
Journal of Pollination Ecology, 25(4), 2019, pp 24-35 

 24 

THREE COMPLETE PLANT-POLLINATOR NETWORKS ALONG A 

SECONDARY SUCCESSIONAL GRADIENT IN CRITICALLY ENDANGERED 

RENOSTERVELD, SOUTH AFRICA 

OS Cowan*1 and PML Anderson2 

1Department of Environmental and Geographical Sciences, University of Cape Town, South Africa 
2African Centre for Cities, Department of Environmental and Geographical Sciences, University of Cape Town, South Africa  

Abstract—Despite the global recognition of the importance of pollination as an ecosystem function, there remains 
a dearth of community level studies on the African continent. Here we present three complete pollination networks, 
along a secondary successional gradient, in critically endangered Renosterveld vegetation within an agri-environment, 
South Africa. Site selection was based on historical land-use and contemporary vegetation data resulting in a pristine 
site, a late successional site where agriculture was halted >15 years ago, and an early successional site where agriculture 
was halted <five years ago. In total, 240 hours of pollinator-plant observations were recorded over a single flowering 
season. The pristine site was highly specialised in comparison to global datasets – most likely as a result of relative 
climatic stability through the Quaternary which allowed specialisation to manifest and persist. Both non-pristine sites 
showed noticeable differences in characteristics when expressed through network indices; however, the early 
successional site was closer in nature to the pristine site as a result of vegetation structure. Notwithstanding a lack of 
replication across the successional gradient precluding robust statistical analyses, this study provides important data 
which allows for the comparison of pollination dynamics in an understudied and vulnerable vegetation type, to plant-
pollinator networks at the global and regional scale. In addition, apparent changes to network indices as a result of 
habitat alteration, suggest that successional trajectory plays an important role in pollination dynamics.  
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INTRODUCTION 

Global insect populations are in peril due in part to 
intensive agriculture and habitat change (Sanchez-Bayo & 
Wyckhuys 2019). The potentially catastrophic effects on key 
ecosystem functions such as pollination (Kevan & Viana 
2003; Brown & Paxton 2009; Potts et al. 2010) will not only 
have dire ecological implications (Vanbergen et al., 2013) but 
huge economic consequences (Costanza et al. 1997; Gallai et 
al. 2009). Yet the drivers influencing insect populations and 
pollination that relate to habitat change are poorly understood 
at the community and landscape level (Hallmann et al. 2017; 
Redhead et al., 2018), and in many instances, particularly on 
the African continent, remain undescribed (Vizenti-Bugani et 
al. 2018). 

Fuelled largely by developments in complex network 
analysis (Proulx et al. 2005), an increasingly popular way of 
assessing pollination functioning is through pollination 
network analysis (Bascompte 2009; Vizentin-Bugoni et al. 
2018). Community pollination networks can be defined both 
visually, in the form of quantitative flower visitation webs, and 
numerically through indices which describe network 
properties (Dormann et al. 2009). Pollination networks 

