in every 

area where the aforementioned two rodents occur, as they are widely distributed (Campos 

et al., 2016). 

 

South African grasslands have a high diversity of  seed feeding rodents species of which 

only a few were captured by the cameras (Avenant, 2011). While larger rodents have been 

proven to be secondary seed dispersers through seed caching and scatter hoarding (Wang 

and Smith, 2002), small rodents have been reported to be seed predators due to the fact that 

seeds do not survive their gut conditions (Howe, 1989; Wróbel and Zwolak, 2017). 

Predation by small rodents might be one of the factors limiting the spread of this notorious 

plant invader as rodents might destroy many of the seeds (Holmes, 1990). Such a 

phenomenon is also seen in studies by Wennyi (2000) where small rodents are major seed 

predators on the ground as they are opportunistic frugivores (Campos et al., 2016). This 

suggests that small rodents may play an important ecological role in hindering huge 

amounts of seeds from being covered by litter and forming an established soil seed bank. 

In this way, the spread of P. angustifolia may be slowed by seed predation by small rodents. 

It is has been reported that Pyracantha species are dispersed mainly by birds (Ballari et al., 

2015; Corlett, 2005; Henderson, 1999; Vergara-Tabares et al., 2018) and the results in this 

study concur with this claim, as remote cameras captured  African Red-eyed Bulbul feeding 

on P. angustifolia fruits (Table 2.1). Three other species were also spotted during 

opportunistic observations, including Speckled Mousebird, African Pied Starling and 

Crested Barbet. All birds are frugivorous, with Crested Barbet being omnivorous. 

 

Not only birds have been proven to have fed on P. angustifolia fruits, since the seeds were 

also spotted in Chacma baboon dung in the riverine habitat and livestock feeding on fruits 

in the open grassland habitat were also observed as part of opportunistic data collection 

(Figure 2.10). This adds to seed dispersal diversity, increasing seed dispersal vectors and 

thus improving seed dispersal. Timed observations recorded nine bird species (Figure 

2.11), but only one species fed on one fruit during P. angustifolia shrub visit while the rest 

of the birds used the shrub for perching. Only four bird species out of nine were truly 

frugivorous, this includes African Red-eyed Bulbuls, Cape White-eyes, Dark-Capped 
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Bulbuls and Speckled Mousebirds. This shows that P. angustifolia is also used by birds for 

perching as it would be expected with any shrub. Such results on timed observations were 

not expected as most of the shrub visitors were expected to feed on the fruits. It might be 

that there were other fruiting plants around as the observations were done in June or the 

observation time started late (07h00 am). 

 

2.4.3. Soil seed bank 

The decrease of the soil seed bank density with an increase in distance away from the parent 

plant has also been revealed by other studies (White and Vivian-Smith, 2011; Witkowski 

and Wilson, 2003). Seed density also decreased with increase in distance away from the 

source plant in P. angustifolia seed banks (Table 2.2), with significantly (P<0.05) higher 

numbers under the canopy towards the centre of the shrub. Irrespective of small rodents 

feeding on large amounts of P. angustifolia seeds (Figure 2.9). The seeds in the soil suggest 

that the plants are producing enough fruit to saturate predation, ensuring that seeds are still 

making it into the soil to form part of the soil seed bank or alternatively germinate. The 

chances of P. angustifolia re-establishment through the soil seed bank post-clearing are 

small because of the seeds having low survival rates in the soil. The viability of the seeds 

was not tested but a high proportion of seeds crumbled under light pressure when handled, 

suggesting that they were not viable and susceptible to decomposition. Still, seed viability 

needs to be tested. 

 

 

2.4.4. Seed rain 

The use of P. angustifolia as perching sites for birds (Figure 2.10) might also result in 

recruitment of other fleshy-fruited IAPs as birds might defecate them while perching on P. 

angustifolia branches (Tecco et al., 2006; Milton et al., 2007). This may facilitate the 

establishment of other species (potentially invasive species) within the invaded site as the 

thorny nature of the shrub protects developing seedlings growing close to the tree from the 

harsh sunlight as well as grazing from livestock. A similar mutualistic relationship was 

showing in a secondary shrubland in central Argentina mountains where P. angustifolia 

was shown to play an important role in the enhancement of invasion by other IAPs. High 

seed rain densities were observed under P. angustifolia canopy. High proportions of seed 

from intact fruits under P. angustifolia canopy indicates that many seeds reached the 

ground in intact fruits as confirmed by the soil seed bank analysis. The presence of P. 
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angustifolia seed under R. rubiginosa and L. sericea proves that birds using the latter as 

perching structures also use P. angustifolia. In addition, the presence of these seeds under 

the fence confirms that the seeds are bird dispersed, as they would have egested such seeds 

while perching on the fence. Unexpectedly, there were whole fruits collected from seed 

traps under R. rubiginosa and L. sericea canopies. This might be a result of short dispersal 

distances near Pyracantha bushes. 

 

2.5. Conclusions 

Pyracantha angustifolia produces an enormous amount of fruits (>5 million /m2), and birds 

are the main dispersers of these seeds. Small rodents are the main seed predators of fruits 

and seeds fallen on the ground, which qualifies rodents for potentially hindering the spread 

of P. angustifolia. The most important factors exacerbating the spread of P. angustifolia is 

the production of large quantities of fruits and use of native birds, baboons and livestock to 

disperse the seeds.  
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CHAPTER 3 

THE EFFECT OF INGESTION BY BIRDS ON GERMINATION OF 

PYRACANTHA ANGUSTIFOLIA 

3.1. Introduction 

There is a mutualistic relationship that exists between frugivorous birds and fleshy-fruited 

plants (Fricke et al., 2019; Jordaan and Downs, 2012). This interaction allows fleshy-fruited 

plants to disperse their propagules away from the source plant (Tabassum and Leishman, 

2018). In return, the frugivorous bird digests the fruit flesh as an energy reward (Tiebel et 

al., 2018). In addition, frugivores play an important role in improving germination of the 

dispersed seeds (Dlamini et al., 2018; Paulsen and Högstedt, 2002). Such enhancement is 

believed to be a result of the fruit flesh and skin being removed and the breaking of seed 

dormancy by the digestive juices of the frugivores’ gut (Cimi and Campbell, 2017; Traveset 

et al., 2001). Several studies show no effect on germination while others show lower 

germination rate post-ingestion by birds (Mora and Smith-Ramirez, 2016; Thabethe et al., 

2015a). Enhancement of germination by the passage of seeds through the gut is not 

guaranteed since some birds’ digestive conditions are not suitable for some seeds (Valido 

and Nogales, 1994). 

 

Dispersal of fleshy fruited plants is enhanced by the spreading of seeds by frugivores and 

sometimes the enhancement of germination (Chama et al., 2013). Some invasive alien 

plants can use this interaction to assist them in spreading into new environments (Fricke et 

al., 2019; Wotton and Mcalpine, 2015), and allow the seedlings to access new niches and 

avoid resource competition with the source plant. For example, in South Africa , the 

germination of the invasive plant Brazilian pepper tree Schinus terebinthifolius Raddi 

(Anacardiaceae) was improved by ingestion by birds (Dlamini et al., 2018). Since the 

invasive Pyracantha angustifolia (Yellow firethorn) seeds are dispersed mainly by 

frugivorous birds in South Africa (Chapter 2). It would be expected that after ingestion, the 

germination rate of the seeds would be improved. Pulp removal might be the factor 

enhancing germination (Thibault et al., 2018; Traveset et al., 2001). This does not 

necessarily have to be through ingestion by birds, as some smaller bird species may just eat 

the flesh and not ingest the seeds. The relationship between the plant species and 

frugivorous birds is also important with regard to invasive alien plants (Mokotjomela et al., 
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2015; Tabassum and Leishman, 2018). Different bird species may facilitate their spread 

within and between sites (Prather et al., 2017). 

Understanding the plant-animal interactions is fundamental to finding solutions to assist in 

management (Fricke et al., 2019). In this chapter, the role of avian frugivorous in enhancing 

the spread of P. angustifolia in the grassland of South Africa is determined. This was 

achieved through determining the ingestion effect of various frugivorous bird species on 

seed germination. Germination rate and success were compared among non-ingested fruits, 

ingested fruits and manually depulped seeds.  

 

3.2. Materials and methods 

To determine the effect of ingestion by frugivorous birds on P. angustifolia germination 

rate and success, feeding and germination trials were run using experimental methods used 

by Dlamini et al. (2018) with some adaptations (Figure 3.1). Ethical clearance (Protocol 

reference number: 020/15/Animal) was obtained for the use of aviary birds in the study. 

 

Figure 3. 1 Processes indicating major steps taken to conduct the germination study 

investigating the effect of ingestion by birds on germination of Pyracantha angustifolia 

seeds. Seed treatments included manually depulped seeds and whole fruits for comparison 

 

 

3.2.1. Bird species  

To investigate the effect of ingestion by birds on seed germination, P. angustifolia fruits 

were fed to five South African frugivorous bird species in controlled aviary conditions. 

Bird species used in the study included five Dark-capped Bulbuls (Pycnonotus tricolor), 

two Purple-crested Turacos (Gallirex porphyreolophus), three Speckled Mousebirds 

(Colius striatus), five Red-winged Starlings (Onychognathus morio) and nine Cape White-
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eyes (Zosterops virens). All birds have been observed feeding on P. angustifolia fruits in 

the field except for Purple-crested Turacos and Cape White-eyes. Purple-crested Turacos 

and Red-winged Starlings were regarded as “large” birds with regard to their mass 

weighing on average 285 and 140g respectively and Speckled Mousebirds, Dark-capped 

Bulbuls and Cape White-eyes as “small birds” weighing on average 55, 39 and 9g 

respectively (Chittenden et al., 2009; Newman, 2013; Table 3.1). Purple-crested Turacos do 

not naturally occur in the study area, and they are a surrogate species for other larger bird 

species that might consume the fruits in the study area, like the African olive pigeon 

(Columba arquatrix). 
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Table 3. 1 Aviary bird species kept in the animal house at the University of KwaZulu-Natal for the study of avian ingestion on seed germination, 

and their mass, length, habitat (in South Africa) and diet (Chittenden et al., 2009; Newman, 2013) 

 

Species Mass (g)  Length (cm) Habitat and diet 

Purple-crested Turaco 285 42 Woodlands, forest, riparian margins and suburban gardens. Eats fruits and leaf buds. 

Red-winged Starling 140 30 Prefers mountainous and rocky regions. Eats mainly fruits and insects. 

Speckled Mousebird 55 33 Wide range of wooded habitats and urban areas. Eats wide range of fruits and also 

leaves, buds, flowers and nectar. 

Dark-capped Bulbul 39 20 All woodland habitats in moister eastern regions and common in suburban gardens. 

Eats mainly fruits, also insects and flower petals. 

Cape White-eye 9 12 Common endemic. Inhabit mainly riverine woodland, but also in all wooded habits, 

including parks and gardens. Eats fruits, nectar and insects. 
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3.2.2. Fruit collection and storage 

Fresh, ripe P. angustifolia (Franch.) C.K.Schneid. (Rosaceae) fruits were collected from 20 

shrubs from the Clarens region (28˚32'69''S; 28˚25'20''E) during the fruiting season (August 

2019). Branches with fruits were collected to keep them as fresh as possible. Upon arrival 

at the Animal House at the University of KwaZulu-Natal (UKZN), fruits were removed 

from branches by hand and placed in plastic bags. Fruits from all shrubs were pooled, in 

order to standardize any differences associated with local seed origin as well as 

incorporating genetic variability. After collection, fruits were placed in the refrigerator and 

the feeding trials started a day after collection. 

 

3.2.3. Acclimatization of birds prior to feeding trials 

Birds used in the study went through five days acclimatization so that they got used to a 

new environment prior to commencement of the experiment (Figure 3.2). Aviary birds were 

typically kept in outside cages (1 x 2.12 x 2.66 m) at the UKZN Animal house (29˚37'0''S; 

28˚23'0''E), KwaZulu-Natal Province, South Africa (Figure 3.3). Birds used in this study were 

then acclimatized in experimental indoor cages for a period of five days prior to the 

commencement of feeding trials. They were fed maintenance food which included apples, 

pears, bananas, and oranges, together with a bird protein supplement of AviPlus 

Softbill/Mynah pellets. The acclimatization was included in order for the birds to get used 

to staying in the experimental cages in a constant environment room with 12L: 12D 

photoperiod at 25 ± 1˚C. 
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Figure 3. 2 Five Dark-capped Bulbuls (Pycnonotus tricolor) and three Speckled 

Mousebirds (Colius striatus) kept in indoor experimental cages during acclimatization of 

five days before feeding trials commenced at the University of KwaZulu-Natal Animal 

house. Birds were fed apples, bananas, oranges and supplementary food and water was 

provided ad libidum 

 

 

3.2.4. Feeding trials 

In order to emulate a natural scenario whereby birds feed on fruits and disperse seeds, fruits 

were fed to the birds and the germination success of defecated seeds was investigated. 

Feeding trials were conducted for three days after the acclimatization period. Birds were 

given their supplementary food that included five P. angustifolia fruits. Supplementary 

food was removed from the cages at 5:00 pm so that the birds would be hungry in the 

following morning for the feeding trials. Feeding trials began at 8:00 am where birds were 

provided with P. angustifolia fruits to feed on (Figure 3.3). Water was provided to birds ad 

libitum. 
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Figure 3. 3 Purple-crested Turaco (Gallirex porphyreolophus) feeding on Pyracantha 

angustifolia fruits during the feeding trials in experimental cages at the University of 

KwaZulu-Natal’s Animal house, Pietermaritzburg 

 

3.2.5. Seed retention time 

To inform on potential seed dispersal distances, seed retention data were collected in order 

to predict the effect of seed dispersal distances. The seed retention time was determined for 

each bird species to investigate how long seeds take to pass through the birds’ gut. This 

measure would help us predict spatial implications of seed dispersed by birds. Seed 

retention time referred to the time from when the bird consumed the first fruit/seed until 

the first seed was defecated by the bird. 

 

3.2.6. Germination success rate 

Different germination treatments were used in order to compare the germination success 

and rate. Treatments included seeds ingested by birds, manually depulped seeds and intact 

fruits. After being collected straight from the feeding trials, seeds defecated by birds were 

sown within 24 hours of collection in a greenhouse (Figure 3.4) 
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Figure 3. 4 Events highlighting the processes that were taken during germination trials. 

Seeds were (A) hand-picked after being defecated by birds from the cages and planted in 

the (C) greenhouse using (B) seedling trays 

 

Seeds ingested by birds treatment emulated the natural environment whereby the seeds are 

ingested as fruits. Birds were provided with whole fresh fruits, then seeds were collected 

from the cages and planted. Newspapers were placed under the bird cages to trap all seeds 

defecated by birds. All seeds were collected and kept in paper bags for planting (Figure 

3.5A). Seeds collected from bird faeces were planted in potting soil in seedling trays (265 

× 180 × 75 mm) (Figure 3.5B) and kept in a greenhouse at 26 ˚C maximum temperature 

(Figure 3.5C) (Jordaan et al., 2011). Seeds were planted within 24 hours of collection from 

the faeces (Barnea and Friedman, 1992). The sown seeds were watered daily and were 

regarded to have germinated when the radicle appears above the soil. After being counted, 

such seedlings were removed from the seedling tray to avoid recounts (Dlamini et al., 

2018). 
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In de-pulped seed treatment, the treatment using de-pulped seeds emulated a condition 

where the fruit wall is removed by other factors but not birds’ ingestion. For example, 

chapter 2 showed field mice removing the seed pulp and birds that only eat the fruit pulp 

and drop the seeds on the ground. Such an experiment excludes the digestive juices in the 

gut of frugivores as one of the factors that might trigger germination. A total number of 

200 seeds were planted from 40 manually depulped fruits. Un-ingested intact fruits were 

sown in the same conditions as other treatments to serve as a standard of comparison 

(control) for the experiment. This treatment emulates the natural environment where seeds 

will fall directly to the soil without been eaten by animals, probably being buried under the 

soil or litter while intact. One hundred fruits were planted in four separate planting trays, 

totalling approximately 500 seeds (average of 5 seeds per fruit, Chapter 2). 

