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ABSTRACT
Aim: Insects provide essential ecosystem services, but there is a concern that insect abundance is in rapid decline. Identifying 
trends in insect biodiversity is challenging because we lack baseline data for most biogeographic regions, and most insect species 
remain undescribed. Here, we aim to report the first nationwide inventory of insect biodiversity in South Africa.
Location: Eleven National Botanical Gardens representing four major South African biomes: Savanna, Grassland, Fynbos and 
Albany Thicket.
Time Period: Sampling from 1 February 2022 to 31 January 2023.
Major Taxa Studied: Insects (Arthropods) and vascular plants.
Methods: We deployed two Malaise traps per botanical garden and used DNA barcoding to identify insect specimens. We 
reconstructed phylogenies for insect molecular clusters (BINs) and 12,149 vascular plant species. Insect and plant community 
structure were compared using dissimilarity metrics and Mantel tests.
Results: We generated DNA barcodes for 337,809 specimens, representing 29,919 unique molecular clusters, as species proxies. 
We estimated that the true richness of above ground insect biodiversity in South Africa may be closer to 100,000 species, yet 97% 
of barcoded taxa could not be assigned to species level. At current rates of taxonomic description, formally cataloguing this dark 
diversity would take more than 200 years. Estimated insect species richness varied strongly among biomes, with higher insect 
diversity in the Savanna biome than the floristically rich Fynbos. Turnover in plant lineages was associated with insect commu-
nity turnover, particularly insect herbivores and predators.
Main Conclusions: We show that plant species richness alone is a poor predictor of insect species richness, with biome-specific 
factors playing an important role in shaping insect richness gradients. However, turnover in plant lineages was a strong predictor 
of insect compositional differences between gardens. Our study provides both critical baseline data on insect diversity in South 
Africa and new insights into the ecological and evolutionary drivers of insect biodiversity gradients.
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1   |   Introduction

With an estimate of 1.2 million described species, insects make 
up much of the macroscopic diversity of life (Mora et al. 2011). 
They are critical to ecosystem functioning, contribute to nutri-
ent cycling and soil formation, and support many valuable eco-
system services, including pollination of crops, seed dispersal 
and pest control (Jolls et al. 2019). Insects are also key ecological 
indicators as they are highly sensitive to environmental change 
(Bruce 2015). Some recent studies have suggested dramatic de-
clines in insect abundance Hallmann et al. (2017), but the evi-
dence and drivers remain controversial. Recent exchanges (e.g., 
Hallmann et  al.  2025; Müller et  al.  2024) highlight ongoing 
disagreement over the most appropriate sampling methods and 
response variables (e.g., biomass vs. abundance or richness) to 
assess insect declines. There thus remains much uncertainty in 
trends in insect diversity (Duffus et al. 2023; Johnson et al. 2024), 
and most species are undescribed (Stork  2018). Regardless of 
this debate, there is a broad agreement that insect losses could 
have cascading consequences for ecosystem integrity (Haddad 
et al. 2009). Here, we present the first baseline data on insect di-
versity for South Africa, a megadiverse country, and investigate 
the relationship between floristic diversity and insect richness.

The quantification of insect diversity is a daunting challenge, 
requiring taxonomic expertise across multiple groups and sig-
nificant time and financial investment (Chimeno et  al.  2022; 
Morinière et al. 2016). Molecular methods, such as DNA barcod-
ing, provide a rapid and efficient method for identifying speci-
mens through sequencing a short standardised genomic marker 
that can be compared to a DNA barcode reference library 
(Hebert et al. 2003). In animals, the mitochondrial cytochrome 
c oxidase subunit 1 (COI) is the standard DNA barcode, with se-
quences stored and curated on the Barcode of Life Data System 
(BOLD) (Ratnasingham and Hebert  2007). Because of its low 
cost and scalability, DNA barcoding is now a standard approach 
for large-scale biodiversity studies (D'Souza et al. 2021; Hebert 
et al. 2025; Seymour et al. 2024; Stewart et al. 2024).

DNA barcoding has been used widely in environmental as-
sessments (Hajibabaei et  al.  2012), in delineating cryptic spe-
cies (Bickford et  al.  2007), and in detecting invasive species 
(Briski et  al.  2011). However, the efficacy of DNA barcoding 
is dependent upon the existence of comprehensive barcode li-
braries to which sequences can be matched and subsequently 
classified (Weigand et al. 2019). For many less-developed coun-
tries, the representation of insects in barcode libraries remains 
poor (Stewart et al. 2024). We address this gap by constructing 
a DNA barcode library for South African insects and examine 
how insect diversity varies geographically and with floristic 
composition.

South Africa is home to at least 21,000 species of flower-
ing plants (Zengeya et  al.  2020) and 44,000 species of insects 
(Myburgh et al. 2021), reflecting its varied climate, distinctive 
geography and complex geology. Its diversity falls within nine 
biomes from the Savanna to the Fynbos, a unique shrubland 
and the smallest of the world's six Floristic Kingdoms (Mucina 
and Rutherford 2006). The Fynbos is a globally recognised bio-
diversity hotspot, home to more than 6200 endemic plant spe-
cies (Hoveka et  al.  2020). South Africa also encompasses the 

Succulent Karoo and Maputaland-Pondoland-Albany biodiver-
sity hotspots (Myers et al. 2000), each with many endemic plant 
species. However, South African biodiversity is under threat 
because of habitat loss due to agriculture, pollution from in-
dustrial activities, climate change and invasive species (Leisher 
et  al.  2022). The IUCN Red List (https://​www.​iucnr​edlist.​
org/​) has documented how these factors have increased extinc-
tion risk for mammals, birds, amphibians and plants (Atwood 
et al. 2020), but equivalent data for insects is effectively absent 
(SANBI 2010).

A Malaise trap survey within Kruger National Park by D'Souza 
et  al.  (2021) highlighted the potential of DNA barcoding to 
document South Africa's insect diversity. Barcoding 367,743 
specimens, D'Souza et  al.  (2021) recorded 19,730 unique se-
quence clusters (Barcode Index Numbers—BINs), a species 
proxy. Many of these taxa were undescribed, and a recent 
assessment of South African sequences on BOLD revealed 
a large number of ‘dark taxa’ (Stewart et  al.  2024)—species 
with barcode sequence data but lacking a Linnean name 
(Gibbs 2018). Nonetheless, by clustering sequences using the 
BIN system (Ratnasingham and Hebert  2013), it is possible 
to discriminate between samples such that broad estimates 
of taxonomic richness can be derived even in the absence of 
formal species assignments. Here, we analyse data from an 
extensive network of Malaise traps in botanic gardens and use 
DNA barcoding to describe patterns of insect diversity and 
turnover across South Africa.

The drivers of plant diversity and compositional turnover have 
been well studied and include climate, soil properties, species 
interactions and evolutionary history (Abraham et al. 2022; de 
Beer et al. 2023; Guo et al. 2017). We lack equivalent macro-
ecological studies for insects. Seymour et al.  (2024) use data 
from Malaise trapping to show that global arthropod beta-
diversity is spatially and temporally structured by latitude, yet 
we do not have basic information on the underlying drivers 
of these gradients or if different clades (Diptera, Coleoptera, 
Hymenoptera etc.) and functional groups (pollinators, pests, 
parasites etc.) show congruent or disparate patterns. Plants 
and insects are intrinsically linked (Ebeling et  al.  2018) be-
cause the plant community defines the niche space for insects 
(Schaffers et al. 2008), and insects are pests, pollinators and 
mutualists of plants. We might, therefore, predict as a first ap-
proximation that the distribution and compositional structure 
of regional insect diversity would covary tightly with plant di-
versity (Carroll et al. 2023); however, even this simplistic pre-
diction has been rarely tested.

Insects provide many of Nature's contributions to people 
(IPBES; Díaz et  al.  2015) and shifts in insect diversity may 
be a harbinger of more significant environmental change. 
Some studies have suggested dramatic declines in flying in-
sects (Buchmann and Nabhan  1996; Hallmann et  al.  2017; 
Wagner 2020), but it is not clear whether patterns generalise or 
how best to conserve insect biodiversity in the face of multiple 
anthropogenic pressures. A better understanding of the driv-
ers of insect diversity would provide a guide for insect conser-
vation and help sustain the important ecosystem services they 
provide. Using Malaise trapping and DNA barcoding, we pres-
ent the first synthesis of flying insect diversity across South 
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Africa. We use these data to explore the relationship between 
floristic diversity and insect richness and turnover, providing 
a unique macroecological study of insect-plant associations.

2   |   Methods

Two Townes-style Malaise traps (BT1002, Bugdorm; Townes 
1972) were deployed in each of South Africa's 11 National 
Botanical Gardens (NBGs) situated in eight of its nine provinces. 
DNA barcoding was used to describe the regional composition 
and turnover of insect biodiversity. While the Malaise traps also 
capture some non-insect arthropod groups (e.g., Araneae and 
Collembola), most taxa in traps were insects (Insecta = 94.8%, 
Arachnida = 2.5%, Collembola = 1.0%, other = 1.7%), so observed 
biodiversity trends largely reflect variation in insect diversity. 
For simplicity, we thus refer to ‘insect’ diversity here although 
our data includes some taxa from other arthropod groups.

We characterise the richness (taxonomic diversity; TD) and 
phylogenetic diversity (PD) of insects within and between gar-
dens. PD represents the sum of the branch lengths connecting 
a set of species in an evolutionary tree and captures informa-
tion on the evolutionary distances separating them (Davies and 

Buckley  2011; Faith  1992). Phylogenetically close species typi-
cally share similar ecologies and ecosystem functions due to 
their shared evolutionary histories (Miller et al. 2018). PD can 
therefore provide insight into species ecology when taxonomic 
information is incomplete (Meiri and Mace 2007). PD is thus a 
useful diversity metric for DNA barcoding projects that gener-
ate large volumes of ‘dark taxa’, where thousands of unique se-
quence clusters (BINs) may be identified but taxonomy is poorly 
resolved or taxonomic expertise is lacking (for examples, see 
D'Souza et al. 2021 and Seymour et al. 2024). We compared the 
variation in insect diversity within and among NBGs to the flo-
ristic composition of the gardens.

2.1   |   Study Sites and Field Sampling

Most of South Africa's 11 NBGs (Figure 1, Table S1) include both 
an interpretative section (cultivated) and a conservation section 
(uncultivated). The Hantam NBG and Kwelera NBG are excep-
tions as they only possessed a conservation section at the time of 
sampling. Importantly, the cultivated sections of South African 
NBGs are generally planted with indigenous plants typical of 
their local biome so the flora in these gardens broadly represents 
the regional flora. The gardens are situated in four (Grassland, 

FIGURE 1    |    The distribution of National Botanic Gardens (NBG) and the nine South African biomes. Colours indicate the biomes of South Africa. 
Lines delineate South African provincial borders.
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Savanna, Fynbos, Albany Thicket) of the nine major South 
African biomes, and seven (Lowveld NBG, KZN NBG, Kwelera 
NBG, Harold Porter NBG, Karoo Desert NBG, Kirstenbosch 
NBG and Hantam NBG) are located within one of the three 
South African biodiversity hotspots (Figure 1).