across diverse habitats, species assemblages, and time have 
shown similar structural properties (Jordano et al. 2003; 
Vazquez et al. 2009). Networks tend to exhibit low 
connectance (i.e. only a small fraction of possible interactions 
are observed), are nested (i.e. specialist species predominantly 
interact with a core group of generalist species), and species 
are significantly more specialized than expected given the 
availability of potential mutualistic partners (Jordano et al. 
2003; Bluthgen et al. 2008; Dupont et al. 2009). Indices 
calculated from qualitative interactions, while useful (Jordano 
1987), tend to be less sensitive to change than quantitative 
indices which take into account the frequency of pollinator-
plant interaction and thus are better suited for revealing small-
scale changes to network structure and are more robust to 
sampling effects (Bluthgen et al. 2008; Almeida-Neto & 
Ulrich 2011). Despite a need for caution when using network 
indices to interpret biologically meaningful patterns due to the 
effect sampling limitations can impart on analyses (Blüthgen 
2010; Chacoff et al. 2012), pollination network analysis has 
been successfully used to identify and assess factors 
influencing biodiversity maintenance (Bascompte et al. 2006; 
Albrecht et al. 2010; Valdovinos et al. 2013), to predict 
consequences of disturbances such as extinction (Memmott et 
al. 2004; Kaiser-Bunbury et al. 2010; Saavedra et al. 2011), 
inform the restoration of degraded ecosystems (Menz et al. 
2011; Kaiser-Bunbury et al. 2017), and establish the impact 
alien species have in disturbed ecosystems (Bartomeus et al. 
2008; Valdovinos et al. 2009). 
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Abandonment of agricultural land for economic or 
ecological reasons is common practice in contemporary times 
(Villa-Galaviz et al. 2012). During the secondary succession 
which follows, environmental variability along the 
successional gradient influences pollinator population 
dynamics (Steffan-Dewenter & Tscharntke 2001) and plant 
community structure (Garnier et al. 2004); however the 
subsequent changes in interaction networks at the community 
level, such as pollination, are poorly understood (Albrecht et 
al. 2010) and may be affected by land-use history and 
ecological drivers post-abandonment such as fire regime 
(Potts et al. 2003; Brown et al. 2017) or grazing intensity 
(Vanbergen et al. 2014). A change in habitat can alter the 
structure of pollination networks, and thus network indices, 
through changes in species richness and the functional 
composition of the community (Tylianakis et al. 2007). For 
example, higher values of nestedness reflect the prevalence of 
specialist species that predominantly interact with a core 
group of generalist species (Grass et al. 2018). However, 
nestedness changes with the number of interacting species e.g. 
a loss of rare species which interact with abundant generalists 
would reduce nestedness (Spiesman & Inouye 2013). Shifts in 
functional composition, such as floral size thresholds (Stang 
et al. 2009), may further modify community nestedness as the 
number of possible interactions are altered (Vazquez et al. 
2009). Similarly, specialization indices may change following 
the removal or influx of certain species. For example, 
homogenization of above-ground vegetation alters the 
spectrum of resources available to pollinators which may lead 
to local extinction or re-wiring of the network (Kaiser-
Bunbury et al. 2010; CaraDonna et al. 2017). It is clear that 
any shifts in the number of interacting species or the 
functional composition of a community caused by habitat 
alteration, either through natural succession, restoration or 
habitat disturbance, can have cascading effects on network 
structure and ecosystem functioning (Albrecht et al. 2010; 
Ferreira et al. 2013; Vanbergen et al. 2014; Ponisio et al. 
2017). Understanding how these shifts occur and what impact 
they have on network properties can provide important 
information towards understanding the underlying ecological 
processes (MacFadyen et al. 2009; Vanbergen et al. 2017) and 
is a powerful tool in conservation (Devoto et al. 2012; Kaizer-
Bunbury & Bluthgen 2015). 

Renosterveld is an ecologically distinct vegetation type 
within the Cape Floristic Region of South Africa (Bergh et al. 
2014). Only 10% of the original extent remains due to 
intensive agricultural conversion (Newton & Knight 2005) 
with critical endangered remnant fragments of natural 
vegetation found embedded within an agricultural matrix 
(Kemper et al. 1999). Differences in historical land-use and 
current management practices has resulted in patches of 
natural vegetation occurring side-by-side along somewhat of a 
degradation gradient from pristine vegetation to old fields in 
various stages of secondary succession (Heelemann et al. 
2013; Cowan & Anderson 2014; Ruwanza 2017). The 
ecological workings of Renosterveld remain understudied 
(Curtis 2013) and there is a dearth of community-level 
pollination network analyses and pollination studies in general 
(but see Donaldson et al. 2002; Pauw 2007; Kehinde & 
Samways 2014; Pauw & Hawkins 2011). To our knowledge, 

only one comprehensive study exists from neighbouring 
pristine Fynbos (Pauw & Stanway 2015). Notably, Pauw and 
Stanway (2015) reported globally unrivalled functional 
specialization in their study, attributing it to the long-term 
climatic stability in the region which they argue allowed 
phenotypic and functional specialization to manifest and 
persist. Renosterveld has similar floral diversity levels to that 
of Fynbos (Bergh et al. 2014) but due to its comparatively 
fertile underlying soils has undergone significantly greater 
agricultural transformation (Kemper et al. 1999) with the 
significance of this transformation largely untested on 
ecological functioning. 

Here, for the first time, we present three fully quantitative 
pollination networks along a successional gradient from 
recently abandoned agricultural land to pristine Renosterveld 
and ask the following questions. (1) What are the 
characteristics of these plant-pollinator networks when 
expressed through network indices?, (2) Are the indices of the 
studied networks similar to the indices of a published 
pollination network in adjacent Fynbos vegetation?, (3) How 
do the indices of the studied networks compare to the indices 
of pollination networks published globally?, (4) How is the 
degree of habitat alteration as a result of successional 
vegetation shifts related to (a) the richness, evenness and 
diversity of species and interactions?, and (b) the degree of 
interaction network-level, and species-level, specialization? 

MATERIALS AND METHODS 

Study area, site selection and vegetation 
characteristics 

Haarwegskloof Nature Reserve (34°20’17.9”S; 
20°19’34.1”E) is situated within the Overberg lowlands of 
the Western Cape Province of South Africa (Fig. 1). 
Renosterveld, the indigenous vegetation of the Overberg 
region, is classified as critically endangered (Rebelo et al. 
2006) with less than 10% of the original extent remaining 
(Curtis 2013). The vegetation type exists as fragmented 
islands within an agricultural matrix of privately owned land 
(Kemper et al. 1999) and the cover is predominantly grain 
fields (wheat, barley, oats, canola) and artificial pasture 
(lucerne/alfalfa) (Curtis et al. 2013). 