 

3.2.7. Data analysis 

Mean cumulative seedling percentages for ingested, manually depulped and whole fruits 

were calculated using Excel 2013. Time taken for seedlings to emerge in each treatment 

was compared using Analysis of variance (ANOVA). Mean seedling emergence times for 

seeds ingested by different bird species and manually depulped and whole fruits (control) 

were compared using post-hoc Tukey tests for multiple comparisons. Seedling emergence 

time referred to the time it takes for a single seedling to emerge on top of the soil. The 

significance level for this analysis was set at α = 0.05 and the One-Way ANOVA analysis 

was performed using GraphPad Prism 5 statistical software (Motulsky, 1999). Two-tailed 

Chi-square test was also done at 95% confidence interval to compare the proportion of 

seeds that germinated from each treatment. Null hypothesis was that there are no significant 

differences on days of germination between the treatments. Data normality was tested using 

D’Agostino and Pearson omnibus normality test.  

 

3.3. Results 

All birds, except Cape White-eyes, attempted to eat the fruits within the first five minutes 

of the start of the feeding trials. Only Purple-crested Turacos managed eat the fruit whole. 

Other birds struggled to feed on the fruits. Red-winged Starlings and Dark-capped Bulbuls 

struggled at first but after a short while got accustomed to handling the fruits. Speckled 

Mousebirds were able to hold the fruits with their claws and feed on the fruit wall. Cape 

White-eyes initially did not eat the fruits, but they fed on fruit pulp in small quantities. 
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3.3.1. Germination trials 

The number of seeds collected from the feeding trials was 443 seeds from the Red-winged 

Starlings, 298 from Purple-crested Turacos, 133 from Dark-capped Bulbuls and 44 from 

Speckled Mousebirds. 

 

3.3.2. Seed retention times 

Birds with larger mass had longer seed retention times (i.e. Purple-crested Turacos and Red-

winged Starlings had longer retention times (Mean ± SE) 24.5 ± 0.5 min and 28.8 ± 1.39 

min respectively; (Table 3.1). Smaller birds generally had shorter seed retention times with 

Dark-capped Bulbuls and Speckled Mousebirds having 21.67 ± 2.03 min and 11.33 ± 5.84 

min respectively. Tukey's post hoc multiple comparison test indicated that there was a 

significant difference in retention times between Red-winged Starlings and Speckled 

Mousebirds (F3,9 = 6.51, P < 0.05) but no difference (P>0.05) in retention times between 

other bird species treatments (Figure 3.5). 
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Figure 3. 5 Seed retention times (Mean and Standard error of mean) of four bird species 

which were fed Pyracantha angustifolia seeds, namely Purple-crested Turacos (n=2), Red-

winged Starlings (n=5), Dark-capped Bulbuls (n=3) and Speckled Mousebirds (n=3). 

Retention time was measured as the time from when the bird ate the first fruit to when the 

first seed was defecated. Different letters over bars indicate statistically significant 

differences between treatments (P = 0.0124, F value = 6.506). One-Way ANOVA was used 

to determine statistical significance differences between mean retention times. Sample size 

for seed retention times were too small for statistics, therefore the results from this analysis 

are inconclusive.  

 

 

3.3.3. Rate of seedling emergence 

One-way ANOVA revealed an overall significant difference (P<0.0001) between three 

treatments. There was a slower rate of germination in seeds planted as whole fruits 

compared to the manually depulped seeds and those ingested by birds (Figure 3.6). Mean 

seedling emergence times for all birds, depulped and whole fruits were 31, 32 and 38 days 

respectively (Table 3.1). There was no significant difference in the seedling emergence 
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time between the manually depulped and ingested seeds (F2,1039 = 28.15, P >0.05) but there 

was a significant difference (P<0.05) between ingested and manually depulped treatments 

when compared to whole fruits. Seeds planted as whole fruits took a longer time to 

germinate compared to depulped and ingested seeds. 
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Figure 3. 6 Box and whisker plot (minimum to maximum) of Pyracantha angustifolia 

seedling emergence time in days for three treatments, namely ingested by birds (n=805), 

manually depulped by hand (n=199) and whole fruits (n=38). Boxes represent mean with 

standard error of the mean (SE). Different letters on top of boxes indicate statistical 

significance (P<0.05, df = 2, F value = 38.27) and error bars indicate minimum and 

maximum values 

 

 

Emergence times of seedlings from seed ingested by the four bird species were compared 

using One-Way ANOVA. Seedling emergence time referred to the time it takes for a single 

seedling to emerge on top of the soil. Seeds defecated by small birds (Speckled Mousebirds 

and Dark-capped Bulbuls) germinated faster (approximately 4 days earlier) compared to 

larger birds (Purple-crested Turacos vs Dark-capped Bulbuls, Purple-crested Turacos vs 

Speckled Mousebirds, Red-winged Starlings vs Dark-capped Bulbuls and Red-winged 

Starlings vs Speckled Mousebirds) but there was no significant difference in seedling 

emergence rates among larger birds and smaller birds (Purple-crested Turacos vs Red-

winged Starlings and Dark-capped Bulbuls vs Speckled Mousebirds)(F3,801 = 11.08, P 

<0.05). 
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3.3.4. Germination success rate 

Chi-square test (X2 = 1041, df = 5) indicated that there were significant (P<0.01) on days 

of germination between the treatments.  Null hypothesis was rejected, therefore there were 

significant differences on days of germination between the treatments. Germination success 

of both depulped and ingested seeds was high (Purple-crested Turacos = 93.95%, Red-winged 

Starlings = 81.94%, Speckled Mousebirds = 88.64, Dark-capped Bulbuls = 94.74%, depulped 

= 99.50%) compared to whole fruits (whole fruit = 7.6%) (Figure 3.8). Seed ingested by 

small birds (Speckled Mousebirds and Dark-capped Bulbuls) had rapid rates of seedling 

emergence during a specific period in the germination trials (19 – 34 days). 
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Figure 3. 7 Cumulative Pyracantha angustifolia seedling emergence percentage against 

number of days after planting for seeds defecated by Purple-crested Turacos (TU), Red-

winged Starlings (ST), Speckled Mousebirds (MO) and Dark-capped Bulbuls (BU) 

together with seeds from manually depulped (DP) fruits and seeds planted as whole fruits 

(WL). Seedling emergence was recorded until the 58th day 

 

 

3.4. Discussion 

The results from this study indicated that fruit ingestion by birds does not enhance germination 

success compared to depulped seeds but the removal of the fruit wall by any means greatly increase 

germination rates. All treatments had high germination success rates, except for whole fruits. 
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Non-consumption of P. angustifolia seeds by Cape White-eyes indicates that small birds 

probably do not consume entire P. angustifolia fruits. Cape White-eyes were similarly 

unable to consume larger fruits of another invasive alien plant, Indian laurel (Litsea 

glutinosa (Lour.) C.B.Rob., Lauraceae) (Dlamini et al., 2018). The same behaviour of 

feeding on only the fruit wall when presented to the Cape White-eyes was observed in 

studies by Dlamini et al. (2018) as they also ate L. glutinosa’s pulp. This then excludes 

Cape White-eyes as potential long-distance seed dispersers of P. angustifolia as they do not 

ingest the seeds. However, eating the fruit pulp would still assist in germination when these 

depulped seeds fall to the ground. 

 

3.4.1. Seed retention times 

Retention time appeared to have an effect on rate of germination of ingested seeds although 

not significant (Figure 3.5). Smaller birds, Dark-capped Bulbuls and Speckled Mousebirds, 

had shorter seed retention with faster rate of germination than larger birds. Purple-crested 

Turacos and Red-winged Starlings had longer seed retention and slower rate of seed 

germination. This indicates that bigger birds would deposit seeds at longer distances away 

from source plants compared to small birds with shorter retention times. However, small 

birds would deposit more seeds in shorter time (Figure 3.6). Thus, temporal aspect of 

dispersal is more important in small birds than the spatial aspect of dispersal in larger birds. 

These data suggest that small birds contribute more on rate of P. angustifolia spread as they 

would deposit more seed per time and seeds would germinate faster (Figure 3.8).While, 

larger birds are expected to contribute more on area of spread than rate of spread as they 

feed on more seeds and have longer seed retention times. Retention times did not have an 

effect on germination success since all ingested seeds had high germination success 

together with the manually depulped seeds (Figure 3.9). 

 

Seed retention times were contrary to the results found by Dlamini et al. (2018) as Speckled 

Mousebirds had significantly higher retention time (25 minutes) compared to Dark-capped 

Bulbuls (13 min) when fed on L. glutinosa but in this study Speckled Mousebirds had 

slightly lower retention times (11.3 minutes) than Dark-capped Bulbuls (21.67 minutes). 

Jordaan et al. (2011) found similar results to those of Dlamini et al. (2018) when feeding 

Speckled Mousebirds and Dark-capped Bulbuls with Solanum mauritianum Scop. 

(Solanaceae), Psidium guajava L. (Myrtaceae), and Lantana camara L. (Verbenaceae) 

https://en.wikipedia.org/wiki/Lauraceae
https://en.wikipedia.org/wiki/Verbenaceae
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fruits. Such results might be influenced by the handling of fruits by the digestive systems 

of the latter birds, indicating that a Speckled Mousebird’s digestive system digests the fruit 

wall of P. angustifolia better than the fruit wall of L glutinosa while a Dark-capped Bulbuls’ 

digestive system handles L glutinosa seeds quite well. 

 

Another factor that might have affected the results might be that Speckled Mousebirds 

“squashed” P. angustifolia fruits with their feed before feeding on fruit pulp and seeds (L. 

Adams, pers. obs.). Seeds might have been ingested by mistake because fruit pulp might 

have been what the Speckled Mousebirds aimed for when feeding on fruits. 

 

3.4.2. Rate of seedling emergence 

As there was no difference between the germination rates of manually depulped and bird 

ingested seeds, it implies that ingestion by birds does not inhibit or enhance germination 

but rather facilitates germination by mechanically removing the fruit wall. Similar results 

have been reported for germination of S. mauritianum, Cinnamomum camphora (L.) J.Presl 

(Lauraceae), L. camara and P. guajava after being ingested by Red-winged Starlings, 

Speckled Mousebirds, and Dark-capped Bulbuls (Jordaan et al., 2011). Although ingestion 

in this study did not have an effect on the rate of germination, birds do help with the 

dispersal of the seed away from the source plant and therefore reduce competition between 

seedlings, provided that the seed reaches a favourable site for germination (Dellafiore et 

al., 2015). 

 

The low rate of germination observed in seeds planted as whole fruits was an expected 

result (Figure 3.6). Slower rate of seedling emergence from intact fruits has been reported 

by numerous studies (Dlamini et al., 2018; Jordaan et al., 2011; Mokotjomela et al., 2016; 

Thabethe et al., 2015a). The fruit wall of fallen fruits, found in seed traps in Chapter 2, has 

to be decomposed by soil microorganisms first before the seedling emerges. This typically 

takes longer than when the fruit wall is removed by a bird as it takes less than an hour for 

a bird to remove the fruit wall but it takes days for the soil microorganisms to digest the 

fruit wall (Holmes, 1989). This implies that seeds fallen as whole fruits have lower 

germination success and rates than those dispersed by birds. Such a phenomenon shows 

that birds remain important seed dispersers of P. angustifolia. 
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The results of this study conform to those presented in many studies whereby seeds ingested 

by birds germinate significantly faster than those in intact fruits. The number of seeds 

planted was controlled in some studies investigating effect of ingestion by birds on seed 

germination (Díaz Vélez et al., 2018; Mokotjomela et al., 2016) but not controlled in others 

(Jordaan et al., 2011; Thabethe et al., 2015b). 

 

3.4.3. Germination success rate 

Dellafiore et al. (2015) found that Pyracantha atalantoides germination was lower for bird-

ingested seeds compared to manually depulped seed. This might be because the seeds were 

collected from birds’ excreta in the field, while in this study the seeds were collected 

immediately after defaecation and in controlled conditions, while still fresh. Seeds collected 

from faeces in the field might have already been exposed to harsh environmental conditions 

such as sunlight. Cumulative germination percentage in P. angustifolia was high in both 

ingested and depulped seeds compared to whole fruits (Figure 3.9). This shows that 

germination success was not affected by ingestion as in studies by Lafleur et al. (2009) 

where European Starlings (Sturnus vulgaris) increased germination success of Elaeagnus 

umbellate Thunb. (Elaeagnaceae) and Celastrus orbiculatus Thunb. (Celastraceae) 

compared to manually depulped seeds. 

 

The same results were observed when Solanum mauritianum, C. camphora, P. guajava, 

and Morus alba L. (Moraceae), were fed to Knysna (Tauraco corythaix) and Purple-crested 

Turacos in which germination success was unaffected (Thabethe et al., 2015a). Contrary 

results were revealed when Castro et al. (2016) found that germination success of glossy 

pivet tree Ligustrum lucidum W.T.Aiton. (Oleaceae) was reduced after ingestion by Austral 

Thrush (Turdus falcklandii). In contrast, Mora & Smith-Ramirez (2016) found that there 

was an increase in germination success of the invasive alien plant Aristotelia chilensis 

(Molina) Stuntz. (Elaeocarpaceae) post-ingestion by frugivorous austral thrushes while the 

same bird species had no effect of germination success on Rubus ulmifolius Schott. 

(Rosaceae) and Ugni molinae Turcz. (Myrtaceae). 

 

Such contrasts show that seeds of different plant species respond differently to ingestion 

by different bird species and therefore have different effects on germination. Findings 

presented in this study highlight the importance of frugivorous birds in facilitating the 

spread of IAPs (Castro et al., 2016). Factors that might have affected the results are 
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highlighted in a review by Traveset (1998), and include size and thickness of the seed coat, 

differences in gut passage times, diets of birds and also seed age. 