We derived estimates of the insect biodiversity in each garden 
by pooling the results from the two Malaise traps (one from the 
cultivated section and the other from the conservation section; 
in Hantum NBG and Kwelera NBG both traps were necessar-
ily in the conservation section; Figure  1, Table  S1). The traps 
were overseen by staff from the respective botanical gardens for 
a period of 1 year (01/02/2022–31/01/2023). Samples were col-
lected every week, decanted into a Whirl Pak bag and stored 
away from direct light in 95% ethanol. A team from the African 
Centre for DNA Barcoding (ACDB; https://​www.​acdb.​co.​
za/​) retrieved the samples and dispatched them to the Centre for 
Biodiversity Genomics (CBG; https://​biodi​versi​tygen​omics.​net/​) 
every 3 months for processing.

2.2   |   DNA Barcoding Protocol

A total of 1120 weekly samples (2 traps × 11 gar-
dens × 51 weeks = 1120 weekly samples ± collection mistakes) 
were collected from the NBG Malaise traps. Of these, 563 sam-
ples (representing samples collected every second week) were 
processed through the single specimen barcoding pipeline at the 
CBG. Each individual insect specimen was removed from the 
sample bag and prepared for DNA barcoding with the exception 
of highly abundant morphospecies (primarily Collembola, from 
which only a representative subset was sampled). Specimen tis-
sue (i.e., legs from larger specimens and full vouchers of spec-
imens < 5 mm) was arrayed into 96-well plates for processing. 
To extract DNA, ethanol was evaporated from the plates and 
replaced with 50 μL of tissue lysis buffer (1 M KCl, 20 mg/mL 
Proteinase K), then plates were incubated overnight at 56°C. 
After lysis, DNA was purified using SPRI beads (Rohland and 
Reich 2012).

We followed the PCR and sequencing protocols from Hebert 
et al. (2025). For each specimen, we amplified the COI barcode 
region using the single primer cocktails C_LepFolF (LepF1 and 
LCO1490) and C_LepFolR (LepR1 and HCO2198). Each primer 
was asymmetrically indexed with a 16 bp Unique Molecular 
Identifier (UMI), allowing each sequence to be linked to its 
source specimen. PCR was performed using the following ther-
mocycling protocol: pre-denaturation at 94°C for 2 min, five 
cycles of 94°C for 40 s, 45°C for 40 s and 72°C for 1 min, fol-
lowed by 40 cycles of 94°C for 40 s, 51°C for 40 s and 72°C for 
1 min, with a final extension at 72°C for 2 min. By employing 96 
distinct forward primers and 96 distinct reverse primers, each 
tagged with a UMI, 9216 unique pairwise combinations were 
generated.

The PCR products were pooled and sequenced in batches of 9120 
specimens (plus 96 negative controls for a total of 9216 samples) 
using single molecule, real-time (SMRT) sequencing on a Sequel 
or Sequel II platform with 99.9% circular consensus sequence ac-
curacy (Hebert et al. 2025), and the sequence data were uploaded 
to BOLD Systems (https://​bolds​ystems.​org/​; Ratnasingham and 

Hebert 2007). Each sequence was then identified and assigned a 
Barcode Index Number (BIN; Ratnasingham and Hebert 2013). 
The BIN system clusters DNA barcodes into operational taxo-
nomic units (OTUs) based on a refined single linkage algorithm 
that initially links sequences with < 2.2% divergence, then re-
fines the boundaries with Markov Clustering. The algorithm 
improves upon earlier tree-based and threshold methods by 
generating clusters that are more stable and reproducible across 
datasets; however, its single-gene focus limits resolution in cases 
of introgression or incomplete lineage sorting. Records with 
major conflicts between the voucher taxonomy and sequence-
based assignment, particularly above order level, were reviewed 
using the voucher images. Clear voucher misidentifications 
were corrected, and records consistent with contamination were 
flagged during validation.

In total, we sequenced 337,809 specimens which were identi-
fied to one of 2611 family, genus or species. Barcode sequences 
for each of the gardens are available on BOLD and are cross-
referenced with GBIF (Table S1).

2.3   |   Functional Group Classification

We assigned each of the 2611 taxa classified to family, genus or 
species to one of eight broad functional groups (Table 1) using 
information from the literature and online databases (https://​
buggu​ide.​net/​ and https://​www.​waspw​eb.​org/​). In some cases, 
the same taxon fell within multiple categories; in these cases, all 
assigned functional groups were recorded.

TABLE 1    |    Descriptions of functional group types.

Functional group Description

Pollinators Associated with plant pollination, 
for example, Apidae, Bombyliidae

Processors Play a role in breaking down both 
plant material and nutrient cycling, 

for example, Blattodea, Curtonotidae

Parasitoids Parasitic relationship with 
other insects, for example, 

Chalcididae, Chelonus

Predators Insects that consume other 
insect species, for example, 

Mantodea, Theridion

Herbivore Consume plants and have the 
potential to become plant pests, for 

example, Aphididae, Tortricidae

Aquatics Associated with water or aquatic 
environments, for example, 

Kiefferulus, Hydraenidae

Fungus associated Feed on or are associated with 
fungi, for example, Ptiliidae, Sciara

Animal parasites Have a parasitic relationship with 
non-insect organisms, for example, 

Culicoides, Mesostigmata
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2.4   |   Phylogenetic Reconstruction

We reconstructed the phylogenetic tree of sampled taxa 
from the sequenced COI barcode sequences. From the 
337,809 sequences, we sampled one sequence per BIN with 
length closest to 658 bp returning 29,919 unique sequences 
(mean length = 652 bp, shortest = 452 bp, longest = 883 bp). 
Sequences were then grouped by taxonomic order using ape 
(v5.8; Paradis and Schliep  2019) and aligned using MAFFT 
(Katoh and Standley  2013) with default settings, alignments 
were visually inspected for outliers before being combined 
into a single matrix. The phylogenetic tree was reconstructed 
from the combined matrix in FastTree 2 using 10,000 boot-
strap replicates and the generalised time reversible (GTR) 
model, selected by ModelFinder, the GTR model is one of the 
limited nucleotide substitution models available in FastTree 
2 (Kalyaanamoorthy et  al.  2017; Price et  al.  2010). Because 
COI barcodes provide limited deep phylogenetic signal, we 
constrained our reconstruction with a backbone phylogeny 
of insect orders created using R libraries rotl (An Interface 
to the ‘Open Tree of Life’ of Life API; v3.1.0; Michonneau 
et al. 2016; Redelings et al. 2020), ape and TreeTools (v1.11.1; 
Smith 2019). We assessed the monophyly of each order using 
MonoPhy (v1.3.1; Schwery and O'Meara 2016) and visualised 
the tree using GGTree (v3.10.1; Yu et al. 2017).

2.5   |   Plant Lists

A plant species list was compiled for each garden as de-
scribed in (Stewart et  al.  2025) but we additionally include 
taxa from Poales. Species lists were assembled from sev-
eral sources, including species distribution models (Hoveka 
et al. 2020), iNaturalist observation records (downloaded from 
the NBGs of Southern Africa project; https://​www.​inatu​ral-
ist.​org/​ on 21/03/2023), plants with historical collections in 
the areas (Germishuizen and Meyer  2003; Henderson  2011; 
Magill et al. 1983; Mucina et al. 2000; Rutherford et al. 2003, 
2012), and a list provided by Botanic Gardens Conservation 
International (BGCI; https://​www.​bgci.​org/​). We stan-
dardised taxonomy using Kew's Plants of the World Online 
database and the pow_search tool within the R library taxize 
(v0.9.100; Chamberlain and Szocs 2013).

We assembled a phylogenetic tree for all plants recorded in 
the gardens using the angiosperm phylogeny from Janssens 
et al. (2020) as a scaffold. We then used a combination of R librar-
ies ape, TreeTools and V.PhyloMaker (v0.1.0; Jin and Qian 2019) 
to place species not represented in Janssens et al. (2020) within 
their genus or if the genus was not represented, within their re-
spective family. Finally, taxa not in our NBG species list were re-
moved from the phylogeny. The final plant phylogeny consisted 
of 12,149 species, representing 2035 genera and 239 families, 
covering 17 orders.

2.6   |   Taxonomic and Phylogenetic Diversity

We characterised the abundance, diversity and composition of 
insects and plants across NBGs using the vegan (v2.6-8; Oksanen 
et  al.  2024) and iNEXT.3D (v1.0.5; Anne Chao et  al.  2021) 

packages within R. Insect diversity was calculated using the 
Chao bias-corrected estimations with the estaccumR function 
in vegan using BINs as species.

We generated taxonomic and phylogenetic rarefaction curves 
using iNEXT3D with datatype = ‘abundance’ measured as the 
number of barcoded specimens assigned to each BIN, 100 boot-
strap replicates and an endpoint of 450,000 specimens. PD was 
calculated as the sum of branch lengths from the phylogenetic 
tree (Faith 1992).

2.7   |   Plant-Insect Correlations

We investigated whether plant species diversity was a reliable 
predictor of insect diversity by examining the taxonomic and PD 
correlation between plants and insects across gardens and biomes.

We described pair-wise differences in species presences 
(Jaccard's dissimilarity), barcoded specimen abundance (Bray−
Curtis's dissimilarity) and evolutionary history (Jaccard's phy-
logenetic dissimilarity) using the vegan and betapart R libraries 
(v1.6; Baselga et al. 2023). We further partitioned beta diversity 
into nestedness (richness differences) and turnover (species 
identity differences) following Baselga  (2010), using the veg-
dist, beta.pair and phylo.beta.pair functions from the vegan 
and betapart packages. Last, we separately analysed beta diver-
sity for the eight insect functional groups (Table  1) to explore 
how trends varied by ecological role. We assessed the correla-
tion between beta diversity metrics of insects and plants using 
Mantel tests in vegan (Figure S4), with the number of permuta-
tions = 50,000, and method set to ‘spearman’ as it is less sensitive 
to outliers. To assess whether singleton BINs (those represented 
by one specimen) influenced the beta-diversity analyses, we re-
peated the Mantel analyses excluding BINs represented by only 
one specimen, this filtering did not qualitatively change our 
main results (Table S9 and Figure S7). For simplicity, we report 
the Mantel test statistics for Jaccards's phylogenetic turnover in 
the main text; equivalent results for abundance weighted Bray-
Curtis and phylogenetic metrics are provided in Table S2.