The reserve itself is situated within the Eastern Rûens 
Shale Renosterveld and was purchased by the WWF-SA and 
the Overberg Renosterveld Conservation Trust in 2013. It 
consists of approximately 500 hectares of land, purportedly 
80% of which is virgin Renosterveld while the remaining area 
is old lands of varying age, portions of which may have been 
previously ploughed and/or used as grazing pasture. Eastern 
Rûens Shale Renosterveld has an altitudinal range of 40-320 
m.a.s.l. and an average rainfall of 384 mm per annum with an 
essentially even distribution (Rebelo et al. 2006; Curtis et al. 
2013). Mean daily temperatures range from a 5.9°C 
minimum in July to a 26.9°C maximum in January (Rebelo et 
al. 2006). Natural Eastern Rûens Shale Renosterveld occurs 
on moderately undulating hills and plains which support a 
cupressoid and small-leaved, low to moderately high grassy 
shrubland (Rebelo et al. 2006).
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FIGURE 1: Study area showing the three study sites within Haarwegskloof Reserve (red polygon) and their associated quantitative plant-
pollinator networks. Late Succ. refers to the late successional site and Early Succ. refers to the early successional site. Pollinators are shown as rectangles 
at the top (Red=Coleoptera, Orange=Diptera, Yellow=Hymenoptera, Green=Lepidoptera, Blue=Avis, Grey=Thysanoptera) and plants as rectangles 
at the bottom (red rectangles depict alien plant species). Detailed networks with species names are supplied in Appendix A. 

Historical aerial photograph analysis, combined with 
expert local knowledge, was utilised to select three sites 
situated along a historic successional gradient: pristine 
vegetation, a site where agriculture ceased approximately 15 
years ago, and a site where agricultural activities ceased less 
than five years ago. At each site vegetation sampling and 
abundance was conducted using the modified Whittaker 
nested vegetation sampling method (Stohlgren et al. 1995). 
With the aid of expert knowledge and herbarium records over 
80% of the species encountered were identified to species level 
and over 90% to genus level. Thus we worked in three study 
sites of 1000 m2: Pristine – characterised by high species 
richness, the absence of alien species and no evidence of 
historical agriculture; Late Successional – characterised by 
moderate to low diversity, dominance of shrub species and 
evidence of historical agricultural use; and Early Successional 
– characterized by moderate to low diversity, high alien species 
cover and evidence of recent agricultural use. The late 
successional site was situated 1 km from the pristine site with 
the early successional site a further 1.8 km away. Each study 
site had a buffer zone (> 250 m) of vegetation of similar 
composition and structure to the site in question with the 
exception of the early successional site which was abutted by 
a wheat field on one side. 

Using the literature, each plant species recorded during 
sampling was assigned a growth form under the categories: 
Hemiparasite; Semi Basal; Short Basal; Short Succulent; 
Climbers and Scramblers; Tussock; Erect Leafy; Dwarf Shrub 
(< 0.8m); Shrub (> 0.8m); Trees (sensu Cornelissen et al. 
2007). While no causal relationship is inferred in this study 

between growth form and pollination, the data was used to 
assess differences in vegetation structure between sites which 
in turn can affect pollinator communities (Ferreira et al. 
2013). 

Each plant species had its flower colour assigned to one 
of seven categories based on direct observation: Red; Orange; 
Green/Yellow/Cream; Rose; Yellow; White; 
Blue/Purple/Lilac. Where flowers consisted of more than 
one category the dominant category was chosen. The exact 
role of flower colour, particularly how it is perceived by 
humans and its relative importance to different pollinator 
guilds, has been debated in pollination biology (Vorobyev & 
Brandt 1997; Arnold et al. 2009; Bukovac et al. 2017); 
however here we use it as an accessory to assess differences in 
vegetation structure and characteristic between study sites and 
no further assumptions are made on its impact on pollinator 
communities. 