 

3.5. Conclusions 

Pyracantha angustifolia seed ingestion by the four frugivorous birds under study did not 

affect germination rate and success; instead, the birds facilitate the spread and germination 

of seeds by removing the fruit pulp. Overall, native South African birds were shown to play 

a role in the spread and germination success of this IAP. 
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CHAPTER 4 

POLLINATION ECOLOGY OF PYRACANTHA ANGUSTIFOLIA IN SOUTH 

AFRICA 

4.1. Introduction 

Pollination as it is a key ecological process in flowering plants (Buchholz and Kowarik, 

2019). In the quest of trying to understand plant-pollinator dynamics of IAPs, researchers 

have studied such networks from different perspectives (Aminatun et al., 2019; Nel et al., 

2017). When plants flower simultaneously, they might influence each other’s pollinator 

visitation rates and the quality and/or quantity of the transferred pollen by interacting with 

each other indirectly (Yang et al., 2011). Such effects depend on how the plants present 

their resources (i.e. pollen amount, nectar accessibility, flower structure and colour) and 

how the flower visitors respond to such presented resources (Ojija et al., 2019; Trøjelsgaard 

et al., 2019). Understanding such effects is very important and numerous studies have been 

conducted to assess the effect of plant invasions on plant-pollinator mutualisms at different 

levels (Hallett et al., 2017; Stout and Tiedeken, 2016; Tiedeken and Stout, 2015). This 

includes flower visitation frequencies (Dohzono et al., 2008), floral visitors overlapping 

(Gibson et al., 2013) and pollen load on floral visitors (Brown and Mitchell, 2001). 

 

In this Chapter, visitation frequencies, fruit yield without pollinators, and pollen loads of 

floral visitors were determined for P. angustifolia. The latter methods investigated to what 

extent P. angustifolia uses native pollinators to enhance pollination success, which has 

implications for its reproductive success and invasive potential. Aspects of reproductive 

ecology that have been previously studied for P. angustifolia include mainly seedling 

recruitment and plant density effects (Giantomasi et al., 2008; Tecco et al., 2006, 2007). 

However, it appears that there has been no specific study done in the pursuit of addressing 

breeding systems in Pyracantha species. 

 

This study aimed to address part of this gap in literature by performing various experiments 

on the pollination and breeding ecology of P. angustifolia. The aim of this chapter was to 

determine the role of floral visitors in P. angustifolia pollination. Objectives of the study 

were to: (1) determine floral visitors and their visitation rates, (2) measure the frequency of 

floral visitors to flowering branches, (3) determine whether P. angustifolia can set fruit 
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without the aid of pollinators and (4) determine pollen loads on floral visitors’ bodies by 

collecting pollen from floral visitors. 

 

4.2. Materials and methods 

Pollinator observations, the capture of floral visitors, and pollinator exclusion experiments 

were performed in December 2018 at Clifton farm near Clarens in the eastern Free State 

(28˚32'8"S; 28˚25'2"E). Mature shrubs of P. angustifolia that were already producing fruits 

and possessed a round shrub shape (mature) instead of an elliptic shape (immature) were 

used for the experiments. 

 

4.2.1. Observations of individual floral visitors 

To investigate the visitation rates of insect visitors to flowers of P. angustifolia, 

observations of individual insect visitors were performed on flowering shrubs (Figure 4.1). 

Each insect was observed for a period of one minute and the number of flowers visited was 

noted. Eighty observations were done on different shrubs randomly, and included insects 

of different species. Visitation frequencies were expressed as the number of flowers visited 

per minute. One-way Analysis of Variance (ANOVA) was performed to investigate the 

significant differences (P<0.05) in mean visitation frequencies between species of insect 

visitors. Analysis was done using GraphPad Prism 5 statistical software (Motulsky, 1999). 

Insects were identified to genus level if possible; otherwise, morpho-species level 

identifications were used. Data normality was tested using D'Agostino and Pearson 

omnibus normality test. 
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Figure 4. 1 Floral insect visitors observed on Pyracantha angustifolia flowers during the 

flowering period of December 2018 at Clifton farm near Clarens, eastern Free State 

Province, South Africa. 

 

 

4.2.2. Observations of floral visitors to flowering branches 

To determine the visitation frequency of floral visitors to P. angustifolia shrubs, flowering 

branches were observed for a set period and the number of all visitors noted. Each branch 

was observed for five minutes and different individual insects visiting the flowers were 

noted and counted. Flowering branches were randomly chosen, and branch size was not 

taken into consideration. A total of twenty branches were consecutively observed for five 

minutes each, totalling 100 minutes of observation over two days. Visitation frequencies 

for floral visitors calculated as the average number of individual insects observed visiting 

per minute. Insect species were not identified, only the number of insect individuals visiting 

the flowers were counted. 
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4.2.3. Pollinator exclusion 

To determine natural fruit set and if pollinators are needed for sexual reproduction in P. 

angustifolia, the effect of excluding floral visitors from flowers was investigated. A total 

of 22 mature P. angustifolia shrubs from the open grassland were chosen randomly. Branch 

lengths of approximately 30cm were used in this experiment. It was late in the field season 

and branches with closed buds were difficult to locate. Thus only 8 branches on four shrubs 

could be bagged to exclude floral visitors. The four branch tips (n=8) with flower buds used 

in the pollinator exclusion treatment were bagged with fine nylon mesh to exclude all floral 

visitors (Figure 4.2). This tested for autogamous pollination and seed set. The bags were 

not removed to avoid fruits falling on the ground or being eaten by birds. The number of 

buds were counted and the point to which these were counted along the branch was marked 

with fluorescent tape. 

 

 

Figure 4. 2 Pyracantha angustifolia branch tip bagged with a fabric bag to exclude 

pollinators from visiting flowers. A pink tag indicates the point to which 46 initial buds 

were bagged 
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Similarly, for investigating natural fruit set from open pollination and to compare natural 

fruit set to bagged branches, the number of flowers were noted for each of 44 flowering 

branch tips and marked with a plastic band (Figure 4.3). The flowers were left open to allow 

any pollinator to visit the open flowers. During the early development of the fruits, branches 

were bagged to avoid fruits falling off or being eaten by birds directly from the branches. 

 

 

Figure 4. 3 Open Pyracantha angustifolia flowers on a flowering branch with a pink tag 

indicating the number of 71 initial flowers counted before developing into fruits. An arrow 

indicates the branch length from the tag to the tip of the branch. 

 

 

Fruit set on bagged and open branches was compared using a Generalised Estimating 

Equation (GEE) in IBM SSPS Statistics version 25 software. The GEE was used because 

it allows one to account for plant effects. Plant was used as the subject variable to account 

for any variation in flower number between plants. The model followed a binomial 

distribution transformed with a logit link function, and the model employed an 

exchangeable correlation matrix. Ten fruits per branch were cut open and the number of 

seeds inside were counted in order to determine if fruits contained seeds and how many 

were produced per fruit on average. 
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4.2.4. Pollen loads 

Pollen load, referring to the amount and type of pollen carried by a floral visitor, was 

determined in order to assess the amount of P. angustifolia pollen transferred to visiting 

insects and if these insects has visited other plant species or were showing constancy (i.e. 

only visiting P. angustifolia). In order to examine the pollen load on insects visiting P. 

angustifolia flowers, insects visiting flowers were caught with an insect net and placed in 

5ml microcentrifuge tubes (Figure 4.4A) during the flowering period (December 2018). 

Insects were dabbed with Fuchsin gel (Beattie, 1971) to collect pollen that might have been 

deposited on the insect’s body (Figure 4.4B). Microscope slides were made by melting the 

Fuchsin gel (Figure 4.4C) and covering the melted gel with a glass cover slip (Figure 4.4D). 

The slides were heated with a lighter at a distance of at least 5cm to avoid smoke on the 

slide that could make the slide blurry. Pollen grains were counted and identified to genus 

level (where possible) under a light microscope at 40X magnification (Figure 4.4E). All 

insects were pinned for identification and reference (Figure 4.4F). 

 

 

Figure 4. 4 (A) Insects visiting Pyracantha angustifolia flowers were collected and placed 

in a microcentrifuge tube and (B) frozen until dabbed with Fuchsin gel to collect pollen 

from the insect’s body. (C) A slide was made by melting the gel and (D) covering the 

melted gel with a cover slip. (E) Pollen grains were counted and identified under a light 

microscope at 40X magnification. (F) All insects were pinned for identification 
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Total P. angustifolia pollen was counted, and the mean number of pollen grains per insect 

species was calculated. Pollen grains from other plant species were similarly identified and 

counted. Mean pollen number with standard error (Mean ± SE) was determined for insect 

species for which more than one individual was caught. The exact value of pollen grains 

was presented for insect species for which only one individual was caught. Insect species 

were identified to genus or species level where possible by the Department of Zoology and 

Entomology, University of the Free State QwaQwa campus. The mean number of P. 

angustifolia pollen grains between insect species was compared using one-way Analysis of 

variance (ANOVA) on GraphPad Prism 5 for any insect species for which more than one 

individual had been caught. Mean number of foreign pollen grains (pollen from other plant 

species flowering sympatrically) carried by each insect were also determined for each 

insect species. Percentage P. angustifolia pollen purity (Pp) (how pure the pollen collected 

from insects was) was determine using the following formula: 

 

𝑷𝒑 =
𝑻𝒐𝒕𝒂𝒍 𝑷𝒚𝒓𝒂𝒄𝒂𝒏𝒕𝒉𝒂 𝒂𝒏𝒈𝒖𝒔𝒕𝒊𝒇𝒐𝒍𝒊𝒂 𝒑𝒐𝒍𝒍𝒆𝒏

𝑻𝒐𝒕𝒂𝒍 𝑷𝒚𝒓𝒂𝒄𝒂𝒏𝒕𝒉𝒂 𝒂𝒏𝒈𝒖𝒔𝒕𝒊𝒇𝒐𝒍𝒊𝒂 𝒑𝒐𝒍𝒍𝒆𝒏 + 𝒕𝒐𝒕𝒂𝒍 𝒐𝒕𝒉𝒆𝒓 𝒔𝒑𝒆𝒄𝒊𝒆𝒔′ 𝒑𝒐𝒍𝒍𝒆𝒏
× 𝟏𝟎𝟎% 

 

The higher the Pp value, the more P. angustifolia pollen was found on the insects’ body 

relative to pollen from other plant species. 

 

4.3. Results 

4.3.1. Observations of individual floral visitors 

One-minute observations revealed that four insect species visited P. angustifolia flowers 

frequently (Figure 4.5). One-Way ANOVA (F = 72.50, df = 79) indicated strong significant 

(P<0.001) differences. The highest mean ± SE visitation frequency was 8.9 ± 3.7 

flowers.min-1 for Apis mellifera (Apidae), followed by Lucilia sp. (Calliphoridae) with 3.1 

± 2.0 flowers.min-1, 0.2 ± 0.7 flowers.min-1 for Calliphora sp. (Calliphoridae) and Bellardia 

sp. (Calliphoridae) and 0.05 ± 0.2 flowers min-1 for an unidentified small bee species. 
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Figure 4. 5 Number (Mean ± SE) of flowers visited per minute by various insects on 

Pyracantha angustifolia in the eastern Free State. Error bars indicate standard error of the 

mean and different letters indicate statistical significance (P<0.05, F value = 72.50, 

ANOVA) 

 

Only A. mellifera (P = 0.9069) and Lucilia (P = 0.5665) passed the normality test and 

Bellardia and Calliphora did not pass (P<0.0001). Krauskal-Wallis non-parametric was 

used to determine the significant differences between the insect groups. 

 

4.3.2. Observations of floral visitors to flowering branches 

Five-minute observations (n=20) totalling to 400 minutes revealed 128 different individuals 

visiting flowering branches. A mean ± SE of 1.28 ± 0.19 individuals visited flowering 

branches per minute. 

 

4.3.3. Pollinator exclusion 

Floral visitor exclusions were conducted through bagging flower buds before they opened 

to determine if P. angustifolia could produce fruits without the aid of pollinators. The 
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sample size of bagged branches was very small, resulting in a large standard error. 

However, results indicated that P. angustifolia plants were capable of setting fruit without 

pollen vectors (i.e. by autogamy and/or facilitated self-pollination). Although the tapered 

branches/thorns may have prevented the bags from excessively touching the flowers and 

potentially moving pollen around within flowers, self-pollen may have been moved from 

anthers to the stigma within a flower. There were no significant differences between means 

(P=0.31) of the two treatments, with open having high mean fruit yield of 0.91 (± 2.43 SE, 

n=44) compared to bagged with 0.66 mean yield (± 5.10 SE, n=8). All fruits sampled (n = 

394) from both treatments produced normal numbers of seeds (5 seeds per fruit) (Figure 

4.6). 

 

 

 

Figure 4. 6 Back-transformed mean (± SE) proportion of seed set per branch tip from 

bagged and open flower buds. Different letters above the bars indicate statistical 

significance (P<0.05) 

 

 

4.3.4. Pollen loads 

Fifty-seven individual insects comprising twelve different species were collected from P. 

angustifolia flowers. Insects included A. mellifera (Apidae), Bellardia (Calliphoridae), 

Calliphora (Calliphoridae), Chrysomya (Calliphoridae), Dysmachus (Asilidae), Eristalinus 
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(Syrphidae), Eristalis (Syrphidae), Pollenia (Calliphoridae), Syritta (Syrphidae), 

Sarcophaga (Sarcophagidae), Spilostethus (Lygaeidae) and Lucilia (Calliphoridae) (Table 

4.1). Diptera was the diverse floral visitor group, and the largest number of species of any 

visiting insect family were from the Calliphoridae (Table 4.1). The largest number of 

insects caught visiting the flowers were A. mellifera (n=24 individuals), followed by 

Calliphora sp. (n=11), then Lucilia (n=9). Eristalis sp. carried the highest amount of P. 

angustifolia pollen (>1000 pollen grains) followed by Eristalinus sp. (467.8), and then 

Bellardia sp. (370.0). 

 

To assess the level of purity of pollen carried by insects (i.e the proportion of P. angustifolia 

contamination by other species’ pollen) the mean number of foreign plant species pollen 

grains was determined. Bellardia sp. carried the highest amount of pollen from other plant 

species (30.4 pollen grains), followed by Eristalis sp. (15.9), and then Eristalinus sp. (14.9). 

Chrysomya, Spilostethus and Syritta had the lowest amount of foreign pollen grains on their 

bodies carrying means of 0.4, 0.7, and 1.2 pollen grains respectively. All insects carried 

high proportions of P. angustifolia pollen (> 70% purity) but Chrysomya, Spilostethus, A. 

mellifera and Lucilia had the highest purity of 99.1, 97.5, 97.4 and 97.4% respectively 

(Table 4.1). 
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Table 4. 1 Number of pollen grains found on each floral visiting insect collected from flowering Pyracantha angustifolia shrubs during the 

flowering period (December 2018) 

 

Order Family Subfamily Species Mean (± SE) pollen 

grains 

Mean Other pollen 

grains 

Pyracantha pollen 

purity (Pp in %) 

Hymenoptera Apidae Apinae Apis mellifera (n=24) 333.6 ± 71.1 8.9 97.4 

Diptera Calliphoridae Calliphorinae 

 

Calliphora sp. 1 (n=11) 70.2 ± 27.0 3.2 95.7 

Chrysomya sp. 1 (n=2) 49.0 ± 34.0 0.4 99.1 

 Luciliinae Lucilia sp. 1 (n=9) 85.9 ±44.2 2.3 97.4 

 Polleniinae Pollenia sp. 1 (n=1) 68.0 5.6 92.4 

  Bellardia sp. 1 (n=1) 370.0 30.4 92.4 

Syrphidae Eristalinae Eristalinus sp. 1 (n=4) 467.8 ± 253.9 14.9 96.9 

Eristalis sp. 1 (n=1) >1 000.0 15.9 98.4 

Syritta sp. 1 (n=1) 10.0 1.2 89.1 

Asilidae 
 

Dysmachus sp. 1 (n=1) 7.0 2.7 72.4 

Sarcophagidae 
 

Sarcophaga sp. 1 (n=1) 32.0 1.6 95.4 

Hemiptera Lygaeidae 
 

Spilostethus sp. 1 (n=1) 26.0 0.7 97.5 
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4.4. Discussion 

All floral visitors observed in this study belonged to three insect orders, namely 

Hymenoptera, Diptera and Hemiptera (Figure 4.5). The most frequent insect visitors to P. 

angustifolia flowers were A. mellifera (Hymenoptera). Eristalinus (Diptera) individuals 

carried the largest pollen loads, a high proportion of which was P. angustifolia pollen. As 

the species observed (especially A. mellifera) are typical generalist pollinators of many 

plant species in South Africa, this plant species is thus highly likely not to be pollen limited 

outside of its native range. Nevertheless, visitation does not always equate to pollen 

deposition and successful reproduction, and a more in depth study of the contribution of 

these insect visitors to seed set needs to be conducted. The pollinator exclusion experiment 

did reveal that these plants are capable of setting fruit and producing seeds without 

pollination – but further experimentation is needed with larger sample sizes to determine if 

they produce fruit autonomously or by selfing, as the bags may have facilitated movement 

of self-pollen. However, the results of this study do strongly suggest that P. angustifolia is 

self-compatible. 