3   |   Results

We sequenced 337,809 specimens representing 29,919 unique 
BINs from 563 collection sample bottles and 22 Malaise traps 
spread across eight of the nine South African provinces. 
Samples were collected weekly over 12 months. Due to logistical 
constraints related to the very large number of specimens, we 
followed D'Souza et al. (2021) in DNA barcoding samples from 
collections made every other week. Of the assigned BINs, more 
than 12,000 were represented by a single specimen (Figures S5 
and S6). Both observed and estimated (from rarefaction curves) 
taxonomic richness varied across gardens and biomes (Figure 2; 
Tables S5 and S6). Because the true richness in gardens is likely 
better captured by estimated species richness, we focus on com-
parisons using this estimate.

The Savanna (Thohoyandou, Lowveld and KZN) biome was 
estimated to have the highest insect diversity (both TD and 
PD) followed by the Grassland (Free State, Pretoria and Walter 
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FIGURE 2    |     Legend on next page.
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Sisulu), Fynbos (Kirstenbosch, Karoo Desert, Harold Porter, 
Hantam) and Albany Thicket (Kwelera) biomes (Figure  3; 
Table 3; Tables S3 and S8). Insect orders with the highest esti-
mated species richness included Diptera and Hymenoptera with 
27,183 (SE = 1054) and 26,168 (SE = 1351) species, respectively 
(Table  S3). Notably, we estimated a higher species richness of 
Diptera in KZN (4642; SE = 128) than the total estimated insect 
species richness in Hantam (4485, SE = 443) or Harold Porter 
(4309, SE = 453).

The proportion of unsampled TD relative to the total estimated 
diversity within most biomes is consistently higher than the rel-
ative proportion of unsampled PD (Table  3). We estimate that 
more than 450,000 individuals would need to be sampled in each 
of the Fynbos, Grassland and Savanna biomes to capture their 
total species richness, while this number for the Albany Thicket 
is ca. 150,000 individuals. Thus, we would need to sample an 
additional ~1.5 million individuals to capture the complete spe-
cies richness of these biomes, four times more than sampled in 
this study.

3.1   |   Compositional Similarities Within 
and Between Biomes

The taxonomic composition of plant communities gener-
ally clusters by biome, for example, Thohoyandou, Lowveld 
and KZN in the Savanna biome and Kirstenbosch, Karoo 
Desert, Harold Porter and Hantam within the Fynbos biome 
(Figure 4A), but this clustering is less evident for insect com-
munities (Figure 4B).

Despite apparent similarities in vegetation structure, gardens 
in the Grassland biome (Pretoria, Free State and Walter Sisulu) 
do not cluster as closely as gardens in other biomes (Mean plant 
Jaccard dissimilarity within biomes: Fynbos = 0.54 ± 0.01, 
Savanna = 0.55 ± 0.01, Grassland = 0.64 ± 0.02; Figure  S2; 
Table S4). Contrasting with observations for plants, insect com-
positional differences are greatest among gardens within the 
Fynbos and least for gardens within the Grassland biome (Mean 
insect Jaccard dissimilarity within biomes: Fynbos = 0.91 ± 0.05, 
Savanna = 0.87 ± 0.05, Grassland = 0.81 ± 0.04; Table S4).

FIGURE 2    |    (A) Top 10 most species-rich plant families in each of the South African National Botanic Gardens. (B) Top 10 insect orders represent-
ed in each of the gardens. Colours on the X-axis labels represent the different biomes: Orange = Savanna; purple = Fynbos; dark green = Grassland; 
light green = Albany Thicket. Plant families and insect orders are ranked alphabetically, for a more detailed breakdown of orders see Tables S3  
and S8.

FIGURE 3    |    Normalised rarefaction and extrapolation curves of taxonomic diversity (TD) and phylogenetic diversity (PD) for each biome, scaled 
by their respective maximum observed values (TDmax = 19,760; PDmax = 2216). Colours indicate biomes: Orange = Savanna, purple = Fynbos, dark 
green = Grassland, light green = Albany Thicket. Solid lines show rarefied diversity; dashed lines represent extrapolated diversity. Squares denote TD 
and circles denote PD. Shaded regions show 95% confidence intervals. See Figures S1 and S2 for unscaled diversity curves.
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8 of 17 Global Ecology and Biogeography, 2026

FIGURE 4    |    Compositional similarity of plant (A) and insect (B) communities from the different gardens and their respective biomes, visualised 
using Non-Metric Multidimensional Scaling (NMDS) with the metaMDS function in vegan, k = 2, and distance = ‘jaccard’. The colours of the poly-
gons represent the different biomes: Orange = Savanna; purple = Fynbos; dark green = Grassland; light green = Albany Thicket.
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Broadly mirroring patterns of insect diversity, gardens 
within the same biome exhibit lower Jaccard's phylo-
genetic turnover in insects than gardens in different 
biomes (Figure  5A; Table  S4). High phylogenetic turnover 
(Jaccard's phylogenetic turnover: Fynbos = 0.80 ± 0.05, 
Savanna = 0.78 ± 0.06, Grassland = 0.77 ± 0.05, Albany 
Thicket = 0.80 ± 0.05) and low nestedness (Jaccard's phyloge-
netic turnover: Fynbos = 0.041 ± 0.02, Savanna = 0.033 ± 0.02, 

Grassland = 0.036 ± 0.02, Albany Thicket = 0.025 ± 0.2) indi-
cate that biomes are associated with distinct insect lineages 
rather than being nested subsets. Notably, insect phylogenetic 
composition varies more strongly between gardens within the 
same biome than does plant phylogenetic composition. For ex-
ample, the mean Jaccard's phylogenetic turnover within the 
Fynbos gardens is 0.28 ± 0.05 for plants, but 0.74 ± 0.09 for 
insects.

FIGURE 5    |    Jaccard's phylogenetic turnover between gardens for plants (upper triangle) and insects (lower triangle). (A) Jaccard's phylogenetic 
turnover of all insects. (B) Jaccard's phylogenetic turnover of pollinators. (C) Jaccard's phylogenetic turnover of herbivores. (D) Jaccard's phylogenetic 
turnover of predators. Equivalent plots for the less well represented functional groups and the additional beta diversity components (Bray−Curtis's 
dissimilarity, Jaccard's dissimilarity, Jaccard's nestedness, Jaccard's turnover, Jaccard's phylogenetic dissimilarity; Jaccard's phylogenetic nested-
ness, and Jaccard's phylogenetic turnover) can be found in Figure S4. Lighter cells indicate higher dissimilarity, and darker cells indicate higher 
similarity between the respective NBG.
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3.2   |   Correlation Between Floristic Composition 
and Insect Composition

Jaccard's phylogenetic turnover in insect community com-
position is significantly correlated with turnover in floristic 
composition between gardens (Mantel R = 0.62; p < 0.001), 
although, on average, the turnover in plant composition is 
lower than that for insects (mean plant turnover = 0.56 ± 0.2 
vs. mean insect turnover = 0.79 ± 0.05; Table  S4). However, 
the strength of the correlation in compositional turnover var-
ies strikingly by insect functional group (Table  2). Floristic 
turnover is strongly correlated with the turnover in pollina-
tors (Mantel R = 0.67; p < 0.001), predators (Mantel R = 0.68; 
p < 0.001) and fungus-associated (Mantel R = 0.68; p < 0.001) 
insects, but only weakly correlated with turnover in animal 
parasites (Mantel R-value = 0.29; p = 0.08). Excluding BIN sin-
gletons did not qualitatively alter correlation trends, but cor-
relation strengths tended to be marginally weaker on average. 
We provide a detailed breakdown of functional groups by gar-
den and order in Table S7.

3.3   |   Dark Taxa

Dark taxa (BINs with no species level identification) dom-
inate specimens in all biomes (Grassland 92.05%, Savanna 
97.54%, Fynbos 96.06% and Albany Thicket 98.05%). Diptera, 
Hymenoptera and Coleoptera have the highest proportion of 
dark taxa (Figure  6), while Araneae have the highest propor-
tion of specimens and BINs identified to species (Figure 6), with 
17.78% of the specimens within the Fynbos classified at the 

species level. The estimated number of dark taxa for each biome 
was as follows: Grassland 14,330, Savanna 18,282, Fynbos 
13,994 and Albany Thicket 6042. These values were derived by 
multiplying the proportion of BINs lacking species-level identi-
fications in each biome by the asymptotic species richness esti-
mates (Table 3).

4   |   Discussion

We sequenced 337,809 individual specimens, representing 
29,919 unique barcode taxa (BINs) spread across 522 families. 
These data, sampling from NBGs over the course of 1 year, pro-
vide the first baseline data on insect diversity for South Africa. 
We show that compositional differences in insect diversity are 
well predicted by plant phylogenetic turnover. Generally, gar-
dens within the same biome have more similar insect com-
munities than gardens in different biomes. However, contrary 
to expectations—that insect diversity would be highest where 
plant species richness is highest—we document that insect di-
versity peaks in the Savanna and not the plant-rich Fynbos. 
Nonetheless, we demonstrate a strong relationship between 
plant phylogenetic turnover and insect phylogenetic turnover, 
suggesting a shared ecological and evolutionary mechanism 
links these dynamics.

4.1   |   Species Richness

We found a large variation in insect species richness among 
gardens. Kirstenbosch NBG is one of the region's best-known 

TABLE 2    |    Description of insect functional groups and their top three contributing orders, number of specimens and Mantel statistics testing for 
the correlation between Jaccard's phylogenetic turnover of plants and insects. For a more detailed breakdown of the functional groups per garden 
and order, see Figure S4 and Table S7.