Pollinator observations 

Pollinator-plant interaction observations were undertaken 
during the austral spring (August-November) of 2016, the 
peak flowering season in Renosterveld, with methods adapted 
from Pauw and Stanway (2015). Observations were carried 
out during clear, warm, relatively wind-free days between 8am 
and 5pm during the first two weeks of August, September, 
October and November. Flowering plant species were initially 
selected at random and observed in 30-minute periods. 
Subsequently, species were selected so that each species at each 
site was observed at least twice during a morning observation 
session (8-12am) and twice in an afternoon observation 
session (12-5pm) for a minimum total observation period of 
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2 hrs per species per site. All three sites were observed during 
each two-week block, alternating each site between morning 
and afternoon observation periods to ensure equal coverage 
(approximately four morning and four afternoon sessions at 
each site per two week block). In total 240 hours of 
observations were recorded across all three sites. On some 
occasions, plant species occurring close together were 
observed simultaneously. Observations typically occurred 
from between two and five metres away from the plant(s) 
whereas birds were observed from a distance of >10 m with 
the use of binoculars. During each observation period, flower 
visitors were identified and each individual flower visit 
recorded. Where possible, only visitors that made contact with 
flower reproductive organs were recorded and composite 
inflorescences were treated as single flowers. Pollination 
activity was expressed as visits flower-1hour-. At the first 
observation of an unidentified pollinator species, the insect 
was caught and included in a reference collection to aid species 
identification. Whenever possible, pollinators were caught 
outside of the observation period. Pollinators were killed 
humanely, stored in ethanol, and identified to lowest 
taxonomic level possible using the collections at the South 
African Museum, Cape Town. 

Similarly to Pauw and Stanway (2015), we took a plant-
centric approach where each flowering plant present received 
equal sampling effort rather than a “representative” transect 
approach which would have under-sampled species due to the 
heterogeneous landscape (Gibson et al. 2011).  

Data analysis 

Plant growth form and flower colour data were used in 
conjunction with vegetation cover data to construct figures 
illustrating a) the proportional cover of growth forms at each 
site and b) the proportion of flower colours present in spring-
flowering species at each site. Quantitative pollination 
networks were illustrated as bipartite visitation graphs using 
matrices of visitation rates for every plant species from each 
study site. Two rows of rectangles representing pollinator and 
plant species are connected by lines, with a thickness 
proportional to the interaction strength. The presence of 
individual species (both plants and pollinators) at each site 
were used to calculate the proportion of species occurring in 
all three sites, shared between two sites, and found solely in a 
single site.  

The following qualitative network parameters were 
calculated for each network: Number of plant species (p), 
number of pollinators (a), species richness (r = p+a), network 
size (s = p*a), total number of interactions recorded (i), 
connectance (c = i/s): the realized proportion of possible 
links (Blüthgen et al. 2006), web asymmetry (w = (p-
a)/(p+a)): the balance between pollinator and plant numbers, 
mean number of links per pollinator, and mean number of 
links per plant. Although these indices by and large provide 
an indication of the size of the networks, they can allow for 
basic comparisons between network characteristics not only 
within this study but from other pollination network studies.  

In addition, we computed the following quantitative 
indices which take into account the magnitude of the 
interaction and were based on the Shannon measure of 

Entropy H: WeightedNODF – a quantitative value for 
nestedness where higher values indicate increased nestedness 
(Almeida-Neto & Ulrich 2011), weighted connectance – 
linkage density divided by number of species in the network 
(Tylianakis et al. 2007), interaction evenness - homogeneity 
of interaction frequencies across all links in the network, with 
higher values reflecting a more uniform spread of interaction 
among the species in the community (Tylianakis et al. 2007), 
Interaction Diversity – Shannon’s diversity of interactions, 
H2’ – a network level of specialisation where 0 equates to no 
specialisation and 1 complete specialisation (Blüthgen et al. 
2006). To detect whether the observed results were due to 
ecological mechanisms rather than sampling artefacts, 
observed values were compared to those generated by a null 
model. For each network of study, 1000 randomly generated 
matrices of the same size were created using the r2d method. 
Standardized z-scores were calculated for each metric (z = 

[observed – null mean]/null σ) to test for significant 
differences.  

The lack of replication of site type prevents any statistical 
comparison of network-level indices, thus our interpretations 
are merely descriptive; however they do allow for discussion 
on the effect of land-use history and contemporary vegetation 
dynamics on the richness, evenness, diversity and 
specialization observed in plant-pollinator interactions while 
providing a means of comparison between this and other 
similar studies and a baseline for future work. 

Statistical analysis could be, and was, performed on 
species-level specialization. The Kullback-Leibler distance 
(d’) expresses how strongly a species deviates from interacting 
with species in proportion to its overall importance in the 
community (Bluthgen et al. 2006). Values range from 0 (no 
specialization) to 1 (complete specialization). Additionally, 
mean number of links per species for both plants and 
pollinators were calculated. One-way ANOVAs and Tukey 
Multiple Pairwise Comparisons (normally distributed data) 
and Kruskall-Wallis and pairwise comparisons using 
Wilcoxon rank sums (not normal data) tests were combined 
to test for significant differences between the aforementioned 
indices for species (both plant and pollinator) occurring in all 
three sites and for pollinator groups (e.g. Hymenoptera, 
Diptera etc.) between sites. 

All analysis was conducted with the statistical package 
BIPARTITE in R (Dormann et al. 2018; R Core Team 
2013). 