 

Order Hymenoptera is the only order known to include loyal pollen and nectar feeders as 

it consists of wasps and bees (Picker, 2012). The high visitation frequencies observed is 

probably because A. mellifera bees show constancy (i.e. are loyal pollen feeders). Orders 

such as Hemiptera do not contain many loyal pollen feeders; hence, they were not expected 

to visit the flowers frequently (except for preying on insects that frequently visited the 

flowers). Order Hemiptera is comprised of bugs that feeds on a range of animal and plant 

foods. In family Lygaeidae, they are mostly herbivores, feeding mainly on seed and only a 

few of them feed on insects. Genus Spilostethus is common in grasslands, feeding on flower 

heads of yellow daisies and their developing seeds (Picker, 2012). It is clear that members 

from this genus are usually not legitimate floral visitors judging from their feeding 

behaviour and because they were not recorded during all observational periods of floral 

visitors to P. angustifolia (Figure 4.5). 

 

A flowering branch was visited by an average of 1.28 individual insects per minute. This 

means that a mature plant with 50 flowering branches would receive visits from 64 

individuals per minute, equating to an extrapolated 3 840 insect visitors per hour on an ideal 

day when environmental factors (i.e. weather) are suitable for floral visitor activity. These 
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results show that P. angustifolia may be attracting a large proportion of the generalist pollen 

vectors in the study area and might be competing with other flowering plants for potential 

pollinators. Despite the high numbers of visitors, results indicated that P. angustifolia plants 

are capable of setting fruit without pollen vectors (i.e. by autogamy and/or self-pollination). 

Due to the large numbers of flowers on each shrub, insect visitors spend a lot of time on a 

single shrub and visit flowers of the same shrub consecutively, more likely picking and 

depositing self-pollen during this time. Since P. angustifolia is most likely self-compatible, 

selfing from these pollinators is still resulting in high fruit and seed set. 

 

A high proportion of open-pollinated flowers produced fruits (89%) compared to those 

excluded from pollinators (67%). This implies that floral visitors also enhanced pollination 

since the flowers were left open for floral visitors. The 100% seed production (all fruits 

produced five seeds per fruit from both treatments) showed that reproduction was 

successful with and without floral visitors. Seeds appeared healthy but viability tests could 

affirm this in future experiments. This is an advantageous evolutionary adaptation, as P. 

angustifolia would reproduce successfully without insects if it happens that floral visitors 

such as A. mellifera are not available in an invaded area. 

 

Overall, the most frequently caught and diverse group of insects were Dipterans, carrying 

sometimes large loads of almost pure P. angustifolia pollen. The high overall percentages 

of purity in all insects’ pollen loads showed that either P. angustifolia flowers produced 

larger amounts of pollen or flowers than other plant species that were flowering at that time 

or floral visitors preferred P. angustifolia flowers over other species. Promoting pure pollen 

loads on insect visitors would be advantageous for P. angustifolia as more pollen of its own 

kind would be transferred to flowers for pollination, with less stigma clogging from other 

plant species’ pollen, thus increasing the chances of pure pollen reaching as many different 

flower stigmas of that species as possible. 

 

Floral visitors with high visitation rates also carried very pure pollen loads. Apis mellifera 

had both the highest floral visitation frequency of 8.9 flowers.min-1 and highest pollen 

purity at 97.4%, followed by Lucilia (3.1 flowers.min-1; 97.4%). These results suggest that 

A. mellifera is the most important pollinator of P. angustifolia as it visits many flowers per 

minute (Figure 4.5), carries a relatively large amount of pollen and the pollen purity is high 



 

 

80 

(Table 4.1). For the same reasons, Lucilia qualifies as the second most important pollinator 

and lastly both Calliphora and Bellardia although the latter two genera had the lowest 

visitation frequencies. Although Chrysomya sp. carried the purest (99.1%) pollen load, the 

species was not recorded in floral observation periods and therefore the study observations 

should be extended in order to cover as many visitors as possible. Compared to species 

having highly specialised mating systems whereby only specific insects can ensure 

successful pollination, P. angustifolia seemed to be a rather non-specialised plant that uses 

generalist pollinators to enhance its reproductive capacity. A typical example of a 

specialised flowering plant would be non-invasive Verticordia nitens, which produces 

flowers that are not attractive to other pollinators except for the solitary bee Euryglossa 

aureophila (Houston et al., 1993). Being a specialised alien plant is not one of the 

characteristics that would allow an alien plant to flourish in an invaded ecosystem 

(Sutherland, 2004). The ability to find pollinators in a foreign geographical area indicates 

that pollination is not one of the factors that could possibly hinder the spread of P. 

angustifolia. In addition, this plant is capable of producing viable seeds without the aid of 

an insect pollinator. 

 

It cannot be ignored that some of the floral visitors observed visiting P. angustifolia are 

important crop pollinators at a global scale (Brittain et al., 2013; Melin et al., 2014).. the 

presence of P. angustifolia in the area might facilitate pollination by attracting pollinators 

to the area. Apis mellifera has been reported to be effective in pollination of important crops 

such as avocados Persea americana Mill. (Ish-Am and Lahav, 2011), apples Malus 

domestica (Carvalheiro et al., 2011), mangos Mangifera indica (Carvalheiro et al., 2010), 

rooibos tea seed Aspalathus linearis (Gess and Gess, 1994) and sunflowers Helianthus 

annuus (Carvalheiro et al., 2011). By virtue of P. angustifolia sharing such important 

pollinators with crops of economic importance, there are two possibilities regarding the 

effects of P. angustifolia invasions on ecosystem services. The Free State Province 

accounts for about 14.5% of commercial farming in South Africa (Free State Development 

Corporation, 2020). The first possibility would be that P. angustifolia is stealing crop 

pollinators, enhancing its reproductive output while reducing floral visitation and seed set 

of crops. The second possibility would be that P. angustifolia attracts pollinators at a time 

when crops do not need them and thus play a role in sustaining pollinator populations 

during a time when the crops do not. A scenario like this occurred in Germany, where wild 



 

 

81 

bees were found to increase crop yield by 150% compared to commercial bees in cherry 

production (Holzschuh et al., 2012). Farmers were then advised to conserve semi-natural 

habitats in their landscapes to increase pollination success of cherry production and provide 

resources to wild pollinator populations (Holzschuh et al., 2012). Similar advice on 

Macadamia (Macadamia integrifolia) orchards were also made (Grass et al., 2018). 

 

Pyracantha angustifolia invasions along farming landscapes, as threatening as they may 

be, might be therefore be assisting in sustaining important pollinator populations for crops 

such as cherries in the eastern Free State (Carvalheiro et al., 2011). The possible effects of 

P. angustifolia on cherry pollination should not be overlooked, since 90% of cherry crops 

in South Africa are produced in the eastern Free State (Department of Agriculture Forestry 

and Fisheries, 2008; Free State Development Corporation, 2020). Nevertheless, these 

possibilities are yet to be tested, and the potential benefits of having this invasive species 

as part of the landscape need to be carefully weighed up against the disadvantages, 

especially since P. angustifolia is a transformer, having the capacity to change grassland 

into bushy habitat through invasion. 

 

4.5. Conclusion 

Hymenopterans, specifically A. mellifera are the most important P. angustifolia pollination 

agents. All insect visitors carried high purity loads of Pyracantha angustifolia pollen. 

Sharing pollinators with important crops increases the importance of P. angustifolia as an 

IAP that could either be competing with crops for pollinators or sustaining large pollinator 

populations when crops are not flowering. This IAP produces seed without the aid of pollen 

vectors but the fruit yield increased when exposed to pollen vectors. This plant uses 

generalist pollinators to ensure increased fruit yield and thus it is likely to attract pollen 

vectors in newly invaded ecosystems. 
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CHAPTER 5 

GENERAL SYNTHESIS 

5.1. Introduction 

The main aim of this study was to determine factors exacerbating the spread of Pyracantha 

angustifolia through studying the species’ reproductive ecology. The objectives included: 

determining the seed biology (Chapter 2); the effect of ingestion by frugivorous birds on 

seed germination rate and success (Chapter 3); and the role of floral visitors in pollination 

and reproductive success (Chapter 4). In this chapter, general discussion, conclusions, 

management implications and recommendations are provided. The aim of this chapter is to 

provide a summary of the dissertation and bring all the chapters into perspective. 

 

5.2. General discussion 

Results from this study indicated that this IAP produced at least one million seeds per 

square metre in all the invaded sites (Chapter 2) and field observations revealed that birds 

and livestock are fruit consumers. Rodents are potential seed predators feeding on fruit 

and/or seed that fall to the ground and thus hinder the spread of the species. Irrespective of 

high seed predation occurring under the canopy, seeds still manage to form part of the soil 

seed bank. Soil cores indicated that seed density was higher under the canopy compared to 

various distances from the source. The longevity of seed in the soil is still not known. Birds 

were the main seed dispersers, based on field observations (Chapter 2). In addition to field 

observations, aviary feeding and germination trials were conducted to investigate the effect 

of ingestion of seeds by frugivorous birds on germination rate and success. Findings from 

this study showed that frugivorous birds did not have an effect on the rate of germination 

(Chapter 3). Such results implied that ingestion only assisted in removing the fruit pulp, 

and defecating the seed into different and more distant sites. Although no effect on 

germination was observed, smaller birds had lower seed retention and larger birds ate more 

fruit than smaller birds. Both small and larger bird sizes are efficient dispersers when taking 

either time or distance into consideration for seed dispersal. It can be postulated that small 

birds disperse more seed per unit time due to their shorter seed retention time – and by 

implication, closer to parent plants. In contrast, larger birds disperse seed at low rate due to 

longer retention times, but probably much further from parent plants. In a long run, both 

small and larger birds disperse similar amount of seeds since larger birds consume more 
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seeds than smaller birds. Germination success of both manually depulped and bird ingested 

seeds was high (above 80% germination) compared to whole fruits (Chapter 3). Feeding 

and germination trials have shown Red-winged Starlings, Speckled Mousebirds and Dark-

capped Bulbuls to be legitimate seed dispersers of P. angustifolia seeds. 

 

The involvement of faunal species in a fruiting plant’s spread did not only include seed 

dispersers but also pollen vectors (Chapter 2 and 4). Pollination studies revealed that A. 

mellifera was the most frequent floral visitor (Chapter 4). A high diversity of insects visited 

flowers and all collected insects carried high amounts of pollen, most of which included a 

high proportion of P. angustifolia pollen. Pollinator exclusion experiments revealed that P. 

angustifolia could produce healthy fruits with seeds without the aid of insects as pollen 

vectors. Although healthy fruits were produced without insect visitation, fruit yield was 

higher in the presence of floral visitors.  

 

The rationale for this study was to enhance our understanding of the ecology of P. 

angustifolia for better management. The ultimate aim of management would be sustainable 

control through, for example, the use of suitable biological control agents. The efficiency, 

safety and low costs of this control method makes it more preferable compared to its 

counterparts of chemical and mechanical control (Moran et al., 2013). In addition, the 

method has a proven record of managing other IAPs in South Africa (Kaplan et al., 2017; 

Moran et al., 2013) and has been reported to have high return on investment (van Wilgen 

et al., 2020b). For now, the study has helped us gain knowledge on the species and will 

help us manage it in time by identifying potential life stages that could be targeted during 

control. Currently, there seems to be no registered herbicide or biological control agent 

released to manage P. angustifolia invasion and this might be the case in other countries as 

well across the globe where this plant invades. This is of great concern, herbicide 

registration for this species would contribute to how it is managed (Lazzaro et al., 2019). 

However, there is a global trend, including South Africa, of using less herbicide. This is 

due to their negative impacts on the environment. For example, the  use of glyphosate has 

been banned in European agriculture (Böcker et al., 2019). 

 

This study was one of the few across the globe to study P. angustifolia invasion 

mechanisms. The study is also one of a few in South Africa to study the reproductive 
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ecology of this particular IAP in depth. Knowledge of such invasion mechanisms help 

researchers and managers to identify characteristics that allow this IAP to flourish and also 

factors hindering its spread so that management practices would focus on the most 

important characteristics (Hui and Richardson, 2017; Richardson, 2011). 

 

5.3. Management implications and recommendations 

Control measures should consider a biological agent that will affect plant survival like 

herbivorous insects (Hoffmann and Moran, 1998) since the shrub is not seed limited. The 

potential to control this species using fire should be looked into as Pyracantha seeds have 

been reported to be prone to fire (Moreschi et al., 2019). Therefore, integrated control 

methods should be employed to effectively manage the species. Although seed disperser 

observations were conducted (Chapter 2), observations should be made for the rest of the 

fruiting period as different birds might be visiting the plants in different seasons 

(Mokotjomela et al., 2016). While predation by rodents might be one of the factors limiting 

the spread of this notorious plant invader (Chapter 2), this plant might be attracting rodents 

to the invaded sites as it provides food for them. This might increase rodent populations on 

the invaded sites and might have an impact on crop production as these rodents might 

become pests (Prakash, 2018). Further studies could confirm the damage to P. angustifolia 

seeds by small rodents by running feeding trials with small rodents (Garcia-Iriarte et al., 

2016). 

 

The probability of species re-establishment post-management is due to the suspected lack 

of persistence of viable seed in the soil (Chapter 2), ensuring that control measures do not 

have to focus on the soil seed bank. However, seed viability tests should be done to confirm 

this prediction (Izuddin et al., 2019). In Chapter 3, germination trials ran for 58 days only, 

which might have been too short for seeds in whole fruits to germinate, thus it is 

recommended that a longer period of observation should be used in germination trials. Seed 

could be buried under the soil and harvested monthly to check the rates of seed decay so 

that seed persistence can also be investigated (Marchante et al., 2010). This would also 

confirm the suspected lack of seed persistence in the soil from the soil seed bank analysis 

(Chapter 2). Considering the high seed densities in the soil beneath shrubs and up to 4m 

away from seeders (Table 2.2), the seed rain beneath other plants and fences (Table 2.3), 

and the germination success of depulped seeds (Figure 3.8). It is recommend that actions 
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should be taken to control re-establishment from seeds in the soil after clearing bushes. The 

high regrowth ability of damaged P. angustifolia shrubs should also be taken into account. 