No. 
order

1st order 
(Observed 

specimens)

2nd order 
(Observed 

specimens)

3rd order 
(Observed 

specimens)
No. 

specimens
Mantel 

R p

Total 37 Diptera (187,574) Hymenoptera 
(58,841)

Coleoptera 
(15,100)

337,809 0.62 < 0.001

Pollinator 11 Diptera (25,879) Coleoptera (4348) Hymenoptera 
(3233)

36,458 0.67 < 0.001

Processor 18 Diptera (85,880) Entomobryomorpha 
(5893)

Coleoptera 
(2732)

101,807 0.53 < 0.001

Parasitoid 12 Diptera (65,518) Hymenoptera 
(49,246)

Sarcoptiformes 
(1102)

117,804 0.59 < 0.001

Predator 18 Diptera (53,950) Hymenoptera (4360) Coleoptera 
(3299)

70,683 0.68 < 0.001

Herbivore 16 Diptera (101,721) Hemiptera (30,053) Lepidoptera 
(12,922)

161,243 0.62 < 0.001

Aquatic 10 Diptera (41,083) Trombidiformes 
(335)

Amphipoda 
(145)

42,144 0.39 < 0.001

Fungus associated 6 Diptera (70,720) Coleoptera (1432) Thysanoptera 
(516)

72,929 0.68 < 0.01

Animal parasite 4 Diptera (23,332) Mesostigmata (92) Hemiptera (47) 23,493 0.29 < 0.05
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botanical gardens and the most floristically rich, including many 
plants from the species-rich Fynbos (Arnolds and Guo  2024; 
Botha 1976; Hitchcock 2006). However, it does not support the 
greatest insect diversity; this rank goes to the KZN NBG, with 
almost double the number of taxa recorded in Kirstenbosch. 
KZN NBG is situated within the Savanna biome, the most geo-
graphically extensive vegetation type in South Africa. This 
garden is also South Africa's oldest, established in 1974 and 
originally managed by the Natal Botanic Society in 1874 before 
being incorporated into the South African National Biodiversity 
Institute (SANBI) in 1969. The lowest insect diversity was doc-
umented in Harold Porter NBG, also within the Fynbos, cap-
turing ca. 40% of the estimated species richness of KZN NBG. 
Notably, the estimated species richness for gardens within the 
Fynbos (Harold Porter = 4309, Kirstenbosch = 5406, Karoo 
Desert = 5982, Hantam = 4485) was all below the estimated 
richness for gardens within the Savanna biome (Lowveld = 7676, 
Thohoyandou = 8080, KZN = 10,609). Gardens within the 
Albany Thicket (Kwelera NBG = 6629) and Grassland biomes 
(Free State NBG = 6204 and Pretoria NBG = 9607) had interme-
diate richness.

Plants form the niche space for insects, and thus we might have 
a priori assumed that the floristically rich Fynbos would sup-
port the greatest insect diversity. However, there are many pos-
sible explanations for gradients in species richness, including 
climate (Wang et al. 2019), resource availability (Rabosky and 
Hurlbert 2015), geography (Igea and Tanentzap 2020; Seymour 
et al. 2024) and evolutionary timescales (Tietje et al. 2022). The 
Fynbos occurs on nutrient-poor soils, and while floristically 
rich, it may be relatively resource-poor (Braschler et al. 2012). In 
contrast, the Savanna biome, where insect diversity is highest, 

is relatively resource-rich (Marchant 2010) and geographically 
more extensive. Our observations are consistent with experi-
mental evidence indicating that insect richness responds more 
strongly to plant productivity than to plant species richness 
(Siemann 1998). In addition, the Savanna includes a mosaic of 
habitats, and the vegetation within it encompasses diverse plant 
types (as defined by Higgins et al. 2023), including C3 grasses, 
C4 grasses, perennial forbs, annual forbs, geophytes, restiods, 
climbers, succulents, shrubs and trees. Trees are notably absent 
from the Fynbos. We suggest the greater diversity of plant types, 
larger geographical area and higher overall density of vegetation 
in the Savanna may explain why it supports higher insect diver-
sity than the number of plant species per se (see also Morpurgo 
et al. 2024; Tscharntke and Kruess 2002).

4.2   |   Dominant Insect Communities

Across gardens, a few key taxa dominate insect communities, 
with Diptera (true flies) and Hymenoptera (bees and wasps) 
each contributing approximately one-third of total insect diver-
sity. The dominance of these two taxa broadly matches global 
observations (Seymour et  al.  2024), and we detect a much 
lower proportion of Diptera and a much higher proportion of 
Hymenoptera and Coleoptera (beetles and weevils). We also 
find that dominant taxa differ between gardens (compare also 
with reported taxonomic sampling in the Kruger National Park 
by D'Souza et  al.  2021). For example, Hymenoptera comprise 
the highest proportion of the BINs in the Fynbos, while Diptera 
dominates in the Savanna. It is likely that the greater diversity 
of flowers in the Fynbos supports higher pollinator diversity 
(Procheş and Cowling 2006), whereas greater vegetative biomass 

FIGURE 6    |    (A) Maximum likelihood phylogeny of all 29,919 unique BINs and the taxonomic level to which they have been identified. Orange 
bars highlight the taxonomic resolution of classified BINs, moving from family (innermost circle) to species (outermost circle). The tree is displayed 
as a cladogram. (B) Number of BINs and their taxonomic resolution within biomes of the top 6 orders. Cell colours indicate the percentage of spec-
imens that have been identified to the species level; the darker the cell the more specimens identified, all taxonomic orders per biome are shown in 
Figure S3.
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in Savanna might support a higher diversity of insect herbivores 
such as Leaf-miner flies and Aphids (Maraia et al. 2024).

Our results help illustrate how vegetation type shapes insect 
communities, with some habitats potentially favouring benefi-
cial insects, including natural predators of pests and plant pol-
linators, while others may favour insect herbivores and plant 
pests. We find that insect predators have a particularly strong 
relationship with plant community composition, highlight-
ing the tight connectivity between plant diversity, herbivorous 
insects and their predators. Previous work has demonstrated 
that community composition can affect arthropods across tro-
phic levels (Scherber et  al.  2010; Schuldt et  al.  2019), and can 
strengthen predator-mediated control of insect herbivores 
(Barnes et al. 2020). Our results indicate that predator turnover 
may reflect not only plant diversity, but also the identity and 
evolutionary history of the plant communities that structure 
herbivore assemblages (Pellissier et  al.  2013; Volf et  al.  2017). 
Importantly, these higher trophic links may contribute to natu-
ral pest control, as insect predators and parasitoids can regulate 
pest outbreaks (Tscharntke et al. 2016).

4.3   |   Estimated and Undescribed Diversity in 
South Africa

Hymenoptera and Diptera contribute the most taxa in our sam-
ples, but we estimate that more than half of their species remain 
unsampled. This knowledge gap is a concern given their im-
portance as pollinators and primary consumers, respectively. 
Failing to capture the full diversity of these groups may mislead 
inferences on the resilience or vulnerability of ecosystems. In 
general, Malaise traps are inefficient at capturing ground-
dwelling insects and taxa with limited flight capabilities, gen-
erating a bias in taxonomic representation (Bertoia et al. 2023). 
In addition, we speculate that the fine mesh size of the Townes 
Malaise trap may have been easier for dragonflies and large 
Aculeata to see and avoid (Uhler et al. 2022), which could help 
explain why Odonata numbers are low relative to some previous 
estimates (Samways and Niba  2010; Suh and Samways  2005). 
It is also possible that we may have missed pollinators in sites 
where the blooming period was short, such as Hantam NBG. 
This garden is known as the ‘bulb capital of the world’ (with 
ca. 2200 bulb species in the area Willis 2018) and flowering is 
limited to 2 weeks at the end of August and the beginning of 
September. To improve the representation of ground-dwelling 
insects, we suggest pairing Malaise traps with pitfall traps 
and/or using metabarcoding on the soil below the traps (Kirse 
et  al.  2021). Environmental DNA (eDNA) metabarcoding may 
provide an efficient approach to further expand sampling inten-
sity (Buchner et al. 2025), but like metabarcoding, it is limited 
by the completeness of the barcode reference library (Rattray 
et al. 2024).

We estimated that Hantam and Harold Porter, both within the 
Fynbos biome, had marginally higher proportions of missing 
species (0.45 and 0.46, respectively) than other NBGs. We sug-
gest that additional sampling in Hantam NBG could be partic-
ularly valuable, as several recently described species have been 
found in the garden, including the long-tongued fly (Prosoeca 
marinusi Barraclough), a pollinator of plants endemic to Hantam T
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(Lapeirousia oreogena Schltr. ex Goldblatt, Babiana vanzyliae L. 
Bolus, and Babiana framesii L. Bolus) that was noted in early 
pollination studies but only formally described 20 years later 
(Barraclough et  al.  2018). We suspect additional sampling in 
Harold Porter is also likely to reveal new species. Several spe-
cies have been discovered there, including Elpiscladius capi-
cola Harrison & Cranston, found in the Davidskraal River, 
and Trioza bullatae Burckhardt, Drohojowska & Giliomee, 
a gall-inducing species on black stinkwood (Ocotea bullata; 
Burckhardt et al. 2012; Harrison and Cranston 2007).

Current estimates of global biodiversity range between 8 and 
100 million (Mora et al. 2011). Insects make up the bulk of these 
estimates. In sub-Saharan Africa, there are ca. 100,000 de-
scribed insects (Miller and Rogo 2001), with perhaps ca. 44,000 
described species in southern Africa (Scholtz 2016; Scholtz and 
Holm 1985; Scholtz and Chown 1995). However, the true diver-
sity of the region is almost certainly much greater (Hamer 2013). 
We identified almost 30,000 barcode taxa (equivalent to 65% 
of the 44,000 described specimens), of which only 3% were 
identified to species level, while many of the remainder likely 
represent undescribed or cryptic species. If these data are rep-
resentative, it might indicate that the total above ground insect 
diversity in South Africa could be close to 100,000 species. In 
some biomes, such as the Albany Thicket, we are closer to sam-
pling the total diversity, although even here we estimate that ca. 
2900 species are missing from our samples. Based on the cur-
rent description rates from Hamer (2013)—355 years to describe 
around 80,000 species—it would take more than 200 years to de-
scribe the estimated > 52,000 dark taxa suggested by our study. 
Nonetheless, we captured a greater proportion of the insect tree 
of life, and much of the missing diversity likely falls within the 
sampled clades, as indicated by the proportionately lower frac-
tion of missing PD.

DNA barcoding is a powerful tool for accelerating species iden-
tification, biomonitoring and the generation of important biodi-
versity baseline data. Globally, South Africa ranks fourth in the 
number of insect records on BOLD systems (Stewart et al. 2024). 
However, many of the barcoded species are ‘dark taxa’ which 
lack formal taxonomic descriptions. Some taxonomic groups 
typically attract more research attention than others, such 
as Diptera and Lepidoptera (Salis et  al.  2024), although most 
major clades are still lacking species-level identification. While 
larger-bodied groups and those with charismatic traits, includ-
ing Araneae and Lepidoptera, tend to be better studied (Salis 
et al. 2024), 85% of these groups remain dark. Even within oth-
erwise well-studied clades, some highly speciose groups have 
endured taxonomic neglect, such as parasitic wasps within 
Hymenoptera (Forbes et al. 2018).