RESULTS 

Ecological Composition 

In total 62 flowering plant species were observed across 
the three sites however there were no recorded visitors for 11 
of these species. Of the 51 species which were present in the 
pollination web analyses only six species (12%) were found in 
all three study sites with a further 11 (22%) occurring in two 
of the three sites. Most species - 34 (66%) - were found in 
one site only of which 24 were found solely in the pristine site 
(Fig 2A). Species and family richness were higher in the 
pristine site compared to the late and early successional sites; 
however, the early successional site, supplemented by  
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FIGURE 2: The number of (A) plant species, and (B) 
pollinator species found in total and in common across the three 
sites. P=Pristine; M=Late Successional; D=Early Successional. 

increased alien species numbers, was more diverse than the late 
successional site. With respect to alien plant species, none 
were recorded in the pristine site while the three flowering 
species of aliens in the late successional site were not observed 
receiving visitors. In the early successional site only one out of 
the five flowering alien species did not receive visitors (Tab. 
1A). 

A total of 99 pollinator species were observed across the 
three sites. Coleptera (43%) was the most diverse order 
followed by Diptera (24%), Hymenoptera (19%) and 

Lepidoptera (10%). In terms of total pollinator species 
recorded, numbers mirrored those observed for plant species 
with the most recorded in the pristine site and the least in the 
late successional site. Proportionally, the number of 
Coleoptera species remained fairly constant (~40% of total 
species), however the pristine site had a lower proportion of 
recorded Diptera species (23%) compared with the early 
successional site (Diptera: 29%) which, in turn, had fewer 
than the late successional site (Diptera: 35%). There was a 
noticeably higher proportion of Hymenoptera species 
recorded in the pristine site (25% of species recorded) while 
the highest proportion of Lepidoptera was found in the early 
successional site (15% of species recorded). No bird 
pollination was observed in the late successional site despite 
the presence of a bird-pollinated plant species (Tab. 1B). Of 
the 99 pollinator species recorded, only 16 were observed 
across all three sites with 25 solely recorded in the pristine 
site, and six and 18 observed exclusively in the late and early 
successional sites respectively (Fig. 2B). 

In all three sites yellow was the dominant flower colour 
present. While all seven flower colour categories were 
represented in the pristine and early successional sites, only 
red, yellow, white and blue flowers were present in the late 
successional site (Fig. 3A). 

In terms of vegetation structure, the overall communities 
of both pristine and late successional sites were dominated by 
shrubs (75% and 85%, respectively) whereas the early 
successional site had only 40% shrub cover with a higher cover 
of herbaceous basal (25%) and tussock (20%) species. 
Diversity of plant growth forms was greatest in the pristine 
site (11) compared to the late and early successional sites 
(seven and eight growth forms, respectively) (Fig. 3B). 

Network Analyses 

The pollination networks show visible differences 
between study sites (Appendix i). In the early successional site 
36% of all recorded interactions were from Coleoptera, 
double the proportion recorded elsewhere. Diptera accounted 
for 30% of interactions in the late successional site, markedly 
higher than the early successional (20%) and pristine (16%)  

TABLE 1:  A) Floral, and B) Pollinator composition of the three study sites.      

A) Plants Pristine Late  

Successional 

Early  

Successional 

B) Pollinators Pristine Late  

Successional 

Early  

Successional 

Total Species 56 28 36 Total Species 69 43 53 

Total Families 27 11 12 Coleoptera 29 17 21 

Total Alien Species 
(Flowering) 

0(0) 3(0) 10(5) Diptera 16 15 15 

Spring Flowering 
Species  

43 22 27 Hymenoptera 17 6 7 

Spring Flowering 
Families 

21 8 9 Lepidoptera 5 4 8 

Spring Flowering 
Cover (%) 

80 50 70 Avians 1 0 1 

Flowering Species 
With No Visits  

7 7 4 Thysanoptera 1 1 1 
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FIGURE 3: A) Proportion of Flower Colours of the Spring Flowering Plant Cover across the three study sites, and B) Proportion of plant growth 
forms across the three study sites. (Or-Orange; GYC-green/yellow/cream; Ros-Rose; Yel-Yellow; Wh-White; BPL-Blue/Purple/Lilac). (BG-Bare 
Ground; HP-Hemiparasites; SeB-Semi Basal; ShB-Short Basal; SS-Short Succulent; CS-Climbers & Scramblers; Tus-Tussock; EL-Erect Leafy; DS-
Dwarf Shrub (< 0.8m); Sh-Shrub (> 0.8m); Tr-Trees (sensu Cornelissen et al 2007). 