It is also important not to overrate the importance of birds as seed dispersers. Dispersal 

efficiency of both birds and other vectors should be studied, taking into consideration 

vector movements. Large animals’ movement might be prohibited by physical barriers such 

as fences. 

 

This IAP seems to share pollinators with important agricultural crops (Chapter 4). Studies 

should be conducted to investigate the direct impact of P. angustifolia invasion on crop 

pollinators within the invasion area. This recommended study would clarify if the invasion 

impacts were either positive or negative. A negative impact would be reducing the crop 

fruit yield by lowering a crop’s floral visitor frequencies; while a positive impact would be 

through increasing crop yield by attracting and sustaining larger populations of wild 

pollinators than would be present otherwise (Melin et al., 2014; Moritz et al., 2005). The 

use of generalist pollinators’ boosts P. angustifolia invasive potential. This species is able 

to acquire pollinators in the invaded areas, thus ensuring reproductive success. Therefore, 

more fruits will be produced. These fruits will be consumed by native frugivores and large 

amounts of seed will be dispersed. Thus, the use of generalist pollinators and frugivores is 

one of the traits posing indirect challenges on the management of the species. 

 

There is a lack of emphasis on invasions of mountainous regions by P. angustifolia in South 

Africa compared to other countries. This species is a very dangerous invader and it is 

potentially spreading at an alarming rate facilitated by birds. There are also other fleshy-

fruited invaders in the Maloti-Drakensberg mountains. These include shrub species of 

Cotoneaster, Rubus and Rosa (all Rosaceae). Further thorough investigations are needed 

on the ecology and interactions between all of these species in order to formulate viable 

management options.  

 

5.4. General conclusions 

The spread of P. angustifolia is enhanced by the production of large numbers of fruits; by 

having a wide range of dispersal agents; and having fruits remaining for long periods of 

time on the parent tree (thus increasing the fruit availability for frugivores). Birds have been 

confirmed to be important seed dispersers, and domestic livestock also feed on the fruits. 
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However, seed dispersal is hindered by predation of seed on the ground by rodents, and a 

lack of persistence of seed in the soil. Although this species can produce seed without floral 

visitors, insect floral visitors play a critical role in fruit yield as the presence of floral 

visitors increases fruit yield. Pollination success was achieved through the services of 

generalist pollinators.



 

 

87 

5.5. References 

Adomako, M.O., Ning, L., Du, D., van Kleunen, M., Yu, F., 2019. Diversity- and density-mediated 

allelopathic effects of resident plant communities on invasion by an exotic plant. Plant and 

Soil 440, 581–592. 

Aminatun, T., Budiwati, Sugiyarto, L., Setyawan, S.A., Desiliani, A., 2019. The effect of pollinator 

insect visitation on flower development and productivity of chilli plant. Journal of Physics: 

Conference Series 1387, 1–6. 

Amori, G., Boitani, L., Milana, G., Maiorano, L., Luiselli, L., 2019. Endemism and diversity in 

European montane mammals: macro-ecological patterns. Biological Journal of the Linnean 

Society 128, 225–237. 

Andreu, J., 2011. Native plant community response to alien plant invasion and removal Resumen. 

Management of Biological Invasions 2, 81–94. 

Antonelli, A., Kissling, W.D., Flantua, S.G.A., Bermúdez, M.A., Mulch, A., Muellner-riehl, A.N., 

Kreft, H., Linder, H.P., Badgley, C., Fjeldså, J., Fritz, S.A., Rahbek, C., Herman, F., 

Hooghiemstra, H., Hoorn, C., 2018. Geological and climatic influences on mountain 

biodiversity. Nature Geoscience 11, 718–725. 

Aslan, C., Rejmánek, M., 2012. Native fruit traits may mediate dispersal competition between 

native and non-native plants. NeoBiota 24, 1–24. 

Avenant, N., 2011. The potential utility of rodents and other small mammals as indicators of 

ecosystem “integrity” of South African grasslands. Wildlife Research 38, 626–639. 

Backhaus, G.F., Balder, H., Idczak, E., 2000. International Symposium on Plant Health in Urban 

Horticulture. 

Ballari, S.A., Cuevas, M.F., Ojeda, R.A., Navarro, J.L., 2015. Diet of wild boar (Sus scrofa) in a 

protected area of Argentina: the importance of baiting. Mammal Research 81–87. 

Barnea, A.Y.-T.Y., Friedman, J., 1992. Effect of frugivorous birds on seed dispersal and 

germination of multiseeded fruits. Acta Oecologica 13: 209-219F2125. 

Basnou, C., Iguzquiza, J., Pino, J., 2015. Examining the role of landscape structure and dynamics 

in alien plant invasion from urban Mediterranean coastal habitats. Landscape and Urban 

Planning 136, 156–164. 

Bentley, L.K., Robertson, M.P., Barker, N.P., 2018. Range contraction to a higher elevation: the 

likely future of the montane vegetation in South Africa and Lesotho. Biodiversity and 

Conservation 28, 131–153. 

Bjerknes, A., Totland, Ø., Hegland, S.J., Nielsen, A., 2007. Do alien plant invasions really affect 

pollination success in native plant species? Biological Conservation 8, 1–12. 

Bobadilla, S.Y., Benitez, V. V., Guichón, M.L., 2016. Asiatic Callosciurus squirrels as seed 

dispersers of exotic plants in the Pampas. Current Zoology 62, 215–219. 

Böcker, T., Möhring, N., Finger, R., 2019. Herbicide free agriculture? A bio-economic modelling 

application to Swiss wheat production. Agricultural Systems 173, 378–392. 

Brand, R., Scott-shaw, C.R., Timothy, O., 2012. The alpine flora on inselberg summits in the 

Maloti– Drakensberg Park, KwaZulu-Natal, South Africa. Bothalia 49, 1–15. 

Brandle, M., Brandl, R., 2012. The time lag between introduction and escape from cultivation of 

alien woody plant species decreases with polyploidization. Web ecology 12, 1–7. 

Brittain, C., Williams, N., Kremen, C., Klein, A.M., 2013. Synergistic effects of non-Apis bees and 

honey bees for pollination services. Proceedings of the Royal Society: Biological Sciences 

280, 1–7. 

Brown, B.J., Mitchell, R.J., 2001. Competition for pollination: effects of pollen of an invasive plant 

on seed set of a native congener. Oecologia 129, 43–49. 

Buchholz, S., Kowarik, I., 2019. Urbanisation modulates plant- pollinator interactions in invasive 

vs native plant species. Scientific Reports 9, 1–9. 

Burns, J.H., Bennett, J.M., Li, J., Xia, J., Arceo-g, G., Burkle, L.A., Durka, W., Ellis, A.G., Freitas, 

L., Rodger, J.G., Vamosi, J.C., Wolowski, M., Ashman, T., Knight, T.M., Janette, A., 2019. 

Plant traits moderate pollen limitation of introduced and native plants: a phylogenetic meta-

analysis of global scale. New Phytologist 223, 2063–2075. 

CABI, 2012. Invasive plant ecology and management: Linking processes to practice, 2 CABI Inv. 



 

 

88 

ed. CABI, Cambridge. 

Callaway, R.M., Ridenour, W.M., 2004. Novel weapons: Invasive success and the evolution of 

increased competitive ability. Frontiers in Ecology and the Environment 2, 436. 

Calviño-Cancela, M., 2004. Ingestion and dispersal: Direct and indirect effects of frugivores on 

seed viability and germination of Corema album (Empetraceae). Acta Oecologica 26, 55–64. 

Campos, C.M., Campos, V.E., Giannoni, S.M., Rodr, D., 2016. Role of small rodents in the seed 

dispersal process: Microcavia australis consuming Prosopis flexuosa fruits. Austral Ecology 

42, 113–119. 

Campos, V.E., Malo, J.E., Campos, C.M., Giannoni, S.M., Sua, F., 2008. Endozoochory by native 

and exotic herbivores in dry areas: consequences for germination and survival of Prosopis 

seeds. Seed Science Research 18, 91–100. 

Canavan, S., Richardson, D.., Le Roux, J.., Wilson, J.., 2019. Alien Bamboos in South Africa: a 

socio-historical perspective. Human Ecology 47, 121–133. 

Carboni, M., Barros, C., Georges, D., Boulangeat, I., Douzet, R., Dullinger, S., Klonner, G., 

Kleunen, M. Van, Essl, F., Bossdorf, O., Haeuser, E., Talluto, M. V, Moser, D., Block, S., 

Conti, L., Dullinger, I., Thuiller, W., Munkegade, N., Alpine, S., Fourier, J., 2017. Simulating 

plant invasion dynamics in mountain ecosystems under global change scenarios. Global 

Change Biology 24, e289–e302. 

Carbutt, C., 2019. The Drakensberg Mountain Centre: A necessary revision of southern Africa’s 

high-elevation centre of plant endemism. South African Journal of Botany 124, 508–529. 

Carbutt, C., 2012. The emerging invasive alien plants of the Drakensberg Alpine Centre, Southern 

Africa. Bothalia 42, 71–85. 

Carbutt, C., Edwards, T.J., 2006. The endemic and near-endemic angiosperms of the Drakensberg 

Alpine Centre. South African Journal of Botany 72, 105–132. 

Carvalheiro, L.G., Seymour, C.L., Veldtman, R., Nicolson, S.W., 2010. Pollination services decline 

with distance from natural habitat even in biodiversity-rich areas. Journal of Applied Ecology 

47, 810–820. 

Carvalheiro, L.G., Veldtman, R., Shenkute, A.G., Tesfay, G.B., Pirk, C.W.W., Donaldson, J.S., 

Nicolson, S.W., 2011. Natural and within-farmland biodiversity enhances crop productivity. 

Ecology Letters 14, 251–259. 

Castro, S.A., Saavedra, D., Gutiérrez-Tapia, P., Vergara, P.M., 2016. The austral thrush (Turdus 

falcklandii) reduces the seed germination for the urban ornamental tree glossy privet 

(Ligustrum lucidum) in Santiago, Chile. Brazilian Journal of Botany 39, 949–952. 

Chama, L., Berens, D.G., Downs, C.T., Farwig, N., 2013. Do frugivores enhance germination 

success of plant species? An experimental approach. South African Journal of Botany 88, 23–

27. 

Chamier, J., Schachtschneider, K., Maitre, D.C., Ashton, P.J., van Wilgen, B.W., 2012. Impacts of 

invasive alien plants on water quality, with particular emphasis on South Africa. Water SA 

38, 345–356. 

Chapman, D., Purse, B. V., Roy, H.E., Bullock, J.M., 2017. Global trade networks determine the 

distribution of invasive non-native species. Global Ecology and Biogeography 26, 907–917. 

Chilpa-Galvan, N., Zotz, G., Espadas-Manrique, C., Andrade, J.L., Reyes-Garcia, C., 2017. 

Drought, post-dispersal seed predation, and the establishment of epiphytic bromeliads 

(Tillandsia spp.). Biotropica, 1–4. 

Chittenden, H., Dean, W.J.R., Gibbon, G., Upfold, G., 2009. Roberts bird guide. Trustees of the 

John Voelcker Bird Book Fund, Cape Town. 

Cimi, P. V, Campbell, E.E., 2017. Investigation of the plant species diversity, density, abundance 

and distribution in Grahamstown, South Africa. Journal of Research in Forestry, Wildlife & 

Environment 9, 28–35. 

Corlett, R.T., 2005. Interactions between birds, fruit bats and exotic plants in urban Hong Kong, 

South China. Urban Ecosystems 8, 275–283. 

Cox, G., 2004. Alien species and evolution The evolutionary ecology of exotic plants, animals, 

microbes, and interacting native species. Island Press, London. 

Cuizhi, G., Spongengberg, S.A., 2003. Pyracantha. Flora of China 3, 108–111. 



 

 

89 

De Graaff, G., 1981. The rodents of southern Africa: Notes on their identification, distribution, 

ecology, and taxonomy. Butterworth-Heinemann, Durban. 

de Sá Dechoum, M., Rejmánek, M., Castellani, T.T., Zalba, S.M., 2015. Limited seed dispersal may 

explain differences in forest colonization by the Japanese raisin tree (Hovenia dulcis thunb.), 

an invasive alien tree in southern Brazil. Tropical Conservation Science 8, 610–622. 

de Villalobos, A., Vazquez, D., Martin, J.-L., 2010. Soil disturbance, vegetation cover and the 

establishment of the exotic shrub Pyracantha coccinea in southern France. Biological 

Invasions 12, 1023–1029. 

Dean, W.R.J., Anderson, M.D., Milton, S.J., Anderson, T.A., 2002. Avian assemblages in native 

Acacia and alien Prosopis drainage line woodland in the Kalahari, South Africa. Journal of 

Arid Environments 51, 1–19. 

Dellafiore, C.M., Rosa, M.J., Scilingo, V., 2019. Do birds affect the germination of the Pyracantha 

atalantoides shrub (Rosaceae)? SciELO 7, 1–6. 

Dellinger, A.S., Essl, F., Hojsgaard, D., Kirchheimer, B., Klatt, S., Dawson, W., Pergl, J., Pyšek, 

P., van Kleunen, M., Weber, E., Winter, M., Hörandl, E., Dullinger, S., 2016. Niche dynamics 

of alien species do not differ among sexual and apomictic flowering plants. New Phytologist 

209, 1313–1323. 

Department of Agriculture Forestry and Fisheries, 2008. Cherries. Department of Agriculture, 

Pretoria. 

Department of Environmental Affairs, S.A., 2014. National Environmental Management: 

Biodiversity Act (10/2004), Government Gazette Republic of South Africa. Pretoria. 

Díaz Vélez, M.C., Sérsic, A.N., Traveset, A., Paiaro, V., 2018. The role of frugivorous birds in fruit 

removal and seed germination of the invasive alien Cotoneaster franchetii in central 

Argentina. Austral Ecology 43, 558–566. 

Dietzsch, A.C., Stanley, D.A., Stout, J.C., 2011. Relative abundance of an invasive alien plant 

affects native pollination processes. Oecologia 167, 469–479. 

Dlamini, P., Zachariades, C., Downs, C.T., 2018. The effect of frugivorous birds on seed dispersal 

and germination of the invasive Brazilian pepper tree (Schinus terebinthifolius) and Indian 

laurel (Litsea glutinosa). South African Journal of Botany 114, 61–68. 

Dohzono, I., Kunitake, Y.K., Yokoyama, J., Goka, K., 2008. Alien bumble bee affects native plant 

reproduction through interactions with native bumble bees. Ecology 89, 3082–3092. 

Drury, C.C., Carbutt, C., Ramdhani, S., 2019. Seed banks of subtropical grassland patches within 

an urban matrix in South Africa: reflecting the past and foretelling the future. NRC Research 

Press 97, 231–244. 

du Plessis, A., 2019. Evaluation of southern and South Africa’s freshwater resources, in: Water as 

an Inescapable Risk. Springer Nature, Switzerland. 

Elton, C.S., 1958. The ecology of invasions by animals and plants. Springer Science and Business 

Media. 

Emsweller, L.N., Gorchov, D.L., Zhang, Q., Driscoll, A.G., Hughes, M.R., 2018. Seed rain and 

disturbance impact recruitment of invasive plants in Upland Forest. Invasive Plant Science 

and Management 11, 69–81. 