5   |   Conclusion

We provide the first comprehensive baseline dataset of insect 
diversity across South Africa, contributing over 29,919 unique 
BINs from 337,809 specimens. A congruence between plant and 
insect diversity would allow one group to provide a proxy for di-
versity in the other and indicate that insect diversity might be a 
useful general indicator of biodiversity (Landmann et al. 2023). 
We show that insect species richness is not well predicted by 

plant species richness, with biome-specific factors playing a 
significant role in shaping insect richness gradients. However, 
turnover in plant lineages is a good predictor of insect composi-
tional differences between gardens. Our results parallel obser-
vations by Novotny et al. (2006) and Ødegaard et al. (2005) who 
showed that insect communities co-vary more closely with the 
diversity and turnover of host-plant lineages rather than species 
composition. We highlight this distinction in contrasts between 
the floristically rich Fynbos and the more insect-rich Savanna, 
where biome area, vegetation structure and resource availability 
may additionally contribute to shaping insect diversity.

Our data, in conjunction with future barcoding efforts, have a 
wide range of potential ecological and environmental applica-
tions, including biomonitoring, documenting species interac-
tions, tracking biological invasions, assessing the effectiveness 
of conservation actions and identifying potentially pathogenic 
vectors. To realise this potential, we must expand sampling in 
(1) space to other biomes, (2) time intervals, sampling more fre-
quently during key seasonal events, such as flowering and (3) 
temporal extent, allowing longer-term records of biodiversity 
trends.
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The complete working dataset, phylogenetic trees, plant community ma-
trix and associated metadata are archived in Dryad at https://​doi.​org/​10.​

 14668238, 2026, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.70283 by South A

frican M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [29/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-PTIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-PTIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-WSIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-WSIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-FSIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-FSIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-LVIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-LVIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-TDIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-TDIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-TDIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KZIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KZIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KWIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KWIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KBIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KBIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-HPIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-HPIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KDIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-KDIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-HTIN
http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-HTIN
https://doi.org/10.15468/dl.9vw3gn
https://doi.org/10.15468/dl.2mjy3r
https://doi.org/10.15468/dl.gvuqq5
https://doi.org/10.15468/dl.cvhzus
https://doi.org/10.15468/dl.7j6e7p
https://doi.org/10.15468/dl.6qsckq
https://doi.org/10.15468/dl.gvrbrh
https://doi.org/10.15468/dl.2ep7ze
https://doi.org/10.15468/dl.wbxwnv
https://doi.org/10.15468/dl.x6jj4p
https://doi.org/10.15468/dl.3u49kz
https://doi.org/10.5061/dryad.47d7wm3w5


14 of 17 Global Ecology and Biogeography, 2026

5061/​dryad.​47d7w​m3w5. The R scripts used to reproduce the analyses, 
figures and Supporting Information tables are available on GitHub at 
https://​github.​com/​rossd​stewa​rt/​Plant​-​phylo​genet​ic-​histo​ry.​git.

References

Abraham, V., P. Kuneš, O. Vild, et al. 2022. “Spatial Scaling of Pollen-
Plant Diversity Relationship in Landscapes With Contrasting Diversity 
Patterns.” Scientific Reports 12: 1–10. https://​doi.​org/​10.​1038/​s4159​8-​
022-​22353​-​3.

Arnolds, J. L., and D. Guo. 2024. “Plant Conservation in National Botanical 
Gardens of South Africa.” Journal of Geoscience and Environment 
Protection 12: 145–162. https://​doi.​org/​10.​4236/​gep.​2024.​1211008.

Atwood, T. B., S. A. Valentine, E. Hammill, et al. 2020. “Herbivores 
at the Highest Risk of Extinction Among Mammals, Birds, and 
Reptiles.” Science Advances 6: eabb8458. https://​doi.​org/​10.​1126/​
sciadv.​abb8458.

Barnes, A. D., C. Scherber, U. Brose, et al. 2020. “Biodiversity Enhances 
the Multitrophic Control of Arthropod Herbivory.” Science Advances 6: 
1–9. https://​doi.​org/​10.​1126/​SCIADV.​ABB6603.

Barraclough, D. A., J. F. Colville, F. Karolyi, and H. W. Krenn. 
2018. “A Striking New Species of Prosoeca Schiner, 1867 (Diptera: 
Nemestrinidae): An Important Pollinator From the Bokkeveld Plateau, 
Northern Cape Province, South Africa.” Zootaxa 4497: 411–421. https://​
doi.​org/​10.​11646/​​zoota​xa.​4497.3.​5.

Baselga, A. 2010. “Partitioning the Turnover and Nestedness 
Components of Beta Diversity.” Global Ecology and Biogeography 19: 
134–143. https://​doi.​org/​10.​1111/j.​1466-​8238.​2009.​00490.​x.

Baselga, A., D. Orme, S. Villeger, et  al. 2023. “betapart: Partitioning 
Beta Diversity Into Turnover and Nestedness Components”. https://
CRAN.R-project.org/package=betapart.

Bertoia, A., T. Murray, B. C. Robertson, and J. M. Monks. 2023. “Pitfall 
Trapping Outperforms Other Methods for Surveying Ground-Dwelling 
Large-Bodied Alpine Invertebrates.” Journal of Insect Conservation 27: 
679–692. https://​doi.​org/​10.​1007/​s1084​1-​023-​00498​-​4.

Bickford, D., D. J. Lohman, N. S. Sodhi, et al. 2007. “Cryptic Species as a 
Window on Diversity and Conservation.” Trends in Ecology & Evolution 
22: 148–155. https://​doi.​org/​10.​1016/j.​tree.​2006.​11.​004.

Botha, C. J. 1976. “A Preliminary Survey of Soil Nutrient Status and 
Vegetation Distribution in Kirstenbosch.” University of Cape Town.

Braschler, B., S. L. Chown, and K. J. Gaston. 2012. “The Fynbos 
and Succulent Karoo Biomes Do Not Have Exceptional Local Ant 
Richness.” PLoS One 7: e31463. https://​doi.​org/​10.​1371/​journ​al.​pone.​
0031463.

Briski, E., M. E. Cristescu, S. A. Bailey, and H. J. MacIsaac. 2011. 
“Use of DNA Barcoding to Detect Invertebrate Invasive Species From 
Diapausing Eggs.” Biological Invasions 13: 1325–1340. https://​doi.​org/​
10.​1007/​s1053​0-​010-​9892-​7.

Bruce, T. J. A. 2015. “Interplay Between Insects and Plants: Dynamic 
and Complex Interactions That Have Coevolved Over Millions of Years 
but Act in Milliseconds.” Journal of Experimental Botany 66: 455–465. 
https://​doi.​org/​10.​1093/​jxb/​eru391.

Buchmann, S. L., and G. P. Nabhan. 1996. The Forgotten Pollinators. 
Island Press.

Buchner, D., J. S. Sinclair, M. Ayasse, et al. 2025. “Upscaling Biodiversity 
Monitoring : Metabarcoding Estimates 31,846 Insect Species From 
Malaise Traps Across Germany.” Molecular Ecology Resources 25: 1–26. 
https://​doi.​org/​10.​1111/​1755-​0998.​14023​.

Burckhardt, D., J. Drohojowska, and J. Giliomee. 2012. “Trioza 
Bullatae sp. n. (Hemiptera: Psylloidea), a New Gall-Inducing Pest on 
Black Stinkwood (Ocotea bullata, Lauraceae) in South Africa.” African 
Entomology 20: 144–149. https://​doi.​org/​10.​4001/​003.​020.​0118.

Carroll, T., R. Stafford, P. K. Gillingham, et  al. 2023. “Correlated 
Biodiversity Change Between Plant and Insect Assemblages 
Resurveyed After 80 Years Across a Dynamic Habitat Mosaic.” Ecology 
and Evolution 13: 1–13. https://​doi.​org/​10.​1002/​ece3.​10168​.

Chamberlain, S., and E. Szocs. 2013. “Taxize—Taxonomic Search and 
Retrieval in R.” F1000Research 2: 191.

Chao, A., P. A. Henderson, C.-H. Chiu, et  al. 2021. “Measuring 
Temporal Change in Alpha Diversity: A Framework Integrating 
Taxonomic, Phylogenetic and Functional Diversity and the iNEXT.3D 
Standardization.” Methods in Ecology and Evolution 12: 1926–1940. 
https://​doi.​org/​10.​1111/​2041-​210X.​13682​.

Chimeno, C., A. Hausmann, S. Schmidt, et  al. 2022. “Peering Into 
the Darkness: DNA Barcoding Reveals Surprisingly High Diversity 
of Unknown Species of Diptera (Insecta) in Germany.” Insects 13: 82. 
https://​doi.​org/​10.​3390/​insec​ts130​10082​.

Davies, T. J., and L. B. Buckley. 2011. “Phylogenetic Diversity as a 
Window Into the Evolutionary and Biogeographic Histories of Present-
Day Richness Gradients for Mammals.” Philosophical Transactions of 
the Royal Society B: Biological Sciences 366: 2414–2425. https://​doi.​org/​
10.​1098/​rstb.​2011.​0058.

de Beer, I. W., C. Hui, C. Botella, and D. M. Richardson. 2023. “Drivers 
of Compositional Turnover of Narrow-Ranged Versus Widespread 
Naturalised Woody Plants in South Africa.” Frontiers in Ecology and 
Evolution 11: 1–12. https://​doi.​org/​10.​3389/​fevo.​2023.​1106197.

Díaz, S., S. Demissew, J. Carabias, et al. 2015. “The IPBES Conceptual 
Framework—Connecting Nature and People.” Current Opinion in 
Environmental Sustainability 14: 1–16. https://​doi.​org/​10.​1016/j.​cosust.​
2014.​11.​002.

D'Souza, M. L., M. van der Bank, Z. Shongwe, et al. 2021. “Biodiversity 
Baselines: Tracking Insects in Kruger National Park With DNA 
Barcodes.” Biological Conservation 256: 109034. https://​doi.​org/​10.​
1016/j.​biocon.​2021.​109034.

Duffus, N. E., A. Echeverri, L. Dempewolf, J. A. Noriega, P. R. Furumo, 
and J. Morimoto. 2023. “The Present and Future of Insect Biodiversity 
Conservation in the Neotropics: Policy Gaps and Recommendations.” 
Neotropical Entomology 52: 407–421. https://​doi.​org/​10.​1007/​s1374​4-​
023-​01031​-​7.

Ebeling, A., M. Rzanny, M. Lange, et al. 2018. “Plant Diversity Induces 
Shifts in the Functional Structure and Diversity Across Trophic Levels.” 
Oikos 127: 208–219. https://​doi.​org/​10.​1111/​oik.​04210​.

Faith, D. P. 1992. “Conservation Evaluation and Phylogenetic Diversity.” 
Biological Conservation 61: 1–10. https://​doi.​org/​10.​1016/​0006-​3207(92)​
91201​-​3.