TABLE 2: Qualitative pollination network indices for the three study sites 

 Pristine Late Successional Early Successional 

Number of Plant Species (P) 36 15 23 

Number of Pollinator Species (A) 69 43 55 

Species Richness (R) 105 58 78 

Network Size (S) 2484 645 1265 

Total Number of Recorded Interactions (I) 203 131 188 

Connectance (C) 0.08 0.20 0.15 

Web Asymmetry (W) 0.31 0.48 0.42 

Mean Links per Pollinator (SD) 2.94(2.04) 3.04(2.28) 3.47(2.93) 

Mean Links per Plant (SD) 5.64(6.53) 8.73(5.11) 8.17(6.07) 

 
sites. In the pristine site over half of all interactions (55%) 
were Hymenoptera, a noticeably higher proportion in 
comparison to the late (37%) and early successional (20%) 
sites. Of all Hymenoptera interactions, the proportion of 
Cape Honey Bee (Apis mellifera capensis) visits were 
distinctly lower at the pristine site (9%) compared to the late 
(37%) and early successional (43%) sites. Lepidoptera and 
Avian interactions were a consistently low proportion of total 
visits at all three sites (Appendix i). 

With regard to network indices (Tab. 2 and 3), the 
pristine site recorded lower nestedness, connectance, and mean 
number of links per species compared to the late successional 
site. Indices for the early successional site fell between the two. 
The exception to this pattern was mean links per pollinator 
where early successional site values were higher than those 
calculated for the late successional site. For nestedness and 
connectance, values for the early successional site tended to be 
closer to those of the pristine site; however, for mean numbers 

of link per plant species values for late and early successional 
sites were similar. The opposite was true for network 
specialisation (H’) where the highest values were recorded for 
the pristine site, and the lowest for the late successional site. 
For mean species specialization (d’), both plants and 
pollinators had higher values than those calculated for the late 
and early successional sites; however, for this index the latter 
two sites had equivalent values. All calculated indices were 
significantly different when compared to the generated null 
models (P < 0.001). 

Of the six plant species found in all three sites, 
specialization (d’) was found to be significantly higher in the 
pristine site compared to the early successional site (Fig. 4A). 
This difference was not evident when comparing the mean 
links per species for these six plant species (Fig. 4B). 
Specialization (d’) (Fig. 5A), and mean links per species (Fig. 
5B), of the 16 pollinator species found in all three sites were 
not found to be significantly different. In terms of pollinator 
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TABLE 3: Quantitative pollination network indices for the three study sites 

 Pristine Late Successional Early Successional 

WeightedNODF 12.32 19.53 17.50 

Weighted Connectance 0.04 0.09 0.07 

Interaction Evenness 0.59 0.63 0.62 

Shannon Diversity 4.63 4.10 4.42 

H2 0.66 0.49 0.55 

Mean d’ Pollinator (SD) 0.41(0.25) 0.34(0.17) 0.34(0.20) 

Mean d’ Plant (SD) 0.62 (0.15) 0.46(0.12) 0.46(0.23) 

 
 

       

FIGURE 4: Box plots for (A) species-level specialization values (d’), and (B) mean links per plant for the six plant species found in all three sites. 
P=Pristine; M=Late Successional; D=Early Successional. P and D are significantly different at P<0.05 in (A). 

 

  

FIGURE 5: Box plots for (A) species-level specialization values (d’), and (B) mean links per pollinator for the 16 pollinator species found in all 
three sites. P=Pristine; M=Late Successional; D=Early Successional. No significant differences were found. 

B A 

A B 
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FIGURE 6: Box plot showing (A) species-level specialization (d’), and (B) mean links per pollinator for Hymenopteran pollinators between the 
three sites. P=Pristine; M=Late Successional; D=Early Successional. P is significantly different to M at P < 0.001.

groups, Hymenoptera were significantly more specialized (d’) 
in the pristine site compared to the late successional site (Fig. 
6A). No significant difference was found for Hymenoptera 
mean links per pollinator across sites (Fig. 6B) or d’ values and 
mean links per species for the other pollinator groupings 
across sites (results not shown). 

It is worth re-iterating that due to the nature of this study 
we were precluded from replicating successional stages. Thus, 
apart from comparisons between d’ values and mean links per 
plant and pollinators, no statistically robust comparisons 
between sites was possible. Nevertheless, indices calculated 
here are suitable for answering our research questions and 
allow for comparison with datasets from other studies. 
Moreover, Renosterveld is fragmented vegetation type facing 
a conservation crisis and furthering our understanding of the 
role vegetation state and structure play in pollination 
dynamics is a worthwhile task. 

DISCUSSION 

This study presents three complete plant-pollinator 
networks along a successional gradient in a highly disturbed, 
critically endangered vegetation type and adds to the scarce 
data on community-level pollination in Southern Africa and 
the mainland African continent in general. Here, we discuss 
the characteristics of the networks as expressed through 
network indices; how the indices from pristine vegetation 
compare to i) a similar study conducted in the region and ii) 
global pollination networks; and, finally, how vegetation 
change, as a result of initial disturbance followed by secondary 
succession, is related to i) the richness, evenness and diversity 
of interactions and ii) the degree of specialization of 
interactions. 