Fallis, A.., 2011. Biological invasions economic and environmental costs of alien plant, animal and 

microbe species. CRC Press, Boca Raton. 

Faulkner, K.T., Robertson, M.P., Rouget, M., Wilson, J.R.U., 2016. Understanding and managing 

the introduction pathways of alien taxa: South Africa as a case study. Biological Invasions 18, 

73–87. 

Ferreras, A.E., Giorgis, M.A., Tecco, P.A., Cabido, M.R., Funes, G., 2015. Impact of Ligustrum 

lucidum on the soil seed bank in invaded subtropical seasonally dry woodlands (Córdoba, 

Argentina). Biological Invasions 17, 3547–3561. 

Fleming, R.A., 2001. The Weibull model and an ecological application: describing the dynamics of 

foliage biomass on Scots pine. Ecological Modelling 138, 309–319. 

Fleming, T.H., Kress, J.W., 2011. A brief history of fruits and frugivores. Acta Oecologica 37, 521–

530. 

Foxcroft, L.C., Spear, D., Wilgen, N.J. Van, McGeoch, M.A., 2019. Assessing the association 



 

 

90 

between pathways of alien plant invaders and their impacts in protected areas. NeoBiota 43, 

1–25. 

Free State Development Corporatation, 2020. Free State agriculture and agroprocessing [WWW 

Document]. URL https://www.fdc.co.za/index.php/addons/fs-economic-sectors/agriculture-

agro-processing (accessed 2.25.20). 

Fricke, E.C., Bender, J., Rehm, E.M., Rogers, H.S., 2019. Functional outcomes of mutualistic 

network interactions: A community-scale study of frugivore gut passage on germination. 

Journal of Ecology 107, 757–767. 

Funk, J.L., Standish, R.J., Stock, W.D., Valladares, F., 2016. Plant functional traits of dominant 

native and invasive species in Mediterranean-climate ecosystems. Ecological Society of 

America 97, 1–28. 

Galatowitsch, S.M., Larson, D.L., Larson, J.L., 2016. Factors affecting post-control reinvasion by 

seed of an invasive species, Phragmites australis, in the central Platte River , Nebraska. 

Biological Invasions 18, 2505–2516. 

Gallinat, A.S., Russo, L., Melaas, E.K., Willis, C.G., Primack, R.B., 2018. Herbarium specimens 

show patterns of fruiting phenology in native and invasive plant species across New England. 

American Journal of Botany 105, 31–41. 

Garcia-iriarte, Q.D.O., Brescia, F., Vidal, E., 2016. Comparative effects of native frugivores and 

introduced rodents on seed germination in New-Caledonian rainforest plants. Biological 

Invasions 19, 351-363. 

GBIF, 2019. Global Biodiversity Information Facility [WWW Document]. URL 

https://www.gbif.org/species/2988222 (accessed 9.20.08). 

Gess, S.K., Gess, F.W., 1994. Potential pollinators of the cape group of Crotalarieae (sensu Polhill) 

(Fabales; Papilionaceae), with implications for seed production in cultivated rooibos tea. 

African Entomology 2, 97–106. 

Giantomasi, A., Tecco, P.A., Funes, G., Gurvich, D.E., Cabido, M., 2008. Canopy effects of the 

invasive shrub Pyracantha angustifolia on seed bank composition , richness and density in a 

montane shrubland (Córdoba , Argentina). Austral Ecology 33, 68–77. 

Gibson, M.R., Pauw, A., Richardson, D.M., 2013. Decreased insect visitation to a native species 

caused by an invasive tree in the Cape Floristic Region. Biological Conservation 157, 196–

203. 

Gioria, M., Le Roux, J.J., Hirsch, H., Moravcová, L., Pyšek, P., 2019. Characteristics of the soil 

seed bank of invasive and non-invasive plants in their native and alien distribution range. 

Biological Invasions 1–20. 

Gioria, M., Pyšek, P., 2017. Early bird catches the worm: germination as a critical step in plant 

invasion. Biological Invasions 19, 1055–1080. 

Gioria, M., Pyšek, P., 2015. The legacy of plant invasions: changes in the Soil Seed Bank of Invaded 

Plant Communities. BioScience 66, 40–53. 

Godoy, O., 2019. Coexistence theory as a tool to understand biological invasions in species 

interaction networks: implications for the study of novel ecosystems. Functional Ecology 33, 

1190–1201. 

Godoy, O., Richardson, D.M., Valladares, F., Castro-Díez, P., 2009. Flowering phenology of 

invasive alien plant species compared with native species in three Mediterranean-type 

ecosystems. Annals of Botany 103, 485–494. 

Gosper, C.R., Vivian-Smith, G., 2010. Fruit traits of vertebrate-dispersed alien plants: Smaller 

seeds and more pulp sugar than indigenous species. Biological Invasions 12, 2153–2163. 

Government of South Africa, 2015. South Africa’ s 2nd National Biodiversity Strategy and Action 

Plan (2015-2025). Pretoria. 

Grass, I., Meyer, S., Taylor, P.J., Foord, S.H., Hajek, P., Tscharntke, T., 2018. Pollination limitation 

despite managed honeybees in South African macadamia orchards. Agriculture, Ecosystems 

and Environment 260, 11–18. 

Guix, J.C., 2007a. The role of alien plants in the composition of fruit-eating bird assemblages in 

Brazilian urban ecosystems. Orsis: organismes i sistemes 22, 87–104. 

Guix, J.C., 2007b. The role of alien plants in the composition of fruit-eating bird assemblages in 



 

 

91 

Brazilian urban ecosystems. Orsis 22, 87–104. 

Hallett, A.C., Mitchell, R.J., Chamberlain, E.R., Karron, J.D., 2017. Pollination success following 

loss of a frequent pollinator: the role of compensatory visitation by other effective pollinators. 

AoB PLANTS 9, 1–11. 

Harrower, C.A., Scalera, R., Pagad, S., Schönrogge, K., Roy, H.E., 2018. Guidance for 

interpretation of CBD categories on introduction pathways. Technical note prepared by IUCN 

for the European Commission. 

Hassan, G., Anzar, D., 2020. Biodiversity of the Himalaya : Jammu and Kashmir State. Springer. 

Henderson, L., 2019. South African Plant Invaders Atlas (SAPIA) database. Unpublished data. 

Henderson, L., 2007. Invasive, naturalized and casual alien plants in southern Africa: a sum ­ mary 

based on the Southern African Plant Invaders Atlas (SAPIA). Bothalia 8, 215–248. 

Henderson, L., 2001. Alien weeds and invasive plants: A complete guide to declared weeds and 

invaders in South Africa. Agricultural Research Council, Pretoria. 

Henderson, L., 1999. Invasive alien woody plants of the Orange Free State (South Africa). Bothalia 

2, 73–89. 

Henderson, L., 1998. Invasive alien woody plants of the southern and southwestern Cape region , 

South Africa 112, 91–112. 

Henderson, L., 1992. Invasive alien woody plants of the Northern Cape. Bothalia 22, 119–143. 

Henderson, L., 1989. Invasive alien woody plants of Natal and the north-eastern Orange Free State 

261, 237–261. 

Henderson, L., Wilson, J.R.U., 2017. Changes in the composition and distribution of alien plants in 

South Africa: An update from the Southern African Plant Invaders Atlas. Bothalia 47, 1–26. 

Herrera, I., Ferrer-Paris, J.R., Hernández-Rosas, J.I., Nassar, J.M., 2016. Impact of two invasive 

succulents on native-seedling recruitment in Neotropical arid environments. Journal of Arid 

Environments 132, 15–25. 

Hockey, P.A.R., Dean, W.R.J., Ryan, P.G., Maree, S., 2005. Roberts’ birds of southern Africa. John 

Voelcker Bird Book Fund, Cape Town. 

Hoffmann, J.H., Moran, V.C., 1998. The population dynamics of an introduced tree, 

Sesbaniapunicea, in South Africa, in respon se to long-term damage caused by 

different combinations of three species of biological control agents. Oecologia 114, 343–348. 

Holmes, P.M., 2002. Depth distribution and composition of seed-banks in alien-invaded and 

uninvaded fynbos vegetation. Austral Ecology 27, 110–120. 

Holmes, P.M., 1990. Dispersal and predation in alien Acacia. Oecologia 83, 288–290. 

Holmes, P.M., 1989. Decay rates in buried alien Acacia seed populations of different density. South 

African Journal of Botany 55, 299–303. 

Holmes, P.M., Cowling, R.M., 1997. Diversity, composition and guild structure relationships 

between soil-stored seed banks and mature vegetation in alien plant-invaded South African 

fynbos shrublands. Plant Ecology 133, 107–122. 

Holmes, T.P., Aukema, J.E., Von Holle, B., Liebhold, A., Sills, E., 2009. Economic impacts of 

invasive species in forests: Past, present, and future. Annals of the New York Academy of 

Sciences 1162, 18–38. 

Holzschuh, A., Dudenhöffer, J.H., Tscharntke, T., 2012. Landscapes with wild bee habitats enhance 

pollination, fruit set and yield of sweet cherry. Biological Conservation 153, 101–107. 

Houston, T.F., Lamont, B.B., Radford, S., Errington, S.G., 1993. Apparent mutualism between 

Verticordia nitens and V-aurea (Myrtaceae) and their oil-ingesting bee pollinators 

(Hymenoptera:Colletidae). Australian Journal of Botany 41, 369–380. 

Howe, H., 1989. Scatter- and clump- dispersal and seedling demography: hypothesis and 

implications. Oecologia 79, 417–426. 

Hui, C., Richardson, D.M., 2017. Invasion dynamics. Oxford University Press, United Kingdom. 

Hulme, E., Bacher, S., Kenis, M., Klotz, S., Kühn, I., Minchin, D., Nentwig, W., Olenin, S., Panov, 

V., Pergl, J., 2008. Grasping at the routes of biological invasions: a framework for integrating 

pathways into policy. Journal of Applied Ecology 45, 403–414. 

Hulme, P.E., 2009. Trade, transport and trouble: Managing invasive species pathways in an era of 

globalization. Journal of Applied Ecology 46, 10–18. 



 

 

92 

Hulme, P.E., Bernard-Verdier, M., 2018. Comparing traits of native and alien plants: can we do 

better? Functional Ecology 32, 117–125. 

Hulme, P.E., Groom, Q.J., Brundu, G., Carboni, M., Dehnen-schmutz, K., Dullinger, S., Early, R., 

Essl, F., 2018. Integrating invasive species policies across ornamental horticulture supply 

chains to prevent plant invasions. Journal of Applied Ecology 55, 92–98. 

Iponga, D.M., Milton, S.J., Richardson, D.M., 2009. Reproductive potential and seedling 

establishment of the invasive alien tree Schinus molle (Anacardiaceae) in South Africa. 

Austral Ecology 34, 678–687. 

Ish-Am, G., Lahav, E., 2011. Evidence for a major role of honeybees (Apis mellifera) rather than 

wind during avocado (Persea americana Mill.) pollination. Journal of Horticultural Science 

and Biotechnology 86, 589–594. 

Issaly, E.A., Sersic, A.N., Pauw, A., Cocucci, A.A., Traveset, A., Paiaro, V., 2019. Reproductive 

ecology of the bird-pollinated Nicotiana glauca across native and introduced ranges with 

contrasting pollination environments. Biological Invasions 8, 1–14. 

Izhaki, I., Safriel, 1990. The effect of some Mediterranean scrubland frugivores upon germination 

patterns. Journal of Ecology 78, 56–65. 

Izuddin, M., Yam, T.W., Webb, E.L., 2019. Germination niches and seed persistence of tropical 

epiphytic orchids in an urban landscape. Journal of Plant Research 132, 383–394. 

Jakobsson, A., Padrón, B., Traveset, A., 2009. Competition for pollinators between invasive and 

native plants: Effects of spatial scale of investigation (note). Écoscience 16, 138–141. 

Jordaan, L.A., Downs, C.T., 2012. Comparison of germination rates and fruit traits of indigenous 

Solanumgiganteum and invasive Solanum mauritianum in South Africa. South African 

Journal of Botany 80, 13–20. 

Jordaan, L.A., Johnson, S.D., Downs, C.T., 2011. The role of avian frugivores in germination of 

seeds of fleshy-fruited invasive alien plants. Biological Invasions 13, 1917–1930. 

Kaplan, H., Wilson, J.R.., Klein, H., Henderson, L., Zimmermann, H.., Manyama, P., Ivey, P., 

Richardson, D.., Novoa, A., 2017. A proposed national strategic framework for the 

management of Cactaceae in South Africa The history and status of Cactaceae in South Africa. 

Bothalia 47, a2149. 

Kaufmann, S., Mckey, D.B., Hossaert-mckey, M., Horvitz, C.C., 2008. Adaptations for a two-phase 

seed dispersal system Involving Vertebrates and Ants in a Hemiepiphytic Fig (Ficus 

microcarpa: Moraceae). American Journal of Botany 78, 971–977. 

Keane, R.M., Crawley, M.J., 2002. Exotic plant invasions and the enemy release hypothesis. Trends 

in Ecology and Evolution 17, 164–170. 

Kesner, D., Kumschick, S., 2018. Gastropods alien to South Africa cause severe environmental 

harm in their global alien ranges across habitats 8273–8285. 

Klinerová, T., Tasevová, K., Dostál, P., 2018. Large generative and vegetative reproduction 

independently increases global success of perennial plants from Central Europe. Journal of 

Biogeography 45, 1550–1559. 

Kollár, J., Hrubík, P., Ollár, J. a N.K., Rubík, P.A.H., 2009. The mining species on woody plants 

of urban environments in the West Slovak area. Acta entomologica Serbica 14, 83–91. 

Kueffer, C., 2017. Plant invasions in the Anthropocene. Science 358, 339–399. 

Kumschick, S., 2016. Promise and challenges of risk assessment as an approach for preventing the 

arrival of harmful alien species. Bothalia 47, a2136. 

Kumschick, S., Bacher, S., Evans, T., Marková, Z., Pergl, J., Pyšek, P., Vaes-Petignat, S., van der 

Veer, G., Vilà, M., Nentwig, W., 2015. Comparing impacts of alien plants and animals in 

Europe using a standard scoring system. Journal of Applied Ecology 52, 552–561. 

Lafleur, N., Rubega, M., Parent, J., The, S., Society, B., Lafleur, N., Rubega, M., Parent, J., 2009. 

Does frugivory by European starlings (Sturnus vulgaris) facilitate germination in invasive 

plants ? Journal of the Torrey Botanical Society 136, 332–341. 

Łagowska, B., Golan, K., Kmieć, K., Kot, I., Górska-Drabik, E., Goliszek, K., 2017. The phenology 

of Pulvinaria floccifera Westwood (Hemiptera: Coccomorpha: Coccidae), a new invasive pest 

on ornamentals outdoors in Poland. Turkish Journal of Zoology 41, 113–118. 

Lambert, F.R., Marshall, A.G., 1991. Keystone characteristics of bird-dispersed Ficus in a 



 

 

93 

Malaysian lowland rain forest. Journal of Ecology 79, 793–809. 

Latombe, G., Py, P., Jeschke, J.M., Blackburn, T.M., Bacher, S., Capinha, C., Costello, M.J., 

Fernández, M., Gregory, R.D., Hobern, D., Hui, C., Jetz, W., Kumschick, S., Mcgrannachan, 

C., Pergl, J., Roy, H.E., Scalera, R., Squires, Z.E., Wilson, J.R.U., Winter, M., Genovesi, P., 

Mcgeoch, M.A., 2017. A vision for global monitoring of biological invasions. Biological 

Conservation 213, 295–308. 