Forbes, A. A., R. K. Bagley, M. A. Beer, A. C. Hippee, and H. A. 
Widmayer. 2018. “Quantifying the Unquantifiable: Why Hymenoptera, 
Not Coleoptera, Is the Most Speciose Animal Order.” BMC Ecology 18: 
1–11. https://​doi.​org/​10.​1186/​s1289​8-​018-​0176-​x.

Germishuizen, G., and N. L. Meyer. 2003. Plants of Southern Africa: An 
Annotated Checklist. Strelizia.

Gibbs, J. 2018. “DNA Barcoding a Nightmare Taxon: Assessing Barcode 
Index Numbers and Barcode Gaps for Sweat Bees.” Genome 61: 21–31. 
https://​doi.​org/​10.​1139/​gen-​2017-​0096.

Guo, D., P. G. Desmet, and L. W. Powrie. 2017. “Impact of the Future 
Changing Climate on the Southern Africa Biomes, and the Importance 
of Geology.” Journal of Geoscience and Environment Protection 05: 1–9. 
https://​doi.​org/​10.​4236/​gep.​2017.​57001​.

Haddad, N. M., G. M. Crutsinger, K. Gross, J. Haarstad, J. M. H. 
Knops, and D. Tilman. 2009. “Plant Species Loss Decreases Arthropod 
Diversity and Shifts Trophic Structure.” Ecology Letters 12: 1029–1039. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2009.​01356.​x.

Hajibabaei, M., J. L. Spall, S. Shokralla, and S. van Konynenburg. 2012. 
“Assessing Biodiversity of a Freshwater Benthic Macroinvertebrate 

 14668238, 2026, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.70283 by South A

frican M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [29/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.47d7wm3w5
https://github.com/rossdstewart/Plant-phylogenetic-history.git
https://doi.org/10.1038/s41598-022-22353-3
https://doi.org/10.1038/s41598-022-22353-3
https://doi.org/10.4236/gep.2024.1211008
https://doi.org/10.1126/sciadv.abb8458
https://doi.org/10.1126/sciadv.abb8458
https://doi.org/10.1126/SCIADV.ABB6603
https://doi.org/10.11646/zootaxa.4497.3.5
https://doi.org/10.11646/zootaxa.4497.3.5
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://CRAN.R-project.org/package=betapart
https://CRAN.R-project.org/package=betapart
https://doi.org/10.1007/s10841-023-00498-4
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1371/journal.pone.0031463
https://doi.org/10.1371/journal.pone.0031463
https://doi.org/10.1007/s10530-010-9892-7
https://doi.org/10.1007/s10530-010-9892-7
https://doi.org/10.1093/jxb/eru391
https://doi.org/10.1111/1755-0998.14023
https://doi.org/10.4001/003.020.0118
https://doi.org/10.1002/ece3.10168
https://doi.org/10.1111/2041-210X.13682
https://doi.org/10.3390/insects13010082
https://doi.org/10.1098/rstb.2011.0058
https://doi.org/10.1098/rstb.2011.0058
https://doi.org/10.3389/fevo.2023.1106197
https://doi.org/10.1016/j.cosust.2014.11.002
https://doi.org/10.1016/j.cosust.2014.11.002
https://doi.org/10.1016/j.biocon.2021.109034
https://doi.org/10.1016/j.biocon.2021.109034
https://doi.org/10.1007/s13744-023-01031-7
https://doi.org/10.1007/s13744-023-01031-7
https://doi.org/10.1111/oik.04210
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1186/s12898-018-0176-x
https://doi.org/10.1139/gen-2017-0096
https://doi.org/10.4236/gep.2017.57001
https://doi.org/10.1111/j.1461-0248.2009.01356.x


15 of 17Global Ecology and Biogeography, 2026

Community Through Non-Destructive Environmental Barcoding of 
DNA From Preservative Ethanol.” BMC Ecology 12: 1–10. https://​doi.​
org/​10.​1186/​1472-​6785-​12-​28.

Hallmann, C. A., E. Jongejans, T. Hörren, et  al. 2025. “Weather 
Anomalies Cannot Explain Insect Decline.” Nature 639: E7–E11. 
https://​doi.​org/​10.​1038/​s4158​6-​024-​08528​-​0.

Hallmann, C. A., M. Sorg, E. Jongejans, et  al. 2017. “More Than 75 
Percent Decline Over 27 Years in Total Flying Insect Biomass in 
Protected Areas.” PLoS One 12: e0185809. https://​doi.​org/​10.​1371/​journ​
al.​pone.​0185809.

Hamer, P. M. 2013. “A National Strategy for Zoological Taxonomy 
(2013–2020).” Pretoria.

Harrison, A. D., and P. S. Cranston. 2007. “Elpiscladius Harrison and 
Cranston, a New Orthoclad (Diptera: Chironomidae) in the Brillia-
Group From South Africa.” Annals of the Eastern Cape Museums 6: 
1–11. https://​doi.​org/​10.​4017/​gt.​2007.​06.​01.​015.​00.

Hebert, P. D., R. Floyd, S. Jafarpour, and S. W. Prosser. 2025. “Barcode 
100K Specimens: In a Single Nanopore Run.” Molecular Ecology 
Resources 25: e14028. https://​doi.​org/​10.​1111/​1755-​0998.​14028​.

Hebert, P. D. N., A. Cywinska, S. L. Ball, and J. R. deWaard. 2003. 
“Biological Identifications Through DNA Barcodes.” Proceedings of 
the Royal Society B: Biological Sciences 270: 313–321. https://​doi.​org/​10.​
1098/​rspb.​2002.​2218.

Henderson, L. 2011. “Mapping of Invasive Alien Plants: The 
Contribution of the Southern African Plant Invaders Atlas (SAPIA) to 
Biological Weed Control.” African Entomology 19: 498–503. https://​doi.​
org/​10.​4001/​003.​019.​0207.

Higgins, S. I., T. Conradi, S. Ongole, et  al. 2023. “Changes in How 
Climate Forces the Vegetation of Southern Africa.” Ecosystems 26: 
1716–1733. https://​doi.​org/​10.​1007/​s1002​1-​023-​00860​-​2.

Hitchcock, A. 2006. “Restoration Conservation at Kirstenbosch.” Veld & 
Flora: Journal of the Botanical Society of South Africa 92: 40–44.

Hoveka, L. N., M. van der Bank, B. S. Bezeng, and T. J. Davies. 2020. 
“Identifying Biodiversity Knowledge Gaps for Conserving South 
Africa's Endemic Flora.” Biodiversity and Conservation 29: 2803–2819. 
https://​doi.​org/​10.​1007/​s1053​1-​020-​01998​-​4.

Igea, J., and A. J. Tanentzap. 2020. “Angiosperm Speciation Cools Down 
in the Tropics.” Ecology Letters 23: 692–700. https://​doi.​org/​10.​1111/​ele.​
13476​.

Janssens, S. B., T. L. P. Couvreur, A. Mertens, et  al. 2020. “A Large-
Scale Species Level Dated Angiosperm Phylogeny for Evolutionary and 
Ecological Analyses.” Biodiversity Data Journal 8: e39677. https://​doi.​
org/​10.​3897/​BDJ.8.​E39677.

Jin, Y., and H. Qian. 2019. “V.PhyloMaker: An R Package That Can 
Generate Very Large Phylogenies for Vascular Plants.” Ecography 42: 
1353–1359. https://​doi.​org/​10.​1111/​ecog.​04434​.

Johnson, T. F., A. P. Beckerman, D. Z. Childs, et al. 2024. “Revealing 
Uncertainty in the Status of Biodiversity Change.” Nature 628: 788–794. 
https://​doi.​org/​10.​1038/​s4158​6-​024-​07236​-​z.

Jolls, C. L., J. N. Inkster, B. G. Scholtens, P. Vitt, and K. Havens. 2019. 
“An Endemic Plant and the Plant-Insect Visitor Network of a Dune 
Ecosystem.” Global Ecology and Conservation 18: e00603. https://​doi.​
org/​10.​1016/j.​gecco.​2019.​e00603.

Kalyaanamoorthy, S., B. Q. Minh, T. K. F. Wong, A. von Haeseler, and 
L. S. Jermiin. 2017. “ModelFinder: Fast Model Selection for Accurate 
Phylogenetic Estimates.” Nature Methods 14: 1–5. https://​doi.​org/​10.​
1038/​nmeth.​4285.

Katoh, K., and D. M. Standley. 2013. “MAFFT Multiple Sequence 
Alignment Software Version 7: Improvements in Performance and 
Usability.” Molecular Biology and Evolution 30: 772–780. https://​doi.​
org/​10.​1093/​molbev/​mst010.

Kirse, A., S. J. Bourlat, K. Langen, and V. G. Fonseca. 2021. 
“Metabarcoding Malaise Traps and Soil eDNA Reveals Seasonal and 
Local Arthropod Diversity Shifts.” Scientific Reports 11: 1–12. https://​
doi.​org/​10.​1038/​s4159​8-​021-​89950​-​6.

Landmann, T., M. Schmitt, B. Ekim, et al. 2023. “Insect Diversity Is a 
Good Indicator of Biodiversity Status in Africa.” Communications Earth 
& Environment 4: 234. https://​doi.​org/​10.​1038/​s4324​7-​023-​00896​-​1.

Leisher, C., N. Robinson, M. Brown, et al. 2022. “Ranking the Direct 
Threats to Biodiversity in Sub-Saharan Africa.” Biodiversity and 
Conservation 31: 1329–1343. https://​doi.​org/​10.​1007/​s1053​1-​022-​
02394​-​w.

Magill, R. E., G. E. Gibbs Russell, J. W. Morris, and P. Gonsalves. 1983. 
“PRECIS, the Botanical Research Institute Herbarium Data Bank.” 
Bothalia 14: 481–495. https://​doi.​org/​10.​4102/​abc.​v14i3/​4.​1198.

Maraia, H., T. Charles-Dominique, K. W. Tomlinson, et  al. 2024. 
“Substantial Insect Herbivory in a South African Savanna-Forest 
Mosaic: A Neglected Topic.” Ecology and Evolution 14: e70466. https://​
doi.​org/​10.​1002/​ece3.​70466​.

Marchant, R. 2010. “Understanding Complexity in Savannas: Climate, 
Biodiversity and People.” Current Opinion in Environment Sustainability 
2: 101–108. https://​doi.​org/​10.​1016/j.​cosust.​2010.​03.​001.

Meiri, S., and G. M. Mace. 2007. “New Taxonomy and the Origin of 
Species.” PLoS Biology 5: 1385–1386. https://​doi.​org/​10.​1371/​journ​al.​
pbio.​0050194.