The low connectance value reported for the pristine 
vegetation pollinator network is typical of large networks 
(Olesen & Jordano 2002). The large number of unobserved 
links may be the result of under-sampling. However, it is more 
likely the result of forbidden interactions due to species 
possessing certain traits resulting in phenotypic specialization 
(Ollerton et al. 2007), or size thresholds between interacting 

pairs (Stang et al. 2009), which restrict pairwise interactions 
(Kaiser-Bunbury et al. 2014). This theoretical network 
specialization is consistent with the high H2’ value reported 
from the pristine site. Indeed, in comparison to global 
specialisation data collated from 58 pollination networks 
(Schleuning et al. 2012), the pristine site in our study ranks as 
the second highest. Assessing species-level indices shows a 
similar trend, particularly for plants, with the mean d’ value 
for plants comparable to the higher values collated by 
Schleuning et al. (2012). The mean d’ value for pollinators 
was less noticeably specialized although still positioned in the 
upper half when compared to Schleuning et al.’s (2012) 
dataset. Conversely, compared to the aforementioned dataset 
(Schleuning et al. 2012), the average number of links per plant 
is relatively high which would appear to indicate generalised 
interactions.  

This apparent paradox can be understood by considering 
the difference between qualitative (average number of links per 
species) and quantitative indices (H2’ and d’). A plant species 
may only have a single pollinator species visit it but, if this 
pollinator is common within the community, the plant species 
would have a low d’ value i.e. a visit from this particular 
pollinator is not unexpected in comparison to its presence 
within the community. In contrast, a plant species may have 
interactions with numerous pollinator species but if these 
pollinators are not recorded on other plant species the d’ value 
would be high (Pauw & Stanway 2015). High d’ despite 
relatively low number of visitors per plant species is indicative 
of functional specialization (Fenster et al. 2004) as floral traits 
select for pollinator species with complementary traits. 

There have been no other comprehensive plant-pollinator 
network studies performed in pristine Renosterveld for 
comparison; however Pauw and Stanway (2015) reported 
unparalleled specialization in a pollination network analysis 
performed in adjacent Fynbos vegetation despite similarly 
high mean links per plant species. Whilst a distinct vegetation 
type, Renosterveld has similar levels of diversity to Fynbos and 
numerous plant families in common (Bergh et al. 2014). Pauw 
and Stanway’s (2015) Fynbos site was substantially larger 
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than that of our pristine Renosterveld site and considerably 
more diverse (62 plants and 217 pollinators), however both 
networks are characterized by low connectance and high 
specialization despite relatively high values of mean links per 
plant compared to global pollination networks (Schleuning et 
al. 2012). Increased specialization as indicated by the H2 and 
d’ indices in the Fynbos and pristine Renosterveld networks, 
supports the notion that pollination networks in the region 
are functionally specialized in comparison to the majority of 
global studies – perhaps as a result the relative climatic 
stability through the Quaternary (Chown et al. 2004) which 
has allowed specialization to manifest and persist (Pauw & 
Stanway 2015). 

Although compared to the possible range of values for 
each of the studied indices the differences among the three 
networks were generally relatively small, consistent patterns 
were evident and are worthy of discussion. The pristine site 
was more diverse, had lower connectance, lower asymmetry, 
lower nestedness, and higher levels of network-level 
specialisation compared to the late and early successional sites. 
Interestingly, indices calculated for the early successional site 
were closer to those of the pristine site compared to indices 
from the late successional site. While network characteristics 
as expressed through indices may be artefacts of sampling 
intensities (Bluthgen 2010), the sampling intensity at each site 
was equal which suggests these differences can be attributed 
to the nature of the above-ground vegetation. The late 
successional site, while free from agricultural activities for over 
15 years and dominated by indigenous vegetation, was fairly 
homogenous with large stands of the shrub Dicerothamnus 
rhinocerotis present. While present in healthy Renosterveld 
vegetation, D. rhinocerotis is an early successional species 
which can dominate degraded veld. It is a drab shrub with 
inconspicuous, wind-pollinated flowers, and of no use as a 
floral resource to foraging pollinators. In contrast, the early 
successional site with its recent agricultural activity was far 
more open with numerous annual flowering species, both 
indigenous and alien. The more common shrubs, pocketed 
throughout the site, included Pteronia and Oederra – 
indigenous Asteraceae species with high densities of yellow 
flowers. The increased diversity in vegetation structure and 
availability of flowering species in the site in the earlier stage 
of secondary succession provides superior habitat and floral 
resources for pollinator populations. The presence of alien 
vegetation can be beneficial for indigenous pollinator 
communities and even benefit native flora (Moragues & 
Traveset 2005), however the opposite is also true and affects 
may change through time with changes in community 
composition (Morales & Traveset 2009). A lack of replication 
across successional states prevents any robust conclusions to 
be drawn on differences in plant-pollinator network structure; 
however our results indicate that above ground vegetation 
characteristics are important drivers. The reduced nestedness 
and lower connectance in pristine site indicate that plants and 
pollinators are not as highly linked to each other in 
comparison to the late and early succession sites. This, 
combined with the higher level of network specialization 
observed in the pristine site, suggests that the pristine site is 
less resilient to future stress as network generalization has been 
associated with increased robustness to perturbation 