Lazzaro, L., Tondini, E., Lombardi, L., Giunti, M., 2019. The eradication of Carpobrotus spp. in 

the sand-dune ecosystem at Sterpaia (Italy, Tuscany): indications from a successful 

experience. Biologia 75, 199–208. 

Le Maitre, D.C., Versfeld, D.B., Chapman, R.A., 2000. The impact of invading alien plants on 

surface water resources in South Africa: A preliminary assessment. Water SA 26, 397–408. 

Lediuk, K.D., Damascos, M.A., Puntieri, J.G., Svriz, M., 2014. Differences in phenology and fruit 

characteristic between invasive and native woody species favor exotic species invasiveness. 

Plant Ecology 215, 1455–1467. 

Lu, L., Fritsch, P.W., Matzke, N.J., Wang, H., Kron, K.A., Li, D.Z., Wiens, J.J., 2019. Why is fruit 

colour so variable? Phylogenetic analyses reveal relationships between fruit-colour evolution, 

biogeography and diversification. Global Ecology and Biogeography 28, 891–903. 

Magee, A.R., Clark, V.R., 2017. Mzansi’s mountain hemlocks: The identities of Hilliard and Burtt’s 

Conium species 3 and 4 (Apiaceae) and a revised key for the genus in sub-Saharan Africa. 

South African Journal of Botany 108, 243–247. 

Marchante, H., Freitas, H., Hoffmann, J.H., 2010. Seed ecology of an invasive alien species, Acacia 

longifolia (Fabaceae), in Portuguese dune ecosystems. American Journal of Botany 97, 1780–

1790. 

Mathakutha, R., Steyn, C., le Roux, P.C., Blom, I.J., Chown, S.L., Daru, B.H., Ripley, B.S., Louw, 

A., Greve, M., 2019. Invasive species differ in key functional traits from native and non-

invasive alien plant species. Journal of Vegetation Science 30, 994–1006. 

Mazzolari, A.C., Marrero, H.J., Vazquez, D., 2016. Potential contribution to the invasion process 

of different reproductive strategies of two invasive roses. Biological Control 19, 615–623. 

Melin, A., Rouget, M., Midgley, J.J., Donaldson, J.S., 2014. Pollination ecosystem services in 

South African agricultural systems. South African Journal of Science 110, 25–34. 

Milanović, M., Knapp, S., Pyšek, P., Kühn, I., 2020. Linking traits of invasive plants with 

ecosystem services and disservices. Ecosystem Services 42, 101072. 

Milton, S.J., D’Antonio, C.M., Richardson, D.M., Allsopp, N., Rejmánek, M., 2010. Plant invasions 

- the role of mutualisms. Biological Reviews 75, 65–93. 

Milton, S.J., Wilson, J.R.U., Richardson, D.M., Seymour, C.L., Dean, W.R.J., Iponga, D.M., 

Procheş, Ş., 2007. Invasive alien plants infiltrate bird-mediated shrub nucleation processes in 

arid savanna. Journal of Ecology 95, 648–661. 

Moffett, R., 2018. A Field Guide to the Clarens Village Conservancy. AFRICAN SUN MeDIA. 

Mokotjomela, T.M., 2016. Patterns of granivory in Acacia cyclops stands under biological control 

at Langebaanweg, South Africa. Natureza e Conservacao 14, 14–19. 

Mokotjomela, T.M., Downs, C.T., Esler, K., Knight, J., 2016. Seed dispersal effectiveness : A 

comparison of four bird species feeding on seeds of invasive Acacia cyclops in South Africa. 

South African Journal of Botany 105, 259–263. 

Mokotjomela, T.M., Hoffmann, J.H., Downs, C.T., 2015. The potential for birds to disperse the 

seeds of Acacia cyclops, an invasive alien plant in South Africa. Internation Journal of 

Aviation Science 157, 449–458. 

Molefe, K.L., Tedder, M.J., Thabethe, V., Rushworth, I., Downs, C.T., 2019. Role of native avian 

frugivores in germination facilitation and potential dispersal of invasive American bramble 

(Rubus cuneifolius) in South Africa. Biological Invasions 0123456789, 1–12. 

Mora, J.P., Smith-Ramirez, C., 2016. Are birds, wind and gravity legitimate dispersers of fleshy-

fruited invasive plants on Robinson Crusoe Island, Chile? Flora 224, 167–171. 

Moran, V.C., Hoffmann, J.H., Zimmermann, H.G., 2013. 100 years of biological control of invasive 

alien plants in South Africa : History, practice and achievements. South African Journal of 

Botany 109, 1–6. 



 

 

94 

Moreschi, E.G., Funes, G., Zeballos, S.R., Tecco, P.A., 2019. Post-burning germination responses 

of woody invaders in a fire-prone ecosystem. Austral Ecology 44, 1163-1173. 

Moritz, R.F.A., Härtel, S., Neumann, P., 2005. Global invasions of the western honeybee (Apis 

mellifera) and the consequences for biodiversity. Écoscience 12, 289–301. 

Mostert, E., Gaertner, M., Holmes, P.M., Rebelo, A.G., Richardson, D.M., 2017. Impacts of 

invasive alien trees on threatened lowland vegetation types in the Cape Floristic Region, South 

Africa. South African Journal of Botany 108, 209–222. 

Motulsky, H., 1999. Analyzing data with GraphPad prism. GraphPad Software Incorporated.  

Mucina, L., Rutherford, M.C., 2006. The vegetation of South Africa, Lesotho and Swaziland., South 

African Biodiversity Institute. Pretoria. 

Nackley, L.L., West, A.G., Skowno, A.L., Bond, W.J., 2017. The Nebulous Ecology of native 

invasions. Trends in Ecology and Evolution 32, 814–824. 

Nel, J., Colvin, C., Maitre, D. Le, Smith, J., Haines, I., Nel, J., 2013. South Africa’s strategic water 

source areas. Cape Town. 

Nel, L., Pryke, J.S., Carvalheiro, L.G., Thébault, E., Veen, F.J.F. Van, Seymour, C.L., 2017. 

Agriculture, ecosystems and environment exotic plants growing in crop field margins provide 

little support to mango crop flower visitors. Agriculture, Ecosystems and Environment 250, 

72–80. 

Nentwig, W., Mebs, D., 2017. Nentwig, W., Mebs, D., 2017. M. Vilà, P.E. Hulme (eds.), Impact of 

biological invasions on ecosystem services, Invading Nature - Springer series in invasion 

ecology 12. 

New, T.R., 2017. Impacts of alien invasive species, in: mutualisms and insect conservation. 

Springer, Dordrecht. 

Newman, K., 2013. Newman’s birds of southern Africa. Choice Reviews Online. 

Ngorima, A., Shackleton, C.M., 2018. Livelihood benefits and costs from an invasive alien tree 

(Acacia dealbata) to rural communities in the Eastern Cape, South Africa. Journal of 

Environmental Management 229, 158–165. 

Nielsen, C., Heimes, C., Kollmann, J., 2008. Little evidence for negative effects of an invasive alien 

plant on pollinator services. Biological Invasions 10, 1353–1363. 

Nienhuis, C.M., Dietzsch, A.C., Stout, J.C., 2009. The impacts of an invasive alien plant and its 

removal on native bees. Apidologie 40, 450–463. 

Nock, C.A., Vogt, R.J., Beisner, B.E., 2016. Functional traits. eLS John Wiley & Sons, Ltd: 

Chichester 1–8. 

Noroozi, J., Talebi, A., Doostmohammadi, M., Rumpf, S.B., Linder, H.P., Schneeweiss, G.M., 

2018. Hotspots within a global biodiversity hotspot-areas of endemism are associated with 

high mountain ranges. Scientific Reports 8, 1–10. 

Nsikani, M.M., Novoa, A.N., van Wilgen, B.W., Keet, J., Gaertner, M., 2017. Acacia saligna’s soil 

legacy effects persist up to 10 years after clearing: Implications for ecological restoration. 

Austral Ecology 1, 880–889. 

Nunez-Mir, G.C., Guo, Q., Rejmánek, M., Iannone, B. V., Fei, S., 2019. Predicting invasiveness of 

exotic woody species using a traits-based framework. Ecology 100, 1–11. 

Ojija, F., Arnold, S.E.J., Treydte, A.C., 2019. Impacts of alien invasive Parthenium hysterophorus 

on flower visitation by insects to co-flowering plants. Arthropod-Plant Interactions 13, 719–

734. 

Panetta, F.D., 1997. Recruitment of the invasive ornamental, Schinus terebinthifolius, is dependent 

upon frugivores 432–439. 

Paulsen, T.R., Högstedt, G., 2002. Passage through bird guts increases germination rate and 

seedling growth in Sorbus aucuparia. Functional Ecology 16, 608–616. 

Pena-Egana, M., Loayza, A.P., Squeo, F.A., 2018. Are pulp consumers effective seed dispersers? 

Tests with a large-seeded tropical relict tree. Biotropica 0, 1–10. 

Peoples, B.K., Goforth, R.R., 2017. The indirect role of species-level factors in biological invasions. 

Global Ecology and Biogeography 26, 524–532. 

Picker, M., 2012. Field guide to insects of South Africa. Penguin Random House, South Africa. 

Potgieter, L.J., Gaertner, M., O’Farrell, P.J., Richardson, D.M., 2019. Perceptions of impact: 



 

 

95 

Invasive alien plants in the urban environment. Journal of Environmental Management 229, 

76–87. 

Prakash, I., 2018. Rodent Pest Management. CRC Press, Parkway. 

Prather, C.M., Huynh, A., Pennings, S.C., 2017. Woody structure facilitates invasion of woody 

plants by providing perches for birds. Ecology and Evolution 7, 8032–8039. 

Price, M.H., 2010. Mastering ArcGIS. McGraw-Hill, Chicago. 

Pyšek, P., Jarošík, V., Hulme, P.E., Pergl, J., Hejda, M., Schaffner, U., Vilà, M., 2012. A global 

assessment of invasive plant impacts on resident species, communities and ecosystems: the 

interaction of impact measures, invading species’ traits and environment. Global Change 

Biology 18, 1725–1737. 

Pyšek, P., Pergl, J., Essl, F., Lenzner, B., Dawson, W., Kreft, H., Weigelt, P., Winter, M., Kartesz, 

J., Nishino, M., Antonova, L.A., Barcelona, J.F., Cabezas, F.J., Cárdenas, D., Cárdenas-Toro, 

J., Castaño, N., Chacón, E., Chatelain, C., Dullinger, S., Ebel, A.L., Figueiredo, E., Fuentes, 

N., Genovesi, P., Groom, Q.J., Henderson, L., Inderjit, Kupriyanov, A., Masciadri, S., Maurel, 

N., Meerman, J., Morozova, O., Moser, D., Nickrent, D., Nowak, P.M., Pagad, S., Patzelt, A., 

Pelser, P.B., Seebens, H., Shu, W.S., Thomas, J., Velayos, M., Weber, E., Wieringa, J.J., 

Baptiste, M.P., Van Kleunen, M., 2017. Naturalized alien flora of the world: Species diversity, 

taxonomic and phylogenetic patterns, geographic distribution and global hotspots of plant 

invasion. Preslia 89, 203–274. 

Raimondo, D., 2015. South Africa’s strategy for plant conservation. South African National 

Biodiversity Institute and the Botanical Society of South Africa, Pretoria. 

Rambuda, T.D., Johnson, S.D., 2004. Breeding systems of invasive alien plants in South Africa: 

Does Baker’s rule apply? Diversity and Distributions 10, 409–416. 

Razanajatovo, M., Föhr, C., Fischer, M., Prati, D., van Kleunen, M., 2015. Non-naturalized alien 

plants receive fewer flower visits than naturalized and native plants in a Swiss botanical 

garden. Biological Conservation 182, 109–116. 

Razanajatovo, M., van Kleunen, M., 2016. Non-invasive naturalized alien plants were not more 

pollen-limited than invasive aliens and natives in a common garden. Functional Ecology 30, 

1511–1520. 

Reaser, J.K., Meyerson, L.A., Cronk, Q., De Poorter, M., Eldrege, L.G., Green, E., Kairo, M., 

Latasi, P., Mack, R.N., Mauremootoo, J., O’Dowd, D., Orapa, W., Sastroutomo, S., Saunders, 

A., Shine, C., Thrainsson, S., Vaiutu, L., 2007. Ecological and socioeconomic impacts of 

invasive alien species in island ecosystems. Environmental Conservation 34, 98–111. 

Richardson, D., Van Wilgen, B., 2004. Invasive alien plants in South Africa: how well do we 

understand the ecological impacts? South Africa Journal of Science 100, 45–52. 

Richardson, D.M., 2011. Fifty years of invasion ecology: The legacy of Charles Elton. John Wiley 

& Sons, Chichester. 

Richardson, D.M., Pyšek, P., Rejmánek, M., Barbour, M.G., Panetta, F.D., West, C.J., 2000. 

Naturalization and invasion of alien plants: concepts and definitions. Diversity and 

Distributions 6, 93–107. 

Roux, J.J. Le, Geerts, S., Ivey, P., Krauss, S., Richardson, D.M., Suda, J., Wilson, J.R.U., 2010. 

Molecular systematics and ecology of invasive Kangaroo Paws in South Africa: management 

implications for a horticulturally important genus. Biological Invasions 12, 3989–4002. 

SAEON, 2020. South African risk and vulnerability atlas [WWW Document]. URL 

http://sarva2.dirisa.org/atlas/weather-and-climate 

Samant, S.S., Dhar, U., Rawal, R.S., 1998. Biodiversity status of a protected area in West Himalaya: 

Askot Wildlife Sanctuary. The International Journal of Sustainable Development & World 

Ecology 5, 194–203. 

Scott, T.L., 2010. Invasive plant medicine: The ecological benefits and healing abilities of 

invasives. Simon and Schuster, Toronto. 

Seebens, H., Blackburn, T.M., Dyer, E.E., Genovesi, P., Hulme, P.E., Jeschke, J.M., Pagad, S., 

Pyšek, P., Van Kleunen, M., Winter, M., Ansong, M., Arianoutsou, M., Bacher, S., Blasius, 

B., Brockerhoff, E.G., Brundu, G., Capinha, C., Causton, C.E., Celesti-Grapow, L., Dawson, 

W., Dullinger, S., Economo, E.P., Fuentes, N., Guénard, B., Jäger, H., Kartesz, J., Kenis, M., 



 

 

96 

Kühn, I., Lenzner, B., Liebhold, A.M., Mosena, A., Moser, D., Nentwig, W., Nishino, M., 

Pearman, D., Pergl, J., Rabitsch, W., Rojas-Sandoval, J., Roques, A., Rorke, S., Rossinelli, S., 

Roy, H.E., Scalera, R., Schindler, S., Štajerová, K., Tokarska-Guzik, B., Walker, K., Ward, 

D.F., Yamanaka, T., Essl, F., 2018. Global rise in emerging alien species results from 

increased accessibility of new source pools. Proceedings of the National Academy of Sciences 

of the United States of America 115, e2264-2273. 