Michonneau, F., J. W. Brown, and D. J. Winter. 2016. “Rotl: An R Package 
to Interact With the Open Tree of Life Data.” Methods in Ecology and 
Evolution 7: 1476–1481. https://​doi.​org/​10.​1111/​2041-​210X.​12593​.

Miller, J. T., G. Jolley-Rogers, B. D. Mishler, and A. H. Thornhill. 2018. 
“Phylogenetic Diversity Is a Better Measure of Biodiversity Than Taxon 
Counting.” Journal of Systematics and Evolution 56: 663–667. https://​
doi.​org/​10.​1111/​jse.​12436​.

Miller, S. E., and L. M. Rogo. 2001. “Challenges and Opportunities in 
Understanding and Utilisation of African Insect Diversity.” Cimbebasia 
17: 197–218.

Mora, C., D. P. Tittensor, S. Adl, A. G. B. Simpson, and B. Worm. 2011. 
“How Many Species Are There on Earth and in the Ocean?” PLoS 
Biology 9: 1–8. https://​doi.​org/​10.​1371/​journ​al.​pbio.​1001127.

Morinière, J., B. Cancian De Araujo, A. W. Lam, et al. 2016. “Species 
Identification in Malaise Trap Samples by DNA Barcoding Based on 
NGS Technologies and a Scoring Matrix.” PLoS One 11: 1–14. https://​
doi.​org/​10.​1371/​journ​al.​pone.​0155497.

Morpurgo, J., M. Huurdeman, and J. B. Gerard Oostermeijer. 2024. 
“Vegetation Density Is the Main Driver of Insect Species Richness 
and Diversity in Small Private Urban Front Gardens.” Urban Forestry 
& Urban Greening 101: 128531. https://​doi.​org/​10.​1016/j.​ufug.​2024.​
128531.

Mucina, L., G. J. Bredenkamp, D. B. Hoare, and D. J. McDonald. 2000. 
“A National Vegetation Database for South Africa.” South African 
Journal of Science 96: 497–498.

Mucina, L., and M. C. Rutherford. 2006. The Vegetation of South Africa, 
Lesotho and Swaziland. South African Natl. Biodivers. Inst.

Müller, J., T. Hothorn, Y. Yuan, S. Seibold, and O. Mitesser. 2024. 
“Weather Explains the Decline and Rise of Insect Biomass Over 
34 Years.” 628: 349–354. https://​doi.​org/​10.​1038/​s4158​6-​023-​06402​-​z.

Myburgh, M. M. M., M. Thabang Madisha, and W. G. Coetzer. 2021. 
“South Africa's Contribution of Insect Records on the BOLD System.” 
Molecular Biology Reports 48: 8211–8220. https://​doi.​org/​10.​1007/​s1103​
3-​021-​06822​-​y.

Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A. B. Fonseca, and J. 
Kent. 2000. “Biodiversity Hotspots for Conservation Priorities.” Nature 
403: 853–858.

 14668238, 2026, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.70283 by South A

frican M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [29/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/1472-6785-12-28
https://doi.org/10.1186/1472-6785-12-28
https://doi.org/10.1038/s41586-024-08528-0
https://doi.org/10.1371/journal.pone.0185809
https://doi.org/10.1371/journal.pone.0185809
https://doi.org/10.4017/gt.2007.06.01.015.00
https://doi.org/10.1111/1755-0998.14028
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.4001/003.019.0207
https://doi.org/10.4001/003.019.0207
https://doi.org/10.1007/s10021-023-00860-2
https://doi.org/10.1007/s10531-020-01998-4
https://doi.org/10.1111/ele.13476
https://doi.org/10.1111/ele.13476
https://doi.org/10.3897/BDJ.8.E39677
https://doi.org/10.3897/BDJ.8.E39677
https://doi.org/10.1111/ecog.04434
https://doi.org/10.1038/s41586-024-07236-z
https://doi.org/10.1016/j.gecco.2019.e00603
https://doi.org/10.1016/j.gecco.2019.e00603
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/s41598-021-89950-6
https://doi.org/10.1038/s41598-021-89950-6
https://doi.org/10.1038/s43247-023-00896-1
https://doi.org/10.1007/s10531-022-02394-w
https://doi.org/10.1007/s10531-022-02394-w
https://doi.org/10.4102/abc.v14i3/4.1198
https://doi.org/10.1002/ece3.70466
https://doi.org/10.1002/ece3.70466
https://doi.org/10.1016/j.cosust.2010.03.001
https://doi.org/10.1371/journal.pbio.0050194
https://doi.org/10.1371/journal.pbio.0050194
https://doi.org/10.1111/2041-210X.12593
https://doi.org/10.1111/jse.12436
https://doi.org/10.1111/jse.12436
https://doi.org/10.1371/journal.pbio.1001127
https://doi.org/10.1371/journal.pone.0155497
https://doi.org/10.1371/journal.pone.0155497
https://doi.org/10.1016/j.ufug.2024.128531
https://doi.org/10.1016/j.ufug.2024.128531
https://doi.org/10.1038/s41586-023-06402-z
https://doi.org/10.1007/s11033-021-06822-y
https://doi.org/10.1007/s11033-021-06822-y


16 of 17 Global Ecology and Biogeography, 2026

Novotny, V., P. Drozd, S. E. Miller, et al. 2006. “Why Are There So Many 
Species of Herbivorous Insects in Tropical Rainforests?” Science 313: 
1115–1118. https://​doi.​org/​10.​1126/​scien​ce.​1129237.

Ødegaard, F., O. H. Diserud, and K. Østbye. 2005. “The Importance of 
Plant Relatedness for Host Utilization Among Phytophagous Insects.” 
Ecology Letters 8: 612–617. https://​doi.​org/​10.​1111/j.​1461-​0248.​2005.​
00758.​x.

Oksanen, J., G. L. Simpson, F. G. Blanchet, et  al. 2024. “vegan: 
Community Ecology Package”. https://doi.org/10.32614/CRAN.pack-
age.vegan.

Paradis, E., and K. Schliep. 2019. “Ape 5.0: An Environment for Modern 
Phylogenetics and Evolutionary Analyses in R.” Bioinformatics 35: 526–
528. https://​doi.​org/​10.​1093/​bioin​forma​tics/​bty633.

Pellissier, L., C. Ndiribe, A. Dubuis, et  al. 2013. “Turnover of Plant 
Lineages Shapes Herbivore Phylogenetic Beta Diversity Along 
Ecological Gradients.” Ecology Letters 16: 600–608. https://​doi.​org/​10.​
1111/​ele.​12083​.

Price, M. N., P. S. Dehal, and A. P. Arkin. 2010. “FastTree 2—
Approximately Maximum-Likelihood Trees for Large Alignments.” 
PLoS One 5: e9490. https://​doi.​org/​10.​1371/​journ​al.​pone.​0009490.

Procheş, Ş., and R. M. Cowling. 2006. “Insect Diversity in Cape Fynbos 
and Neighbouring South African Vegetation.” Global Ecology and 
Biogeography 15: 445–451. https://​doi.​org/​10.​1111/j.​1466-​822X.​2006.​
00239.​x.

Rabosky, D. L., and A. H. Hurlbert. 2015. “Species Richness at 
Continental Scales Is Dominated by Ecological Limits.” American 
Naturalist 185: 572–583. https://​doi.​org/​10.​1086/​680850.

Ratnasingham, S., and P. D. N. Hebert. 2007. “BOLD: The Barcode of 
Life Data System.” Molecular Ecology Notes 7: 355–364. https://​doi.​org/​
10.​1111/j.​1471-​8286.​2006.​01678.​x.

Ratnasingham, S., and P. D. N. Hebert. 2013. “A DNA-Based Registry for 
All Animal Species: The Barcode Index Number (BIN) System.” PLoS 
One 8: e66213. https://​doi.​org/​10.​1371/​journ​al.​pone.​0066213.

Rattray, R. D., R. D. Stewart, H. J. Niemann, O. D. Olaniyan, and M. van 
der Bank. 2024. “Leafing Through Genetic Barcodes: An Assessment 
of 14 Years of Plant DNA Barcoding in South Africa.” South African 
Journal of Botany 172: 474–487. https://​doi.​org/​10.​1016/j.​sajb.​2024.​
07.​055.

Redelings, B., L. L. S. Reyes, K. A. Cranston, J. Allman, M. T. Holder, 
and E. J. McTavish. 2020. “Open Tree of Life Synthetic Tree.” https://​
doi.​org/​10.​5281/​zenodo.​3937742.

Rohland, N., and D. Reich. 2012. “Cost-Effective, High-Throughput 
DNA Sequencing Libraries for Multiplexed Target Capture.” Genome 
Research 22: 939–946. https://​doi.​org/​10.​1101/​gr.​128124.​111.

Rutherford, M. C., L. Mucina, and L. W. Powrie. 2012. “The South 
African National Vegetation Database: History, Development, 
Applications, Problems and Future.” South African Journal of Science 
108: 1–8. https://​doi.​org/​10.​4102/​sajs.​v108i1/​2.​629.

Rutherford, M. C., L. W. Powrie, and G. F. Midgley. 2003. “ACKDAT: A 
Digital Spatial Database of Distributions of South African Plant Species 
and Species Assemblages.” South African Journal of Botany 69: 99–104. 
https://​doi.​org/​10.​1016/​S0254​-​6299(15)​30364​-​1.

Salis, R., J. Sunde, N. Gubonin, M. Franzén, and A. Forsman. 2024. 
“Performance of DNA Metabarcoding, Standard Barcoding and 
Morphological Approaches in the Identification of Insect Biodiversity.” 
Molecular Ecology Resources 24, no. 8: e14018. https://​doi.​org/​10.​1111/​
1755-​0998.​14018​.

Samways, M., and A. Niba. 2010. “Climate and Elevational Range of a 
South African Dragonfly Assemblage.” BioRisk 5: 85–107. https://​doi.​
org/​10.​3897/​biori​sk.5.​844.

SANBI. 2010. “Threatened Species: A Guide to Red Lists and Their Use 
in Conservation.” pp. 28.

Schaffers, A. P., I. P. Raemakers, K. V. Sykora, and C. J. F. ter Braak. 
2008. “Arthropod Assemblages Are Best Predicted by Plant Species 
Composition.” Ecology 89: 782–794.

Scherber, C., N. Eisenhauer, W. W. Weisser, et  al. 2010. “Bottom-Up 
Effects of Plant Diversity on Multitrophic Interactions in a Biodiversity 
Experiment.” Nature 468: 553–556. https://​doi.​org/​10.​1038/​natur​e09492.

Scholtz, C. H. 2016. “The Higher Classification of Southern African 
Insects.” African Entomology 24: 545–555. https://​doi.​org/​10.​4001/​003.​
024.​0545.