(Memmot et al. 2004). It may seem counterintuitive that 
agricultural activity has resulted in subsequent successional 
systems that are more resilient to future perturbations; 
however, this relationship can be explained if one considers 
what habitat degradation can do to a community. More 
vulnerable and specialized species may go extinct while 
resistant, generalized species are favoured due to the 
possession of traits which make them more tolerant to 
disturbance (Vinebrooke et al. 2004; Redhead et al. 2018). A 
similar trend was observed in a landscape-level study in Great 
Britain where agricultural land-cover was positively correlated 
with generalization and robustness to extinction (Redhead et 
al. 2018).  

At the species level, significant differences were found (i) 
in specialization (d’) between study sites for plant species 
which were found at all three sites, and (ii) between certain 
pollinator groups. Four of the six shared plants were 
Asteraceae shrubs with solitary Scrophulariaceae and 
Aizoaceae species, and the mean d’ values were only 
significantly higher in the pristine compared to the early 
successional site with no significant difference in mean d’ 
found between these shared species elsewhere. This implies 
that in the pristine site, these plant species are attracting a 
more select number of pollinators compared to the same 
species in the early successional and late successional sites. 
Whether this is a sampling artefact due to the increase in 
pollinator species present in the pristine site or evidence of 
niche partitioning is hard to say. The fact that six of the 
species are Asteraceae shrubs with floral traits which do not 
discriminate against pollinator functional groups would 
suggest the former, as does the lack of significant differences 
in mean links per plant. 

The only significant difference found in species-level 
specialization of species across pollinator orders between the 
sites was a higher mean d’ value for Hymenoptera in the 
pristine site, compared to the late successional site. A quarter 
of all pollinator species recorded in the pristine site were 
Hymenoptera many of which were found on a select number 
of plant species. Conversely, less than 15% of pollinator 
species recorded in the late successional site were 
Hymenoptera, the majority of which visited numerous plant 
species. The structural heterogeneity of the pristine site may 
provide more favourable nesting opportunities for a wider 
array of Hymenoptera (Gess & Gess 2014) and the increased 
floral resources present may additionally allow for greater 
niche partitioning within Hymenoptera. Steffan-Dewenter 
and Tscharntke (2001) found that succession of bee 
(Hymenoptera) communities in fallowed land was related to 
changes in vegetation. They reported a correlation between 
both increased species richness of flowering species and 
increased bee species, and increased cover of flowering plants 
and bee abundance (Steffan-Dewenter & Tscharntke 2001).  

Conclusion 

Despite a lack of site replication precluding in depth 
statistical analysis on network-level indices, this study has 
provided the first insights into plant-pollinator networks 
within critically endangered Renosterveld vegetation. Similar 
to a network described by Pauw and Stanway (2015) from the 
adjacent Fynbos vegetation, Renosterveld pollination 
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networks appear highly specialized when compared to global 
network studies – potentially as a result of climatic stability 
through the Quaternary which has allowed functional 
specialization to manifest and persist. In a region vastly 
transformed by agriculture, variation in above-ground 
vegetation composition due to habitat alteration and 
subsequent secondary succession has resulted in changes to 
pollination network structure. In this study, the late 
successional site was less diverse, with network indices more 
dissimilar to that of the pristine site, when compared to the 
indices of the early successional site. This was probably the 
result of the dominance of the wind pollinated shrub, D. 
rhinocerotis, at the late trajectory site reducing floral resources 
and homogenizing vegetation structure. The trajectory of 
secondary succession in Renosterveld is not necessarily fixed 
however, with historical land-use activities (e.g. ploughing) 
and disturbance events post initiation of secondary succession 
(e.g. fire season, grazing intensity) affecting vegetation 
dynamics. With regards to pollination, it does appear that 
more diverse vegetation, both in terms of floral resources and 
structure, result in more diverse and specialized plant-
pollinator interaction networks. Although further studies are 
required, acknowledging this in future management decisions 
may aid the safeguarding of a crucial ecosystem service in a 
critically endangered vegetation type.  
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