Seebens, H., Blackburn, T.M., Dyer, E.E., Genovesi, P., Hulme, P.E., Jeschke, J.M., Pagad, S., 

Pyšek, P., Winter, M., Arianoutsou, M., Bacher, S., Blasius, B., Brundu, G., Capinha, C., 

Celesti-Grapow, L., Dawson, W., Dullinger, S., Fuentes, N., Jäger, H., Kartesz, J., Kenis, M., 

Kreft, H., Kühn, I., Lenzner, B., Liebhold, A., Mosena, A., Moser, D., Nishino, M., Pearman, 

D., Pergl, J., Rabitsch, W., Rojas-Sandoval, J., Roques, A., Rorke, S., Rossinelli, S., Roy, 

H.E., Scalera, R., Schindler, S., Štajerová, K., Tokarska-Guzik, B., Van Kleunen, M., Walker, 

K., Weigelt, P., Yamanaka, T., Essl, F., 2017. No saturation in the accumulation of alien 

species worldwide. Nature Communications 8, 14435. 

Serviss, B.E., 2020. Pyracantha koidzumii (Rosaceae) new to the Arkansas flora. Journal of the 

Botanical Research Institute of Texas 3, 319–321. 

Shivanna, K.R., 2015. Pollination strategies of some perennial weed species. Proceedings of the 

Indian National Science Academy 81, 485–492. 

Sladonja, B., Sušek, M., Guillermic, J., 2015. Review on invasive tree of Heaven (Ailanthus 

altissima (Mill.) Swingle) conflicting values: assessment of Its ecosystem services and 

potential biological threat. Environmental Management 56, 1009–1034. 

Stapanian, M.A., 1982. Evolution of fruiting strategies Among Fleshy-Fruited Plant Species of 

Eastern Kansas. Ecological Society of America 63, 1422–1431. 

Staverl, A., Staverl, K.K., Entomol, J., 2010. Otiorhynchus armadillo (Rossi, 1792 ) (Coleoptera , 

Curculioidae ), a weevil new to Norway 2008–2010. Norwegian Journal of Entomology 57, 9 

- 11 

Stevens, T.J., Boucher, W., 2015. Python programming for biology. Cambridge University Press, 

London. 

Stevenson, P.R., Castellanos, M.C., Pizarro, J.C., Garavito, M., 2002. Effects of seed dispersal by 

three ateline monkey species on seed germination at Tinigua National Park, Colombia. 

International Journal of Primatology 23, 1187–1204. 

Stiers, I., Triest, L., 2017. Low interspecific pollen transfer between invasive aquatic Ludwigia 

grandiflora and native co-flowering plants. Biological Invasions 19, 2913–2925. 

Stout, J.C., Morales, C.L., 2009. Ecological impacts of invasive alien species on bees. Apidologie 

40, 388–409. 

Stout, J.C., Tiedeken, E.J., 2016. Direct interactions between invasive plants and native pollinators: 

evidence, impacts and approaches. Functional Ecology 31, 38–46. 

Sunyer, P., Muñoz, A., Mazerolle, M.J., Bonal, R., Espelta, J.M., 2016. Wood mouse population 

dynamics: Interplay among seed abundance seasonality, shrub cover and wild boar 

interference. Mammalian Biology 81, 372-379. 

Sutherland, S., 2004. What makes a weed a weed: Life history traits of native and exotic plants in 

the USA. Oecologia 141, 24–39. 

Tabassum, S., Leishman, M.R., 2018. Have your cake and eat it too: greater dispersal ability and 

faster germination towards range edges of an invasive plant species in eastern Australia. 

Biological Invasions 20, 1199–1210. 

te Beest, M., Esler, K.J., Richardson, D.M., 2015. Linking functional traits to impacts of invasive 

plant species: a case study. Plant Ecology 216, 293–305. 

Tecco, P., Pais-Bosch, A., Funes, G., Marcora, P., Zeballos, S., Cabido, M., Urcelay, C., 2016. 

Mountain invasions on the way: are there climatic constraints for the expansion of alien woody 

species along an elevation gradient in Argentina ? Plant Ecology 9, 380–392. 

Tecco, P.A., Díaz, S., Cabido, M., Urcelay, C., 2010. Functional traits of alien plants across 

contrasting climatic and land-use regimes: Do aliens join the locals or try harder than them? 

Journal of Ecology 98, 17–27. 

Tecco, P.A., Diaz, S., Gurvich, D.E., Perez-Harguindeguy, N., Cabido, M., Bertone, G.A., 2007. 



 

 

97 

Facilitation and interference underlying the association between the woody invaders 

Pyracantha angustifolia and Ligustrum lucidum. Applied Vegetation Science 10, 211–218. 

Tecco, P.A., Gurvich, D.E., Díaz, S., Pérez-harguindeguy, N., Cabido, M., 2006. Positive 

interaction between invasive plants: The influence of Pyracantha angustifolia on the 

recruitment of native and exotic woody species. Austral Ecology 31, 293–300. 

Thabethe, V., Wilson, A.L., Hart, L.A., Downs, C.T., 2015a. Ingestion by an invasive parakeet 

species reduces germination success of invasive alien plants relative to ingestion by 

indigenous turaco species in South Africa. Biological Invasions 17, 3029–3039. 

Thabethe, V., Wilson, A.L., Hart, L.A., Downs, C.T., 2015b. Digestive efficiency of indigenous 

and invasive avian species fed fruit of invasive alien plants in South Africa. African Zoology 

50, 293–297. 

Thibault, M., Masse, F., Pujapujane, A., Lannuzel, G., Bordez, L., Potter, M.A., Fogliani, B., Vidal, 

É., Brescia, F., 2018. “Liaisons dangereuses”: The invasive red-vented bulbul (Pycnonotus 

cafer), a disperser of exotic plant species in New Caledonia. Ecology and Evolution 8, 9259–

9269. 

Tiebel, K., Huth, F., Wagner, S., 2018. Soil seed banks of pioneer tree species in european temperate 

forests: A review. iForest-Biogeosciences and Forestry 11, 48–57. 

Tiedeken, E.J., Stout, J.C., 2015. Insect-flower interaction network structure is resilient to a 

temporary pulse of floral resources from invasive Rhododendron ponticum. PLoS ONE 10, 

1–19. 

Timóteo, S., Connor, C.J.O., López, F.A., José, N., António, M.C., Heleno, R.H., 2018. Pollination 

networks from natural and anthropogenic ‑ novel communities show high structural similarity. 

Oecologia 188, 1155–1165. 

Traveset, A., 1998. Effect of seed passage through vertebrate frugivores’ guts on germination: A 

review. Perspectives in Plant Ecology, Evolution and Systematics 1, 151–190. 

Traveset, A., Richardson, D.M., 2006. Biological invasions as disruptors of plant reproductive 

mutualisms. Trends in Ecology and Evolution 21, 208–216. 

Traveset, A., Riera, N., Mas, R.E., 2001. Passage through bird guts causes interspecific differences 

in seed germination characteristics. Functional Ecology 15, 669–675. 

Trøjelsgaard, K., Heleno, R.H., Traveset, A., 2019. Native and alien flower visitors differ in partner 

fidelity and network integration. Ecology Letters 22, 1264–1273. 

Urcelay, C., Longo, S., Geml, J., Tecco, P.A., 2018. Can arbuscular mycorrhizal fungi from non-

invaded montane ecosystems facilitate the growth of alien trees? Mycorrhiza 39–49. 

Valido, A., Nogales, M., 1994. Frugivory and seed dispersal by the lizard Gallotia galloti 

(Lacertidae) in a xeric habitat of the Canary islands. OIKOS 70, 403–411. 

Van Kleunen, M., Dawson, W., Maurel, N., 2014. Characteristics of successful alien plants. 

Molecular Ecology 24, 1954–1968. 

van Kleunen, M., Essl, F., Pergl, J., Brundu, G., Carboni, M., Dullinger, S., Early, R., Gonz, P., 

Groom, Q.J., Hulme, E., Kueffer, C., Ingolf, K., Tanner, R., Touza, J., Verbrugge, L., Weber, 

E., Dawson, W., Kreft, H., Weigelt, P., Winter, M., Matthew, V., Dehnen-schmutz, K., 2018. 

The changing role of ornamental horticulture in alien plant invasions. Biological Reviews 0, 

12402. 

Van Kleunen, M., Weber, E., Fischer, M., 2010. A meta-analysis of trait differences between 

invasive and non-invasive plant species. Ecology Letters 13, 235–245. 

Van Wilgen, B., Faulkner, K., Chauke, O., Fill, J., Forsyth, T., Foxcroft, L. 2018. The status of 

biological invasions and their management in South Africa. South African National 

Biodiversity Institute, Pretoria. 

van Wilgen, B.W., Measey, J., Richardson, D.M., Wilson, J.R., Zengeya, T.A., 2020a. Biological 

invasions in South Africa, Springer S. ed. Springer Nature, Switzerland. 

van Wilgen, B.W., Raghu, S., Sheppard, A.W., Schaffner, U., 2020b. Quantifying the social and 

economic benefits of the biological control of invasive alien plants in natural ecosystems. 

Current Opinion in Insect Science 35, 1–12. 

van Wilgen, B.W. Van, Reyers, B., Maitre, D.C. Le, Richardson, D.M., Schonegevel, L., 2008. A 

biome-scale assessment of the impact of invasive alien plants on ecosystem services in South 



 

 

98 

Africa. Journal of Environmental Management 89, 336–349. 

Vellend, M., Baeten, L., Becker-Scarpitta, A., Boucher-Lalonde, V., McCune, J.L., Messier, J., 

Myers-Smith, I.H., Sax, D.F., 2017. Plant biodiversity change across scales during the 

Anthropocene. Annual Review of Plant Biology 68, 563–586. 

Vergara-Tabares, D L, Badini, J., Peluc, S.I., 2016. Fruiting phenology as a ‘“ triggering attribute”’ 

of invasion process: Do invasive species take advantage of seed dispersal service provided by 

native birds? Biological Invasions 18, 677–687. 

Vergara-Tabares, D.L., Toledo, M., García, E., Peluc, S.I., 2018. Aliens will provide: avian 

responses to a new temporal resource offered by ornithocorous exotic shrubs. Oecologia 188, 

173–182. 

Vilà, M., Espinar, J.L., Hejda, M., Hulme, P.E., Jarošík, V., Maron, J.L., Pergl, J., Schaffner, U., 

Sun, Y., Pyšek, P., 2011. Ecological impacts of invasive alien plants: A meta-analysis of their 

effects on species, communities and ecosystems. Ecology Letters 14, 702–708. 

Vitousek, P., Caldwell, M., Logan, G., Heldmaier, M., Jackson, R.B., Lange, O.L., Mooney, H., 

Schulze, E.-D., Sommer, U., 2007. Biological invasions, Springer Berlin Heidelberg New 

York. Springer Berlin Heidelberg, Bern. 

Walczak, U., Bogdziewicz, M., Zytkowiak, R., Karolewski, P., Baraniak, E., 2018. Maladaptive 

host choice by an alien leaf miner Phyllonorycter leucographella (Lepidoptera: Gracillariidae) 

has the potential to limit its invasiveness. European Journal of Entomology 115, 318–325. 

Wang, B.C., Smith, T.B., 2002. Closing the dispersal loop. Trends in Ecology and Evolution 17, 

379–385. 

Wennyi, D.G., 2000. Seed dispersal , seed predation , and seedling recruitment of a neotropical 

montane tree. Ecological Monographs 70, 331–351. 

White, E., Vivian-Smith, G., 2011. Contagious dispersal of seeds of synchronously fruiting species 

beneath invasive and native fleshy-fruited trees. Austral Ecology 36, 195–202. 

Williams, P.A., Karl, B.J., Bannister, P., Lee, W.G., 2000. Small mammals as potential seed 

dispersers in New Zealand. Austral Ecology 25, 523–532. 

Wilson, J.R., Rahlao, S., Wilgen, B. Van, Faulkner, K.T., 2018. The status of biological invasions 

and their management in South Africa in 2017. South African National Biodiversity Institute, 

Kirstenbosch and DST-NRF Centre of Excellence for Invasion Biology, Stellenbosch. 

Wilson, J.R.U., Gaertner, M., Richardson, D.M., van Wilgen, B.W., 2017. Contributions to the 

national status report on biological invasions in South Africa. Bothalia 47, 1–8. 

Wilson, J.R.U., Nänni, I., Wilson, J., 2013. A new national unit for invasive species detection, 

assessment and eradication planning. South African Journal of Botany 109, 1–13. 

Witkowski, E.T.F., Wilson, B.G., 2003. Seed banks, bark thickness and change in age and size 

structure (1978-1999) of the African savanna tree, Burkea africana. Plant Ecology 167, 151–

162. 

Witkowski, E.T.F., Wilson, M., 2001. Changes in density, biomass, seed production and soil seed 

banks of the non-native invasive plant, Chromolaena odorata, along a 15 year chronosequence. 

Plant Ecology 152, 13–27. 

Wotton, D.M., Mcalpine, K.G., 2015. Seed dispersal of fleshy-fruited environmental weeds in New 

Zealand. New Zealand Ecological Society 39, 155–169. 

Wróbel, A., Zwolak, R., 2017. Deciphering the effects of disperser assemblages and seed mass on 

patterns of seed dispersal in a rodent community. Integrative Zoology 12, 457–467. 

Yan, X.H., Zhou, B., Yin, Z.F., Wang, N., Zhang, Z.G., 2016. Reproductive biological 

characteristics potentially contributed to invasiveness in an alien invasive plant Bidens 

frondosa. Plant Species Biology 31, 107–116. 

Yang, S., Ferrari, M.J., Shea, K., 2011. Pollinator behavior mediates negative interactions between 

two congeneric invasive plant species. American Naturalist 177, 110–118. 

Yang, Y., Zhang, Y., Deng, Y., Yi, X., 2019. Endozoochory by granivorous rodents in seed 

dispersal of green fruits. Canadian Journal of Zoology 42–49. 

Yannelli, F.A., Hughes, P., Kollmann, J., 2017. Preventing plant invasions at early stages of 

revegetation: The role of limiting similarity in seed size and seed density. Ecological 

Engineering 100, 286–290. 



 

 

99 

Yannelli, F.A., Karrer, G., Hall, R., Kollmann, J., Heger, T., 2018. Seed density is more effective 

than multi-trait limiting similarity in controlling grassland resistance against plant invasions 

in mesocosms. Applied Vegetation Science 21, 411–418. 

Yapi, T.S., O’Farrell, P.J., Dziba, L.E., Esler, K.J., 2018. Alien tree invasion into a South African 

montane grassland ecosystem: Impact of acacia species on rangeland condition and livestock 

carrying capacity. International Journal of Biodiversity Science, Ecosystem Services and 

Management 14, 105–116. 

Zenni, R.D., Dickie, I.A., Wingfield, M.J., Hirsch, H., Crous, C.J., Meyerson, L.A., Burgess, T.I., 

Zimmermann, T.G., Klock, M.M., Siemann, E., Erfmeier, A., Aragon, R., Montti, L., Le 

Roux, J.J., 2017. Evolutionary dynamics of tree invasions: complementing the unified 

framework for biological invasions. AoB PLANTS 9, plw085. 

Zoeller, K.C., Steenhuisen, S.-L., Johnson, S.D., Midgley, J.J., 2016. New evidence for mammal 

pollination of Protea species (Proteaceae) based on remote-camera analysis. Australian 

Journal of Botany 64, 1-7. 

 

 