Scholtz, C. H., and E. Holm. 1985. Insects of Southern Africa. 
Butterworths.

Scholtz, C. R., and S. L. Chown. 1995. “Insects in Southern Africa: How 
Many Species Are There?” South African Journal of Science 91: 124–126. 
https://​doi.​org/​10.​10520/​​AJA00​382353_​10229​.

Schuldt, A., A. Ebeling, M. Kunz, et al. 2019. “Multiple Plant Diversity 
Components Drive Consumer Communities Across Ecosystems.” 
Nature Communications 10: 1460. https://​doi.​org/​10.​1038/​s4146​7-​019-​
09448​-​8.

Schwery, O., and B. C. O'Meara. 2016. “MonoPhy: A Simple R Package 
to Find and Visualize Monophyly Issues.” PeerJ Computer Science 2: e56. 
https://​doi.​org/​10.​7717/​peerj​-​cs.​56.

Seymour, M., T. Roslin, J. R. DeWaard, et al. 2024. “Global Arthropod 
Beta-Diversity Is Spatially and Temporally Structured by Latitude.” 
Communications Biology 7: 1–11. https://​doi.​org/​10.​1038/​s4200​3-​024-​
06199​-​1.

Siemann, E. 1998. “Experimental Tests of Effects of Plant Productivity 
and Diversity on Grassland Arthropod Diversity.” Ecology 79: 2057–
2070. https://​doi.​org/​10.​2307/​176709.

Smith, M. R. 2019. “TreeTools: Create, Modify and Analyse Phylogenetic 
Trees.” https://​doi.​org/​10.​5281/​zenodo.​3522725.

Stewart, R. D., N. Bard, M. van der Bank, and T. J. Davies. 2025. 
“Leveraging Machine Learning and Citizen Science Data to Describe 
Flowering Phenology Across South Africa.” Plants, People, Planet 8: 
1132–1144. https://​doi.​org/​10.​1002/​ppp3.​70059​.

Stewart, R. D., M. van der Bank, and T. J. Davies. 2024. “Unveiling 
South African Insect Diversity: DNA Barcoding's Contribution to 
Biodiversity Data.” South African Journal of Science 120: 2–9. https://​
doi.​org/​10.​17159/​​sajs.​2024/​16448​.

Stork, N. E. 2018. “How Many Species of Insects and Other Terrestrial 
Arthropods Are There on Earth?” Annual Review of Entomology 63: 
31–45. https://​doi.​org/​10.​1146/​annur​ev-​ento-​02011​7-​043348.

Suh, A. N., and M. J. Samways. 2005. “Significance of Temporal 
Changes When Designing a Reservoir for Conservation of Dragonfly 
Diversity.” Biodiversity and Conservation 14: 165–178.

Tietje, M., A. Antonelli, W. J. Baker, R. Govaerts, S. A. Smith, and W. L. 
Eiserhardt. 2022. “Global Variation in Diversification Rate and Species 
Richness Are Unlinked in Plants.” Proceedings of the National Academy 
of Sciences of the United States of America 119: 1–9. https://​doi.​org/​10.​
1073/​pnas.​21206​62119​.

Townes, H. 1972. “A Light-Weight Malaise Trap.” Entomological News 
83: 253–262.

Tscharntke, T., D. S. Karp, R. Chaplin-Kramer, et  al. 2016. “When 
Natural Habitat Fails to Enhance Biological Pest Control – Five 
Hypotheses.” Biological Conservation 204: 449–458. https://​doi.​org/​10.​
1016/j.​biocon.​2016.​10.​001.

Tscharntke, T., and A. Kruess. 2002. “Contrasting Responses of Plant 
and Insect Diversity to Variation in Grazing Intensity.” Biological 
Conservation 106: 293–302.

 14668238, 2026, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.70283 by South A

frican M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [29/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1126/science.1129237
https://doi.org/10.1111/j.1461-0248.2005.00758.x
https://doi.org/10.1111/j.1461-0248.2005.00758.x
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/ele.12083
https://doi.org/10.1111/ele.12083
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1111/j.1466-822X.2006.00239.x
https://doi.org/10.1111/j.1466-822X.2006.00239.x
https://doi.org/10.1086/680850
https://doi.org/10.1111/j.1471-8286.2006.01678.x
https://doi.org/10.1111/j.1471-8286.2006.01678.x
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1016/j.sajb.2024.07.055
https://doi.org/10.1016/j.sajb.2024.07.055
https://doi.org/10.5281/zenodo.3937742
https://doi.org/10.5281/zenodo.3937742
https://doi.org/10.1101/gr.128124.111
https://doi.org/10.4102/sajs.v108i1/2.629
https://doi.org/10.1016/S0254-6299(15)30364-1
https://doi.org/10.1111/1755-0998.14018
https://doi.org/10.1111/1755-0998.14018
https://doi.org/10.3897/biorisk.5.844
https://doi.org/10.3897/biorisk.5.844
https://doi.org/10.1038/nature09492
https://doi.org/10.4001/003.024.0545
https://doi.org/10.4001/003.024.0545
https://doi.org/10.10520/AJA00382353_10229
https://doi.org/10.1038/s41467-019-09448-8
https://doi.org/10.1038/s41467-019-09448-8
https://doi.org/10.7717/peerj-cs.56
https://doi.org/10.1038/s42003-024-06199-1
https://doi.org/10.1038/s42003-024-06199-1
https://doi.org/10.2307/176709
https://doi.org/10.5281/zenodo.3522725
https://doi.org/10.1002/ppp3.70059
https://doi.org/10.17159/sajs.2024/16448
https://doi.org/10.17159/sajs.2024/16448
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1073/pnas.2120662119
https://doi.org/10.1073/pnas.2120662119
https://doi.org/10.1016/j.biocon.2016.10.001
https://doi.org/10.1016/j.biocon.2016.10.001


17 of 17Global Ecology and Biogeography, 2026

Uhler, J., P. Haase, L. Hoffmann, et al. 2022. “A Comparison of Different 
Malaise Trap Types.” Insect Conservation and Diversity 15: 666–672. 
https://​doi.​org/​10.​1111/​icad.​12604​.

Volf, M., P. Pyszko, T. Abe, et  al. 2017. “Phylogenetic Composition of 
Host Plant Communities Drives Plant-Herbivore Food Web Structure.” 
Journal of Animal Ecology 86: 556–565. https://​doi.​org/​10.​1111/​1365-​
2656.​12646​.

Wagner, D. L. 2020. “Insect Declines in the Anthropocene.” Annual 
Review of Entomology 65: 457–480. https://​doi.​org/​10.​1146/​annur​ev-​
ento-​01101​9-​025151.

Wang, Q., Z. Zhang, R. Du, et al. 2019. “Richness of Plant Communities 
Plays a Larger Role Than Climate in Determining Responses of Species 
Richness to Climate Change.” Journal of Ecology 107: 1944–1955. 
https://​doi.​org/​10.​1111/​1365-​2745.​13148​.

Weigand, H., A. J. Beermann, F. Čiampor, et al. 2019. “DNA Barcode 
Reference Libraries for the Monitoring of Aquatic Biota in Europe: Gap-
Analysis and Recommendations for Future Work.” Science of the Total 
Environment 678: 499–524. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​
04.​247.

Willis, C. K. 2018. “South Africa's National Botanical Gardens and 
Their Contributions Towards the Conservation, Restoration and 
Sustainable Use of Terrestrial and Inland Freshwater Ecosystems and 
Their Services.” Botanical Garden Journal 15: 9–11.

Yu, G., D. K. Smith, H. Zhu, Y. Guan, and T. T. Y. Lam. 2017. “GGtree: 
An R Package for Visualization and Annotation of Phylogenetic Trees 
With Their Covariates and Other Associated Data.” Methods in Ecology 
and Evolution 8: 28–36. https://​doi.​org/​10.​1111/​2041-​210X.​12628​.

Zengeya, T. A., S. Kumschick, O. L. F. Weyl, and B. W. van Wilgen. 2020. 
“An Evaluation of the Impacts of Alien Species on Biodiversity in South 
Africa Using Different Assessment Methods.” In Biological Invasions 
in South Africa, edited by B. van Wilgen, J. Measey, D. Richardson, J. 
Wilson, and T. Zengeya, 489–512. Springer. https://​doi.​org/​10.​1007/​978-​
3-​030-​32394​-​3_​17.

Supporting Information
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Supporting Information section. Figure S1: Rarefaction curves for 
phylogenetic diversity (PD) in four South African biomes. Figure S2: 
Rarefaction curves for taxonomic diversity (TD) in four South African 
biomes. Figure S3: Number of BINs and their taxonomic resolution 
within biomes for all insect orders. Cell colours indicate the percent-
age of specimens that have been identified to the species level; the 
darker the cell, the more specimens are identified. Figure S4: Heat 
map of the correlations among six beta diversity metrics (Bray−Curtis's 
dissimilarity, Jaccard's dissimilarity, Jaccard's nestedness, Jaccard's 
turnover, Jaccard's phylogenetic dissimilarity; Jaccard's phylogenetic 
nestedness, and Jaccard's phylogenetic turnover) of all iterations from 
eight functional groups (all insects, Pollinators, Processors, Parasitoids, 
Predators, Herbivores, Aquatics, Fungi, Animal Parasite) against 
plants diversity. Figure S5: Distribution of Barcode Index Numbers 
(BINs) among specimen-abundance classes across the complete dataset. 
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in each National Botanic Garden separated by insect order. Table S4: 
A breakdown of the mean beta diversity statistics for Bray−Curtis's 
dissimilarity, Jaccard's dissimilarity, Jaccard's nestedness, Jaccard's 
turnover, Jaccard's phylogenetic dissimilarity; Jaccard's phylogenetic 
nestedness, and Jaccard's phylogenetic turnover of both the insects and 
plants for each biome. Table S5: The number of specimens analysed, 
the number of BINs, estimated species, number of families and phylo-
genetic distance for each site. Table S6: Descriptive diversity metrics 
of all biomes, including the number of specimens analysed, number of 
BINs, estimated species, number of families and phylogenetic distance. 
Table S7: A breakdown of the functional groups per garden and insect 
order. Table S8: The observed richness and estimated richness of each 
site are separated by insect order. Table S9: The Mantel statistics with 
no signletons for seven beta diversity metrics (Bray−Curtis's dissimi-
larity, Jaccard's dissimilarity, Jaccard's nestedness, Jaccard's turnover, 
Jaccard's phylogenetic dissimilarity; Jaccard's phylogenetic nestedness, 
Jaccard's phylogenetic turnover) and all iterations from the various 
functional groups (all insects, pollinators, processors, parasitoids, pred-
ators, herbivores, aquatics, fungi and animal parasites). 
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